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ABSTRACT:

Small cell lung cancer (SCLC) is characterised by rapid growth, early metastatic

spread and poor long-term survival. The tumour is initially sensitive to chemotherapy

and thus objective response rates are high. Unfortunately, this response is often

short-lived and SCLC recurs with acquired drug resistance, resulting in early patient

death. Despite intensive chemo- and radiotherapy regimes survival has not improved

significantly in 20 years. Prior research suggests a critical role for the tumour

microenvironment in the pathogenesis of other cancers. Therefore, investigating

interactions between SCLC cells and components of the tumour stroma may identify

novel therapeutic targets.

This thesis demonstrates that extracellular matrix (ECM) proteins present in the

tumour microenvironment protect SCLC cells in vitro from chemo- and radiotherapy

induced cell cycle arrest and apoptosis via cell surface β1 integrins. Pharmacological

and genetic inhibition of phosphoinositol-3 kinase signalling abrogates this effect,

defining a central role for this pathway in SCLC de novo drug resistance.

Furthermore, the protective effect of ECM occurs without alteration in

chemotherapy-induced DNA damage allowing SCLC cells to survive with new

genetic defects. Integrin-mediated drug resistance has been shown to be important in

other tumours and thus development of strategies to inhibit this pathway may yield

new anti-cancer treatments.

The design of targeted agents to down-regulate integrin-ECM interaction requires an

in depth understanding of the intracellular signals that modulate integrin affinity.

Two such pathways are investigated in this thesis. 1) H-Ras, a dominant suppressor

of integrin affinity, acts in part through phosphorylation of Erk. Data presented here

demonstrate that H-Ras also suppresses integrins through a phospholipase-C epsilon

(PLCε)-dependent pathway, thus explaining discrepancies in prior data and

confirming a physiological role for this recently identified phospholipase. 2) The

Notch signalling pathway has been shown to have important roles in both

development and cancer. It is shown here that activation of Notch signalling

increases β1 integrin affinity and can protect SCLC cells from chemotherapy-

induced apoptosis. However the mechanisms appear to be different; Notch-1
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modulates integrin activation through the small GTPase R-Ras and Notch-2

promotes SCLC cell survival. These results define a new Notch pathway, a novel

integrin modulator and a potential therapeutic target in SCLC cells.

In addition to ECM proteins, the tumour microenvironment contains immune cells

that may contribute to cancer growth. The cellular composition of the SCLC stroma

is poorly understood. The data presented here indicate that the microenvironment of

SCLC is infiltrated by lymphocytes and macrophages, the degree of which

independently predicts patient survival. This suggests that the host immune system

may be able to suppress SCLC growth. It is well recognised that patients with SCLC

have defects in cellular immunity which correlate with survival. An in vitro co-

culture model was used to investigate the underpinning mechanisms, showing SCLC

cells can suppress CD4+ T-cell proliferation and macrophage CD86 expression.

Furthermore, preliminary data suggest a role for a soluble factor released by SCLC

cells that up-regulates CD4+ T-cell production of IL-10.

The work in this thesis implies a complex interaction between SCLC cells, ECM and

immune cells in the tumour microenvironment. Manipulation of these pathways may

have important therapeutic implications. Further investigation is required to

understand the mechanisms of this interplay, which may in part be aided by

prospective analysis of patient tumour samples and an in vivo model of SCLC.
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CHAPTER 1: Current Problems And Novel Therapeutic Targets In Small Cell 

Lung Cancer. 

1.1 Introduction. 

Lung cancer is the most common cause of cancer related mortality, accounting for 

6% of all UK deaths (~33,000 per year) (1,2). It is categorised into two histological 

groups that have distinct clinical behaviours (3). Non-small cell lung cancer 

(NSCLC) accounts for approximately 80% of all lung cancer cases in the UK and 

includes squamous cell carcinoma (30-40%), adenocarcinoma (25-35%) and large 

cell carcinoma (10%) (4,5). These tumours normally present with locally confined 

disease and therefore curative surgery or radiotherapy, possibly in combination with 

chemotherapy are the treatments of choice (6,7). Consequently NSCLC has the best 

outcome of the two broad types of lung cancer; depending on the stage the survival 

rates for NSCLC following surgery vary from 25% to 65% at 5-years (stage IIIa 

compared with stage Ia respectively) (8,9). 

Small cell lung cancer (SCLC) accounts for 15-20% of all lung cancers and is 

characterised by rapid growth and early metastatic spread (6). It has the most 

aggressive clinical course of any lung tumour and as a result surgical resection is 

rarely possible (10). Therefore overall prognosis is very poor with a 2-year survival 

rate despite treatment of 20% and a 5-year survival rate of less than 5% (11). These 

figures have unfortunately not improved significantly in the past two decades despite 

advances in diagnosis and treatment (12). This has led many clinicians to call for an 

urgent research focus on SCLC to develop new and effective therapeutic strategies 

for this especially lethal cancer. This chapter will provide an introduction to the 

clinical features, current treatment and biology of SCLC, which will act as a 

background for the discussion of potential new therapeutic targets.  

1.2 Epidemiology – The Burden Of Small Cell Lung Cancer. 

More than 38,000 new cases of lung cancer are diagnosed each year in the UK, 

accounting for 1 in 7 cancer cases. This equates to 13% of all male cancers and 11% 

of all female cancers (1,13). Unfortunately, Scotland has a particularly high 

incidence, with an age-standardised rate of 67.5 per 100, 000 population (4,5). 
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Furthermore, lung cancer causes more deaths per year than the sum of breast, colon 

or prostate cancer (2,14). SCLC accounts for disproportionately greater numbers of 

lung cancer deaths (~25%) due to its poor survival rate. Despite these alarming 

statistics it would appear that the incidence rates for lung cancer in the UK have 

declined steadily over the last twenty years (4,5). In addition the proportion of cases 

attributable to SCLC appears to be decreasing. Cancer registries in Europe and the 

United States indicate that in the past decade only 12-13% of lung tumours are of 

small cell type (5,15). The reasons for the decline in SCLC are not entirely clear and 

may relate to changes in pathological classification and exposure to causative factors. 

Lung cancer is rare in patients under 40 years; the incidence rises with age and peaks 

in the eighth decade (70-79 years) (16). More cases of lung cancer are diagnosed in 

men than women. However this difference has become smaller; in the UK the 

male/female ratio has declined over the past fifty years from 6:1 to approximately 

7:5 (22,495 male cases and 15,818 female case in 2004) due to increased lung cancer 

incidence in women (5,16). Lung cancer incidence rates are strongly associated with 

deprivation. The incidence of lung cancer is 2.5-3 times greater in the most deprived 

groups and is therefore more commonly diagnosed in individuals of lower socio-

economic status (17). Specific demographic data for each histological type of lung 

cancer is limited. However a study from Poland indicates that SCLC is frequently 

diagnosed in the sixth and seventh decade (mean age at diagnosis 58.2 years for 

women and 60.2 years for men) and is more common in men than women (18). The 

SEER registry indicates that SCLC is most commonly diagnosed between the ages 

60-70 and that in 2003 the incidence was slightly greater for men than women 

(8.5/100,000 c.f. 7.2/100,000 respectively) (19). 

The most significant risk factor for lung cancer is cigarette smoking. The causal link 

between lung cancer and tobacco smoke was established more than 50 years ago 

(20). Subsequently, it has been estimated that the risk of lung cancer in cigarette 

smokers is 8-20 times that in life-long non-smokers (21,22). SCLC has the clearest 

association with tobacco consumption; it is now accepted that greater than 95% of 

SCLC cases are attributable to tobacco smoking (23,24). Other risk factors have been 

defined and include atmospheric pollution, industrial exposure to carcinogens and 

chronic lung disease (25). The clear association between smoking and lung cancer 
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indicates that trends in lung cancer cases closely follow changes in tobacco 

consumption with a lag time of 25-30 years (26). Therefore, the future trends in lung 

cancer, and particularly SCLC, will be shaped by the increase in female smokers and 

the higher prevalence of tobacco use in lower socio-economic groups (27). 

Unfortunately, it is clear that SCLC will continue to be a significant health burden 

for the foreseeable future. 

1.3 Clinical features, Diagnosis And Staging Of SCLC. 

SCLC produces no symptoms for the majority of its growth and thus presents late, 

often with widespread disease (28). The duration of symptoms reported is short, 

typically 2-3 months prior to diagnosis (29). Symptoms can result from local tumour 

growth (cough, haemoptysis and chest pain), spread of tumour to the mediastinum 

(superior vena cava obstruction syndrome, hoarseness and dysphagia) and metastatic 

spread to distant organs (28,29). The presentation of distant metastases is dependent 

on the structures involved, typically brain, bone, liver and adrenal glands (30). SCLC 

can also cause significant non-specific systemic upset, including cachexia, weakness, 

and poor appetite (31). Due to the aggressive nature of the tumour, mediastinal and 

metastatic complications are more frequent than in other lung tumours (28). 

In addition to the direct effects of tumour growth and/or spread, SCLC is associated 

with a variety of paraneoplastic manifestations, which can be broadly categorised 

into endocrine and neurological syndromes (32). The endocrine syndromes result 

from ectopic production of peptide hormones by SCLC cells and include 

hyponatraemia (10-15% of patients, secondary to anti-diuretic hormone or atrial 

natriuretic peptide secretion) and Cushing’s syndrome (<5% of patients, caused by 

ectopic production of corticotropin) (33-35). The neurological paraneoplastic 

syndromes associated with SCLC are much less frequent (<3%) (36). The best 

described is the Lambert-Eaton myasthenic syndrome (LEMs), which presents with 

proximal muscle weakness and autonomic dysfunction often prior to the detection of 

SCLC (37). Patients with LEMs frequently have detectable serum levels of 

antibodies directed against P/Q-type voltage gated calcium channels (38).  

The radiographic appearance of SCLC is typically a central tumour mass with hilar 

and mediastinal lymphadenopathy (39). There may be a peripheral tumour nodule 
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that is smaller than the central lymph node involvement (40). Diagnosis is most 

commonly made by histological analysis of a tumour biopsy sample taken either at 

bronchoscopy or by percutaneous needle aspiration (41). Typically tumour sections 

of SCLC reveal malignant cells that are oval or spindle shaped, have scant cytoplasm 

and minimal or absent nucleoli (42). There is a high mitotic count, the borders 

between cells are often poorly defined and frequently areas of necrosis are observed 

(42). Unfortunately, SCLC biopsy samples can be subject to sampling damage and 

thus differentiation from NSCLC can be difficult based on morphology alone (43). 

Therefore immunohistochemical analysis is used in more difficult cases to 

demonstrate the presence of neuroendocrine markers (e.g. chromogranin, CD56 and 

synaptophysin) on SCLC cells (43). 

The TNM (Tumour, Node, Metastasis) staging system used for many tumours has 

previously been considered inappropriate for SCLC and therefore the Veterans 

Administration Lung Study Group described a separate system (44). Limited-stage 

disease (LD) was defined as SCLC confined to one hemi-thorax (including ipsilateral 

supraclavicular lymph nodes) and able to be encompassed within a single, tolerable 

radiation field (44,45). Extensive-stage disease (ED) was described as any case of 

SCLC with tumour spread beyond these boundaries and included patients with 

malignant pericardial or pleural effusions (44,45). These definitions have 

subsequently been debated and there is now growing interest in the application of the 

TMN system, particularly for research on LD SCLC (45,46). Treatment and 

prognosis varies significantly between these groups and therefore the main aim of 

staging investigations is to identify those patients with extensive disease (44,45). 

Computer tomography (CT) scanning is used to determine the intra-thoracic and 

liver/adrenal gland involvement by tumour (41). Further imaging, guided by the 

patients symptoms, includes CT or magnetic resonance imaging (MRI) scan of the 

brain and radionuclide bone scan to assess the presence of metastatic deposits (41). 

Occasionally patients require biopsy samples to be taken from liver or adrenal 

lesions and bone marrow aspirates to be analysed as indicated by peripheral blood 

counts (41). 



 5 

1.4 Treatment Of SCLC. 

60-70% of SCLC patients have ED at the time of diagnosis. Therefore curative 

surgical resection is not a viable treatment option (47). Fortunately, SCLC cells are 

highly sensitive to cytotoxic therapies and thus systemic administration of 

chemotherapeutic drugs is the primary treatment modality (48). However, despite 

excellent initial objective response rates (ORR), tumour relapse is common and most 

patients eventually succumb to disseminated disease. Recent studies have attempted 

to intensify chemotherapy dose, use new combinations of drugs, trial new drugs and 

combine chemotherapy with radiotherapy to prolong patient survival. 

1.4.1 Chemotherapy. 

In the late 1960’s it was demonstrated that treatment with cyclophosphamide could 

produce a survival advantage in SCLC patients when compared to placebo (4 months 

c.f. 1.4 months median survival respectively) (49). Subsequently, other cytotoxic 

drugs have been shown to be active in SCLC including platinum-based agents, vinca 

alkaloids and anthracyclines (50). However, single agent treatment results in only a 

short-lived tumour response (3-4 months). Thus, combination regimes were tested, 

improving median survival up to 5-fold compared with no anti-cancer treatment 

(51,52). In 1992, the results of a phase III trial comparing vincristine, adriamycin and 

cyclophosphamide (VAC) with etoposide and cisplatin (EP) were published, 

concluding that both regimes produced similar rates of tumour response and survival, 

although VAC was associated with greater toxicity (53). Importantly, a meta-analysis 

published in 2000 concluded that randomisation to a cisplatin-containing 

chemotherapy regime improved objective tumour response and overall survival 

without adversely affecting toxicity (54). Thus, standard chemotherapy for the first-

line treatment of SCLC is comprised of etoposide plus a platinum-based agent (e.g. 

cisplatin or carboplatin) given for 4-6 cycles. In LD SCLC EP has been shown to 

achieve up to an 85% ORR with a complete response (CR) in up to 60% of patients 

(55,56). In ED an ORR of 60% and a CR of 10% is observed (53). Unfortunately, the 

response duration is often short (approximately 9 months) and relapsed or refractory 

disease resistant to further first-line chemotherapy ensues (56). Trials of second-line 

chemotherapy have been disappointing showing poor ORR (24% at best) even with 
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alternate drug regimes to the first line therapy (e.g. EP first-line, VAC second-line) 

(57). Ultimately, this results in early patient death with overall survival less than 5% 

at 5 years (25). 

Various strategies have been explored to improve survival in SCLC aimed at 

preventing drug resistance and eradicating clinically silent residual disease. Research 

has focused on dose intensification through increased drug dose or shortened interval 

between chemotherapy cycles (58,59). Frequently these strategies are accompanied 

by severe bone marrow suppression and therefore trials have attempted to support the 

bone marrow through the use of granulocyte/macrophage colony stimulating factor 

or stem cell transplant (58,59). Unfortunately, there is no convincing evidence that 

the increase in ORR with these regimes is converted into long-term patient survival 

and thus they are not currently recommended (58,59). Similarly, no role has been 

demonstrated for alternation of chemotherapy regimes (e.g. VAC and EP) (53). A 

recent meta-analysis has indicated that maintenance chemotherapy can improve 1- 

and 2-year survival in SCLC, although a randomised controlled trial is required to 

confirm this (60). Other groups have investigated whether the addition of third and 

fourth agents to standard chemotherapy regimes can improve survival. Evidence for 

the efficacy of these toxic treatments is limited. However, the combination of 

vincristine, ifosfamide, carboplatin and etoposide (ICE-V) has been shown to 

improve ORR and survival compared with EP alone (61). The generally poor results 

have prompted trials of newer chemotherapeutic drugs in SCLC. 

Paclitaxel is a newer chemotherapeutic drug derived from tree bark that binds to 

microtubules promoting arrest of the cell cycle (62). A phase II trial indicated that 

paclitaxel as a single-agent, was active in ED SCLC (ORR 53%) (63). However a 

subsequent phase III trial concluded that paclitaxel in combination with EP produced 

limited survival benefit and increased toxicity (64). Gemcitabine is an antimetbolite 

of pyrimidine that has been shown to have anticancer activity in vitro (65). However, 

the results of a phase II trial indicate that gemcitabine plus cisplatin whilst active in 

ED SCLC offers no benefit over other regimes and is more expensive (66). 

Irinotecan is a camptothecin derivative that inhibits topoisomerase I causing 

irreversible DNA double-strand breaks (67). A phase III trial conducted in Japan 

compared irinotecan plus cisplatin with EP in patients with ED SCLC (68). A 
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significant survival advantage was demonstrated with the irinotecan/cisplatin regime 

(12.8 months versus 9.4 months median survival). Unfortunately, a further phase III 

trial in America has failed to confirm this result (69). Topotecan is a similar agent to 

irinotecan and has been shown to have activity equivalent to VAC as a second-line 

agent for treatment of recurrent SCLC (70). Despite some success, it is clear from 

clinical trial data that a new, effective, low-toxicity chemotherapeutic agent is not yet 

available for SCLC. 

1.4.2 Radiotherapy. 

SCLC cells are more sensitive to radiotherapy than NSCLC (71). Meta-analyses have 

demonstrated that the addition of thoracic irradiation to chemotherapy in patients 

with LD SCLC improves 3-year survival (approximately 5% absolute increase) 

(72,73). Thus combined chemo- and radiotherapy is considered the standard 

treatment for patients with LD SCLC (74). The issue of radiotherapy timing is 

contentious and has been addressed in several randomised trials. A recent (2007) 

meta-analysis of 7 studies concluded that when radiotherapy was combined with 

platinum-based chemotherapy, earlier irradiation improved 2- and 5-year survival 

(75). The optimal dose of radiation has also been investigated in phase I and II trials 

and results favour dose intensification (76,77). Until these trials are confirmed in 

phase III studies, it is currently accepted that concurrent treatment to a dose of 45 

Gray (Gy) should be considered standard therapy in LD SCLC (78). 

The central nervous system (CNS) is a common site for tumour metastasis in SCLC. 

Standard chemotherapy regimes produce poor ORR in SCLC cases involving the 

CNS (79). Therefore prophylactic cranial irradiation has been studied as a method to 

reduce CNS disease. A meta-analysis of 987 SCLC patients who achieved complete 

response after chemotherapy concluded an approximate 5% improvement in 3-year 

survival with the addition of prophylactic cranial irradiation (80). The optimum dose 

is uncertain but the most commonly used in studies are 24-30 Gy given over 8-10 

fractions. 

It is clear that the discovery of chemotherapy as a treatment for SCLC has 

dramatically improved patient survival. Furthermore important advances have been 

made particularly with respect to combination chemotherapy regimes and dual 
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modality treatment. Unfortunately, despite excellent initial tumour response rates, 

long-term survival is limited and SCLC remains a lethal disease for many patients. 

Crucially 5-year survival has not improved dramatically in the past 20 years, despite 

considerable investment of time and money into new chemotherapy drugs and more 

toxic regimes. The main predictors of survival remain age, gender, performance 

status at diagnosis and stage of SCLC (81). It has been proposed that cytotoxic 

therapy has reached a plateau and further research in this particular area is futile. It is 

clear that a further understanding of the pathobiology of SCLC is needed to allow the 

development of rational targeted therapies and new prognostic indicators. It is 

predicted such strategies will act as important adjuncts to chemo- and radiotherapy in 

the future. 

1.5 Pathogenesis Of SCLC. 

The biology of SCLC, like all tumours, is complex and involves many of the 

processes common to malignant transformation. These include, escape from the 

normal control of cellular proliferation, avoidance of cell death, maintenance of an 

adequate blood supply and invasion of distant tissues (82). Accumulation of 

abnormalities in the important cellular pathways that control these processes 

underpins the pathogenesis of SCLC. 

1.5.1 Understanding The Carcinogenesis Of SCLC. 

Studying the development of cancer cells (carcinogenesis) from precursor lesions to 

malignant tumours, including the step-wise acquisition of genetic defects, is crucial 

to understanding the biology of a particular cancer. The primary distinguishing 

feature between the two broad histological types of lung cancer is that SCLC cells 

possess a neuroendocrine phenotype (i.e. express a variety of neuropeptide markers) 

(29). They are not unique in this and SCLC belongs to a broader category of 

pulmonary neuroendocrine tumours that includes carcinoid (typical and atypical) and 

large cell neuroendocrine carcinoma (29). It has previously been suggested that these 

tumours arise from a specialised group of cells within the lung airway epithelium 

called pulmonary neuroendocrine cells (PNEC) and that the range of changes 

observed from carcinoid to SCLC tumours may represent definite steps in malignant 

transformation (29,83). However, more recently it has been proposed that SCLC 
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cells have an endodermal origin with acquisition of neuropeptide expression as a 

feature of malignant transformation rather than a feature of the precursor cell (84). 

This is further supported by data from cDNA array analysis indicating that SCLC 

cells are more closely related to epithelial cells than carcinoid (85). Despite this data 

the precursor cell for SCLC remains to be clearly defined. 

The specific sequence of genetic alterations leading to the development of SCLC is 

still unclear. A significant reason for this is lack of genetic data from pre-cancerous 

or small-size SCLC lesions due to the late presentation of the disease. Furthermore, 

absence of an animal model for SCLC prevents comparative genetic studies. 

However, over the last 30 years a host of chromosomal and molecular abnormalities 

have been identified in SCLC specimens and cell lines leading to the proposal of a 

genetic multi-step model of carcinogenesis. In SCLC the most frequently observed 

chromosomal abnormality is the deletion of the short arm of chromosome 3 (3p(14-

25)), which is seen in more than 90% of SCLC cases (86,87). This region contains 

genes such as fragile histidine triad (FHIT) and von Hippel Lindau (VHL), which are 

important tumour suppressors and may therefore contribute to the pathogenesis of 

SCLC (87,88). Other common chromosomal alterations include loss of 5q, 17p and 

13q (89). The latter two chromosome regions encode tumour suppressor genes p53 

and Rb respectively. In addition, inactivating mutations of p53 and Rb are frequently 

observed in SCLC tumours and cell lines (90,91). However, the exact role of each 

genetic alteration in SCLC development and progression remains to be elucidated. 

1.5.2 Mechanisms of SCLC Escape From Normal Control Of Cellular 

Proliferation. 

A key event in malignant transformation is uncontrolled cellular proliferation. SCLC 

cells express receptors for and secrete a variety of peptide growth factors (92). These 

peptides can act in autocrine (secreted by and acting on the same cell) or paracrine 

(secreted by one cell and acting on another) growth loops to drive the uncontrolled 

proliferation of SCLC cells (93).  

SCLC cell lines produce several neuropeptides including gastrin-releasing peptide 

(GRP, the human homologue of amphibian peptide bombesin), neuromedin B, 

bradykinin, cholecystokinin, gastrin and vasopressin (92). These diverse peptides 
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exert their cellular effects by binding to specific G-protein coupled receptors (GPCR) 

on the surface of SCLC cells (94). In addition to driving unrestrained proliferation, 

the development of resistance to conventional chemotherapy that is inevitable in 

SCLC, is accompanied by an increase in expression of neuropeptide growth factor 

receptors (95). Importantly, a monoclonal antibody (clone 2A11) directed against 

GRP that prevents GRP-receptor binding, inhibits SCLC cell proliferation in vitro 

and in a nude mouse model of tumour growth (96).  

Not all autocrine growth loops in SCLC are regulated by GPCRs and recent work has 

focused on the role of receptor tyrosine kinases (RTK). The proto-oncogene c-kit, 

which encodes an RTK, is highly expressed in SCLC being found in up to 70% of 

SCLC cell lines and tumours (97). Furthermore, the frequent co-expression of its 

ligand, stem cell factor (SCF), suggests that this receptor/ligand system may have an 

autocrine function in SCLC (98). In support of this, pre-clinical studies have 

demonstrated that ImatinibTM, a small molecule inhibitor of c-kit tyrosine kinase, 

suppresses SCLC proliferation in vitro (99). Another prominent autocrine loop in 

SCLC involves the expression of insulin-like growth factor-1 (IGF-1) and its RTK 

(IGF-1R). It has been shown that increased levels of IGF-1 correlate with an 

increased risk of lung cancer and IGF-1 can promote proliferation of SCLC cells in 

vitro (100,101). 

In addition to autocrine growth factor loops, SCLC cells also display abnormalities 

in other crucial cell proliferation regulators. The Myc family of proto-oncogenes 

encode nuclear proteins that interact with other transcription factors to regulate 

expression of target genes and cell cycle progression (102). Amplification of the Myc 

family of genes has been observed in approximately 20% of SCLC tumour samples 

and 50% of SCLC cell lines (103). In addition increased N-Myc expression has been 

correlated with poor survival and chemotherapy response in SCLC (104). 

Furthermore, treatment of a SCLC cell line (NCI-H209) with L-Myc anti-sense DNA 

has been shown to down-regulate L-Myc expression with resultant reduction in cell 

proliferation (105). Genetic abnormalities in the tumour suppressor genes p53 and Rb 

also contribute to abnormal cell proliferation as these molecules regulate cell cycle 

progression (106). Furthermore, aberrations in these pathways can contribute to 

cytotoxic therapy resistance by modulating the response to DNA damage (107). As 
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further studies are carried out using microarray techniques the patterns of gene 

expression that correlate with SCLC progression will be determined. 

1.5.4 Anti-Apoptotic Mechanisms In SCLC. 

Apoptosis is tightly controlled in normal cells, but these processes are altered in 

cancers allowing cell survival when cell death would normally occur. Thus the 

acquisition of defects in the normal control of apoptosis is a crucial step in malignant 

transformation and is also important in resistance to chemotherapy and radiation. The 

bcl-2 proto-oncogene was one of the first members of a group of highly conserved 

genes to be identified that encode proteins central to the regulation of apoptosis 

(108). The Bcl-2/Bax system regulates apoptotic cell death through mitochondrial 

release of cytochrome c (108). Bcl-2 is anti-apoptotic and is frequently over-

expressed in SCLC cases (up to 90%) and cell lines (109,110). Studies in vitro have 

demonstrated that Bcl-2 has a central role in SCLC apoptosis and drug resistance; 

over-expression of Bcl-2 protects SCLC cells against apoptosis whereas reducing 

Bcl-2 expression with antisense nucleotides promotes apoptosis in response to 

chemotherapeutic drugs (111). In addition to defects in Bcl-2, SCLC cells also 

frequently display mutations in p53, which in normal cells promotes cell cycle arrest 

and apoptosis in response to DNA damage (112). Studies have demonstrated that 

restoration of wild type p53 in SCLC cells promotes apoptosis but not G1 cell cycle 

arrest (106). 

Prior research has identified an important role for the phosphatidyl inositol-3 kinase 

(PI3-kinase) signalling pathway in SCLC cell survival. The PI3-kinase family of 

enzymes phosphorylate inositol-containing phospholipids, which initiates 

downstream signalling cascades involving phosphorylation of Akt (113). It has been 

shown that PI3-kinase is a central component of the anti-apoptotic pathway in 

fibroblasts and is activated by the SCLC autocrine growth factors IGF-1 and SCF 

(114-116). Furthermore, elevated levels of PI3-kinase activity have been 

demonstrated in SCLC cell lines and inhibition of PI3-kinase has been shown to 

prevent SCLC cells from growing in an anchorage independent fashion, promoting 

apoptosis (117). Thus PI3-kinase may act as a central mediator of multiple survival 

signals in SCLC cells making it an attractive therapeutic target. 
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Several other mechanisms of resistance to apoptosis induced by chemotherapy agents 

have been described in SCLC cells. Although these are not steps in malignant 

transformation, the development of chemotherapy resistance is central to the biology 

of SCLC and thus they warrant further discussion. Cellular resistance to 

chemotherapeutic agents can be mediated by active efflux of drugs thereby reducing 

intracellular concentration. The MDR-1 gene encodes P-glycoprotein (PGP), which 

acts as a drug efflux pump at the cell membrane, and its role in acquired drug 

resistance has been extensively studied in haematological malignancies (118). In a 

small study of SCLC biopsy specimens (n=50), PGP expression was significantly 

correlated with a poor response to chemotherapy (119). Furthermore, polymorphisms 

in the MDR-1 gene have been shown to predict chemotherapy (EP) response in 

SCLC (120). However, SCLC response to chemotherapy has not been consistently 

shown to correlate with PGP expression and thus its role remains unclear (121). 

SCLC cells may also acquire chemo-resistance through alteration in drug targets. 

Several important chemotherapeutic agents, including etoposide, cause cancer cell 

apoptosis through inhibition of the topoisomerase family of enzymes, resulting in 

DNA double-strand breaks (122). It has been shown that an etoposide-resistant 

SCLC cell line established from a recurrent drug resistant tumour displayed lower 

levels of topoisomerase II expression and activity (123). However, the role of 

alteration in topoisomerase II as a predictor of chemotherapy response remains 

uncertain. It is likely that these mechanisms may contribute to SCLC drug resistance 

in recurrent or refractory tumours but that other mechanisms are important in cell 

survival from the initial chemotherapy insult. Thus, research has continued to define 

new mechanisms of SCLC resistance to apoptosis. 

1.5.5 Mechanisms Of Angiogenesis In SCLC. 

Angiogenesis, the formation of new blood vessels that is central to normal tissue 

growth and repair, is a crucial process in tumorigenesis (124). Tumour growth 

beyond a microscopic size is dependent on the formation of new blood vessels to 

provide a supply of oxygen and nutrients (124). Furthermore, new blood vessels 

provide a means for the tumour to spread to distant sites (124). Vascular endothelial 

growth factor (VEGF) is a central regulator of angiogenesis (125). Increased VEGF 
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levels are observed in the serum of SCLC patients compared to healthy controls and 

in a Japanese population it has been shown that a low concentration of serum VEGF 

correlates with improved survival (126). Study of angiogenesis within the local 

tumour environment is difficult in SCLC due to the paucity of surgical resection 

specimens. However, one group have shown that in 87 resected SCLC tumours 

VEGF expression and degree of angiogenesis (assessed by microvessel count) 

predicted patient survival and metastatic potential (127). In addition, inhibition of 

VEGF receptor restricts SCLC growth in vivo (128). Basic fibroblast growth factor 

(bFGF) is also a key mediator of angiogenesis (129). Increased levels have been 

observed in serum from patients with SCLC and have been shown to correlate with 

survival, suggesting an important role for this factor in SCLC pathogenesis (129). 

These data indicate that SCLC is a vascular tumour and that targeting angiogenesis 

factors may restrict cancer growth and spread. 

1.5.6 Mechanisms Of Migration And Invasion In SCLC. 

As previously indicated, SCLC has a highly metastatic potential and although the 

specific mechanisms of migration and tissue invasion are not yet clear, several 

candidates been implicated. c-Met is an RTK, which is expressed in SCLC cell lines 

and established xenografts (130). Stimulation of SCLC cell lines with the ligand for 

c-Met, hepatocyte growth factor (HGF), has been shown to result in increased 

cellular migration and formation of filopodia, mediated by PI3-kinase signalling 

(131,132). Fibroblasts and smooth muscle cells are the major source of HGF (133). 

Therefore, it is plausible that HGF production by non-cancer cells within the tumour 

microenvironment may act in a paracrine fashion to promote SCLC migration. 

Another RTK, epidermal growth factor receptor (EGFR), has also been implicated in 

SCLC invasive phenotype (134). However, the expression of EGFR in SCLC cases 

has been reported to be low or undetectable and thus the significance of these 

findings is uncertain (135). Other growth factors may also contribute to SCLC 

migration; e.g. GRP has been shown to have a positive chemotactic effect on SCLC 

cell lines (136).  

Matrix metalloproteinases (MMP) are a family of proteolytic enzymes that may 

facilitate tumour invasion, metastasis and angiogenesis (137). Expression of MMPs 
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has been confirmed in SCLC tumour sections and correlates independently with poor 

patient survival (138). Furthermore, inhibition of MMPs in pre-clinical models has 

been shown to reduce tumour growth and dissemination suggesting a role for these 

enzymes (139). SCLC has a propensity for metastasis to the bone marrow. 

Interestingly, the chemokine receptor, CXCR4, which has a central role in 

haematopoietic cell migration to the bone marrow, is highly expressed on SCLC 

cells and tumour samples (140). Stimulation of SCLC cells with the chemokine 

CXCL12 has been shown to promote SCLC cell invasion through extracellular 

matrix (140). This may prove to be an important mechanism for distant tissue 

invasion by SCLC cells. 

1.6 Novel Targeted Therapies In SCLC. 

The greater understanding of the biology of SCLC has prompted the clinical trial of a 

variety of targeted therapies. Primarily, these have focused on growth factor 

pathways, anti-apoptotic mechanisms and modulators of angiogenesis. In addition 

new agents targeting chromosomal instability or SCLC-specific tumour markers 

have been developed which are undergoing pre-clinical evaluation. 

1.6.1 Neuropeptide Antagonists. 

Although the anti-GRP monoclonal antibody, 2A11, has shown pre-clinical efficacy 

in SCLC it has not demonstrated significant efficacy in a small (n=13) clinical trial 

(96,141,142). This may be explained by the presence of multiple neuropeptide 

growth pathways in SCLC. Thus, research has focused on the design of ‘broad-

spectrum’ neuropeptide antagonists. Initially, synthetic peptide analogues were 

produced (e.g. SP-G - [Arg6,D-Trp7,9,NmePhe8]-substance-P(6-11)) to antagonise the 

cellular effects of substance-P (143). Subsequently, these compounds have been 

shown to inhibit calcium mobilisation stimulated by GRP and AVP in SCLC cells 

(144). Furthermore, broad-spectrum neuropeptide antagonists have been shown to 

inhibit SCLC proliferation in vitro and inhibit the growth of SCLC tumours in nude 

mice xenograft models (145). SP-G has completed a phase I clinical trial where it 

showed minimal toxicity at therapeutic plasma concentrations (146). In addition, a 

study of SCLC cell lines (GLC-14, -16, -19) derived from a single patient before and 

after the development of drug resistance has shown an increase in SP-G response in 
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more chemo-resistant cells (95). These data suggest that the development of 

neuropeptide antagonists may be an important new therapeutic strategy for SCLC, 

particularly in recurrent and/or drug resistant tumours. Phase II and III clinical trials 

are urgently needed. 

1.6.2 Receptor Tyrosine Kinase Inhibitors. 

SCLC cells utilise a variety of RTKs in growth, angiogenesis and migration. 

Recently, several small molecule inhibitors of tyrosine kinase activity have been 

developed and shown to have efficacy in NSCLC and other solid tumours (92). Some 

of these have a broad spectrum of action and can inhibit the tyrosine kinase activity 

of several important receptors implicated in SCLC pathogenesis. ImatinibTM (STI 

571), a known small molecule inhibitor of platelet derived growth factor (PDGF) 

receptor and ABL tyrosine kinase activity, has also been shown to have activity 

against c-Kit (147). Although ImatinibTM inhibits the growth of SCLC lines in vitro 

and in xenograft models it has not shown efficacy as single agent or in combination 

with standard chemotherapy in phase II trials (99,148,149). VandetanibTM (ZD6474) 

is a small molecule inhibitor of VEGF receptor 2 that also has activity against EGFR 

(150). Pre-clinical studies have shown that VandetanibTM induces apoptosis in SCLC 

cells and reduces the frequency of large metastastic deposits in a xenograft model 

(151). Unfortunately a phase II trial failed to show any benefit with VandetanibTM as 

maintenance therapy in SCLC (152). Other RTK inhibitors have been developed and 

will soon see clinical trial. Unfortunately, it seems increasing likely that these agents 

are unlikely to be successful. The use of small molecule inhibitors of RTK in 

NSCLC has indicated that the efficacy of such agents relies heavily on receptor 

activation through mutation rather than high levels of expression (92). Further 

research is needed to define signalling pathways in SCLC that are constitutively 

activated, perhaps through gene array experiments, rather than simply demonstrating 

the presence of receptors and ligands. 

1.6.3 Inhibitors Of Cell Survival Pathways. 

It has been demonstrated that SCLC cells possess a variety of mechanisms for 

survival of external pro-apoptotic stimuli including cytotoxic therapy. Thus, these 

cell survival pathways could be useful clinical targets to treat SCLC and overcome 
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treatment failure due to chemoresistance. SCLC expression of Bcl-2 has been 

targeted with anti-sense oligonucleotides but unfortunately a phase II clinical trial 

has failed to show any anti-cancer efficacy (153). As alternatives to anti-sense 

molecules, which suffer from delivery problems, selective non-peptide Bcl-2 

inhibitors have been developed, which mimic BH domains in Bcl-2 that normally 

allow interaction with pro-apoptotic proteins such as Bid (e.g. ABT-737) (154). 

These agents have considerable cytotoxic efficacy against SCLC lines in pre-clinical 

studies and the results of phase II trials are keenly awaited (155).  

Despite the central role of PI3-kinase in SCLC survival and as a downstream target 

for growth factor pathways, little clinical research has addressed the role of PI3-

kinase inhibitors in SCLC. Temsirolimus is an inhibitor of mammalian target of 

rapamycin (mTOR) a downstream signalling moiety in a variety of cell signalling 

pathways including PI3-kinase (156). Unfortunately in a phase II trial this agent has 

not been shown to improve median survival in extensive disease SCLC (157). The 

failure of this compound to produce a clinical effect may reflect activity of mTOR-

independent survival pathways in SCLC. The role of PI3-kinase inhibition requires 

further study. 

1.6.4 Inhibitors of Angiogenesis. 

Bezacizumab is a monoclonal antibody that binds to VEGF and prevents ligand 

interaction with the VEGF receptor (158). It has been shown in clinical trials to be 

effective in NSCLC, breast and colon cancer (92). Bezacizumab is currently in a 

phase II clinical trial as maintenance for limited disease SCLC after standard 

chemotherapy. Thalidomide has been shown to have potent anti-angiogenic effects 

(159). In a phase II trail of ED SCLC, thalidomide treatment for responders to 

standard chemotherapy was well tolerated and gave a median survival of 12.8 

months (160). This prompted a phase III trial completed in 2007 (n=119) that 

demonstrated a small but significant survival advantage with thalidomide for 

chemotherapy responders of good performance status (161). Thalidomide exerts its 

effects in part through decreased VEGF and bFGF activity and therefore tyrosine 

kinase inhibitors that target the receptors for these growth factors may be more 

effective and less toxic (162). However, the VEGFR inhibitor VandetanibTM has 
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failed to show any efficacy in SCLC and thus further evaluation of these pathways 

are required in SCLC (152). Another anti-angiogenic strategy studied in solid 

malignancies has been the use of matrix metalloproteinase (MMP) inhibitors. MMP 

expression is associated with a poor prognosis in SCLC (163). Unfortunately 

marimastat, which inhibits MMP-2 and –9, has shown no clinical efficacy and is 

associated with significant musculoskeletal toxicity in SCLC (163). 

It is clear that there has been a considerable investment both in time and money into 

the development of new treatment strategies for SCLC. The targeted therapies have 

been rationally designed with respect to the current understanding of SCLC biology. 

Furthermore, efficacy has frequently been observed in pre-clinical studies. However, 

not a single effective new treatment has arisen. The reasons for these failures are 

multitude and include inadequate information about the development of SCLC 

cancer, the paucity of ample clinical samples for genetic/proteomic analysis and the 

lack of an animal model to allow comparative studies. In addition, it is clear that 

SCLC has been viewed in isolation from its microenvironment and therefore pre-

clinical studies inhibiting SCLC intrinsic pathways may produce misleading 

information. Understanding the interactions between SCLC cells and the tumour 

microenvironment may explain key features of SCLC biology. 

1.7 The Role Of The Tumour Microenvironment in SCLC. 

The role of the inflammatory tumour microenvironment in cancer cell development, 

growth and spread has been recognised for more than a century. In 1863, Virchow 

described inflammatory cells within neoplastic tissue and proposed a functional 

connection (164). Furthermore, Paget, in 1898, recognised that breast cancer cells 

(designated the seed) required a permissive environment (soil) to develop their full 

potential (165). Studies in epithelial skin tumours have significantly contributed to 

our understanding of the tumour microenvironment and clearly implicate 

inflammatory cells in the initiation and progression of cancer (166). It is now widely 

accepted that tumours are complex ‘tissues’ similar to a wound, containing stromal 

cells and a supporting matrix of extracellular proteins (166). Interaction between the 

neoplastic cells, matrix and stromal cells promote tumour growth, survival and 
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spread (166). Understanding this interplay is critical to the development of new and 

rational anti-cancer therapies. 

1.7.1 Extracellular Matrix. 

In 1999, Sethi et al published seminal work investigating the role of extracellular 

matrix (ECM) within the tumour microenvironment in SCLC growth and survival 

(167). These data demonstrate that an extensive network of ECM proteins infiltrates 

SCLC, including fibronectin, laminin and collagen IV. In addition, the extent of 

ECM surrounding tumour cells correlates with survival; patients with extensive 

fibronectin matrix had a significantly (p< 0.05) shorter survival time (8.4 months) 

than those who had little or no fibronectin matrix (15 months) (167). Previous work 

has indicated that ECM proteins support SCLC cell growth in vivo (168). Sethi et al 

confirmed this, showing that ECM proteins stimulate clonogenic growth of SCLC 

cells in vitro (167). Furthermore, they demonstrated that SCLC cells adhere to ECM 

in vitro, adopting a flattened morphology, which protects against the pro-apoptotic 

effects of chemotherapeutic agents (cisplatinum, etoposide and cyclophosphamide), a 

process mediated by β1 integrins (α2 β1, α3 β1, α6 β1 and αv β1) (167). 

These results strongly suggest that SCLC-ECM interaction in the local 

microenvironment mediated by β1 integrins promote SCLC growth and protect 

against the cytotoxic effects of chemotherapeutic agents. Subsequently, this would 

allow tumour recurrence at the primary site after the initial cycles of treatment. 

Therefore, disrupting this interaction could have important therapeutic implications 

and improve survival in SCLC. Understanding the mechanisms of ECM/integrin-

mediated chemo-resistance and integrin activation is central to the development of 

novel targeted therapies. 

1.7.2 Fibroblasts. 

Extensive work has demonstrated the role of the fibroblast in carcinogenesis (169). 

The presence of proliferating, activated fibroblasts (known as myofibroblasts) has 

been demonstrated in a variety of solid tumours (169). Myofibroblasts are large 

spindle shaped cells that express vimentin (a mesenchymal marker) and α-smooth 

muscle actin (α-SMA) (170). They have been observed at the tumour-stroma border 
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and correlate with the invasive potential of malignancy (171). Importantly, in vivo 

models have demonstrated the importance of myofibroblasts in tumour initiation, 

growth and spread (172-174). Tumour-myofibroblast interactions can result in the 

release of ECM proteins, MMPs and angiogenic factors (171). The signals mediating 

tumour-fibroblast interactions have been studied and include transforming growth 

factor-beta (TGF-β) and platelet derived growth factor (PDGF) (171). SCLC cell 

lines secrete a variety of bioactive molecules including GRP and transforming 

growth factor-β (TGF-β) (93,175,176). TGF-β has been shown to increase ECM 

production by primary lung fibroblasts and GRP has been shown to promote 

fibroblast proliferation (177,178). This data is of interest, as the source of the ECM 

in the SCLC stroma remains unclear. Positive staining for fibronectin and laminin is 

observed within the cytoplasm of SCLC cells in a proportion (>15%) of tumour 

sections suggesting autocrine production of ECM (167,179). However, SCLC cell 

lines infrequently secrete ECM proteins in vitro (179). Thus, paracrine interactions 

between SCLC cells and stromal fibroblasts could create a matrix rich 

microenvironment promoting tumour growth. Further research is required to define 

the role of the fibroblast in the SCLC stroma, which may reveal novel targets for 

modulating ECM production and thus chemo-resistance. 

1.7.3 Immune Cells. 

In addition to fibroblasts, the tumour stroma is also comprised of immune cells. The 

role of the immune response in cancer has long been debated. It is clear that certain 

cancers are more common in the immunocompromised host (180). In addition the 

presence of certain immune cells (e.g. tumour infiltrating lymphocytes (TIL)) within 

solid malignancies is associated with a better cancer stage and overall prognosis 

(181). Furthermore, cancer patients can develop immune responses against specific 

tumour antigens supporting the concept of tumour immunosurveillance (182). 

However, it is widely accepted that tumours can develop within sites of chronic 

inflammation and the presence of immune cells (e.g. macrophages) within the 

tumour stroma can support cancer growth and spread (183). Two main processes 

have been proposed to explain how cancer cells may evade immunosurveillance, 

chiefly immunoselection and immunosubversion. Immunoselection involves the host 
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immune system, early in carcinogenesis, eradicating tumour cells that display 

immunogenic antigens thus positively selecting for the growth of tumour cells that 

are not recognised (184). The concept of immunnosubversion proposes that tumour 

cells can suppress or alter immune cell function throughout tumour development and 

these tumour-associated immune cells may support cancer growth and spread (180). 

Thus, whilst utilising anti-tumour immune responses to specifically target cancer 

cells is a highly attractive therapeutic option, the mechanisms involved in 

immunosubversion need to be understood first. It is likely that this will result from 

research into cancer-immune cell interaction in the tumour microenvironment. 

There is a paucity of data regarding immune responses in SCLC. It is clear from 

studies of neurological paraneoplastic complications in SCLC that the immune 

system can recognise tumour antigens (185). SCLC cells express a variety of 

proteins (HuD, HuC and Hel-N1) also shared by neurons, which are recognised by 

anti-Hu antibodies found in the serum of patients with paraneoplastic neuropathy 

(185). Interestingly, some case reports suggest that these patients have a better 

prognosis and may display spontaneous tumour regression (185,186). However an 

effective anti-tumour immune response is rarely observed, which has prompted the 

search for immune defects in SCLC.  

Early studies have indicated that peripheral immune responses are blunted in patients 

with SCLC. It has been shown that peripheral blood lymphocytes from SCLC cases 

showed reduced proliferative responses and IL-2 production when stimulated with 

phytohemagglutinin compared to healthy volunteers or NSCLC patients (187). 

Another group demonstrated that IL-2 production from peripheral lymphocytes 

predicted patient survival and that decreased production was corrected when the 

tumour load was reduced, raising the possibility of local tumour factors in 

immunomodulation (188,189). A more recent study (2000) demonstrated that the 

presence of infiltrating CD8+ lymphocytes predicted small tumour size and increased 

survival in SCLC cases removed surgically (190). Thus, it appears from these data 

that the host immune response may contribute to local control of SCLC growth but 

that SCLC cells can subvert aspects of cellular immunity. Vaccine and monoclonal 

antibody strategies are under evaluation as new therapies for SCLC (191). The 
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mechanisms of SCLC-immune cell interaction will need to be investigated prior to 

the further design of effective anti-cancer vaccines. 

1.8 Concluding Remarks. 

It is clear that SCLC will continue to be a significant health burden at least for the 

next two decades. Despite advances in chemotherapy and radiotherapy there has 

been little impact on the long-term survival in this frequently lethal cancer. Our 

understanding of SCLC biology has increased dramatically and we now are in the 

process of designing novel therapy to target growth factors, cell survival pathways 

and angiogenesis. Unfortunately clinical trials of these agents have produced 

unremarkable results. One important explanation for this is that historically we have 

viewed cancer cell biology in isolation from its inflammatory stroma, focusing 

instead on the step-wise acquisition of genetic defects. This is particularly apparent 

in SCLC research and is well demonstrated by the paucity of information regarding 

the tumour microenvironment and mechanisms of SCLC-stroma interaction. 

Addressing this balance will prove essential in the development of future treatments. 
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AIMS: 

With the background described in the introduction the aims of this PhD were to 

investigate the mechanisms of SCLC interaction with two main components of the 

tumour microenvironment; ECM and immune cells. The following specific aims 

were: 

(1) Define the mechanisms of ECM-mediated chemo-resistance in SCLC cells. 

(2) Define new integrin affinity modulation pathways: 

(a) Determine the role of phospholipase C epsilon in H-Ras-mediated 

integrin suppression.  

(b) Determine the signalling pathways involved in Notch-mediated 

integrin activation. 

(c) Investigate the role of Notch signalling in SCLC cells. 

(3) Investigate the local immune cell infiltrate in SCLC and correlate this with 

patient survival. 

(4) Investigate mechanisms of immunosuppression by SCLC cells. 
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CHAPTER 2: Materials And Methods. 

2.1 Cell Lines And Maintenance Cultures.  

Small cell lung cancer cell lines, NCI-H69, NCI-H345 and NCI-H510 were obtained 

from ATCC (Rockville, Maryland, USA) and maintained in HEPES buffered RPMI 

1640 medium (Invitrogen) supplemented with 10% (v/v) heat-inactivated foetal calf 

serum (FCS) (Labtec), 5µg/ml L-glutamine, 50U/ml penicillin and 50µg/ml 

streptomycin (Invitrogen Ltd, UK). SCLC cells were maintained in suspension at 2-5 

x 105 cells/ml and passaged up to 10 times prior to use. It was confirmed that all 

SCLC cell lines expressed typical human neuroendocrine markers (CD56, CAM 5.2 

and synaptophysin). 

CHO-K1 cells were obtained from ATCC (Rockville, Maryland, USA). The 

CHO(αβ-py) cell line, which stably expresses a chimeric integrin comprised of αIIb 

α6 β3 β1 has been described previously and was a kind gift from M. Ginsberg 

(Scripps Research Institute, La Jolla, California, USA) (192). All CHO cell lines 

were maintained in Dulbecco’s Modified Eagles Media (DMEM) (Sigma) 

supplemented with 10% (v/v) FCS, 5µg/ml L-glutamine, 50U/ml penicillin and 

50µg/ml streptomycin and 1% non-essential amino acids. G418 (Invitrogen) was 

added at a final concentration of 400µg/ml to CHO(αβ-py) cell cultures. Adherent 

cultures of CHO cell lines were maintained at 10-80% confluence and passaged by 

treatment with trypsin (0.1%) (Sigma) up to 10 times prior to use. 

The human myeloid leukaemia cell line, K562 was obtained from ATCC. K562 cells 

were maintained in HEPES buffered RPMI medium (Invitrogen) supplemented with 

10% (v/v) heat-inactivated FCS (Labtec), 5µg/ml L-glutamine, 50U/ml penicillin and 

50µg/ml streptomycin (Invitrogen Ltd, UK). K562 cells were maintained in 

suspension culture at less than 1 x106 cell/ml and passaged up to 10 times prior to 

use. 

2.2 DNA Constructs. 

All DNA constructs were prepared using MaxiprepTM kits (Qiagen) according to the 

manufacturers instructions, sequenced prior to use (MWG Biotechnology) and 

checked by restriction enzyme digestion. 
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Mouse Notch-1 constructs, NIC, NΔE, NΔE(V1774K) and NLNG in pCS2 (C-

terminal Myc-tag) were a kind gift from R. Kopan (Washington University School of 

Medicine, St Louis, USA) (193). Human Notch-1 constructs, ICN1, ΔTADP, ΔEN1 

and ΔANK in pcDNA3.1 were a kind gift from J. C. Aster (Department of 

Pathology, Harvard Medical School, USA) (194). The human Notch-1 constructs 

were subcloned into pCMV Tag 4A (Stratagene) to incorporate a C-terminal Flag-

tag. The intracellular domain of human Notch-2 (ICN2) in the vector IRES/GFP was 

a kind gift from C. Klug (University of Alabama, Birmingham, USA) and was 

subcloned into pCMV Tag 4A to incorporate a C-terminal Flag-tag. MINT in pEF-

Bos-Neo (N-terminal Myc-tag) was a kind gift from T. Honjo (Kyoto University, 

Japan) (195).  

Wild type (WT) and kinase dead (H1433L) PLCε in pCMV were provided by G. G. 

Kelley (SUNY Upstate Medical University, Syracuse, USA). Tac-α5 was a kind gift 

from S. E. LaFlamme (Centre for Cell Biology and Cancer research, NY, USA). H-

Ras-G12V and effector mutants in pDCR (Myc-tag) were a kind gift from M. H. 

Wigler (Cold Spring Harbour Laboratory, NY, USA). Y. Lad produced the D38N 

mutation of pDCR-H-Ras (G12V) by site directed mutagenesis. R-Ras(WT), R-

Ras(T43N) and R-Ras(G38V) (Myc-tag) in pSG5 were a kind gift from M. Ginsberg 

(Scripps Research Institute, La Jolla, California). pCDNA3-Raf-CAAX (Flag-tag) 

was a gift from C. K. Weber (University of Ulm, Germany). Plasmids encoding myc-

tagged constitutively active PKB-pUSEamp myr-Akt1/PKBα and myc-tagged 

dominant-negative PKB-pUSEamp Akt1/PKBα (K179M) were obtained from 

Upstate Biotechnology. 

pGEX-4T2 containing the 9-11 type III repeats of fibronectin was a kind gift from 

M. Ginsberg. J. de Gunzburg (INSERM U-528, Paris, France) provided pRK-

Rap1A(S17N). A. Wittinghofer (Max Planck Institut, Dortmund, Germany) donated 

pGEX-RAP1-GAP (75-415). RAP1-GAP (75-415) was subcloned into pCMV Tag 

3B (Stratagene) to incorporate an N-terminal Myc-tag. pGL2 4xCSL was a gift from 

A. Israel (Institute Pasteur, France) (193). pEGFP-C3 was purchased from Clontech 

(Basingstoke, UK). pcDNA3.1 LacZ was purchased from Invitrogen. 
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2.3 Antibodies. 

2.3.1 Antibodies Used In Western Blot Analysis. 

Anti-HA (Y-11), anti-Myc (9E10), anti-ERK2 (C-14), anti-β3-integrin (N-20) and 

anti-PLCε antibody (V-20) were from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). Anti-phospho-ERK1/2 (ERK-PT115), anti-phospho-PKB (pThr308) (P3862), 

mouse anti-p21Cip1/WAF1 (clone CP74), mouse anti-p27Kip1 (clone DCS-72), anti-β-

actin (AC-40) and anti-FLAG (M2) were from Sigma (Dorset, UK). Anti-RalA 

antibody was from Transduction Laboratories (Lexington, USA). Anti-GSK-3α/β, 

anti-phospho-GSK-3β (pS9), anti-caspase-3 (Asp175) (5A1) and anti-caspase-9 

(CCSA 315/316) were obtained from Biosource International (Nivelles, Belgium). 

Anti-phospho-CDK2 (Thr160), anti-phospho-CDK1 (Tyr15), anti-phospho-Bad 

(Ser136) and anti-Bad (9292) were obtained from Cell Signalling Technology 

(Hitchin, Hertfordshire, UK). Anti-cyclin A was obtained from Oncogene Research 

Products (San Diego, CA). Anti-cyclin B was from BD Transduction Labs (San Jose, 

CA, USA). Mouse anti-cyclin D1 (clone AM29) was obtained from Zymed 

(Invitrogen, Paisley, UK). Anti-cyclin E (clone HE12) and anti-γH2Ax were 

obtained from Upstate Biotechnology (Lake Placid, NY, USA). Mouse anti-DNA-

PKcs (p350 clone 6) was from BD Biosciences (Oxford, UK). All anti-species 

specific horseradish peroxidase-conjugated antibodies were from DAKO 

(Cambridgeshire, UK). 

2.3.2 Antibodies Used For Flow Cytometry.  

Anti-CD4, anti-CD80, anti-CD86, anti-HLA-DR, anti-CD16 (all phycoerythrin (PE)-

conjugated), anti-CD3, anti-CD25, anti-CD69, anti-CD11b (all allophycocyanin 

(APC)-conjugated), anti-CD14 (peridinin chlorophyll protein (PerCP)-conjugated), 

activation specific anti αIIb β3 (PAC1) (unlabelled) and appropriately conjugated 

isotype controls were obtained from BD Biosciences (Oxford, UK). The PE 

conjugated anti-Tac-α5 antibody (ACT-1) was from Dako (Cambridgeshire, UK). 

Anti-mouse IgM-FITC was from Biosource (Nivelles, Belgium). 
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2.3.3 Antibodies Used For Immunohistochemistry.  

Anti-CD3 (clone 565), anti-CD4 (clone 368) and anti-CD8 (clone 4B11) were 

obtained from Novocastra Reagents (Leica Microsystems, Wetzlar, Germany). Anti-

CD20 (clone L26), anti-CD45 (clone 2B11 and PD7/26) and anti-CD68 (clone 

PGM1) were obtained from Dako (Cambridgeshire, UK). Anti-species specific 

horseradish peroxidase-conjugated antibodies were from DAKO (Cambridgeshire, 

UK). 

2.3.4 Antibodies Used In Cell Culture.  

Anti-CD3 (clone UCHT1), anti-CD28 (clone AEG04) and pan-isotype specific anti-

TGF-β (clone AB-100-NA) were obtained from R&D systems (MN, USA). The β1 

integrin-stimulating antibody, TS2/16 (sc-53711), was obtained from Santa Cruz 

Biotechnology (California, USA). Anti-β1 integrin antibody, 4B4, was obtained 

from Beckman Coulter (California, USA). All antibodies used in cell culture were 

obtained free of azide and maintained sterile. 

2.4 Transfection Of Cell Lines. 

SCLC cell lines were washed twice in phosphate buffered saline (PBS), re-suspended 

in RPMI (w/o serum or antibiotics) (0.5 x 106 cells /ml) and transfected with 1µg of 

DNA/106 cells using Lipofectamine 2000 (1:5 ratio) according to the manufacturers 

instructions. Subsequently, cells were cultured in HEPES buffered RPMI 1640 

medium (Invitrogen) supplemented with 10% (v/v) FCS (Labtec), 5µg/ml L-

glutamine, 50U/ml penicillin and 50µg/ml streptomycin (Invitrogen Ltd, UK) prior 

to experiments. Using this method, transfection of pEGFP as a marker routinely gave 

transfection efficiencies of 30-40% at 24 hours. Thus to enrich for a transfected 

population, GFP positive cells were separated prior to experimentation using a flow-

sorting technique (Fig. 2.1) 

Transient transfections of CHO cell lines were performed with Lipofectamine and 

Plus reagent (Life Technologies) as per manufacturers instructions. Twenty-four 

hours after transfection, media containing DNA-Lipofectamine complexes were 

removed and replaced with fresh complete media. Transfected cells were cultured in 

DMEM (Sigma) supplemented with 10% (v/v) FCS, 1% L-Glutamine, 5µg/ml L-
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glutamine, 50U/ml penicillin and 50µg/ml streptomycin for 48 hours prior to 

experiments. 

K562 cells were transfected with test DNA as indicated by Nucleofector 

electroporation (Amaxa, Germany) according to the manufacturers instructions. 

Programme T-16 and solution V was used. Immediately following electroporation, 

cells were transferred to RPMI (with 10% FCS, no antibiotics) media kept at 37oC 

and cultured for 48 – 72 hours prior to experiments. Using pEGFP this produced 

transfection efficiencies of 60-80% at 48-72 hours. 

Figure 2.1: Transfection Of H345 SCLC Cells With Lipofectamine 2000TM. 

 

 
 

H345 cells were transfected with (A) empty vector (pcDNA3.1) or (B) pEGFP (both 1µg of DNA/106 
cells) as indicated above. The percentage of GFP positive cells was determined by flow cytometry 
after 24 hours (marker M1). It was observed that the transfection efficiency with pEGFP was between 
30 and 40%. Thus, pEGFP was co-transfected with test plasmid DNA to identify transfected cells. To 
enrich the transfected cell population, GFP positive cells were selected by sterile flow sorting and 
retained for further experiments. 
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2.5 Western Immunoblots. 

Cells were washed twice in PBS, re-suspended in lysis buffer (0.3M NaCl, 1.5mM 

MgCl2, 0.2mM EDTA, 25mM HEPES pH 7.4, 0.25% Triton X-100, 1x protease 

inhibitor (Boheringer), 20mM β-glycerophosphate, 0.5mM dithiothreitol and 1mM 

orthovanadate) and agitated on ice for 15 minutes. Whole cell lysates were balanced 

for protein concentration using a BCA protein assay according to the manufacturers 

instructions (Pierce, USA). Balanced whole cell lysates were re-suspended in 4x 

Laemmli sample buffer (0.25M Tris, pH 6.86, 6% SDS, 40% glycerol, 0.04% 

bromophenol blue, 20% 2-mercaptoethanol) and denatured by heating to 95oC for 5 

minutes. Samples were resolved on 8-12% SDS-PAGE gels (10µg protein per lane) 

and transferred onto Hybond C nitrocellulose (Amersham Pharmacia Biotech). Blots 

were blocked in either 5% milk or 3% BSA in TBS Tween and probed with the 

specified antibodies overnight at 4oC in blocking buffer, followed by incubation in 

appropriate horseradish peroxidase labelled secondary antibodies (Dako) diltuted in 

blocking buffer (1:5000). Bands were visualised with Enhanced Chemiluminescence 

reagent (Amersham). 

2.6 Assessment Of Apoptosis In SCLC Cells By Acridine Orange/Ethidium 

Bromide Staining. 

Prior to experiments, SCLC cells were cultured overnight in quiescent media (RPMI 

supplemented with 0.25% (w/v) BSA, 50U/ml penicillin and 50µg/ml streptomycin), 

washed twice in PBS and then re-suspended in SITA media (RPMI supplemented 

with 30nM selenium, 5µg/ml insulin, 10µg/ml transferrin, 0.25% (w/v) BSA, 50U/ml 

penicillin and 50µg/ml streptomycin). Exclusion of FCS from media for experiments 

was necessary to prevent contact of cells with the ECM protein fibronectin, which is 

a significant active component of FCS.  

For experiments assessing the role of ECM, 96 well plates were pre-coated, by 

incubation at 37oC for 1 hour, with 100µl/well of poly-l-lysine (10µg/ml) (Sigma), 

laminin (10µg/ml) (Sigma), fibronectin (20µg/ml) (Sigma) or TS2/16 (10µg/ml) 

(Santa Cruz Biotechnology) solution in PBS as indicated. Wells were washed twice 

in PBS prior to use. SCLC cells were added (4 x 104 cells/well) and allowed to settle 
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for 1 hour at 37oC to promote cell adhesion. Subsequently, cells were treated with 

ionizing radiation (1-4 Gray) using a 6MV linear accelerator or the chemotherapy 

agent etoposide (25µg/ml) (Sigma) as specified. In experiments using 4B4 to block 

β1 integrin function, cells were incubated with 4B4 (10µg/ml) (Beckman Coulter) at 

37oC for 30 minutes prior to seeding onto ECM. In some experiments sodium 

orthovanadate (Na3VO4) (200µM) (Sigma), LY294002 (30µM) (Calbiochem) or 

tyrphostin-25 (25 µM) (Calbiochem) was added immediately prior to irradiation or 

etoposide. In experiments investigating the genetic manipulation of PI3-kinase 

signalling, H345 SCLC cells were transfected with test DNA or vector as described 

above and cultured for 24 hours prior to use in these experiments. 

In experiments investigating the effect of Notch signalling on apoptosis, 96-well 

plates were pre-coated with human recombinant Notch ligands. Delta-like ligand-4 

(DLL-4), polyhistidine peptide (control for DLL-4), Jagged-1 or IgG1 (control for 

Jagged-1) (all R&D systems) were diluted to 0-10µg/ml in PBS and 100µl of 

solution was added to each well of a 96-well plate. Plates were incubated for 1 hour 

at 37°C and washed twice with PBS prior to use. Subsequently, H69 SCLC cells (4 x 

104/ml in SITA media) were cultured with immobilised Notch ligands for 12 hours at 

37oC prior to treatment with etoposide (25µg/ml) as described above. 

Apoptosis was assessed at time points specified (0-72 hours) by the addition of 1µl 

of ethidium bromide (1mg/ml) (Sigma) and 1µl acridine orange (1mg/ml) (Sigma) to 

each well of the 96-well plate to be assessed. After 2 minutes the percentage of 

apoptotic cells were determined by fluorescent microscopy (Olympus BH2 

fluorescence microscope). This assay relies upon alterations in cell membrane 

permeability during cell death. The cell membrane is always permeable to the 

cationic dye; acridine orange, which when intercalated with DNA can be excited to 

emit green fluorescence. Conversely, ethidium bromide is not able to penetrate the 

cell membrane of viable cells but on binding DNA can be excited to emit orange 

fluorescence. Cell death increases membrane permeability and therefore apoptotic 

cells can be identified as small green (early apoptosis) or small orange cells (late 

apoptosis) allowing the percentage of apoptotic cells to be counted for each 

experimental condition (Fig. 2.2). 
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Figure 2.2: SCLC cells stained with acridine orange/ethidium bromide. 

 

   A         B 

 

 

 

 

 

 
 
(A) SCLC cells cultured in RPMI (SITA) for 72 hours. (B) SCLC cells cultured in RPMI (SITA) plus 
etoposide 25µg/ml for 72 hours. 1µl of ethidium bromide (1mg/ml) and 1µl acridine orange (1mg/ml) 
was added to the wells, and the cells were viewed by fluorescent microscopy (400x). Apoptotic cells 
are small and either green (early apoptosis) or orange (late apoptosis).  
 

2.7 Assessment Of Apoptosis In SCLC Cells By Cell Death ELISA Kit. 

SCLC cells were cultured overnight in quiescent media, washed twice in PBS and 

then re-suspended in SITA media. 2 x 105 SCLC cells/well were seeded into 24-well 

plates pre-coated with poly-l-lysine (10µg/ml) (Sigma), laminin (10µg/ml) (Sigma), 

fibronectin (20µg/ml) (Sigma) or TS2/16 (10µg/ml) (Santa Cruz Biotechnology) as 

indicated. Cell were allowed to settle for 1 hour at 37oC and then treated with 

ionizing radiation (1-4 Gray) using a 6MV linear accelerator or the chemotherapy 

agent etoposide (25µg/ml) (Sigma) as specified. In experiments using 4B4 to block 

β1 integrin function, cells were incubated with 4B4 (10µg/ml) (Beckman Coulter) at 

37oC for 30 minutes prior to seeding onto ECM. In some experiments sodium 

orthovanadate (Na3VO4) (200µM) (Sigma) or LY294002 (30µM) (Calbiochem) was 

added immediately prior to irradiation or etoposide. In experiments investigating the 

genetic manipulation of PI3-kinase signalling, H345 SCLC cells were transfected 

with test DNA or vector as described above and cultured for 24 hours prior to use in 

these experiments. 
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Apoptosis was assessed after 48 hours using the cell death detection ELISATM kit 

according to the manufacturer’s instructions (Roche Diagnostics). This assay is 

based on the quantitative detection of histone-associated DNA fragments in mono- 

and oligonucleosomes. In brief, SCLC cells were re-suspended in lysis buffer (30 

minutes), nuclei were removed by centrifugation and supernatants were transferred 

to a streptavidin-coated micro-plate. Biotin labelled anti-histone and peroxidase 

conjugated anti-DNA antibodies were added and the plate was incubated for 2 hours 

at room temperature. The wells of the microplate were washed three times with 

buffer and substrate solution was added for 15 minutes. Absorbance was measured at 

405 nm using an MRX microplate reader (Dynatech, Chantilly, VA). 

2.8 Assessment Of Apoptosis In SCLC Cells By Annexin-V. 

SCLC cells were prepared as in 2.7. 5x105 cells/well were seeded into 6-well plates 

pre-coated with poly-l-lysine (10µg/ml) (Sigma), laminin (10µg/ml) (Sigma), 

fibronectin (20µg/ml) (Sigma) or TS2/16 (10µg/ml) (Santa Cruz Biotechnology) as 

indicated. Cells were allowed to settle for 1 hour at 37oC and then treated with 

ionizing radiation (1-4 Gray) using a 6MV linear accelerator or the chemotherapy 

agent etoposide (25µg/ml) (Sigma) as specified. In experiments using 4B4 to block 

β1 integrin function, cells were incubated with 4B4 (10µg/ml) (Beckman Coulter) at 

37oC for 30 minutes prior to seeding onto ECM. In some experiments sodium 

orthovanadate (Na3VO4) (200µM) (Sigma) or LY294002 (30µM) (Calbiochem) was 

added immediately prior to irradiation or etoposide. In experiments investigating the 

genetic manipulation of PI3-kinase signalling, H345 SCLC cells were transfected 

with test DNA or vector as described above and cultured for 24 hours prior to use in 

these experiments. Percentage apoptosis was assessed after 48 hours by flow 

cytometric analysis of Annexin V staining according to the manufacturers 

instructions (Annexin V-PE BD Bioscience). Briefly, SCLC cells (1 x 105) were 

incubated (5 minutes in the dark) with 1x binding buffer and 5µl Annexin V-PE. 

ToPro3 (Molecular Probes, Leiden, Netherlands) at a final concentration of 1µM (in 

PBS) was added to each sample. The percentage of apoptotic cells (Annexin V 

positive) was determined using a FACS Calibur flow cytometer (BD Biosciences). 
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2.9 PI3-kinase Activity Assay. 

PI3-kinase activity was measured as previously described (117). Cells were spun 

onto 6-well plates pre-coated with poly-l-lysine (10µg/ml) (Sigma), laminin 

(10µg/ml) (Sigma), fibronectin (20µg/ml) (Sigma), or TS2/16 (10µg/ml) 

(BioLegend) as specified. Cells were lysed at the time points indicated by addition of 

ice-cold lysis buffer (50mM HEPES (pH 7.4), 15mM NaCl, 1.5mM MgCl2, 1mM 

EGTA, 10mM sodium pyrophosphate, 100mM sodium fluoride, 10% (v/v) glycerol, 

1% (v/v) Triton X-100, 0.5mM dithiothreitol, 1mM sodium orthovanadate, 50mM 4-

(2-aminoethyl-benzenesulfonyl fluoride, 5mg/ml leupeptin, 20mg/ml aprotinin, and 

10µg/ml soybean trypsin inhibitor). After 30 minutes lysates were clarified by 

centrifugation at 13,000g for 10 minutes. For each assay point 0.5µg of total protein 

from the supernatant was incubated with 1.0µg of p85-SH3 PI 3-kinase antibody 

overnight at 4oC. 30µg of goat anti-mouse IgG agarose beads in lysis buffer were 

added for an additional 2 hours.  

The beads were pelleted and washed twice with lysis buffer, once with a high salt 

buffer containing 100mM Tris-HCl and 500mM LiCl (pH 7.6) and twice with a 

solution containing 200mM HEPES, 40mM MgCl2 and 600mM NaCl (pH 7.4).  PI3-

kinase assays were performed using phosphatidylinositol as substrate in a final 

volume of 200µl containing: (final concentrations) 50mM HEPES (pH 7.4), 10mM 

MgCl2, 150mM NaCl, [γ32P] ATP (5µCi, 5000Ci/mmol), 50µM ATP, and 

0.5mg/ml sonicated phosphatidylinositol: phosphatidylserine (3:1, w/w). Reactions 

were carried out for 20 minutes at 37oC and terminated by the addition of 

chloroform: methanol: 0.1M HCl (40:80:1, v/v/v; 750µl). A phase-partition was 

achieved by the addition of chloroform (250µl) and 0.1M HCl (250µl). After 

centrifugation, the lower phase was washed twice with synthetic upper-phase 

(methanol: 1M HCl: chloroform, 48:47:3, v/v/v), dried and the lipids were separated 

by thin layer chromatography (TLC). 3’-phosphorylated lipids were identified by 

autoradiography using Kodak ‘X-OMAT’ film and radioactivity was quantified by 

liquid scintillation counting using ‘Flo-Scint IV’ (Packard, Biosciences; Groningen, 

Netherlands) and a Packard 1900 TR liquid scintillation analyser. 
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2.10 PKB Activity.  

PKB activity was measured as previously described (117). SCLC cells were cultured 

overnight in quiescent media, gently disaggregated and then treated as specified. 

Cells were lysed using 250µl of ice-cold lysis buffer (50mM Tris/HCl (pH 7.5), 

0.1% (v/v) Triton X-100, 1mM EDTA, 1mM EGTA, 0.27mM sucrose, 50mM 

sodium fluoride, 10mM sodium β-glycerophosphate, 5mM sodium pyrophosphate, 

1mM sodium orthovanadate, 0.1% (v/v) 2-mercaptoethanol, 1µM microcystin, 

5µg/ml leupeptin, 20µg/ml aprotinin and 10µg/ml soybean trypsin inhibitor). 

Lysates were clarified by centrifugation at 13,000g for 10 minutes, and PKB was 

immunoprecipitated by incubating the lysates (containing 150µg of protein) for 90 

minutes at 4oC with 1µg of anti-PKB antibody pre-conjugated to 5µl of protein G-

sepharose in lysis buffer. Immunoprecipitates were washed twice with lysis buffer 

containing 0.5M NaCl and once with wash buffer (50mM Tris/HCl (pH 7.5), 0.03% 

(v/v) Brij-35, 0.1mM EGTA and 0.1% (v/v) 2-mercaptoethanol). PKB activity was 

assayed by incubating washed immunoprecipitates at 30oC for 20 minutes in a 

thermomixer in 30µl of kinase assay buffer (50µM Crosstide, 50mM Tris/HCl, 

0.1mM EGTA, 20µM adenosine 3’, 5’-cyclic monophosphate-dependent protein 

kinase inhibitor, 20mM ATP, 1µM microcystin and [g-32P] ATP (1.0µCi 

1000Ci/mmol). The assays were terminated by placing 40µl of the assay mixture 

onto P8l chromatography paper (Whatman; Maidstone, UK) and washing four times 

with 0.5% (v/v) phosphoric acid and once with acetone. Radioactive incorporation 

was quantified by liquid scintillation counting. 

2.11 Caspase-3 Activity. 

SCLC cells were cultured overnight in quiescent media. Cells were washed twice in 

PBS, re-suspended in SITA media and then allowed to adhere for 1 hour at 37oC to 

poly-l-lysine (10µg/ml) (Sigma), laminin (10µg/ml) (Sigma), fibronectin (20µg/ml) 

(Sigma), or TS2/16 (10µg/ml) (BioLegend) as specified. In addition, cells were 

treated with sodium orthovanadate (Na3VO4) (200µM) (Sigma), LY294002 (30µM) 

(Calbiochem), tyrphostin-25 (25µM) (Calbiochem), etoposide (25µg/ml) (Sigma) or 

z-VAD (100 µM) (Promega) as indicated. Cells were lysed at 48 hours and caspase-

3 activity was assayed using a caspase-3 cellular activity kit according to the 
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manufacturer’s instructions (Cat no: 235419 Calbiochem). Specific caspase-3 

activity (pmol/minute/µg protein) in each experiment was normalised to untreated 

cells. 

2.12 Cell Cycle Analysis.  

SCLC cells were cultured overnight in quiescent media (RPMI supplemented with 

0.25% (w/v) BSA, 50U/ml penicillin and 50µg/ml streptomycin), washed twice in 

PBS and re-suspended in SITA media. For some experiments, H345 SCLC cells 

were transfected with DNA as described above and cultured for 24 hours prior to use 

in these experiments. Cells were seeded into 24-well (2x105/well) or 6-well (5x 105 

/well) plates pre-coated with laminin (10µg/ml) (Sigma), fibronectin (20µg/ml) 

(Sigma), or TS2/16 (10µg/ml) (BioLegend) as specified and allowed to adhere for 1 

hour at 37oC. In experiments using 4B4 to block β1 integrin function, cells were 

incubated with 4B4 (10µg/ml) (Beckman Coulter) at 37oC for 30 minutes prior to 

seeding onto ECM. Subsequently, cells were treated with ionizing radiation (1-4 

Gray) using a 6MV linear accelerator or etoposide (25µg/ml) (Sigma) as specified. 

In some experiments sodium orthovanadate (Na3VO4) (200µM) (Sigma) or 

LY294002 (30µM) (Calbiochem) was added immediately prior to irradiation or 

etoposide. 

Cells were fixed 24 hours later in 70% ice-cold ethanol (for at least two hours) and 

washed twice in PBS (300g for 5 minutes). Cell pellets were re-suspended in 1ml of 

propidium iodide (PI) staining solution (50µg/ml PI (Sigma), 0.1% (v/v) Triton X-

100 (Sigma) in PBS plus 50µl of DNase-free RNase A (10ug/ml) (Sigma)) and 

incubated in the dark for 15 minutes at 37oC. Cells were washed in a further 3 ml of 

PBS (300g for 5 minutes) and re-suspended in 500µl of PBS prior to analysis by 

flow cytometry (FACSCalibur (BD Biosciences)). Data were collected from 10,000 

events using CELLQuestTM software. Aggregates were excluded by gating for single 

cells in FL2-W/FL2-A dot plots. The percentage of cells in each phase of the cell 

cycle was analysed with FlowJoTM using the Watson pragmatic model (196). 
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2.13 Visualisation Of DNA Double Strand Breaks. 

8 well cover slides (Nalge NUNC) were pre-coated with 250µl/well of poly-l-lysine 

(10µg/ml) (Sigma), laminin (10µg/ml) (Sigma) or fibronectin (20µg/ml) (Sigma) as 

indicated by incubation at 37oC for 1 hour. SCLC cells were cultured in quiescent 

media overnight, washed twice in PBS (200g for 5 minutes) and seeded into the 8-

well cover slides at a density of 2.5x105 cells/cm2. Cells were allowed to adhere for 1 

hour at 37oC and then treated with etoposide (25µg/ml) for 2 hours. Cells were then 

washed and allowed to recover in RPMI with 10% FCS. Cells were fixed at 0-24 

hours after etoposide treatment with 3% paraformaldehyde for 5 minutes, washed 

twice with PBS, permeabilised with 0.1% Triton and blocked with 0.2% fish skin 

gelatin. Cells were incubated with 1:500 dilution of anti-γH2Ax (Upstate) for 2 

hours at room temperature and washed twice with PBS. Secondary antibody labelled 

with ALEXAflour 488 (1:500 dilution in PBS) was applied for 1 hour at room 

temperature in the dark. The slides were viewed using a Zeiss Axioskop 2 

microscope. Image analysis was performed using Openlab software from 

Improvision. 

2.14 Assessment Of Integrin Affinity In CHO(αβ-py) Cells. 

Cells were transfected with test DNA (as stated) together with 0.75µg Tac-α5 

transfection reporter construct (extracellular domain of the IL-2 receptor and the 

intracellular domain of the α5 integrin). As indicated, CHO(αβ-py) cells were 

treated with MW167 (50µM) at 36 and 12 hours prior to analysis. Integrin affinity in 

transfected CHO(αβ-py) cells was analysed by three-color flow cytometry forty-

eight hours post transfection. Single cell suspensions of trypsinised cells were 

resuspended in a total volume of 50µl containing PAC1 (5µg/ml) for 30 minutes at 

room temperature in HEPES/NaCl buffer (20mM HEPES, 140mM NaCl, 1.8mM 

CaCl2, 1mM MgCl2 and 2mg/ml Glucose, pH 7.4). Internal controls for each sample 

were performed containing either 5mM EDTA or 100µM MnCl2. Cells were washed 

with cold PBS and incubated on ice with 50µl DMEM containing 4% (v/v) anti-

mouse IgM-FITC for 30 minutes in the dark. Cells were washed again and incubated 

on ice for a further 30 minutes with 50µl DMEM containing 2% anti-Tac-α5 

antibody (ACT-1) conjugated to RPE (v/v). Cells were finally washed and 
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resuspended in cold PBS. Immediately prior to analysis on a FACS-Caliber (BD, 

Erembodegem, Belgium), ToPro3 (Molecular Probes, Leiden, Netherlands) at a final 

concentration of 1µM (in PBS) was added to each sample.  

PAC1 binding was determined by gating for live and highly transfected cells 

(ToPro3 negative and high Tac-α5 binding respectively). To obtain numerical 

estimates of integrin activation, an integrin activation index (AI) was calculated, 

where AI = ((FN-FI)/(FA-FI))*100 and Percent Inhibition = (AI0-AI)/(AI0)*100. FN is 

Geometric mean (GM) fluorescence intensity (MFI) of PAC1 binding of the native 

integrin, FI is MFI of PAC1 binding in the presence of 5mM EDTA and FA is MFI of 

PAC1 binding in the presence of 100µM Mn2+. AI0 is the Activation index with the 

control vector and AI is the Activation index with DNA under test. AI was used to 

calculate percentage integrin suppression ((AI0-AI)/(AI0)*100). For analysis of β3 

integrin surface expression (independent of integrin affinity), anti-CD61 (β3) 

antibody (Serotec) was used in the above conditions. 

2.15 Preparation Of FN 9-11 Fragment For Integrin Affinity Experiments. 

The soluble 9-11 type III repeats of fibronectin (FN 9-11), that contain the RGD 

domain responsible for integrin binding, were expressed as a GST fusion protein 

from pGEX-4T2 vector. LB media (10g tryptone, 5g yeast extract, 10g NaCl in 1l 

distilled H20), LB agar (LB media with 15g agar) and SOB media (20g tryptone, 5g 

yeast extratct, 2ml 5M NaCl, 2.5ml 1M KCl, 10ml 1M MgSO4 in 1l distilled H2O) 

were prepared and autoclaved. 100µl of BL21 competent E. Coli (Sigma) were 

transformed with 10ng of pGEX-Fn(9-11) by heat shock (ice for 20 minutes, 42oC 

for 45 seconds, ice for 2 minutes, addition of 700µl of SOB media and agitated for 1 

hour 37oC), plated onto LB agar plates with 50µg/ml ampicillin and incubated 

overnight at 37oC. Single colonies were inoculated into 500ml of LB media (with 

50µg/ml ampicillin) and incubated overnight at 37oC. A further 500ml of LB media 

(with 50µg/ml ampicillin) was inoculated with 0.5ml of the overnight culture and 

incubated at 37oC until the OD600 was 0.7-0.8. The culture was then induced with 

1mM IPTG overnight at 37oC.  
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E. Coli were subsequently pelleted (centrifuged 4500rpm for 20 minutes), washed in 

PBS (4500rpm for 20 minutes) and lysed in GST-lysis buffer (PBS, 1x protease 

inhibitor, 5mM DTT) (all components from Sigma) by sonication on ice (4x30 

seconds). Sonicate was centrifuged at 13,000rpm for 30 minutes at 4oC (JA-20 rotor 

in Beckman centrifuge). TritonX-100 (1% final concentration) was added to the 

cleared lysate and incubated at 4oC for 20 minutes. 0.1g of GST-agarose beads were 

rehydrated in 10ml distilled H2O, washed twice with PBS and resuspended as 1:1 

slurry in PBS. The cleared lysate was incubated with the GST-beads at 4oC 

overnight on a roller. The beads were washed twice in GST-lysis buffer, loaded into 

a column and the protein eluted at 4oC using elution buffer (25mM glutathione. 

50mM Tris pH 8.8, 200mM NaCl). The eluate was dialysed using Slide-A-LyzerTM 

cassettes (cat. No. 66380 Pierce Protein Research) in 1l PBS overnight at 4˚C. The 

purified protein was subsequently biotinylated by incubation with 0.8mM biotin N-

hydroxy succinimide ester (Sigma H1759) in 0.1M NaHCO3 for 1 hour at room 

temperature plus 2 hours at 4oC. The biotinylated protein was dialysed using Slide-

A-LyzerTM cassettes in 1l HEPES/NaCl buffer overnight at 4˚C and stored at 4oC 

prior to use. 

2.16 Assessment Of Integrin Affinity In CHO-K1 Cells. 

CHO-K1 cells were transfected with test DNA together with 0.75µg Tac-α5 

transfection reporter construct (extracellular domain of the IL-2 receptor and the 

intracellular domain of the α5 integrin) as indicated. Cells were cultured for 48 hours 

prior to analysis. Single cell suspensions of trypsinised cells were resuspended in 

50µl biotinylated FN 9-11 solution (prepared as indicated above) for 30 minutes at 

room temperature in HEPES/NaCl buffer (20mM HEPES, 140mM NaCl, 1.8mM 

CaCl2, 1mM MgCl2 and 2mg/ml Glucose, pH 7.4). Internal controls for each sample 

were performed containing either 5mM EDTA or 100µM MnCl2. Cells were washed 

with cold PBS and incubated on ice with 50µl DMEM containing streptavidin-FITC 

for 30 minutes in the dark. Cells were washed again and incubated on ice for a 

further 30 minutes with 50µl DMEM containing 1:50 anti-Tac-α5 antibody (ACT-1) 

conjugated to RPE (v/v). Cells were finally washed and resuspended in cold PBS. 

Immediately prior to analysis on a FACS-Caliber (BD, Erembodegem, Belgium), 
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ToPro3 (Molecular Probes, Leiden, Netherlands) at a final concentration of 1µM (in 

PBS) was added to each sample.  

FN 9-11 binding was determined by gating for live and highly transfected cells 

(ToPro3 negative and high Tac-α5 binding respectively). To obtain numerical 

estimates of integrin activation, an integrin activation index (AI) was calculated as 

described in 2.12, where AI = ((FN-FI)/(FA-FI))*100 and Percent Inhibition = (AI0-

AI)/(AI0)*100. FN is Geometric mean (GM) fluorescence intensity (MFI) of FN 9-11 

binding of the native integrin, FI is MFI of FN 9-11 binding in the presence of 5mM 

EDTA and FA is MFI of FN 9-11 binding in the presence of 100µM Mn2+. AI0 is the 

Activation index with the control vector and AI is the Activation index with DNA 

under test. 

2.17 Assessment Of Cell Adhesion. 

CHO(αβ-py) cells were co-transfected with test DNA together with 2µg pEGFP in 

100mm plates as described above and cultured in quiescent media (DMEM with no 

FCS) 24 hours post-transfection. Cells were harvested 48 hours following 

transfection and re-suspended at 1 x 106 cells/ml in DMEM. 96-well cell culture 

cluster plates were coated with 5µg/ml von Willebrand factor (vWF) in PBS for 60 

minutes at 37°C. Plates were then washed and blocked with 2% (w/v) bovine serum 

albumin in PBS for 60 minutes at room temperature. Cell suspension (200µl) was 

added to each well and allowed to adhere for 15 minutes at 37°C. Non-attached cells 

were removed by gentle shaking at 500rpm for 3 x 10s and washed with PBS. Total 

cell adhesion was assessed by centrifugation of the plate at 1000 rpm for 5 minutes. 

Cell adhesion was quantified on a fluorescence plate reader and expressed as % 

adhesion compared to total cell adhesion. Background cell adhesion to plastic 

subtracted from all values.  

CHO-K1 cells were transfected with test DNA as described above and cultured in 

quiescent media (DMEM with no FCS) 24 hours post-transfection. 96-well cell 

culture cluster plates were coated with 10µg/ml fibronectin in PBS for 60 minutes at 

37°C and blocked with 2% (w/v) bovine serum albumin in PBS for 60 minutes at 

room temperature. Single cell suspensions of trypsinised cells were resuspended at 1 
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x 106 cells/ml in DMEM. 200µl of cell suspension was added to each well and 

allowed to adhere for 15 minutes at 37°C. Non-attached cells were removed by 

gentle shaking at 500rpm for 3 x 10 seconds. Total cell adhesion was assessed by 

centrifugation of the plate at 1000 rpm for 5 minutes. CHO-K1 cells adhesion was 

quantified by staining adhered cells with methylene blue (0.4%) for 5 minutes, 

washed x3 in PBS and stain eluted with 100µl of 0.1N HCl. The absorbance (at 

640nM) of each sample was read on an optical plate reader. Adhesion was expressed 

as a percentage compared to total cell adhesion with background cell adhesion to 

plastic subtracted against all values. 

K562 cells (1 x 106/ml in RPMI) were seeded into 12-well plates pre-coated with 

human recombinant Delta-like ligand-4 (DLL-4) (R+D) or polyhistidine peptide 

(control) (both 10µg/ml in PBS for 60 minutes at 37°C) and cultured for 12 hours at 

37oC with or without MW167 (50 µM) or DMSO (Vehicle) (Calbiochem) as 

indicated. 2x105 K562 cells were resuspended in HEPES/NaCl buffer and incubated 

with 4B4 (Beckman Coulter) (10µg/ml 45 minutes 37oC), EDTA (5mM final 

concentration) or Mn2+ (100µM final concentration) as indicated. Cells were seeded 

into plates coated with fibronectin or poly-l-lysine (10µg/ml in PBS for 60 minutes 

37oC) and incubated for 30 minutes at 37°C. Non-adherent cells were removed by 

gentle washing with PBS x 2. Remaining cells were fixed with 3% paraformaldehyde 

(5 minutes) and stained with 0.4% methylene blue (5 minutes). Intracellular 

methylene blue was eluted with 0.1N HCl and the absorbance (at 630nM) of each 

sample was determined using an automated plate reader. Cell adhesion for each 

experimental condition was expressed as a percentage of total cellular adhesion to 

poly-l-lysine, with background cell adhesion to plastic subtracted against all values. 

SCLC cells (1 x106/ml in RPMI) were cultured in 12-well plates pre-coated with 

human recombinant Delta-like ligand-4 (DLL-4) (R+D), polyhistidine peptide 

(control for DLL-4), Jagged-1 (R+D) or IgG1 (R+D) (all 10µg/ml in PBS for 60 

minutes at 37°C) for 12 hours at 37oC. SCLC cells were resuspended in 

HEPES/NaCl buffer, seeded into 96-well plates (1x105 cells/well) pre-coated with 

laminin or poly-l-lysine and incubated for 30 minutes at 37°C. Non-adherent cells 

were removed by gentle washing with PBS x 2. Remaining cells were fixed with 3% 
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paraformaldehyde (5 minutes) and stained with 0.4% methylene blue (5 minutes). 

Intracellular methylene blue was eluted with 0.1N HCl and the absorbance (at 

630nM) of each sample was determined using an automated plate reader. Cell 

adhesion for each experimental condition was expressed as a percentage of total 

cellular adhesion to poly-l-lysine, with background cell adhesion to plastic subtracted 

against all values. 

2.18 Knockdown Of PLCε  Expression In CHO Cell Lines. 

Kelley et al previously described siRNA oligonucleotides specific to rat PLCε and 

scrambled non-targeting controls (197). The targeting oligonucleotides have been 

shown to effectively knockdown PLCε expression in rat cell lines and have 

considerable cross-species sequence homology (197). To assess the whether these 

siRNA oligonucleotides could be used in CHO cells, the DNA regions surrounding 

two siRNA sequences reported in Kelley et al (designated siRNAPLCε#3 and 

siRNAPLCε#5) were amplified from CHO cell cDNA by RT-PCR using primers 

designed to consensus rat/mouse PLCε sequence (197). Forward primer for 

siRNAPLCε#3: TTCCGCACAAAACCCATCC; Reverse primer for siRNAPLCε#3: 

GCTTTAAGACAATCCTGCCTACG; Forward primer for siRNAPLCε#5: 

GGCTACGTAGGCAGGATTGTCTTA; Reverse primer for siRNAPLCe#5: 

TTTCCCTGCACCCTTCCACTTGC. 

Total RNA was extracted from 1 x 106 CHO-K1 cells using an RNeasy kit (Qiagen) 

according to the manufacturers instructions. Contaminating DNA was removed by 

treatment with RQ1 DNase (Promega), the RNA was quantified using a 

spectrophotometer and then stored at -80 °C. cDNAs were generated by reverse 

transcription of 400ng of RNA using TaqMan reverse transcription reagents (Applied 

Biosystems) according to the manufacturers instructions and stored at -20°C. All 

reagents for PCR were obtained from Promega. Reaction: 2.5µl 10x buffer, 0.25µl 

Taq polymerase, 1µl dNTP (10mM), 0.5µM forward and reverse primers, 17.25µl 

nuclease-free water and 2µl cDNA. PCR programme: 95˚C 2 minutes, 35 cycles 

95˚C 45s, 56˚C 45s and 72˚C 45s, final extension 72˚C 5 minutes. The respective 

616bp (siRNAPLCε#3) and 380bp (siRNAPLCε#3) products were resolved on a 2% 

agarose gel, purified using a QIAquick gel extraction kit (QIAGEN Cat no. 28704) 
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according to the manufacturers instructions and sequenced on both strands 

commercially (MWG biotechnology). The CHO DNA sequence data for the region 

surrounding siRNAPLCε#3 and siRNAPLCε#5 is demonstrated below (Fig. 2.3) 

with the siRNA oligonucleotide target sequence underlined.  

This confirmed that the region targeted by the siRNAPLCε#3 and siRNAPLCε#5 

was 100% conserved in CHO cells. Thus, these siRNA oligonucleotides were used to 

knockdown PLCε expression in CHO cells. Transient transfection of cells with 

siRNA was performed with Oligofectamine (Invitrogen) as per the manufacturers 

instructions. Twenty-four hours after transfection, media containing siRNA-

Oligofectamine complexes were removed and replaced with fresh complete media. 

Cells were then transfected with plasmid constructs using Lipofectamine, as 

indicated. Seventy-two hours post-siRNA transfection, cells were used for integrin 

affinity determination as described above (2.14). In all experiments cells were also 

lysed for immunoblot or RT-PCR analysis (using above protocols) of PLCε 

expression to confirm knockdown of message and protein. 

 

Figure 2.3: The CHO DNA Sequence Straddling The Oligonucleotides 

siRNAPLCε#3 And siRNAPLCε#5. 

Sequence Data For The DNA Surrounding siRNAPLCε#3: 
ATCGAAACACTCTAAACCCCATGTGGAATGAGCAGTTTCTCTTCCGGGTTCACTTTGAAG
ATCTTGTATTTCTTCGTTTTGCAGTCGTGGAAAACAACAGTTCGGCGATAACGGCTCAGA
GAATCATTCCACTCAGAGCTTTGAAACGAGGATATCGACATCTTCAGCTGCGGAACCTCC
ACAATGAAATCTTGGAAATCTCTAGCTTATTCATAAACAGCAGAAGGATGGAAGAAAAC
CCCTCTGGCAGTTCCATGCCAGCCTCGTTGATGTTTAATACTGAAGAGAGGAAATGTTCT
CAGACTCACAAAGTCACAGTGCATGGTGTCCCAGGTCCAGAGCCCTTTGCTGTTTTCACT
ATAAACGAAGGCACCAAGGCAAAGCAGCTTCTCCAACAGGTTTTGGCAGTTGACCAAG
ACACCAAATGTACTGCCACAGACTATTTTTTGATGGAAGAGAAGCATTTTATATCTAAGG
AAAAGAATGAATGCAGGAAACAACCATTCCAGAGAGCTGTGGGTCCAGAAGAAGATATT
GTGCAGATTTTAAACAGYTGGTTCCCAGAAGAAGGCTACGTAGGCAGGATTGTCTTAAA
GC 

Sequence Data For The DNA Surrounding siRNAPLCε#5: 
AAGCCCCAACAAGAAACCCTAGAAGAGAAAAACATTGTCCACGATGACAGAGAGGTGA
TCTTGAGCTCAGAAGAGGAGAGTTTCTTTGTCCAAGTGCACGATGTCTCTCCAGAGCAGC
CTCGAACTGTCATCAAAGCCCCACGTGTCAGCACTGCACAGGATGTGATTCAGCAGACCT
TGTGCGAAGCCAAATATTCCTACAGCATCCTGAACAACCCCAATCCGTGTGACTATGTG
CTTTTGGAAGAGGTAATGAAAGATGCACCCAATAAGAAGTCTTCTACCCCGAAGTCCTCA
CAGAGGATCCTCTTGGACCAAGAATGTGTGTTTCAAGCCCAAAGCAAGTGGAAGGGTGC
AGGGAAA 
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2.19 Measurement Of HES-1 Expression By RT-PCR. 

K562 cells (1 x 106/ml in RPMI) were seeded into 12-well plates pre-coated with 

human recombinant Delta-like ligand-4 (DLL-4) (R+D) or polyhistidine peptide 

(control) (both 10µg/ml in PBS for 60 minutes at 37°C) and cultured for 12 hours at 

37oC with or without MW167 (50 µM) or DMSO (Vehicle) (Calbiochem) as 

indicated. SCLC cells (1 x106/ml in RPMI) were cultured in 12-well plates pre-

coated with human recombinant Delta-like ligand-4 (DLL-4) (R+D), polyhistidine 

peptide (control for DLL-4), Jagged-1 (R+D) or IgG1 (R+D) (all 10µg/ml in PBS for 

60 minutes at 37°C) for 12 hours at 37oC as indicated. 

After 12 hours total RNA was extracted from 1x106 cells/experimental condition 

using an RNeasy kit (Qiagen) according to the manufacturers instructions. 

Contaminating DNA was removed by incubation with RQ1 DNase (Promega) (15 

minutes 37oC) as per the manufacturers instructions. cDNA was generated by reverse 

transcription of 400ng RNA using TaqMan reverse transcription reagents as per 

manufacturer’s instructions (Applied Biosystems). cDNA quality was verified by 

PCR amplification of β-actin. Real time quantitative RT-PCR analysis was 

performed with TaqMan reagents and an ABI 7900HT machine as per manufacturer 

instructions (Applied Biosystems). 

HES-1 for: CATTCTGGAAATGACAGTGAAGCA; 

HES-1 rev: CAGCGCAGCCGTCATCT; 

HES-1 probe: CTCCGGAACCTGCAGCGGGC fam labelled.  

Triplicate measurements were performed and analyzed with ABI sequence detector 

software (version 2.1) using the 2-ΔΔCt method. HES-1 expression for each condition 

was normalised for 18S expression and represented as a fold change from control 

cells. 

2.20 CSL-Luciferase Activity. 

Notch activity was assayed as previously described using a reporter plasmid 

containing 4 CSL binding sites upstream of a gene encoding the enzyme luciferase 

(pGl2 4xCSL-luc) (193). Co-expression of intracellular Notch with this plasmid 
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promotes transcription of luciferase, the activity of which can be detected using 

luciferin as a substrate. CHO(αβ-py) cells were transfected with test DNA plus pGl2 

4xCSL-luc (0.2µg) and pcDNA3.1 LacZ (0.1µg). After 48 hours cell were lysed and 

luciferase activity was determined using Steady-Glo (Promega) according to the 

manufacturers instructions. In parallel samples, galactosidase activity was 

determined using Galacto-Plus (Tropix). Luciferase activity for each transfection 

condition was normalised for galactosidase activity and expressed as a fold change 

from that observed with empty vector. 

2.21 R-Ras Activation Assay. 

R-Ras activity was determined using the Ras binding domain (RBD) of Raf as 

previously described (198). In brief, Raf-RBD was expressed as a GST fusion 

protein from pGEX 2T vector as described in 2.13. Transformed E. Coli were 

pelleted (centrifuged 4500rpm for 20 minutes), washed in PBS (4500rpm for 20 

minutes) and lysed in GST-lysis buffer (PBS, 1x protease inhibitor, 5mM DTT) (all 

components from Sigma) by sonication on ice (4x30 seconds). Sonicate was 

centrifuged at 13,000rpm for 30 minutes at 4oC (JA-20 rotor in Beckman centrifuge). 

TritonX-100 (1% final concentration) was added to the cleared lysate and incubated 

at 4oC for 20 minutes. 0.1g of GST-agarose beads were rehydrated in 10ml dH2O, 

washed twice with PBS and resuspended as 1:1 slurry in PBS. The cleared lysate was 

incubated with the GST-beads at 4oC overnight on a roller. The beads were washed 

twice in RIPA buffer (200mM NaCl, 2.5mM MgCl2, 50mM Tris-HCl pH 7.4, 15% 

glycerol, 1% NP40 and Complete protease inhibitor (Boehringer Mannheim, Sussex, 

UK)) prior to use. CHO(αβ-py) cells were transfected with either R-Ras(WT) or R-

Ras(G38V) (0.25µg) (both myc-tagged) and test DNA. Cells were quiesced in serum 

free media and lysed at 48 hours in RIPA buffer at 4oC for 20 minutes. The clarified 

lysate was incubated with GST-Raf-RBD coupled to glutathione agarose beads for 2 

hours at 4oC. Beads were isolated by centrifugation, washed twice in RIPA buffer 

and resuspended in Laemmli sample buffer. Protein samples were separated by SDS-

PAGE. Bound R-Ras was detected by western immunoblotting with anti-Myc (9E10) 

antibodies. 
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2.22 Immunohistochemistry. 

Immunohistochemistry was performed in collaboration with the pathology 

department at the New Royal Infirmary using a Dako Envision kit according to the 

manufacturers instructions. In brief, formalin-fixed, paraffin-embedded sections were 

de-waxed in xylene for 10 minutes. Tissue was rehydrated through graded ethanol 

(100% → 90% → 70%, 1 minute each). Antigen retrieval was performed by heating 

rehydrated tissue in 740ml distilled water plus 7.5ml Vector Antigen Retrieval 

solution using a 750W microwave oven for 15 minutes at maximum power. Sections 

were cooled in running tap water for 15 minutes, immersed in 3% hydrogen peroxide 

(v/v in distilled water) for 15 minutes, rinsed once with TBS and then loaded into a 

Sequenza® (Shandon) slide rack. Appropriate primary antibodies were diluted to 

1:100 in DAKO diluent and 100 µl was added to each slide for 1 hour at room 

temperature. Slides were rinsed twice with TBS and 3 drops of labelled polymer-

HRP (species specific) was added to each slide for 30 minutes at room temperature. 

Slides were rinsed twice with TBS and 100 µl DAB solution was applied for 5 

minutes at room temperature. Slides were rinsed once in TBS, counterstained with 

Mayers haematoxylin, immersed in Scotts tap water (3 minutes), dehydrated through 

graded ethanol (70% → 90% → 100%), cleared in xylene and mounted with DPX. 

Stained slides were viewed with a Leica DM1000 microscope at 100-400x 

magnifications and photographed with a Leica DFC400 digital camera (both from 

Leica Microsystems, UK). 

2.23 RT-PCR Of Notch Signalling Components In SCLC Cell Lines. 

Total RNA was extracted from 1x106 SCLC cells using an RNeasy kit (Qiagen) 

according to the manufacturers instructions. RNA extracted from 1x106 MLR cells 

and 1x106 K562 cells was used as a positive control. RNase free water (Promega) 

was used as a negative control. Contaminating DNA was removed by incubation 

with RQ1 DNase (Promega) (15 minutes 37oC) as per the manufacturers instructions 

and RNA concentration determined by light absorbance at 260nm. RT-PCR was 

performed on 500ng of RNA using an Access RT-PCR kit (Promega) according to 

the manufacturers instructions. Reverse transcription was carried out at 45˚C for 45 

minutes. PCR reactions were performed using previously published primers for 
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human Notch signalling components (described in Table 2.1) at a final concentration 

of 0.5 µM. PCR programme: 95˚C 2 minutes, 35 cycles 95˚C 45s, [annealing 

temperature indicated for primer pairs – see table 2.1] 45s and 72˚C 45s, final 

extension 72˚C 5 minutes. The PCR products were resolved on 2% agarose gels and 

photographed under UV illumination. 

Table 2.1: The Forward (Fw.) And Reverse (Rv.) Primer Sequences, Product 

Size In Base Pairs (Bp) And Annealing Temperature Are Indicated For Each 

Gene. 

Primer: Sequence:     Product (bp): AT: 
Notch-1 Fw. 5’-GCACTGCGAGGTCAACAC-3’  177 57 
   Rv. 5’-AGGCACTTGGCACCATTC-3’ 
Notch-2 Fw. 5’-TGGTTCAGAGAAAACATACA-3’  425 57 
   Rv. 5’-TCCACTTCATACCAGTTGA-3’ 
Notch-3 Fw. 5’-GGAGGGAGAAGCCAAGTC-3’  164 56 
   Rv. 5’-GGGAAAAAGGCAATAGGC-3’ 
Notch-4 Fw. 5’-TTCGGGACTTCTGGTCAG-3’   176 56 
   Rv. 5’-GGAGGGAGAAGCCAAGTC 3’ 
Jagged-1  Fw. 5’-AGTCACTGGCACGGTTGTAG-3’  227 56 

 Rv. 5’-TCGCTGTATCTGTCCACCTG-3’ 
Jagged-2  Fw. 5’-GATTGGCGGCTATTACTGTG-3’  600 56 

 Rv. 5’-AGGCAGTCGTCAATGTTCTC-3’ 
Delta-1  Fw. 5’-AGACGGAGACCATGAACAAC-3’   382 55 

  Rv. 5’-TCCTCGGATATGACGTACAC-3’ 
Delta-3  Fw. 5’-GTGAATGCCGATGCCTAGAG-3’  256  57 

  Rv. 5’-GGTCCATCTGCACATGTCAC-3’ 
Delta-4  Fw. 5’-TGACCACTTCGGCCACTATG-3’  620 55 

  Rv. 5’-AGTTGGAGCCGGTGAAGTTG-3’ 
Hes-1 Fw. 5’-TGGATGCGGAGTCTACGATG-3’   468 57 

  Rv. 5’-TAAGGCCACTTGCCACCTTC-3’ 
Deltex Fw. 5’-TGATGCCTGTGAATGGTCTG-3’  450 57 

  Rv. 5’-TCTGCGACATGCTGTTGAAG-3’ 
hASH-1 Fw. 5’-TCCCCCAACTACTCCAACGAC-3’  280 58 
   Rv. 5’-CCCTCCCAACGCCACTG-3’ 
β-actin  Fw. 5’-CATCACCATTGGCAATGAGC-3’  284 58  
   Rv. 5’-CGATCCACACGGAGTACTTG-3’ 

 

2.24 Preparation Of Human Peripheral Blood Mononuclear Cells. 

Peripheral blood mononuclear cells (PBMCs) were separated from single donor 

buffy coats prepared within 24 hours of donation by the local blood transfusion 
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service (41 Lauriston Place, Edinburgh). The buffy coat was diluted 1:2.5 with sterile 

PBS (Ca2+ and Mg2+ free). 8 x 50 ml FalconTM tubes were prepared by the addition of 

15mls of room temperature LymphoprepTM. 25mls of the diluted Buffy coat was 

carefully layered onto the LymphoprepTM in each tube using a sterile pastette and 

then centrifuged at 800g (room temperature) for 30 minutes with the brake off. The 

white cell layers were carefully removed with a pastette to a separate 50 ml Falcon 

tube, diluted with PBS (total volume 50 ml), and centrifuged at 300g for 7 minutes 

with brake on. The cell pellet was resuspended in Iscove’s Modified Dulbecco’s 

Medium (IMDM) prior to use in further experiments. 

2.25 Co-Culture Of SCLC Cells And Mixed Leukocyte Reactions. 

H69, H345 and H510 SCLC cells from maintenance cultures were washed (PBS 

200g 5 minutes), re-suspended in PBS (1 x106 cells/ml) and incubated with 

mitomycin C (50µg/ml) for 3 hours at 37oC. The cells were washed 3x in PBS (50ml 

200g 5 minutes) prior to use. It was confirmed in initial experiments that this 

produced the maximum suppression in SCLC proliferation with the least loss in cell 

viability. The PBMCs of two separate unrelated donors were prepared as described 

above and resuspended in IMDM (Sigma) with 10% FCS, 5µg/ml L-glutamine, 

50U/ml penicillin and 50µg/ml streptomycin (Invitrogen Ltd, UK). In a round-

bottom 96 well plate, 5 x 104 PBMCs/donor/well were combined with Con A 

(5µg/ml) and co-cultured with mitomycin C treated SCLC cells at a 1:1 ratio (i.e. 1 x 

105 SCLC cells and 1 x 105 mixed leukocytes/well) for 72 hours at 37oC. After 48 

hours 1 µCi 3H-thymidine was added to each well. 24 hours later cells were 

harvested and cellular incorporation of 3H-thymidine was assessed by liquid 

scintillation counting using a beta plate reader (Wallac, Finland). In experiments 

investigating the role of bombesin-like peptides, the specific bombesin antagonist, 

RC-3095 (Sigma), was dissolved in DMSO and used at a final concentration of 1µM. 

2.26 Preparation Of Human CD4+ T-Cells. 

PBMCs were separated from single donor human buffy coats as indicated above and 

resuspended in IMDM (Sigma) with 5µg/ml L-glutamine, 50U/ml penicillin and 

50µg/ml streptomycin (Invitrogen Ltd, UK) at a final concentration of 5x106 cells per 
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ml. PBMCs were incubated for 1 hour at 37oc in tissue culture flasks (Costar) (40ml 

into 162cm2 flask, 20ml into 75cm2 flask). The supernatants containing non-adherent 

cells were removed, counted and washed in PBS (300g for 10 minutes) prior to 

CD4+ T-cell separation using magnetic microbeads and an autoMACSTM magnetic 

cell sorter (Miltenyi Biotec) according to the manufacturers instructions. 

In brief, cells were re-suspended in 40µl MACS buffer per 107 cells (PBS Ca2+ and 

Mg2+ free, with 0.5% bovine serum albumin (BSA) and 2mM EDTA, pH 7.2, sterile 

filtered) and incubated with 10µl of biotin-antibody cocktail per 107 cells (CD4+ T-

cell isolation kit II, 130-091-155 Miltenyi Biotec) for 10 minutes at 4oC. A further 

10µl of MACS buffer, 20µl of CD15 microbeads (130-046-601, Miltenyi Biotec) and 

20µl of anti-biotin microbeads (CD4+ T-cell isolation kit II, 130-091-155 Miltenyi 

Biotec) were added per 107 cells and the mixture was incubated 10 minutes at 4oC. 

The cells were washed with 10-20ml of MACS buffer (300g for 10 minutes), re-

suspended in 500µl of MACS buffer per 108 cells and separated into labeled and 

unlabelled fractions using an autoMACSTM magnetic cell sorter (deplete program). 

CD4+ cells were re-suspended in IMDM (Sigma) with 10% FCS, 5µg/ml L-

glutamine, 50U/ml penicillin and 50µg/ml streptomycin (Invitrogen Ltd, UK) prior 

to use. 

To ensure the purity of CD4+ T-cell separations using this method, an aliquot of 

each unlabelled fraction from the autoMACS was analysed for percentage of 

CD3+CD4+ cells using flow cytometry. 1 x 105 cells were incubated with a 1:10 

dilution of PE-conjugated anti-CD4, APC-conjugated anti-CD3 or appropriately 

labelled isotype controls (BD Biosciences) in FACS wash (PBS with 2% FCS and 

0.1% sodium azide) for 30 minutes at 4oC in the dark. The cells were washed twice 

and re-suspended in a 1:1 mixture of FACS wash and FACS fix (1% formaldehyde 

in PBS) before analysis. See figure 2.4 for a representative dot blot of CD4+ T-cell 

purity. 
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Figure 2.4: Typical Dot Plots Of Unlabelled Fraction Of Cells (i.e. CD4+ T-

Cells) From Automacstm Stained With Anti-CD3 (APC) And Anti-CD4 (PE) 

Antibodies. 

 

The unlabelled fraction from the autoMACSTM (i.e. CD4+ T-cells) was stained as described above and 
the percentage CD3+CD4+ cells determined by flow cytometry. (A) Cell stained with isotype control 
antibodies. (B) Cells stained with anti-CD3 (APC) and isotype. (C) Cells stained with anti-CD4 (PE) 
and isotype. (D) Cells stained with anti-CD3 (APC) and anti-CD4 (PE). The percentage CD3+CD4+ 
cells were calculated from quadrant statistics and in this example is 95.84%. 

 

2.27 Co-Culture Of SCLC Cells And Human CD4+ T-Cells. 

CD4+ T-cells were isolated from single donor buffy coats as described above. H69, 

H345 and H510 SCLC cells from maintenance cultures were washed (PBS 300g 5 

minutes), re-suspended in PBS (1 x106 cells/ml) and incubated with mitomycin C 

(50µg/ml) for 3 hours at 37oC. The cells were washed 3x in PBS (50ml 200g 5 

minutes) prior to use. Round-bottom 96-well plates were coated with 50µl of anti-
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CD3 antibody (5µg/ml in PBS) (R&D systems) for 1 hour at 37oC. CD4+ T-cells 

were re-suspended at a concentration of 1x106 cells/ml in IMDM with 10% FCS, 

5µg/ml L-glutamine, 50U/ml penicillin and 50µg/ml streptomycin (Invitrogen Ltd, 

UK). 1 or 2 x 105 CD4+ T-cells were added to each well of the pre-coated 96 well 

plate and soluble anti-CD28 (R&D systems) at a final concentration of 1µg/ml was 

added. Mitomycin C treated SCLC cells were added to co-culture wells (1-4 x 105 

cells/well) and plates were incubated for 72 hours at 37oC. After 48 hours 1 µCi 3H-

thymidine was added to each well. 24 hours later cells were harvested and cellular 

incorporation of 3H-thymidine was assessed by liquid scintillation counting using a 

beta plate reader (Wallac, Finland).  

For experiments using non-mitomycin treated SCLC cells, CD4+ T-cells were re-

suspended in IMDM (with 10% FCS, 5µg/ml L-glutamine, 50U/ml penicillin and 

50µg/ml streptomycin) and activated in 24-well plates (5 x 105 cells/well) with 

immobilised anti-CD3 (5µg/ml) and soluble anti-CD28 (1µg/ml). Live SCLC cells (2 

x 106 cells/well) in transwells (0.4 µm pore size - Costar) were added and the plates 

were incubated for 72 hours prior to harvesting for liquid scintillation counting. 

For experiments using SCLC media, SCLC cells were cultured in IMDM (with 10% 

FCS, 5µg/ml L-glutamine, 50U/ml penicillin and 50µg/ml streptomycin) at a 

concentration of 0.5 x 106 cells/ml in 24 well plates. After 72 hours supernatants 

were removed from the SCLC cells by centrifugation at 200g for 5 minutes. In some 

experiments, supernatants were separated into fractions containing soluble factors < 

30kDa or > 30kDa using centrifugal filtration columns according to the 

manufacturers instructions (Centricon-30, Millipore). The retanate (i.e. fraction > 

30kDa) was reconstituted to the original volume following separation. In addition, 

for some experiments, supernatants were also heated to 56oC for 10 minutes. SCLC 

supernatants were then diluted to 20% or 40% in IMDM (with 10% FCS, 5µg/ml L-

glutamine, 50U/ml penicillin and 50µg/ml streptomycin). Round-bottom 96-well 

plates were coated with 50µl of anti-CD3 antibody (5µg/ml in PBS) (R&D systems) 

for 1 hour at 37oC. CD4+ T-cells were re-suspended (1x106 cells/ml) in IMDM (10% 

FCS, 5µg/ml L-glutamine, 50U/ml penicillin and 50µg/ml streptomycin), IMDM 

(10% FCS, 5µg/ml L-glutamine, 50U/ml penicillin and 50µg/ml streptomycin) with 
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40% PBS, or media containing SCLC factors as indicated. 2 x 105 CD4+ T-cells 

were added to each well of the pre-coated 96 well plate and soluble anti-CD28 (R&D 

systems) at a final concentration of 1µg/ml was added. Plates were incubated for 72 

hours at 37oC prior to harvesting for liquid scintillation counting. 

For experiments investigating the role of TGF-β in SCLC-mediated suppression of 

CD4+ T-cell proliferation, an anti-TGF-β antibody was used (clone AB-100-NA 

from R&D systems) that has been shown to bind and neutralise all isotypes of TGF-

β. To determine the optimum dose of anti-TGF-β antibody, CD4+ T-cells were 

cultured in 96-well plates pre-coated with anti-CD3 (5µg/ml). Proliferation was 

determined after 72 hours by incorporation of 3H-thymidine. CD4+ T-cell 

proliferation was inhibited by the addition of recombinant human TGF-β1 (100-B-

001 R+D systems) (1ng/ml final concentration). The bioactivity of rTGF-β1 was 

neutralised by pre-incubation (2 hours at 37oC in IMDM with 10% FCS, 1% L-

Glutamine and 1% Penicillin/Streptomycin) with increasing concentrations (1.25-

20µg/ml) of anti-TGF-β antibody. The optimal neutralising concentration of anti-

TGF-β was found to be 10µg/ml and thus this dose was used in subsequent 

experiments. 

2.28 Measurement Of TGF-β1 Concentration In SCLC Supernatants. 

The concentration of TGF-β1 in SCLC supernatants was determined using a 

DuoSetTM ELISA kit (DY240 R&D Systems) according to the manufacturers 

instructions. In brief, H69 SCLC cells were cultured in IMDM (with 10% FCS, 1% 

L-Glutamine and 1% Penicillin/Streptomycin) at a concentration of 0.5 x 106 cells/ml 

in 24 well plates. After 72 hours supernatants were removed from the SCLC cells 

(centrifuged at 200g for 5 minutes) and activated with 1N HCl for 10 minutes at 

room temperature followed by 1.2N NaOH/0.5M HEPES. Capture antibody was 

added to the 96 well microplate and incubated overnight at room temperature. Plates 

were washed twice and blocked for 1 hour at room temperature. Plates were washed 

twice, 100µl of activated sample or standard was added to each well and incubated 

for 2 hours at room temperature. Plates were washed twice, 100µl of detection 

antibody was added to each well and incubated for 2 hours at room temperature. 
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Plates were washed twice, 100µl of streptavidin-HRP was added to each well and 

incubated for 20 minutes at room temperature. 100µl of substrate solution was added 

to each well for 20 minutes in the dark, followed by 50µl of stop solution. 

Absorbance (at 450nM) was determined for each well using an automated plate 

reader (MRX microplate reader). 

2.29 Measurement Of Cytokine Production By Human CD4+ T-Cells. 

CD4+ T-cells were isolated from single donor buffy coats as described above. H69 

SCLC cells from maintenance cultures were washed (PBS, 300g, 5 minutes), re-

suspended in PBS (1 x106 cells/ml) and incubated with mitomycin C (50µg/ml) for 3 

hours at 37oC. The H69 cells were washed 3 x in PBS (50ml 200g 5 minutes) prior to 

use. 24-well plates were pre-coated with 250µl of anti-CD3 (5µg/ml in PBS) by 

incubation for 1 hour at 37oC. 5 x 105 CD4+ T-cells in IMDM (with 10% FCS, 1% 

L-Glutamine and 1% Penicillin/Streptomycin) were added to each well and 

supplemented with soluble anti-CD28 (final concentration 1µg/ml). 2 x 106 

mitomycin treated H69 SCLC cells were added to the appropriate wells and the 

plates were incubated for 72 hours at 37oC. Cell supernatants were removed from the 

24-well plates and stored in aliquots at – 80oC prior to use. The concentrations of 

cytokines IL-2, IL-4, IL-6, IL-10 IFN-γ and TNF-α were measured using a human 

TH1/TH2 cytokine cytometric bead array (BD Bioscience) according to the 

manufacturers instructions. In brief, a mixture of beads (50µL/sample) pre-coated 

with antibodies specific to the cytokines to be detected was added to each cell 

supernatant sample. PE detection reagent (PE-labelled antibodies specific to the 

cytokines to be detected) (50µl/sample) was added and supernatants were incubated 

for 2 hours at room temperature in the dark. The beads were washed, re-suspended in 

200µl of Wash buffer (provided in the kit) and FL-2 intensity was measured for each 

cytokine specific bead (detected by FL-3 intensity) using a FACSArray flow 

cytometer (BD Bioscience) dedicated to CBA acquisition. The FL-2 intensity was 

compared to standard curves (20-5000 pg/ml) for each cytokine to give a 

concentration for each supernatant. 
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2.30 Expression Of Activation Markers (CD25, CD69) On Human CD4+ T-

Cells. 

CD4+ T-cells were isolated from single donor buffy coats as described above. H69 

SCLC cells from maintenance cultures were washed (PBS, 300g, 5 minutes), re-

suspended in PBS (1 x106 cells/ml) and incubated with mitomycin C (50µg/ml) for 3 

hours at 37oC. The H69 cells were washed 3x in PBS (50ml 200g 5 minutes) prior to 

use. 24-well plates were pre-coated with 250µl of anti-CD3 (5µg/ml in PBS) by 

incubation for 1 hour at 37oC. 5 x 105 CD4+ T-cells in IMDM (with 10% FCS, 1% 

L-Glutamine and 1% Penicillin/Streptomycin) were added to each well and 

supplemented with soluble anti-CD28 (final concentration 1µg/ml). 2 x 106 

mitomycin treated H69 SCLC cells were added to the appropriate wells and the 

plates were incubated for 72 hours at 37oC. Subsequently, cells were washed twice in 

PBS and incubated with a 1:10 dilution of PE-conjugated anti-CD4, APC-conjugated 

anti-CD25, APC-conjugated anti-CD69 or appropriately labelled isotype controls 

(BD Biosciences) in FACS wash (PBS with 2% FCS and 0.1% sodium azide) for 30 

minutes at 4oC in the dark. The cells were washed twice and re-suspended in a 1:1 

mixture of FACS wash and FACS fix (1% formaldehyde in PBS) before analysis. 

Mean fluorescence intensity of CD25 or CD69 binding to CD4+ cells (thus 

excluding SCLC cells) was determined using a FACSCalibur flow cytometer (BD 

Biosciences). Data were collected from 10,000 events using CELLQuestTM software. 

2.31 Expression Of Human Macrophage Surface Markers. 

Monocytes were isolated from PBMCs by adhesion purification. PBMCs were 

prepared from single donor human buffy coats as described above and re-suspended 

at 2x106 cells/ml in serum-free IMDM (1% L-Glutamine and 1% 

Penicillin/Streptomycin). 4ml of cell suspension was added to each well of a 6-well 

plate and incubated for 1 hour at 37oC. Monocytes adhered to the tissue culture 

plastic. Non-adherent cells were removed by gently washing the monocyte-

monolayer with IMDM. 4ml of IMDM (10% FCS, 1% L-Glutamine and 1% 

Penicillin/Streptomycin) was added to each well with 0.25 x 106 cells/ml H69 SCLC 

cells in the co-culture wells. For experiments with SCLC media, SCLC cells were 

cultured in IMDM (with 10% FCS, 1% L-Glutamine and 1% 
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Penicillin/Streptomycin) at a concentration of 0.5 x 106 cells/ml in 24 well plates. 

After 72 hours supernatants were removed from the SCLC cells (centrifuged at 200g 

for 5 minutes). SCLC supernatants were then diluted to 40% in IMDM (with 10% 

FCS, 1% L-Glutamine and 1% Penicillin/Streptomycin). 

Cell cultures were incubated for 7 days at 37oC in 5%CO2, following which adherent 

macrophages were removed from the wells by mechanical detachment. Monolayers 

were covered with ice-cold PBS (w/o Ca2+ or Mg2+), incubated on ice for 10 minutes, 

gently scraped and the resulting cell suspension collected. Cell suspensions were 

centrifuged at 200g for 5 minutes, re-suspended in FACS-wash and incubated on ice, 

in the dark for 30 minutes with a 1:10 dilution of the appropriate antibodies. Cells 

were washed and re-suspended in FACS-wash prior to analysis using a FACS-

Calibur flow-cytometer (BD Biosciences). Macrophages were identified by 

immunostaining with allophycocyanin (APC)-conjugated anti-CD11b and peridinin 

chlorophyll protein (PerCP)-conjugated anti-CD14 (Fig. 2.5). Surface marker 

expression on CD11b+CD14+ cells was determined by counter-staining with 

phycoerythrin (PE)-conjugated anti-CD80, anti-CD86, anti-HLA-DR, anti-CD16 or 

appropriately labelled IgG1 isotype controls (BD Biosciences). At least 10,000 events 

were collected per sample and data processed using Cell Quest software (BD 

Biosciences). 

2.32 Statistical Analysis. 

Unless otherwise specified in the text, data were analysed using InStatTM by one-way 

analysis of variance (ANOVA) and the appropriate post-test analyses were applied. p 

values < 0.05 were considered to be significant. 
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Figure 2.5: Identification Of CD11b+CD14+ Macrophages In 7-Day Adherent 

Monocyte Cultures. 

 

Monocytes were incubated for 7-days in IMDM (with 10% FCS) media. Adherent cells were lifted in 
ice cold PBS and immunostained with flurochrome conjugated anti-CD14 (PerCP - FL3) and anti-
CD11b (APC - FL4). (A) Forward and side-scatter dot blot of cells with a gate surrounding cells with 
the characteristics of macrophages. (B) FL3 (CD14) and FL4 (CD11b) dot blots of the cells contained 
with the gate in (A) showing that these cells are predominantly CD11b+CD14+. The surface 
expression of CD16, CD80, CD86 and HLA-DR on this population of cells was then determined with 
PE conjugated antibodies. 
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CHAPTER 3: Extracellular Matrix Protects SCLC Cells From DNA Damage-

Induced Cell Cycle Arrest And Apoptosis; A Process Mediated By β1 Integrin-

Dependent Activation Of PI3-Kinase. 

3.1 Introduction. 

It has been shown previously that SCLC is surrounded by an extensive stroma of 

ECM and that high levels of expression correlate with poor patient prognosis (167). 

Cells interact with ECM components via heterodimeric cell surface proteins called 

integrins (199). ECM-integrin interaction stimulates signal transduction pathways 

that regulate a number of cellular processes important in cancer including cell cycle 

transition and protection from apoptosis (200). This is termed “outside-in” 

signalling. It has been demonstrated that adhesion of SCLC cells via β1 integrins to 

ECM components promotes cell survival and confers resistance to chemotherapeutic 

agents (167). Subsequently, this has been shown to be a general mechanism for 

acquired drug resistance in a number of malignancies including breast, glioma and 

colon cancer (201-203). However the intracellular signals activated by ECM in 

cancer cells, which influence response to chemotherapy and radiotherapy, have not 

been fully elucidated. A clear understanding of these mechanisms is essential to the 

development of rational strategies to overcome acquired multi-drug resistance and 

enhance the effects of chemotherapy and radiotherapy. 

Central to the cellular response to chemotherapy and radiation-induced DNA 

damage is cell cycle arrest, predominantly at the G1/S and G2/M checkpoints (204). 

Alterations in expression of genes that control progression through the cell cycle 

have been demonstrated to affect chemosensitivity. These include altered expression 

of p53 and the retinoblastoma protein (Rb). Mutated forms of p53 and/or Rb have 

been shown to be associated with increased resistance of tumour cells to various 

anti-cancer drugs and irradiation, mainly because of disruption of cell cycle 

checkpoints (205). Alterations in other cell cycle regulators such as the cyclins, 

cyclin dependent kinases (CDKs) and their inhibitors, p21Cip1/WAF1 and p27Kip1 may 

also play a key role in the regulation of chemo-sensitivity (206).  

Anchorage to ECM is required for survival of all un-transformed cells and the 

development of anchorage independence is an important stage in transformation 
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(207). Regulation of the cell cycle by cell adhesion in un-transformed cells is 

typically restricted to the G1/S transition (208,209). Progression through the G1 

phase of the cell cycle is mediated by CDK 2, 4 and 6, whose activities are 

controlled by their associated cyclins and CDK inhibitors, p21Cip1/WAF1 and p27Kip1 

(210). Accumulation of cyclin D, which associates with and activates CDK 4 and 6, 

initiates progression through G1 (211). The cyclin D-CDK 4 and 6 complex also 

prevents transcriptional repression of cyclin E and the de-repression of cyclin A 

promoting onset of S phase (212). Cells in suspension have higher levels of CDK 2 

inhibitors than do attached cells leading to impaired cyclin E-CDK 2 activity with 

resultant cell cycle arrest in late G1 (210, 213). This suggests that the regulation of 

cyclin E-CDK 2 activity is an important mechanism by which anchorage to ECM 

controls progression through the G1/S transition in untransformed cells. Regulation 

of cyclin E-CDK2 activity may also represent how ECM protects cancer cells from 

chemotherapy-induced cell cycle arrest and subsequent apoptosis. 

The PI3-kinase signalling pathway has been demonstrated to be an essential survival 

signal in SCLC cells and is a key regulator of cell cycle progression (214,215). 

Integrin activation by ECM couples integrin cytoplasmic tails to focal adhesion 

kinase and activates PI3-kinase, which phosphorylates inositol lipids, leading to 

activation of protein kinase B (PKB) and phosphorylation of glycogen synthase 

kinase 3β (GSK3β) (215,216). PKB phosphorylates and inactivates pro-apoptotic 

factors such as caspase 9 and Bad preventing apoptosis (215). Phosphorylation of 

GSK3β stabilizes cyclin D1 promoting progression through G1 phase of the cell 

cycle and prevents apoptosis by altering gene expression through NF-κB and AP-1 

(217-219).  

This background led to the hypothesis that prevention of cell cycle arrest and 

subsequent apoptosis through integrin-mediated activation of PI3-kinase may 

represent an important mechanism by which ECM proteins protect SCLC cells from 

chemotherapy and radiation. 
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3.2 Results. 

3.2.1 ECM Proteins Protect SCLC Cells From Chemotherapy- And 

Radiation-Induced Apoptosis. 

Robert Rintoul and Tony Elliot previously investigated the anti-apoptotic effects of 

ECM proteins on SCLC cells in vitro, using acridine orange/ethidium bromide 

staining, cell death ELISA and Annexin V expression. This data is summarised in 

figure 3.1. Increase in apoptosis induced by etoposide in H345 SCLC cells plated 

onto tissue culture plastic or adhered to poly-l-lysine was first observed at 24 hours 

reaching a maximum at 48-72 hours (percentage apoptosis (72 hours): 50.4 +/- 5.3% 

(poly-l-lysine) and 51.2 +/- 4.6% (plastic); mean of n=5 independent experiment +/- 

SEM, p = 0.912) (Fig. 3.1 a). However, adhesion to both laminin and fibronectin 

significantly protected H345 SCLC cells from apoptosis at all time points 

(percentage apoptosis (72 hours): 50.4 +/- 5.3% (poly-l-lysine), 18.2 +/- 9.7% 

(laminin) and 19.5 +/- 3.6% (fibronectin); mean of n=5 independent experiment +/- 

SEM, p < 0.05) (Fig. 3.1 a). This effect was not due to a physical interaction 

between etoposide and ECM as medium that had been treated with etoposide and 

incubated with laminin-coated plastic for 72 hours was still able to induce apoptosis 

when added to SCLC cells adhered to poly-l-lysine (Fig. 3.1 b). In addition, 

adhesion of H345 SCLC cells to ECM proteins significantly protected SCLC cells 

from the pro-apoptotic effect of ionizing radiation (Fig. 3.1 c, d), further confirming 

that ECM-mediated protection is not caused by a physical effect on 

chemotherapeutic agents. These results were confirmed using a cell death detection 

ELISA kit based on the quantitative detection of histone-associated DNA fragments 

(Fig. 3.1 e). Similar results were seen with H69 and H510 cells (Fig. 3.1 f). In 

addition, Robert Rintoul previously confirmed that this effect was due to a survival 

benefit and not an increase in the growth rate of cells on ECM (167).  
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Figure 3.1: ECM Protects SCLC Cells From Etoposide- And Radiation-Induced 

Apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) H345 SCLC cells were adhered to poly-l-lysine (10 µg/ml) (), laminin (10 µg/ml) (O) or 
fibronectin (20 µg/ml) (Δ) and treated with etoposide (25 µg/ml). The percentage of apoptotic cells 
was determined at the times indicated by acridine orange/ethidium bromide staining (mean of n=5 
independent experiments +/- SEM). (B) H345 cells were adhered to poly-l-lysine (10 µg/ml) and 
treated with etoposide (25 µg/ml) () or medium, incubated for 72 hours in 6 well laminin-coated 
plates (10 µg/ml) with () or without () etoposide (25 µg/ml). Percentage of apoptotic cells was 
determined as above (mean of n=3 independent experiments +/- SEM). (C) H345 cells were adhered 
to poly-l-lysine (10 µg/ml) (), laminin (10 µg/ml) (O) or fibronectin (20 µg/ml) (Δ) and treated 
with ionizing radiation (2 Gy). Percentage of apoptotic cells was determined as above (mean of n=3 
independent experiments ± SEM). (D) H345 cells were adhered to poly-l-lysine (10 µg/ml) (black 
bar) or laminin (10 µg/ml) (white bar) and treated with ionizing radiation (0-4Gy) as indicated. 
Percentage of apoptotic cells was determined at 48 hours (mean of n=3 independent experiments in 
quadruplicate ± SEM). (E) H345 cells were adhered to poly-l-lysine (black bar) or laminin (white bar) 
and treated with etoposide (25µg/ml). Apoptosis was assessed at time indicated using a cell death 
ELISA kit. Mean absorbance at 405nm from n=3 experiments ± SEM. (F) H69, H345 and H510 
SCLC cells were adhered to poly-l-lysine (10 µg/ml) (black bar) or laminin (10 µg/ml) (white bar) 
and treated with etoposide (25µg/ml). Percentage of apoptotic cells was determined at 48 hours (mean 
of n=3 independent experiments in quadruplicate ± SEM). 
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3.2.2 β1 Integrin Activation Mediates ECM Protection From Apoptosis In 

SCLC Cells. 

This data suggests that ECM proteins can specifically protect SCLC cells from 

apoptotic cell death induced by chemotherapy or radiotherapy. Cells interact with 

ECM via cell surface integrins. Integrin expression on SCLC cells has been 

previously characterised and the β1 integrin subunit is highly expressed (167). To 

investigate whether the anti-apoptotic effect of ECM proteins was mediated by the 

activation of β1 integrins on SCLC cells, specific β1 integrin function blocking and 

stimulating antibodies were used and the effect on ECM-mediated chemoprotection 

was assessed. 

H345 SCLC cells were adhered to poly-l-lysine (control) or laminin, treated with 

etoposide (25 µg/ml) and apoptosis was assessed at 48 hours. The basal levels of 

apoptosis in H345 SCLC cells on poly-l-lysine was 8 ± 2% and this was increased to 

55 ± 4% in the presence of etoposide (n=3 independent experiments in quadruplicate 

± S.E.M.) (Fig. 3.2 a, b). Adhesion of H345 SCLC cells to the ECM proteins laminin 

or fibronectin significantly reduced apoptosis caused by etoposide at 48 hours from 

55 +/- 4% to 7 +/- 1.7% and 8 +/- 1.4% respectively (n=3 independent experiments 

in quadruplicate +/- SEM) (Fig. 3.2 a, b). ECM-mediated protection from etoposide-

induced apoptosis was completely abolished by pre-incubation of H345 SCLC cells 

with the β1 integrin function-blocking antibody 4B4 (10µg/ml). Furthermore the β1-

stimulating antibody TS2/16 (10µg/ml) reproduced the effects of ECM proteins (Fig. 

3.2 a, b). This data suggests that β1 integrins mediate the protection of SCLC cells 

from chemotherapy by ECM. 

Binding to ECM promotes integrin clustering which results in the association of 

integrin intracellular domains with cytoskeletal proteins and recruitment of tyrosine 

kinases (220). Subsequently, integrin activation triggers an increase in tyrosine 

phosphorylation, an important step in downstream signalling pathways (220). To 

simulate integrin activation sodium orthovanadate (Na3VO4), a broad-spectrum 

phosphatase inhibitor that increases protein phosphorylation, was used (221). It was 

observed that treatment of H345 SCLC cells adhered to poly-l-lysine with Na3VO4 

(200µM) prevented etoposide from inducing apoptosis in a similar manner to 
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adhesion to ECM proteins (Fig. 3.2 a, b). Taken together these results indicate that 

ECM proteins prevent apoptosis in SCLC cells through activation of β1 integrins 

and tyrosine kinase signalling pathways. 

Figure 3.2: ECM-Mediated Protection From Etoposide-Induced Apoptosis Is β1 

Integrin-Dependent. 

 

 

(A) H345 cells were incubated with (+) or without (-) the function blocking anti-β1 integrin antibody 
4B4 (10µg/ml) for 30 minutes at 37oC as indicated and then seeded into 96 well plates pre-coated with 
poly-l-lysine (PLL) (10 µg/ml), laminin (Ln) (10 µg/ml), fibronectin (Fn) (20 µg/ml) or the integrin-
activating antibody TS2/16 (10 µg/ml). Cells were treated with (+) or without (-) etoposide (25 µg/ml) 
or sodium orthovanadate (Na3VO4) (200 µm) as indicated. The percentage of apoptotic cells was 
determined at 48 hours as above (mean of n=3 independent experiments in quadruplicate ± SEM). (B) 
H345 cell were treated as above and apoptosis was assessed by surface expression of Annexin V using 
flow cytometry (mean of n=3 experiments ± SEM). 
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3.2.3 Adhesion To Laminin Stimulates PI3-Kinase Activity, PKB 

Phosphorylation And Activity And Increases GSK3β  Phosphorylation In SCLC 

Cells. 

Integrin dependent cell adhesion triggers an increase in PI3-kinase activation (215). 

PI3-kinase has been shown to mediate matrix-induced survival in normal epithelial 

cells (221). Robert Rintoul previously demonstrated that adhesion of H345 cells to 

ECM proteins laminin and fibronectin stimulated a marked increase in PI3-kinase 

activation (average 3.1x and 2.9x increase in PI3-kinase activity respectively n=3 

independent experiments in quadruplicate) (Fig. 3.3 a). Furthermore, he observed 

that the β1 integrin-stimulating antibody TS2/16 (10 µg/ml) and Na3VO4 (200 µM) 

increased PI3-kinase activity to a similar extent (average 2.5x and 2.8x increase 

respectively n=3 independent experiments in quadruplicate). As predicted the PI3-

kinase inhibitor, LY294002, reduced basal levels of PI3-kinase activity (Fig. 3.3 a).  

PKB and GSK3β, which are down-stream effectors of PI3-kinase and regulate cell 

survival, may also participate in overriding chemotherapy- and radiation-induced 

apoptosis in SCLC cells (214,222). Weng Sie Wong previously showed that 

adhesion of H345 SCLC cells to laminin caused a time-dependent increase in PKB 

activity and GSK3β phosphorylation (Fig. 3.3 b, c). Furthermore, she showed that 

Na3VO4 (200 µM) stimulated PKB and GSK3β phosphorylation in H345 cells 

adhered to poly-l-lysine (Fig. 3.4 a, b) and that the ECM-mediated increase in 

phosphorylation of PKB and GSK3β  was sensitive to PI3-kinase inhibition with 

LY294002 (10µM) but was not affected by etoposide treatment (25µg/ml) (Fig. 3.4 

a, b).  

These experiments by Robert Rintoul and Weng Sie Wong suggest that ECM 

proteins stimulate PI3-kinase activity in SCLC cells and that PI3-kinase signalling 

can be inhibited pharmacologically with LY294002 (10µM) (Fig. 3.3 and 3.4). 

Therefore this inhibitor was used to specifically investigate the role of PI3-kinase in 

ECM-mediated chemo-protection.  
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Figure 3.3: Adhesion To ECM Stimulates PI3-Kinase Activity In SCLC Cells. 

 

 

 

(A) H345 cells were adhered to 6 well plates pre-coated with poly-l-lysine (10 µg/ml), laminin 
(10 µg/ml), fibronectin (20 µg/ml) or TS2/16 (10 µg/ml). In addition cells on poly-l-lysine were 
treated with sodium orthovanadate (Na3VO4) (200 µm) or LY294002 (30 µM) as indicated. PI3-
kinase activity was assayed after 10 minutes as described in the materials and methods. (B) H345 cells 
were adhered to laminin for the times indicated and PKB activity was determined as described in 
materials and methods. (C) H345 cells were adhered to laminin for the times indicated and expression 
of phosphorylated GSK3β was determined by Western blot analysis. Relative protein expression was 
quantified using Image J software (mean of n=3 experiments +/- SEM). 
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Figure 3.4: LY294002 Inhibits ECM- And Na3VO4- Stimulated PI3-Kinase 

Activity In SCLC Cells. 

 

 

 

(A) H345 cells were adhered to 6 well plates pre-coated with poly-lysine (PLL) (10 µg/ml) or laminin 
(10 µg/ml) and treated with (+) or without (-) etoposide (25 µg/ml), sodium orthovanadate (Na3VO4) 
(200 µM) or LY294002 (30 µM) as indicated. Cells were lysed after 10 minutes and expression of 
phosphorylated protein kinase B (p-PKB), total protein kinase B (PKB), phosphorylated glycogen 
synthase kinase 3β (p-GSK3β) and glycogen synthase kinase 3α/β (GSK3α/β) was determined by 
Western blot analysis. Representative blots from n=3 experiments. (B) Relative expression of 
phosphorylated PKB (p-PKB) from cells treated as above. Mean fold increase in p-PKB relative to 
untreated from n=3 experiments ± SEM.  
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3.2.4 ECM-Mediated Protection Against Etoposide-Induced Apoptosis Is 

Dependent On PI3-Kinase Activation. 

Using Western blot analysis of phospho-PKB (p-PKB), it was confirmed that 

LY294002 could inhibit ECM-mediated PI3-kinase activity up to 48 hours after 

treatment (Fig. 3.5 a). Furthermore, it was confirmed that inhibition of PI3-kinase in 

H345 SCLC cells with LY294002 (10µM) did not affect basal levels of apoptosis 

(Fig. 3.5 b). A moderate, non-significant increase in the degree of apoptosis induced 

by etoposide in cells adhered to poly-l-lysine and treated with LY294002 was 

observed (Fig. 3.5 b). However, the ECM-mediated protection of H345 SCLC cells 

against etoposide-induced apoptosis was completely reversed by the addition of 

LY294002 (Fig. 3.5 b). Furthermore chemo-protection resulting from specific β1 

integrin stimulation with TS2/16 or stimulation of the tyrosine kinase pathway with 

Na3VO4 was abrogated by LY294002. This data suggests a central role for PI3-

kinase in ECM/integrin-mediated chemoprotection. 

PI3-kinase activates downstream PKB, which phosphorylates pro-apoptotic factors 

such as caspase-9 and Bad preventing cell death (216-218). Thus, the effect of ECM 

proteins on Bad phosphorylation and etoposide-induced caspase-9 activation in 

H345 SCLC cells was investigated. It was found that adhesion of H345 SCLC cells 

to ECM stimulated phosphorylation of Bad and prevented cleavage of caspase-9 

induced by etoposide after 24 hours (Fig. 3.6 a). These effects were prevented by 

treatment with LY294002. Activation of caspase-9 initiates cleavage of the effector 

caspase-3, which ultimately results in apoptosis. It was found that etoposide could 

induce caspase-3 cleavage in H345 cells adhered to poly-l-lysine but not in cells 

adhered to laminin. However, treatment with LY294002 prevented laminin from 

blocking casapse-3 cleavage without affecting caspase-3 activation in cells adhered 

to poly-l-lysine (Fig. 3.6 a).  

In parallel experiments, Alison MacKinnon measured caspase-3 activity (Fig. 3.6 b). 

It was confirmed that etoposide induced an increase in caspase-3 activity in H345 

SCLC cells, which, as expected, was blocked by z-VAD. Adhesion to laminin and 

stimulation of the tyrosine kinase pathway with Na3VO4 overcame etoposide-

induced caspase-3 activation preventing cells undergoing apoptosis. Furthermore, 
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the ECM- and Na3VO4- mediated inhibition of etoposide-induced caspase-3 

activation was prevented by the tyrosine kinase inhibitor tyrophostin-25 and the PI3-

kinase inhibitor LY294002 (Fig. 3.6 b). Taken together, these results indicate that 

PI3-kinase signalling, can modulate phosphorylation of Bad and caspase activity, 

suggesting a central mechanism for ECM-mediated resistance to etoposide-induced 

apoptosis in SCLC cells. 

Figure 3.5: ECM-Mediated Protection From Chemotherapy-Induced Apoptosis 

Requires PI3-Kinase Signalling. 

 

(A) H345 cells were plated on to laminin or poly-l-lysine and treated as indicated. Cells were lysed 
after 48 hours and phospho-PKB (p-PKB) and total PKB expression was determined by Western blot. 
Representative blot from n=3 experiments. (B) H345 cells were seeded into 96 well plates pre-coated 
with poly-l-lysine (PLL) (10 µg/ml), laminin (10 µg/ml) or TS2/16 (10 µg/ml), allowed to adhere for 
1 hour and then treated with (+) or without (-) etoposide (25 µg/ml), Na3VO4 (200 µM) or LY294002 
(30 µM) as indicated. The percentage of apoptotic cells was assessed at 48 hours by flow cytometric 
analysis of surface Annexin V staining (mean of n=3 independent experiments ± SEM).  



 66 

10 kDa 
 
19 kDa 

Figure 3.6: ECM-Mediated Protection From Chemotherapy-Induced Caspase-3 

Activation Requires PI3-Kinase Signalling. 

 

 

 

(A) H345 cells were seeded into 6-well plates pre-coated with poly-l-lysine (10 µg/ml) or laminin (10 
µg/ml) and treated with (+) or without (-) etoposide (25 µg/ml) or LY294002 (30 µM) as indicated. 
After 24 hours the cells were lysed and the expression of phospho-Bad (p-Bad), Bad, cleaved-caspase-
9 and cleaved-caspase-3 was determined by Western blot. Representative blots from n=3 experiments 
are shown. Actin is shown as a loading control. The molecular weights of the caspase-3 and caspase-9 
fragments are shown. (B) H345 cells were seeded into 6-well plates pre-coated with poly-l-lysine (10 
µg/ml) or laminin (10 µg/ml) and treated with (+) or without (-) etoposide (25 µg/ml), z-VAD (100 
µM), LY294002 (30 µM), tyrphostin-25 (tyrpho-25) (25 µM) or Na3VO4 (200 µM) as indicated. 
Caspase-3 activity was measured after 48 hours as described in materials and methods and normalized 
to untreated cells on poly-l-lysine (mean of n=3 experiments ± SEM). 
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3.2.5 ECM Proteins Override Etoposide- And Radiation-Induced G2/M Cell 

Cycle Arrest Via PI3-Kinase Modulation Of Cell Cycle Regulators. 

DNA damage is central to the cellular response to chemotherapy and radiation and 

results in cell cycle arrest predominantly at the G1/S and G2/M checkpoints (204). 

Subsequent activation of checkpoint signalling cascades can result in apoptotic cell 

death preventing accumulation of genetic damage. Modulation of cell cycle 

checkpoints may play an important role in sensitivity to radiation and chemotherapy. 

Therefore it was hypothesised that ECM proteins could override cell cycle arrest 

induced in SCLC cells by etoposide and radiation. 

To investigate this, H345 SCLC cells were adhered to poly-l-lysine or laminin, 

treated with etoposide (25 µg/ml) or ionizing radiation (2 Gy) and nuclear DNA 

content was assessed after 24 hours by flow cytometric analysis of propidium iodide 

staining. H345 SCLC cells showed similar cell cycle profiles whether grown in 

suspension or adhered to poly-l-lysine or laminin (Fig. 3.7 a). 24 hours after 

treatment with etoposide (25 µg/ml) or ionizing radiation (2Gy) H345 SCLC cells 

adhered to poly-l-lysine showed a significant increase in the percentage of cells in 

the S and G2/M phases of the cell cycle with a reciprocal reduction in the percentage 

of cells in G1 (Fig. 3.7 a, Table 3.1). 

In contrast H345 cells adhered to laminin and treated with etoposide or ionizing 

radiation showed only a small increase in the percentage of cells in S and G2/M 

phase with a minimal reciprocal reduction in the percentage of cells in G1. There 

was no significant difference in sub-G0 peaks at 24 hours between cells treated with 

etoposide on laminin or poly-l-lysine, which is also reflected by the data in figure 

3.1. However, the percentage of apoptotic cells observed at 24 hours is higher when 

measured by acridine orange and Annexin V than when measured by PI staining and 

flow cytometry. This difference probably reflects a difference in preparation of cells 

for an assay, which aims to investigate cell cycle, changes rather than apoptosis and 

is not indicative of an altered cellular response to etoposide. 

To investigate whether ECM protects against cell cycle arrest via activation of β1 

integrin/PI3-kinase signalling, H345 SCLC cells were adhered to poly-l-lysine or 

laminin and treated with etoposide for 24 hours in the presence of the β1 integrin 



 68 

function-blocking antibody 4B4, the β1 integrin-stimulating antibody TS2/16, 

Na3VO4 or LY294002. After 24 hours progression through the cell cycle was 

assessed (Fig. 3.7 b, Table 3.2). Blockade of β1 integrins on H345 SCLC cells with 

4B4 completely abrogated laminin-mediated protection from G2/M cell cycle arrest 

induced by etoposide without affecting cell cycle progression in cells adhered to 

poly-l-lysine. Furthermore laminin-mediated protection from etoposide-induced 

G2/M cell cycle arrest was blocked by inhibition of PI3-kinase with LY294002. In 

addition stimulation of β1 integrins on H345 SCLC cells with TS2/16 or activation 

of tyrosine kinase with Na3VO4 reduced etoposide-induced G2/M cell cycle arrest 

simulating the effects of ECM. These results indicate that protection of SCLC cells 

from etoposide-induced cell cycle arrest by ECM proteins is mediated via β1 

integrin activation of PI3-kinase signalling. 

DNA damage can activate p21Cip1/WAF1 and p27Kip1 and inhibit Cdc25s (activator of 

CDK1) to cause G1/S and G2/M arrest (204). PI3K-kinase has been shown to induce 

expression of D-type cyclins and to increase stability of cyclin-D1 through PKB 

dependent phosphorylation of GSK3β (217). Therefore it was investigated whether 

ECM proteins could modulate expression of key cell cycle regulators through PI3-

kinase. After 24 hours of etoposide treatment H345 SCLC cells showed an increase 

in expression of the CDK inhibitors p21Cip1/WAF1 and p27Kip1 and phosphorylated 

CDK1 (inactive form) with decreased expression of phosphorylated CDK2 (active 

form) and cyclins E, A and B (Fig. 3.8). Adhesion of H345 SCLC cells to laminin 

increased cyclin D expression and blocked the etoposide-induced changes in 

p21Cip1/WAF1, p27Kip1, phosphorylated CDK1 and 2 and cyclins E, A and B. 

Furthermore, the effects of ECM were reproduced by TS2/16 antibodies. The effects 

were less pronounced probably due to the bivalent nature of antibody binding 

inducing less integrin clustering and 3-dimensional changes than laminin. The ability 

of laminin or TS2/16 to overcome etoposide-induced changes in cell cycle regulators 

was blocked by the PI3-kinase inhibitor LY294002.  

These results suggest that ECM proteins via β1 integrins can override etoposide-

induced G2/M cell arrest by modulating expression of cyclins/CDK inhibitors and 

phopsphorylation of CDKs in a PI3-kinase dependent manner. 
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Figure 3.7: ECM Overrides Etoposide- And Radiation-Induced Cell Cycle 

Arrest Via β1 Integrin-Mediated PI3-Kinase Activation. 

 

H345 cells were seeded into 6-well tissue culture plates either uncoated (plastic) or pre-coated with 
poly-l-lysine (10 µg/ml) or laminin (10 µg/ml). Progression through the cell cycle was assessed 24 
hours later by flow cytometric analysis of DNA content. (A) Representative histograms (cell 
number/PI area) are shown from n=5 independent experiments of H345 cells treated as indicated: nil 
(-), etoposide (25 µg/ml) or ionizing radiation (2 Gy) (XRT) as indicated. (B) Representative 
histograms are shown from n=5 independent experiments of H345 cells treated as indicated: blockade 
of β1 integrin function with 4B4 (10 µg/ml), stimulation of β1 integrins with TS2/16 (10 µg/ml), 
inhibition of PI3-kinase with LY294002 (30 µM) or activation of tyrosine kinase with sodium 
orthovanadate (Na3VO4) (200µM).  
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Table 3.1: ECM Protects SCLC Cells From Etoposide- And Radiation-Induced 

Cell Cycle Arrest. 

 

Cell Cycle Plastic 

Phase - 

Sub G0 5.6   +/-1.6 

G1 64.8 +/-2.5 

S 17.3 +/-2.0 

G2/M 8.8   +/-1.0 

  

Cell Cycle   Poly-l-lysine   

Phase - Etoposide XRT 

Sub G0 6.1   +/-1.3 4.9   +/-2.4 5.4    +/-1.4 

G1 65.3 +/-2.8 23.2 +/-2.3 22.1 +/-1.8 

S 18.2 +/-1.7 25.4 +/-1.6 24.5 +/-2.1 

G2/M 9.1   +/-0.6 46.2 +/-1.5 47.8 +/-2.1 

    

Cell Cycle   Laminin   

Phase - Etoposide XRT 

Sub G0 6.3   +/-1.7 5.1   +/-1.1 3.5   +/-1.7 

G1 67.1 +/-3.1 53.2 +/-1.9 60.1 +/-2.6 

S 16.7 +/-2.3 22.2 +/-1.7 20.1 +/-1.8 

G2/M 8.4   +/-2.1 16.8 +/-2.0 16.1 +/-1.9 
 

 

Table 3.1 shows the mean percentage of H345 SCLC cells treated as indicated for 24 hours in each 
phase of the cell cycle (n=5 independent experiments +/- SEM). Corresponds to the histograms in Fig. 
3.7a. 
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Table 3.2: ECM Protects SCLC Cells From Etoposide- And Radiation-Induced 

Cell Cycle Arrest Via β1 Integrin-Mediated PI3-Kinase Activation. 

 

Cell Cycle   Poly-l-lysine    

Phase - 4B4 LY294002 Na3VO4 

Sub G0 3.6   +/-1.7 4.9   +/-1.1 4.3   +/-0.9 4.5   +/-0.7 

G1 24.2 +/-3.9 23.2 +/-2.2 22.1 +/-2.5 39.8 +/-1.8 

S 22.6 +/-2.1 20.8 +/-2.8 19.3 +/-1.3 24.5 +/-2.1 

G2/M 48.2 +/-3.1 46.9 +/-2.8 52.5 +/-3.0 28.6 +/-2.0 

     
Cell Cycle   Laminin   TS2/16 

Phase - 4B4 LY294002 - 

Sub G0 4.2   +/-2.1 4.3   +/-1.1 3.2   +/-0.9 4.1   +/-2.1 

G1 52.3 +/-3.1 22.8 +/-2.0 20.9 +/-1.7 44.2 +/-1.8 

S 20.2 +/-1.9 19.7 +/-3.0 16.1 +/-2.4 28.7 +/-2.2 

G2/M 18.4 +/-2.5 51.2 +/-2.2 58.8 +/-3.1 21.7 +/-2.6 
 
 
 
Table 3.2 shows the mean percentage of H345 SCLC cells treated as indicated for 24 hours in each 
phase of the cell cycle (n=5 independent experiments +/- SEM). Corresponds to the histograms in Fig. 
3.7b. 
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Figure 3.8: ECM Overrides Etoposide-Induced Changes In Expression Of Key 

Cell Cycle Regulators Via β1 Integrin And PI3-Kinase Activation. 

 

 

 

 

H345 SCLC cells were seeded into 6 well plates pre-coated with poly-l-lysine (10 µg/ml) (PLL), 
laminin (10 µg/ml) or TS2/16 (10 µg/ml). Cells were treated with (+) or without (-) etoposide (25 
µg/ml), LY294002 (30 µM) or sodium orthovanadate (Na3VO4) (200 µM) as indicated. Cells were 
lysed after 24 hours and the expression of p21Cip1/WAF1, p27Kip1, phosphorylated CDK1 (p-CDK1 - 
inactive), phosphorylated CDK2 (p-CDK2 - active) and cyclins D, E, A and B were determined by 
Western blot analysis. Representative blot from n=3 experiments. Actin is shown as a loading control. 
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3.2.6 Expression Of A Dominant Negative PKB Mutant Prevents, And A 

Constitutively Active PKB Mutant Mimics, ECM-Mediated Protection From 

Apoptosis And Cell Cycle Arrest. 

Although LY294002 is accepted as a specific inhibitor of PI3-kinase/PKB signalling 

at the doses used, it can inhibit other pathways that may affect cell survival (223). 

Therefore, PI3-kinase signalling was genetically inhibited in SCLC cells to confirm 

the effects of LY294002 on ECM-mediated chemoprotection. The data presented 

above clearly demonstrates that binding of SCLC cells to ECM leads to activation of 

PI3-kinase, which activates protein kinase B (PKB). Thus, to specifically examine 

downstream PKB signalling, the activity of PKB was manipulated through the 

expression of either constitutively active (PKB CA) or dominant negative (PKB DN) 

PKB mutants. 

It was observed that transient expression of PKB DN in H345 SCLC cells markedly 

inhibited phosphorylation of downstream GSK3β whereas expression of PKB CA 

increased phospho-GSK3β levels, in accordance with the expected activity of these 

mutants on PKB signalling (Fig. 3.9 a). Importantly, expression of PKB CA 

protected H345 cells adhered to poly-l-lysine from etoposide-induced apoptosis 

(measured with cell death ELISA kit as described in chapter2) (Fig. 3.9 b). 

Expression of PKB DN produced a small but non-significant increase in apoptosis in 

cells adhered to poly-l-lysine. However, PKB DN markedly increased etoposide-

induced apoptosis in cells adhered to laminin (Fig. 3.9 b). Tony Elliott confirmed 

these results using flow cytometric analysis of Annexin V staining (data not shown).  

To confirm the results obtained with LY294002 on ECM-mediated protection from 

G2/M arrest, either PKB DN or PKB CA were transiently expressed in H345 cells. 

Transfected cells were then adhered to poly-l-lysine or laminin and progression 

through the cell cycle was analysed as previously described. It was observed that 

transient expression of PKB CA reversed etoposide-induced G2/M arrest (Fig. 3.10). 

Furthermore expression of PKB DN produced a modest increase in the G2/M 

population with and without etoposide treatment. Crucially, expression of PKB DN 

in cells adhered to laminin, reversed protection from etoposide-induced G2/M arrest 

and caused a small increase in G2/M arrest without etoposide treatment (Fig. 3.10, 
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Table 3.3). Taken together these results indicate a central role for PI3-kinase and 

PKB signalling in ECM-mediated chemoprotection in SCLC cells. 

 

Figure 3.9: The Effect Of Dominant Negative And Constitutively Active PKB 

Mutants On ECM-Mediated Protection From Etoposide-Induced Apoptosis.  

 

 

H345 SCLC cells were transfected with equal amounts of empty vector (pUSEamp), dominant 
negative PKB (PKB DN) or constitutively active PKB (PKB CA) as indicated plus pEGFP as a 
reporter of transfection. After 24 hours flow sorting was used to enrich transfected cells. (A) Cells 
were lysed and expression of the Myc-tagged PKB mutants, GSK3 α/β and phospho-GSK3α (p-
GSK3α) was determined by Western blot. A representative blot is shown from n=3 experiments. (B) 
Cells were resuspended in SITA, plated onto poly-l-lysine or laminin and treated with etoposide as 
indicated. After 48 hours apoptosis was assessed using a cell death ELISA kit. Mean absorbance at 
405nm from n=4 independent experiments ± SEM. 



 75 

Figure 3.10: The Effect Of Dominant Negative And Constitutively Active PKB 

Mutants On ECM-Mediated Protection From Etoposide-Induced Cell Cycle 

Arrest. 

 

H345 cells were transfected with equal amounts of dominant negative PKB (PKB DN) (+), 
constitutively active PKB (PKB CA) (+) or pUSEamp (-) plus pEGFP as a reporter of transfection. 
After 24 hours flow sorting was used to enrich transfected cells. Cells were quiesced, seeded into 6 
well plates pre-coated with poly-l-lysine or laminin and treated with etoposide as indicated. 
Progression through the cell cycle was assessed 24 hours later by flow cytometric analysis of DNA 
content using CELL Quest software. Representative histograms are shown from n=5 independent 
experiments. 
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Table 3.3: The Effect Of Dominant Negative And Constitutively Active PKB 

Mutants On ECM-Mediated Protection From Etoposide-Induced Cell Cycle 

Arrest. 

 

  Poly-l-lysine   
Cell Cycle     Etoposide Treatment 

Phase - PKB CA - PKB CA 

Sub G0 4.3   +/-0.7 4.1   +/-0.8 8.3   +/-1.3 3.6   +/-0.9 

G1 63.2 +/-2.9 60.1 +/-3.3 19.6 +/-2.1 49.8 +/-1.8 

S 15.6 +/-1.8 17.3 +/-1.6 27.3 +/-1.4 21.5 +/-3.1 

G2/M 12.2  +/-1.1 14.2   +/-1.1 53.5 +/-3.0 22.6 +/-2.3 

     
  Poly-l-lysine   

Cell Cycle     Etoposide Treatment 
Phase - PKB DN - PKB DN 

Sub G0 3.2   +/-0.7 4.1   +/-0.8 7.5   +/-2.3 8.9   +/-1.7 

G1 61.3 +/-3.9 51.6 +/-3.3 24.6 +/-1.9 27.6 +/-1.9 

S 17.3 +/-2.1 20.4 +/-1.9 26.8 +/-2.4 26.8 +/-2.7 

G2/M 14.2  +/-2.1 23.2   +/-3.1 47.5 +/-3.1 43.6 +/- 3.8 

     
  Laminin   

Cell Cycle     Etoposide Treatment 
Phase - PKB DN - PKB DN 

Sub G0 4.0   +/-1.8 4.2   +/-1.9 3.1   +/-0.7 8.1   +/-1.1 

G1 64.5 +/-3.0 47.6 +/-1.5 55.3 +/-2.2 20.8 +/-2.2 

S 16.2 +/-1.7 24.5 +/-2.9 20.6 +/-1.1 27.7 +/-1.7 

G2/M 11.6 +/-2.1 21.2 +/-2.0 15.2   +/-1.0 49.2 +/-2.1 
 

 

Table 3.3 shows the mean percentage of H345 SCLC cells treated as indicated for 24 hours in each 
phase of the cell cycle (n=5 independent experiments +/- SEM). Corresponds to the histograms in Fig. 
3.10. 
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3.2.7 Adhesion To ECM Proteins Does Not Modulate Ongoing Etoposide- And 

Radiotherapy-Induced DNA Damage Or Repair. 

The enzyme topoisomerase II resolves sister chromatid entanglement by binding to 

DNA, cleaving both strands and passing a second duplex through the first before 

reannealing the cleavage site (224). Etoposide inhibits the activity of topoisomerase 

II resulting in DNA double strand break formation, cell cycle arrest and apoptosis 

(225). It has previously been demonstrated that ECM proteins do not affect the 

inhibition of topoisomerase II activity by etoposide (167). However, ECM could 

protect SCLC cells from cell cycle arrest and subsequent apoptosis by promoting 

repair of etoposide-induced DNA damage. To test this hypothesis, H345 cells were 

treated with etoposide and the amount of DNA double strand breaks were measured 

over time. 

H345 cells were seeded onto plastic pre-coated with poly-l-lysine or laminin and 

then treated as specified. The cells were washed, allowed to recover and the amount 

of DNA double strand breaks in cell nuclei were determined by immunofluorescence 

staining of phosphorylated H2AX (γH2AX). Foci of γH2AX represent actual DNA 

double strand breaks and correlate closely with cell death in response to DNA 

damage (226) (Fig. 3.11 a). DNA double strand breaks were also confirmed by 

Western immunoblotting for γH2Ax and DNA-PKcs (Fig. 3.11c). A very marked 

and equal increase in γH2Ax foci was seen 2 hours after etoposide treatment. Over 

the following 24-hour period there was a decrease in the number of double strand 

breaks as DNA damage was repaired (Fig. 3.11). Crucially there was no difference 

in the amount of DNA damage in response to etoposide or the rate of repair between 

cells plated on laminin or non-specifically adhered to plastic by poly-l-lysine. 

Interestingly, whilst nearly all of the DNA damage was repaired there were still a 

significant number of γH2Ax foci present at 24 hours, suggesting persistence of 

DNA damage. 
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Figure 3.11: Adhesion To ECM Does Not Affect Etoposide-Induced DNA 

Double Strand Break Formation And Repair. 

 

 

(A) H345 SCLC cells were adhered to poly-l-lysine (10 µg/ml) or laminin (10 µg/ml) and treated with 
etoposide (25 µg/ml) for 2 hours. Cells were washed twice and allowed to recover in RPMI (10% 
FCS). Cells were subsequently fixed at 0-24 hours after removal of etoposide, stained with anti-
γH2Ax antibody and foci viewed by fluorescence microscopy. Representative images of γH2Ax foci 
at each time point are shown with H345 cells without etoposide (untreated) for comparison. (B) The 
mean intensity of γH2Ax staining from 10 random high power fields was quantified with Openlab 
image analysis software and normalized to untreated cells. Mean relative γH2Ax intensity +/- SEM 
from n=4 independent experiments.  Closed bars – cells plated on poly-l-lysine; open bars – cells 
plated on laminin. (C) H345 cells were adhered to poly-l-lysine (-) or laminin (+) in 6-well plates, 
treated with etoposide (25 µg/ml) and lysed at the times indicated. Expression of DNA-PKcs and 
γH2Ax was determined by Western blot analysis. Representative blots from n=3 independent 
experiments. 
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3.3 Discussion. 

The results described in this chapter show that ECM proteins activate β1 integrins to 

protect SCLC cells against the pro-apoptotic effects of etoposide and ionizing 

radiation through PI3-kinase activation. Etoposide, which inhibits the re-annealing 

activity of topoisomerase II causing DNA damage, upregulates CDK inhibitors 

p21Cip1/WAF1 and p27Kip1, increases CDK 1 phosphorylation and down regulates 

cyclins D, E, A and B and CDK 2 phosphorylation. This causes G2/M cell cycle 

arrest, activation of the caspase cascade and subsequent apoptosis. In SCLC cells β1 

integrin-mediated PI3-kinase activation via phosphorylation of PKB and GSK3β 

leads to maintenance of cyclins D, E, A and B, increases expression of 

phosphorylated CDK2 and down regulates CDK inhibitors, p21Cip1/WAF1 and p27Kip1 

despite the presence of etoposide. This leads to continued progression through the 

cell cycle, overriding etoposide-induced G2/M arrest and results in phosphorylation 

of Bad preventing caspase-9 and -3 activation. As a consequence, SCLC cells in the 

presence of ECM are resistant to chemotherapeutic agents and continue to cycle 

despite damaged DNA, which may ultimately lead to the emergence of drug resistant 

clones. Because the DNA damage is random, genetic drug resistance can be 

achieved as a result of a wide variety of insults, explaining why no unifying 

mechanism for the emergence of multi-drug resistance (MDR) in SCLC has been 

defined.  

The development of MDR is a major cause of treatment failure in cancer (227). 

Central to the cellular response to DNA damage is cell cycle arrest at regulated 

checkpoints with subsequent activation of cell death by apoptosis (228). MDR is a 

multi-factorial phenomenon. Therefore, it may be more effective to target the 

processes that enhance survival and prevent apoptosis in cancer cells thus preventing 

the emergence of acquired drug resistance (229). Resistance mechanisms in vitro 

differ from those in vivo, suggesting that the local cellular environment plays a 

significant role in selection for in vivo drug resistance. Prior results in SCLC suggest 

that in vivo interactions between tumour cells and ECM proteins in the 

microenvironment are involved in the early stages of drug selection providing a 



 80 

survival advantage to ECM adherent SCLC cells and promote the acquisition of the 

classical forms of drug resistance.  

Detachment of anchorage-dependent cells results in apoptotic cell death (230). This 

can be prevented by constitutive activation of integrin-dependent signalling 

pathways such as PI3-kinase and PKB (117). While anchorage-independent growth 

is a major step in cellular transformation leading to cancer and metastases, cancer 

cells may still use integrin survival signals. The data shown here and that of other 

groups indicates that a number of cancers including, SCLC, breast, prostate, colon 

cancer and haematological malignancies all use ECM adhesion for survival to evade 

the cytotoxic effects of chemotherapy or radiotherapy (201-203). While this appears 

to be a general and important phenomenon, the actual intracellular mechanisms 

coupling integrin activation to protection from chemotherapy and radiotherapy -

induced apoptosis may be cancer cell type specific. Previous studies in 

haematopoetic tumour cells have demonstrated that adhesion to fibronectin protected 

against chemotherapeutic agents through increased expression of p27Kip1 and G1 cell 

cycle arrest (231). Furthermore, integrin-mediated adhesion in haematopoetic cancer 

cells reduced DNA double-strand breaks and apoptosis caused by chemotherapeutic 

agents such as mitoxantrone and etoposide (232,233). This α5 β1-mediated 

reduction in DNA damage correlated with decreased topoisomerase-II enzymatic 

activity. However the α5 β1 integrin is not found in SCLC cells and is reduced in 

other carcinomas (167,234). Furthermore, prior data indicate that in SCLC cells 

grown in suspension or adhered to ECM proteins such as laminin and fibronectin the 

enzymatic activity of topoisomerase-II remains unchanged (167). In addition, Robert 

Rintoul showed that the rate of proliferation of SCLC cells is also unaffected by 

adhesion to ECM proteins. These results indicate that decreased proliferation and 

changes in topoisomerase II activity are not the mechanisms of integrin-mediated 

drug resistance in SCLC cells. 

The PI3-kinase/PKB pathway contributes to the pathogenesis of cancer and confers 

resistance to apoptosis (215,235). Activated PI3-kinase phosphorylates inositol lipids 

resulting in the activation of the serine/threonine kinase PKB that phosphorylates 

caspase-9 and Bad, promoting cell survival (215). Activated PKB can also regulate 

cellular proliferation by interaction in the nucleus with cell cycle regulators 
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governing G1/S and G2/M checkpoints (236). The data shown in this chapter 

indicates that inhibition of PI3-kinase prevents β1 integrins from overriding 

etoposide-induced G2/M cell cycle arrest and apoptosis indicating that PI3-kinase is 

crucial for ECM-mediated chemoprotection in SCLC cells. 

Integrins and growth factors in untransformed cells regulate cell cycle progression at 

the G1/S checkpoint (207). Current evidence suggests a central role for PI3-kinase 

signalling pathway in regulating cell cycle progression. PI3-kinase activation can be 

sufficient to induce G1 transit in fibroblasts. Thus, downstream targets of PI3-

kinase/PKB dependent pathways that regulate normal cell cycle progression may 

also participate in overriding etoposide and radiation induced cell cycle checkpoints 

(236). PI3-kinase activity has been shown to induce expression of D-type cyclins 

and to increase cyclin D1 stability through PKB-dependent phosphorylation of 

GSK3β (217,237). G1 progression depends on the sustained expression of D type 

cyclins. The cyclin D-CDK 4 and 6 complex sequesters the CDK inhibitors 

p21Cip1/WAF1 and p27Kip1. This allows cyclin E-CDK 2 to drive the cell cycle through 

late G1 thus promoting the derepression of cyclin A at the onset of S phase (212). 

Deletion of the p27Kip1 gene restores the growth phenotype of cyclin D1 null mice 

(238). Furthermore cells, which over-express cyclin E, still depend on cyclin D1 

accumulation to sequester the enhanced p21Cip1/WAF1 levels, suggesting that a major 

function of cyclin D1 in cell cycle control is the redistribution of CDK inhibitors 

(239). PI3-kinase effects on G1 phase progression may also be mediated through the 

downregulation of expression and function of p27Kip1 (240). Thus adhesion to ECM 

via integrin-mediated activation of PI3-kinase may reduce levels of p21Cip1/WAF1 and 

p27Kip1 allowing cells to progress through the G1/S phase of the cell cycle. 

The results in this chapter confirm prior reports that etoposide and ionizing radiation 

lead to G2/M cell cycle arrest. The data clearly demonstrates that β1 integrin/PI3-

kinase signalling in SCLC cells regulates progression through the G2/M checkpoint. 

Furthermore PI3-kinase activation via β1 integrins in SCLC cells down regulates 

p21Cip1/WAF1 and p27Kip1, reduces phosphorylation of CDK1, maintains expression of 

cyclin D, E, A and B and phosphorylates CDK2, despite the presence of etoposide-

induced DNA damage. The ability of integrins to regulate G2/M phase of the cell 
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cycle in SCLC highlights differences in key cell cycle regulators between 

transformed and untransformed cells. SCLC cells have previously been shown to 

have a defective G1/S checkpoint, which correlates with mutant inactive p53 (241). 

Prolonged cell cycle arrest as a result of unrepaired DNA damage eventually leads to 

caspase-3 activation and apoptosis, this is overridden by adhesion to ECM and β1 

integrins in SCLC, which drives the cell cycle despite continued DNA damage and 

prevents caspase-3 activation and apoptosis. The mechanisms described here for 

SCLC, differ from those reported previously, particularly myeloma cells. This may 

reflect cell type specificity potentially relating to differing integrin behaviour 

between haematological malignancies and solid tumours. 

β1–integrin mediated adhesion between tumour cells and the ECM in their 

environment confers a survival advantage to SCLC cells. This may provide initial or 

de novo mechanisms of resistance to DNA damaging therapy facilitating further 

transforming mutations and the acquisition of multi drug resistance. Once cells 

evade the initial cytotoxic effects of chemotherapy or radiation, multi-drug 

resistance may be inevitable. Thus, the environmental context and specificity of 

cancer cells may have important consequences on the acquisition of multi drug 

resistance. Strategies designed to disrupt specific interactions between cells and their 

environment may be important in the circumvention of multi drug resistance. 

However, since integrins play a key role particularly in the immune system and 

protection against infection, targeting β1 integrins may have deleterious side effects. 

A better understanding of the β1 specific mechanisms mediating integrin protection 

against the pro-apoptotic effect of DNA damaging drugs may lead to the 

development of novel therapeutic targets in the circumvention of multi drug 

resistance. 
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CHAPTER 4: H-Ras Suppresses Integrin Activation Through A Phospholipase 

C-epsilon-Dependent Pathway. 

4.1 Introduction. 

The data presented in chapter 3 indicate that β1 integrins play a key role in SCLC 

survival and resistance to chemotherapy. An essential feature of integrins is their 

ability to regulate the strength of extracellular matrix (ECM) protein binding, a 

process termed affinity modulation (199). Various intracellular signals can induce a 

conformational change in the integrin heterodimer, activating or suppressing ECM 

binding (199). Understanding the signalling pathways that regulate integrin affinity 

has the potential to reveal novel targets for anti-cancer drug development. 

H-Ras, a member of the Ras family of small GTP binding proteins, has a crucial role 

in the pathogenesis of cancer and expression of a constitutively active mutant of H-

Ras, H-Ras(G12V), has been shown to suppress integrin activation (242). Thus, H-

Ras signalling may be an important anti-cancer target. H-Ras activates the 

downstream effector Raf, which leads to the phosphorylation and activation of 

extracellular signal-regulated kinase (ERK1/2). Constitutively active Raf has also 

been shown to suppress integrin activation (242,243). H-Ras mediated suppression of 

integrin affinity can be reversed by expression of MAP Kinase Phosphatase-1 (MKP-

1) which can dephosphorylate and inactivate ERK1/2 (242). However, studies using 

H-Ras chimeras have revealed that integrin affinity modulation does not precisely 

correlate with ERK1/2 activation (244,245). Remarkably, although targeting of 

ERK1 to the plasma membrane has been shown to be sufficient to suppress integrins 

(246), inhibition of ERK1/2 activation with either MAP Kinase Phosphatase-3 

(MKP-3) or the chemical inhibitor UO126, fails to affect integrin suppression by H-

Ras (244). This discrepancy suggests an alternative pathway for H-Ras-mediated 

integrin suppression that does not rely on ERK1/2 activation. 

Several other effector pathways are activated by H-Ras in addition to Raf, including 

PI3-kinase and Ral Guanine Exchange Factors (Ral-GEFs). Amino acid substitution 

mutants of H-Ras have been extensively utilized in dissecting its downstream 

effector pathways. The effector mutant T35S retains its ability to activate Raf, 

whereas the mutants E37G and Y40C are Raf-independent and activate Ral-GEFs 
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and PI3-kinase respectively (247,248). These H-Ras mutants also display differential 

action upon other H-Ras effectors including Rin-1, AF-6, PKCε, p120 GAP (249-

252) and recently phospholipase C-epsilon (PLCε) (253-255).  

Phosphoinositide-specific phospholipase C (PI-PLC) catalyses the hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 

1,4,5-trisphosphate (IP3). DAG stimulates protein kinase C activation and IP3 

mobilizes intracellular Ca2+ (256). Three major classes of PI-PLC have been 

described previously: PLCβ, PLCγ, and PLCδ (257). They all contain an N terminus 

pleckstrin homology (PH) domain, an EF-hand domain, catalytic X and Y domains, 

and a regulatory C2 domain. These PLC classes are activated by distinct signalling 

mechanisms (258). PLCβ is activated by the α subunit (Gα) or βγ subunits (Gβγ) of 

heterotrimeric G proteins. PLCγ is activated by tyrosine phosphorylation following 

binding to tyrosine kinase of receptor or non-receptor types through its SH2 domain. 

PLCδ is activated by the high-molecular-weight G-protein, Gh and/or by an increase 

in the concentration of intracellular Ca2+. 

Recently, a fourth class of PI-PLC has been identified, PLCε (253-255). PLCε shares 

the typical X, Y and C2 domains with the other classes of PI-PLC, contains putative 

PH and EF-hand domains and is activated by Gβγ subunits (259). Furthermore, PLCε 

is unique in that it possesses two functional domains not seen in other classes. At its 

N terminus, PLCε possesses a CDC25 homology domain - a guanine nucleotide 

exchange factor (GEF) domain for the Ras family of small G proteins, which exhibits 

GEF activity toward Rap1 and H-Ras (255,260). PLCε also possesses, at its C 

terminus, two H-Ras/Rap1-associating (RA) domains, RA1 and RA2 domains (253-

255). However, despite the characterization of these domains within PLCε, its 

physiological function has remained unclear. 

Prior data has indicated that H-Ras can bind to PLCε in a GTP-dependent manner 

through its RA2 domain to stimulate the hydrolysis of PIP2 into the secondary 

messengers IP3 and DAG (253-255). This suggests that PLCε may be a downstream 

effector of H-Ras. Other PI-PLC classes have been shown to have an important role 

in integrin affinity modulation (261,262). Therefore, it was hypothesized that PLCε 

could act as a downstream effector of H-Ras in integrin suppression. 
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4.2 Results. 

4.2.1 PLCε  Mediates Integrin Suppression. 

To examine the role of downstream effectors of H-Ras in integrin suppression, a 

Chinese hamster ovary cell line (CHO(αβ-py)) was used that stably expresses a 

chimeric integrin containing the extracellular and transmembrane domains of αIIb β3 

fused to the cytoplasmic domains of α6 β1 (242,243). H-Ras effector mutants were 

transiently expressed in CHO(αβ-py) cells and an integrin suppression index was 

quantified from changes in the binding levels of the αIIb β3 ligand mimetic 

monoclonal antibody, PAC1, detected by flow cytometry as described in material 

and methods. 

Yatish Lad previously demonstrated that H-Ras(G12V) effector mutants, E37G and 

D38N, which were unable to phosphorylate ERK1/2, could suppress integrin affinity 

in CHO(αβ-py) cells (Summarised in Fig. 4.1). Both H-Ras(G12V/E37G) and H-

Ras(G12V/D38N) have been shown by other groups to stimulate PLCε activity (15-

17). However, H-Ras(G12V/D38N) does not stimulate the Ral GEFs or bind to Raf. 

Therefore this mutant was used to examine the role of PLCε in H-Ras-mediated 

integrin suppression. Yatish Lad also confirmed that wild type PLCε could potentiate 

the effect of H-Ras(G12V/D38N) on integrin suppression in CHO(αβ-py) cells 

(263). Furthermore he demonstrated that wild type PLCε could potentiate IP3 

production in CHO(αβ-py) cells stimulated by H-Ras(G12V/D38N) and that this 

could be blocked by co-transfection of a kinase dead mutant of PLCε 

(PLCε(H1433L)) (263). Using Western blot analysis he confirmed that transient 

expression of PLCε did not affect H-Ras-mediated phosphorylation of ERK1/2 

(263). This preliminary data suggested a central role for PLCε in integrin affinity 

modulation by H-Ras. 
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Figure 4.1: H-Ras(G12V/E37G) And H-Ras(G12V/D38N) Mutants Suppress 

Integrin Activation Without Phosphorylating ERK. 

 

 

 

(A) CHO(αβ-py) cells were transiently transfected with H-Ras(G12V/E37G) and the reporter 
construct Tac-α5. The dot blots show PAC1 binding (integrin affinity) in the presence of EDTA or 
Mn2+ as indicated and TAC binding (transfection efficiency). The quadrant markers separate high and 
low PAC1 binding cells (x-axis) and high and low transfected cells (y-axis). (B) CHO(αβ-py) cells 
were transfected with H-Ras(G12V) effector mutants E37G and D38N (1µg) and the reporter 
construct Tac-α5. Forty-eight hours post transfection cells were harvested and assessed for integrin 
affinity by flow cytometry. Percentage inhibition was calculated in reference to empty vector. The 
results shown are the mean ± SEM of five independent experiments. Lower panel: Transfected cell 
lysates were probed to determine H-Ras expression and ERK1/2 phosphorylation. 
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To further investigate the role of PLCε in integrin suppression, the kinase dead 

mutant of PLCε (PLCε(H1433L)) was co-transfected into CHO(αβ-py) cells with 

either H-Ras(G12V/E37G) or H-Ras(G12V/D38N) and the effect on integrin affinity 

determined. It was observed that that expression of PLCε(H1433L) alone in 

CHO(αβ-py) cells had no significant effect on integrin activation (Fig. 4.2a). 

However, co-transfection of H-Ras(G12V/E37G) or H-Ras(G12V/D38N) with 

PLCε(H1433L) significantly blocked integrin suppression mediated by these H-Ras 

mutants (49.3 ± 3.0% to 10.1 ± 2.3%, p<0.01 and 47.2 ± 2.9% to 7.2 ± 2.5%, 

p<0.001 respectively) (Fig. 4.2a). Western blot analysis confirmed equal Flag-tagged 

expression of PLCε mutants in transfected cells and expression of PLCε(H1433L) 

did not alter H-Ras expression. 

To confirm the data obtained with PLCε(H1433L), endogenous PLCε expression in 

CHO(αβ-py) cells was knocked-down and the effect on H-Ras(G12V/D38N)-

mediated integrin suppression was determined. siRNA oligonucleotides targeting 

conserved sequences from rat, human and mouse PLCε have previously been 

described, and shown to reduce PLCε expression by up to 97% (197). Analysis from 

the surrounding regions of siRNAPLCε#3 and siRNAPLCε#5 showed that CHO 

PLCε is nearly identical between rat and hamster, and the two siRNA target sites of 

siRNAPLCε#3 and siRNAPLCε#5 are both completely conserved (Fig. 4.3). 

Therefore, CHO(αβ-py) cells were transfected with either the PLCε targeting siRNA 

or a scrambled non-targeting oligonucleotide and the effect on integrin suppression 

mediated by transient expression of H-Ras(G12V/D38N) was assessed. 

It was found that transfection of the non-targeting siRNA oligonucleotide had no 

significant effect on H-Ras(G12V/D38N)-mediated integrin suppression (49.3 ± 

3.1% and 48.6 ± 2.9% respectively) (Fig. 4.4 a). In contrast, transfection of the PLCε 

targeting siRNA (siRNAPLCε#5) significantly blocked H-Ras(G12V/D38N) 

mediated integrin suppression (11.6 ± 2.9%, p<0.05). As expected, transfection with 

siRNAPLCε#5 markedly reduced levels of PLCε mRNA as assessed by RT-PCR 

(Fig. 4.4 b). Comparable levels of PLCε mRNA were observed in untransfected cells 

and cells transfected with non-targeting siRNA. Furthermore knockdown of 

endogenous PLCε protein in CHO(αβ-py) cells was confirmed by Western blot 
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analysis (Fig. 4.4 b). Brian McHugh validated these results by transfecting CHO(αβ-

py) cells with siRNAPLCε#3 and observed similar knockdown of PLCε and reversal 

of H-Ras(G12V/D38N) mediated integrin suppression. Importantly, transfection of 

cells with siRNA oligonucleotides did not affect expression of H-Ras(G12V/D38N) 

or actin (Fig. 4.4 b). Taken together, these results indicate that endogenous PLCε can 

modulate integrin suppression mediated by H-Ras. 

 

Figure 4.2: PLCε(H1433L) Blocks Integrin Suppression Mediated By H-

Ras(G12V/D38N) 

 

 

 

(A) CHO(αβ-py) cells were co-transfected with H-Ras(G12V/E37G), H-Ras(G12V/D38N) (1µg) and 
PLCε(H1433L) (15µg), together with the reporter construct Tac-α5. Forty-eight hours post 
transfection cells were harvested and assessed for integrin affinity by flow cytometry. Percentage 
inhibition was calculated in reference to empty vector. The results shown are the mean ± SEM of 5 
independent experiments. * indicates p<0.05. (B) Transfected cell lysates from (A) were analyzed by 
western blot to determine HA-H-Ras and Flag-PLCε expression.  



 89 

Figure 4.3: Sequence Of The Region Of CHO Cell DNA Surrounding A 

Previously Described siRNA Oligonucleotide For Rat PLCε  (siRNAPLCε#3). 

 

 
 
Kelley et al previously described siRNA oligonucleotide sequences for rat PLCε (designated 
siRNAPLCε#3 and siRNAPLCε#5) that show considerable cross-species homology (197). The DNA 
sequence of CHO cell PLCε straddling these siRNA oligonucleotides, was determined using forward 
and reverse primers designed to consensus rat/mouse PLCε sequence as described in the materials and 
methods chapter. The DNA sequence data above for CHO PLCε (designated PCR1) surrounding 
siRNAPLCε#3 is aligned to mouse PLCε sequence (designated mouse 03 region). The shaded 
nucleotides differ from mouse PLCε. The siRNAPLCε#3 target site is shown as underlined. It is clear 
from this data that the siRNAPLCε#3 target site is 100% conserved between mouse and CHO cell 
DNA. This was also confirmed for siRNAPLCε#5 – see chapter 2. 
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Figure 4.4: Knockdown Of Endogenous PLCε  Blocks H-Ras(G12V/D38N)-

Mediated Integrin Suppression. 

 

 

 

(A) CHO(αβ-py) cells were transiently transfected with either PLCε targeting siRNA or scrambled 
non-targeting siRNA. 24 hours later the media was replaced and cells were transfected with H-
Ras(G12V/D38N) DNA or control vector (1µg), together with the reporter construct Tac-α5. Integrin 
affinity was assessed by flow cytometry forty-eight hours post transfection. Percentage inhibition was 
calculated in reference to empty vector. The results shown are the mean ± SEM of 4 independent 
experiments. * indicates p<0.05. (B) Total RNA or protein was extracted from transfected cells and 
expression of PLCε and actin was determined by RT-PCR and Western blot analysis respectively. 
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4.2.2 H-Ras Suppresses Integrin Affinity Via Independent Raf And PLCε  

Signalling Pathways. 

Hughes et al (1997) previously reported that a constitutively active mutant of H-Ras 

(H-Ras(G12V)) suppresses integrin function via Raf (242). Raf phosphorylates and 

activates downstream kinases ERK1/2, which are negatively regulated by MAP 

kinase phosphatases (MKPs). Prior data has indicated that, although H-Ras can 

suppress integrin activation through Raf, MAP kinase phosphatase-3 (MKP-3) does 

not reverse H-Ras-mediated integrin suppression (246). Furthermore 

pharmacological inhibition of ERK does not reverse integrin suppression by H-Ras. 

This suggests a MAP kinase independent integrin suppression pathway. 

To investigate this CHO(αβ-py) cells were transfected with constitutively active H-

Ras (H-Ras(G12V)) or a constitutively active form of Raf (Raf BXB CAAX) and the 

effect of co-expression of MKP-3 on integrin affinity was determined. As expected, 

it was observed that MKP-3 reversed integrin suppression mediated by Raf BXB 

CAAX (53.2 +/- 6.0% to 11.7 +/- 3.1% p<0.05) (Fig. 4.5 a). However, co-

transfection of MKP-3 had no significant effect on H-Ras(G12V) mediated integrin 

suppression (61.7 +/- 4.3% and 57.5 +/- 5.6% respectively) (Fig. 4.5 a). Importantly, 

co-transfection of MKP-3 blocked both Raf BXB CAAX and H-Ras(G12V) induced 

ERK-2 phosphorylation (Fig. 4.5 b). This data confirms the presence of a Raf 

independent integrin suppression pathway by H-Ras. 

To determine whether PLCε activation could mediate MAP kinase-independent 

integrin suppression by H-Ras the effect of kinase dead PLCε (PLCε(H1433L)) on 

Raf BXB CAAX- and H-Ras(G12V)-mediated integrin suppression was observed. It 

was found that PLCε(H1433L) expression did not affect integrin suppression by 

either Raf BXB CAAX or H-Ras(G12V) (53.2 +/- 6.0% to 57.9 +/- 2.8% and 61.7 

+/- 4.3% to 56.8 +/- 5.7% respectively) (Fig. 4.5 a). Furthermore PLCε(H1433L) had 

no effect on ERK1/2 phosphorylation (Fig. 4.5 b). However, co-transfection of 

PLCε(H1433L) with MKP-3 blocked H-Ras(G12V) mediated integrin suppression 

(61.7 +/- 4.3% to 12.6 +/- 4.9% p<0.05) (Fig. 4.5 a). These results indicate that H-

Ras suppresses integrin activation via independent Raf and PLCε pathways, and that 

either pathway is sufficient to modulate H-Ras mediated integrin suppression. 
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Figure 4.5: H-Ras Suppresses Integrin Affinity Via Independent Raf And PLCε  

Signalling Pathways. 

 

 

 

(A) CHO(αβ-py) cells were transiently transfected with either control vector, H-Ras(G12V), Raf 
BXB CAAX, PLCε(H1433L), or MKP-3 as indicated together with the reporter construct Tac-α5. 
Forty-eight hours post transfection; cells were harvested and assessed for integrin affinity by flow 
cytometry. Integrin suppression was determined as described in materials and methods. The results 
shown are the mean ± SEM of three independent experiments. * indicates p<0.05. (B) In parallel, 
lysates of transfected cells were probed to determine H-Ras, Raf, PLCε, MKP-3 and ERK2 
expression, and ERK1/2 phosphorylation. Representative Western blots are shown.  
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4.2.3 Modulating Rap1A Activity Does Not Affect Integrin Suppression. 

PLCε contains a CDC25 homology domain that has been shown to display guanine-

nucleotide exchange activity towards Rap1 (264). Prior studies have indicated a role 

for Rap1 in integrin mediated cell adhesion (265) and therefore the role of Rap1 in 

integrin suppression by H-Ras(G12V/D38N) was examined. Initially, a dominant 

negative mutant of Rap1A, which has the amino acid substitution S17N and restricts 

the protein to the GDP-bound state, was used (266). As previously demonstrated, it 

was observed that H-Ras(G12V/D38N) suppressed integrin activation in CHO(αβ-

py) cells (Fig. 4.6 a). However, expression of dominant negative Rap1A(S17N) did 

not modulate integrin affinity in CHO(αβ-py) cells (Fig. 4.6 a). Furthermore, co-

transfection of Rap1(S17N) did not affect the ability of H-Ras(G12V/D38N) to 

suppress integrins (42.9 ± 1.6% and 47.0 ± 0.3% respectively) (Fig. 4.6 a). This data 

suggests that H-Ras(G12V/D38N)-mediated suppression of integrins does not occur 

through Rap1A dependent pathways. To confirm this, a truncated Rap1GAP 

construct (residues 75-415) was used. This has previously been shown to down-

regulate Rap1 activity by catalyzing GTP hydrolysis (267). In support of the 

previous data it was observed that transient expression of Rap1GAP had no 

significant effect on integrin affinity (Fig. 4.6 b). In addition, co-transfection with H-

Ras(G12V/D38N) did not affect integrin suppression in CHO(αβ-py) cells (Fig. 4.6 

b). These results strongly suggest that Rap1 signalling is not required for H-Ras 

mediated integrin suppression through PLCε. 

4.2.4 PLCε  Contributes To H-Ras Mediated Reduction In Cellular Adhesion. 
Modulation of integrin affinity is a central process in the control of cellular adhesion 

to ECM (268). To investigate whether PLCε participates in H-Ras-mediated 

reduction in cellular adhesion, Yatish Lad assessed adhesion of CHO(αβ-py) cells to 

von Willebrand Factor (vWF), a ligand for the chimeric αIIb α6 β3 β1 integrin 

present in this stable cell line. Transient transfection of H-Ras(G12V/D38N) 

produced a significant reduction in cell adhesion (46 ± 10% p<0.01) (Fig. 4.7). Co-

expression of H-Ras(G12V/D38N) with PLCε(H1433L) significantly blocked this 

reduction in adhesion to vWF back to control cell levels of adhesion (120 ± 20% p< 

0.05). This effect was not due to a reduction in expression of H-Ras(G12V/D38N) 
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(Fig. 4.7). Reversing H-Ras(G12V/D38N) mediated integrin suppression by co-

expression of PLCε(H1433L) therefore restores the cells’ ability to adhere to vWF. 

Figure 4.6: Rap1A Does Not Mediate H-Ras(G12V/D38N)-Induced Integrin 

Suppression. 

 

(A) CHO(αβ-py) cells were co-transfected with H-Ras(G12V/D38N) (1µg) and dominant negative 
(S17N) Rap1A (1µg). 48 hours later integrin affinity was assessed by flow cytometry. Percentage 
inhibition was calculated in reference to empty vector (mean ± SEM of three independent 
experiments). Expression of Rap1A, H-Ras(G12V/D38N) and actin in parallel samples is shown by 
Western blot. (B) CHO(αβ-py) cells were co-transfected with H-Ras(G12V/D38N) (1µg) and 
Rap1GAP (1µg). 48 hours post later integrin affinity was assessed. Percentage inhibition was 
calculated in reference to empty vector (mean ± SEM of three independent experiments). Expression 
of Rap1GAP, H-Ras(G12V/D38N) and actin in parallel samples is shown by Western blot. 
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Figure 4.7: PLCε  Modulates H-Ras(G12V/D38N) Suppression Of CHO(αβ-py) 

Cell Adhesion To Von Willebrand Factor. 

 

CHO(αβ-py) cells were transfected with GFP (2µg) and H-Ras(G12V/D38N) ± PLCε(H1433L) (1µg 
± 15µg). 48 hours later cells were allowed to adhere to vWF. Cell adhesion was quantified on a 
fluorescence plate reader. Adhesion was represented as percentage change in adhesion (mean ± SEM 
of 4 independent experiments). *indicates p<0.05. Expression of PLCε(H1433L), H-
Ras(G12V/D38N) and actin in parallel samples is shown by Western blot. 

 

This data indicates that PLCε can contribute to H-Ras-mediated suppression of 

cellular adhesion. However the chimeric integrin expressed in CHO(αβ-py) cells is 

relatively active in the resting state and its affinity is modulated by a different (β1 

integrin) intracellular domain than ligand binding domain (242). Thus the CHO(αβ-

py) cell is not truly indicative of native integrins. Therefore, to confirm Yatish Lad’s 

data the role of PLCε in the suppression of endogenous integrins was investigated.  

It has been shown previously that a soluble fragment of fibronectin, composed of the 

9, 10 and 11 type III repeats (designated FN9-11), can bind to endogenous α5 β1 

integrins (245). Furthermore, cell surface fibronectin binding can be suppressed by 

activated Raf-1 signalling in CHO-K1 cells (242). Thus FN9-11 binding, determined 

by flow cytometry as described in chapter 2, was used to investigate the effect of 

transfection of H-Ras(G12V/D38N) with or without PLCε(H1433L) on endogenous 
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β1 integrins affinity in CHO KI cells. It was found that transfection of H-

Ras(G12V/D38N) significantly suppressed FN9-11 binding and that this was 

blocked by co-transfection of dominant negative PLCε(H1433L) (46.2 ± 1.9% to 

13.5 ± 2.1 % respectively) (Fig. 4.8 a and b). Importantly, Mn2+ activated and EDTA 

suppressed FN9-11 binding similarly in CHO-K1 cells regardless of the DNA 

transfected, indicating that changes in FN9-11 binding were not due to changes in 

integrin expression.  

Fibronectin acts as a natural ligand for α5 β1 integrins and can be coated to tissue 

culture plastic. To confirm the data with FN9-11 fragment CHO-K1 cells transfected 

with H-Ras(G12V/D38N) with or without PLCε(H1433L) were allowed to adhere to 

fibronectin-coated plastic. The percentage of adherent cells was determined as 

described in materials and methods. It was observed that H-Ras(G12V/D38N) 

reduced CHO-K1 cell adhesion. Furthermore H-Ras(G12V/D38N) suppression of 

adhesion to fibronectin was blocked by co-transfection of PLCε(H1433L) (Fig. 4.8 

c). Taken together this data indicates that PLCε modulates H-Ras suppression of 

endogenous α5 β1 integrin binding to fibronectin. 
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Figure 4.8. PLCε  Modulates H-Ras(G12V/D38N)-Mediated Reduction In 
Cellular Adhesion. 

 

 

(A) CHO-K1 cells were transfected with H-Ras(G12V/D38N) ± PLCε(H1433L) (1µg ± 15µg), 
together with the reporter construct Tac-α5. 48 hours later cells binding of soluble fibronectin 
fragment (FN9-11) was assessed by flow cytometry. Representative histogram overlays are shown of 
FN9-11 binding to highly transfected cells with internal controls of EDTA (I) and Mn2+ (A). (B) CHO-
K1 cells were transfected with H-Ras(G12V/D38N) ± PLCε(H1433L) (1µg ± 15µg), together with the 
reporter construct Tac-α5 and FN 9-11 binding was assessed by flow cytometry as described. Mean 
percentage integrin suppression ± SEM from 3 independent experiments. * indicates p<0.05. 
Expression of PLCε(H1433L), H-Ras(G12V/D38N) and actin in parallel samples is shown by 
Western blot. (C) CHO-K1 cells were transfected with H-Ras(G12V/D38N) ± PLCε(H1433L) (1µg ± 
15µg) and allowed to adhere to fibronectin coated plastic. Cell adhesion was quantified as described. 
Adhesion was normalized against control cells and represented as percentage change in adhesion. The 
results shown are the mean ± SEM of 3 independent experiments. * indicates p<0.05. 
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4.3 Discussion. 

The data presented in this chapter demonstrates, for the first time, that PLCε, a novel 

H-Ras effector, suppresses integrin affinity. The constitutively active mutant of H-

Ras suppresses integrins via two separate effector pathways, a Raf-dependent 

pathway and a Raf-independent pathway activated by H-Ras(G12V/E37G) and H-

Ras(G12V/D38N) (Fig. 4.9). The data shown here indicates that the Raf-independent 

mechanism of integrin suppression utilizes PLCε. The suppression of integrins via 

PLCε also reduces cell adhesion to a vWF-coated surface and to the extracellular 

matrix component fibronectin. These results thus identify a new physiological 

function for PLCε. 

 

Figure 4.9: Schematic Of Raf-Dependent And Raf-Independent Signalling 

Pathways Of Integrin Suppression. 

 

 

 

Diagram representing H-Ras signalling leading to integrin suppression. Prior data indicates that the H-
Ras(T35S) effector mutant stimulates a Raf-dependent pathway. The results represented in this 
chapter show that the H-Ras(E37G) and H-Ras(D38N) mutants stimulate a Raf-independent pathway 
via PLCε. 
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Hughes et al (1997) have previously shown that both H-Ras(G12V) and activated 

Raf can suppress the binding of the αIIb β3 ligand mimetic antibody PAC1 to the 

stably expressed chimeric integrin αIIb α6A β3 β1 in CHO cells (242). FITC labeled 

fibronectin binding to endogenous α5 β1 on CHO cells was also suppressed by H-

Ras(G12V) expression indicating that inside-out signalling can act upon a native 

integrin and be detected by a physiological integrin ligand (242). H-

Ras(G12V/T35S) is a well-established activator of the Raf effector arm of H-Ras 

signalling and can mimic many of the putative effects of H-Ras, including integrin 

suppression through the activation of the ERK1/2 signalling cascade (247,269). 

However, the requirement of ERK1/2 activation for integrin affinity suppression is 

still unclear. Integrin suppression occurs in the absence of bulk ERK1/2 activation 

and is not reversed by co-expression of MKP-3 (Fig. 4.5). Targeting ERK1 to the 

plasma membrane with the CAAX box of H-Ras leads to integrin suppression, 

suggesting that localized ERK1/2 activity can allow integrin suppression in the 

absence of bulk ERK activation (246). The MEK inhibitor UO126 fails to inhibit 

both H-Ras(G12V) and activated Raf mediated integrin suppression; whether ERK1-

CAAX activation at the plasma membrane is sensitive to MEK inhibition remains to 

be tested. The ability of H-Ras(G12V) to suppress integrins via PLCε in a Raf-

independent manner provides a mechanism to resolve the conflicting data relating to 

the need for ERK1/2 activation. This alternative H-Ras pathway can compensate for 

and maintain integrin suppression in the presence of either MEK inhibitors or MKP-

3 co-expression. 

PLCε has previously been identified as an H-Ras effector (253-255). Kelley et al. 

(2001) showed that PLCε activity was stimulated by the constitutively active H-

Ras(Q61L) mutant (253). PLCε activity was also stimulated by the effector mutant 

H-Ras(Q61L/E37G), implying that the H-Ras(E37G) mutant may not solely be an 

activator of Ral-GEFs. In contrast, the H-Ras effector mutants T35S or Y40C failed 

to significantly increase PLCε activity compared to control (253). However, the H-

Ras(Q61L/D38N) mutant increased inositol production by 50-60%, implicating this 

mutant as an activator of PLCε along with E37G (253). The D38N mutation within 

the H-Ras effector domain is known to abrogate Raf binding and activation in vitro 

and displays minimal transformation potency in NIH/3T3 cells (270). Therefore the 
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ability of H-Ras(G12V/D38N) to selectively activate PLCε allowed specific 

examination of this pathway in isolation of other effectors, namely Raf, Ral-GEFs 

and PI3K. 

The data represented in this chapter shows that H-Ras(G12V/D38N) induces a 

similar level of integrin suppression to that of H-Ras(G12V/E37G) (Fig. 4.2), 

indicating that the PLCε effector pathway can suppress integrin affinity. 

Unfortunately no constitutively active mutant of PLCε is available to test whether 

over expression of active PLCε could activate integrin affinity. Furthermore, whilst 

physiological agonists of PLCε have been described, others have previously 

demonstrated that detection of integrin suppression requires sustained, rather than 

transient, activation of H-Ras (197,243-245,271). However, the ability of kinase 

dead PLCε(H1433L) and knock-down of endogenous PLCε to block H-

Ras(G12V/D38N) mediated integrin suppression (Fig. 4.2 and 4.4) provides good 

evidence that PLCε catalytic signalling modulates integrin affinity. The 

demonstration that PLCε(H1433L) does not affect H-Ras(G12V) ERK 

phosphorylation or integrin suppression (Fig. 4.5) even at high ratios (15:1) suggests 

that this dominant negative mutant is not acting through sequestration of H-Ras. 

Furthermore, the demonstration in Figure 4.5 that co-expression of both 

PLCε(H1433L) and MKP-3 are needed to reverse integrin suppression caused by H-

Ras(G12V) is important. It shows that blocking either effector pathway individually 

is insufficient to fully prevent integrin suppression, and provides strong evidence for 

two independent pathways of H-Ras mediated integrin suppression.  

Talin, a large actin-binding protein and a component of focal adhesions, links the 

cytoskeleton with integrin β tails (272). It plays a crucial role in focal adhesion 

assembly and in integrin-mediated signalling recruiting focal adhesion kinase (FAK) 

(273). Talin is a member of the FERM-containing domain protein family - this 30-

kDa domain is a cysteine-rich basic charged motif, which has been reported to bind 

phosphoinositides and to target proteins to the plasma membrane (274,275). The 

talin head domain interacts with integrins through binding to the cytoplasmic β 

integrin tail (276). This interaction has been shown to be sufficient for integrin 

activation (277). Talin binding to integrins is regulated by phosphoinositides, which 
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may stabilize the activated conformational state (278,279). Thus, lipid metabolism by 

PLCε activity at the cell membrane may play a major role in the sequential assembly 

of focal adhesions and modulate integrin affinity by regulating talin binding to β 

integrin tails and other focal adhesion proteins. 

The Ras family of small GTPases are the commonest mutated oncogene in human 

cancer, and these mutations will be particularly relevant in integrin suppression in 

cancer cells. Both H-Ras and Raf play an important role in cellular transformation 

and have been implicated in human tumorigenesis (280). H-Ras has been shown to 

be an up-stream effector of PLCε and binds to the RA domain leading to PLCε 

activation (253). PLCε has been demonstrated to play a role in tumorigenesis, though 

its precise function remains controversial. PLCε expression in PDGF stimulated 

BaF3 cells has been shown to enhance cell proliferation rates and inhibit apoptosis 

(264). However, colorectal cancer cells show a reduction in expression of PLCε, and 

restoring PLCε expression in these tumor lines inhibited tumor cell viability and 

proliferation (281). In a chemical induced skin tumor model, PLCε-/- mice displayed 

a reduction in the number of squamous tumors and conversion of papillomas into 

carcinomas failed to occur in these mice (282). PLCε may therefore provide the link 

between integrin activation state, which regulates proliferation and survival, and the 

conversion of papilloma to carcinoma associated with anchorage independence and 

down regulation of integrin function. The novel function of PLCε to modulate 

integrin affinity allows the H-Ras integrin suppression pathway to occur in a 

Raf/ERK-independent manner. Ras activation is a focal point for growth factor 

signalling and is associated with cell cycle control and proliferation (283). Activation 

of ERK1/2 via Raf is central to the control of cyclins and cyclin dependent kinases 

(284). H-Ras mediated integrin suppression via the PLCε pathway could therefore 

avoid inappropriate signalling to the cell cycle machinery.  

In summary, this chapter demonstrates a novel and physiologically relevant function 

of PLCε in suppressing integrin affinity modulation and indicates a new, Raf-

independent, H-Ras effector pathway with important implications for understanding 

H-Ras and integrin function particularly in cancer. 
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CHAPTER 5: Notch Signalling Activates β1 Integrins Via The Small GTPase 

R-Ras and Protects SCLC Cells From Chemotherapy-Induced Apoptosis. 

5.1 Introduction. 

The diverse biological processes intrinsic to the development of multi-cellular 

organisms are co-ordinated by communication between adjacent cells involving a 

small number of evolutionarily conserved signalling pathways. The Notch signalling 

pathway is an important mechanism for mediating these intercellular signalling 

events to direct cell fate decision (285). The components of the Notch pathway have 

been identified in a broad range of metazoans and have been extensively studied in 

insects, nematodes and mammals (286-288). Consequently, Notch has been shown to 

be a key regulator of many developmental processes including somitogenesis, 

vasculogenesis and neurogenesis (288-290). In addition, the Notch pathway plays a 

critical role in mammalian immune development and carcinogenesis (291,292). 

The molecular components of the Notch pathway have been extensively studied and 

are highly conserved between species. Notch encodes a single-pass heterodimeric 

transmembrane receptor with an extracellular domain that contains epidermal growth 

factor (EGF)-like repeats (293). Four Notch receptors (Notch-1-4) and two groups of 

ligands (Delta-like (DLL -1, -3 and -4) and Serrate-like (Jagged 1, 2)) have been 

identified in mammals (294,295). Notch-ligand interaction triggers two distinct 

proteolytic cleavage events (S2 and S3) that release the intracellular portion of Notch 

(NIC) from the plasma membrane (193,296,297). NIC translocates to the nucleus 

where it binds to a transcriptional regulator CSL (CBF-1/Su(H)/LAG-1), displacing 

co-repressors and recruiting co-activators, thus inducing expression of Hairy-

Enhancer of Split (HES) and HES-related (HERP) genes (298-301). Data from 

several groups suggest that Notch may also signal without cleavage at S3 or CSL-

dependent transcription (302-304). The molecular components of this “non-classical” 

Notch signalling pathway are not yet fully understood. 

Recent genetic studies have indicated important parallels between the developmental 

processes controlled by Notch and integrin-mediated adhesion. Integrins mediate 

cell-cell and cell-matrix interactions and have been identified in insects, nematodes 

and vertebrates (268). They are essential for embryogenesis and are involved in 
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neurogenesis, myogenesis and angiogenesis, processes also controlled by Notch 

(305-307). α6 β1 and α5 β1 integrins are highly expressed on stem cells and regulate 

survival, migration and differentiation (308,309). Notch has been shown to associate 

with β1 integrins in neural stem cells and expression of Notch 4 in endothelial cells 

increases adhesion to collagen, regulating angiogenesis (310,311). Additionally, data 

from Zebrafish somitogenesis suggests that mutations in the Notch pathway and 

integrin α5 subunit can produce a complementary disruption in somite formation 

(312). This suggests the possibility that Notch may affect integrin activation, 

modulating important developmental processes by altering cell-matrix interactions 

(313).  

Data published over the past decade has indicated an important role for Notch 

signalling in pulmonary neuroendocrine differentiation. SCLC cells display a 

neuroendocrine phenotype, which is associated with expression of the basic helix-

loop-helix transcription factor human achaete-scute homologue-1 (hASH-1) (314). 

Constitutive activation of Notch signalling in SCLC cells has been shown to reduce 

hASH-1 expression and increase cellular adherence (314). This phenotype is similar 

to NSCLC cell lines, which are inherently resistant to chemotherapy (314). The data 

presented in chapter 3 of this thesis indicates a key role for SCLC adhesion to ECM 

via β1 integrins in resistance to apoptosis induced by chemotherapy and 

radiotherapy. This prompted the hypothesis that Notch signalling could increase 

integrin affinity and promote chemo-resistance in SCLC cells therefore representing 

a potential anti-cancer target. This was investigated using the in vitro assays 

described in chapters 3 and 4. 
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5.2 Results. 

5.2.1 Notch-1 Activates Integrins And Reverses H-Ras/Raf-Mediated Integrin 

Suppression. 

Initial experiments sought to investigate whether Notch signalling could modulate 

integrin activation. The well-established model of integrin affinity described in 

chapter 4 was used (242). In brief, test DNA was transfected into CHO(αβ-py) cells, 

which stably expresses a chimeric integrin (αIIb α6 β3 β1). This has the ligand 

binding properties of αIIb β3 but is activated through the α6 β1 cytoplasmic 

domains. A cell surface marker encoding the extracellular domain of the IL-2 

receptor, termed Tac, and the intracellular domain of the α5 integrin (Tac-α5) was 

used as a marker for DNA transfection. The activation status of the chimeric integrin 

on highly transfected cells was assessed using flow cytometric analysis of cell 

surface binding of a monoclonal antibody specific for the active confirmation of αIIb 

β3 (PAC-1). For each DNA transfection PAC1 binding under ‘native’ conditions was 

compared to those in the presence of EDTA (maximally inhibited integrins) or 

manganese (maximally activated integrins) allowing calculation of an integrin 

activation or suppression index as described in chapter 2. 

It has been shown previously that the intracellular domain of mouse Notch-1 

(designated NIC hereafter) can constitutively activate the Notch signalling pathway 

(193). Therefore to investigate the effect of activated Notch signalling on integrin 

affinity, NIC was transfected into CHO(αβ-py) cells. It was found that after 48 

hours, transfection of NIC increased integrin activation in CHO(αβ-py) cells 

compared to vector control. This was demonstrated by a rightward shift in PAC-1 

binding in highly transfected cells (vector 49.8%, NIC 75% cells in right upper 

quadrant) (Fig. 5.1 a). There was no change in PAC-1 binding in the untransfected 

cells. Correspondingly, NIC expression increased integrin activation index (88.4 +/- 

5.7%) compared to expression of vector alone (67.3 +/- 2.2%) (Fig. 5.1 b).  
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Figure 5.1: Notch-1 Activates Integrins And Reverses H-Ras-Mediated 

Suppression Of Integrin Affinity.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
CHO(αβ-py) cells were transfected with Tac-α5 (0.75µg), intracellular Notch-1 (NIC) (1µg) and H-
Ras(G12V) (0.375µg) as indicated. (A) Integrin affinity was analysed by flow cytometry. 
Representative dot blots (n=7 experiments) show PAC1-FITC binding (integrin activation status) on 
the x-axis and Tac-R-PE antibody binding (transfection efficiency) on the y-axis. The quadrant 
markers differentiate on the x-axis, cells with high and low integrin affinity status and on the y-axis, 
highly transfected cells (upper quadrants) and cells transfected to a lesser extent (lower quadrants). 
The number in the right upper quadrant of each dot blot represents the percentage of highly 
transfected cells present in that quadrant (i.e. cells with high integrin affinity). H-Ras(G12V) induced 
a left shift in PAC1 binding in transfected cells indicating integrin suppression. Co-transfection of 
NIC increased PAC1 binding and reversed the left shift, indicating integrin activation. (B) Mean 
percentage integrin activation +/- SEM is shown. Inset: Dose-dependent effect of NIC on H-
Ras(G12V)-mediated integrin suppression. *(p<0.05), **(p<0.01). (C) Representative Western blot of 
Notch, H-Ras, β3 integrin, ERK2, phospho-ERK and β actin expression.  
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The chimeric integrin in CHO(αβ-py) cells is relatively activated in the resting state 

(242). Therefore, it was desirable to suppress integrin affinity and determine whether 

Notch signalling would reverse integrin suppression. Prior published data and that 

presented in chapter 4 indicates that the small GTP-binding protein H-Ras can 

suppress integrin activation (242). Therefore NIC was co-transfected with a 

constitutively active mutant of H-Ras (H-Ras(G12V)) into CHO(αβ-py) cells and the 

effect on integrin affinity determined. It was found that transfection of H-Ras(G12V) 

alone caused marked inhibition of PAC1 binding; however co-transfection with NIC 

completely reversed suppression of integrin activation (Fig. 5.1 a and b). This effect 

were not produced by alterations in H-Ras(G12V) or NIC expression when the 

constructs were co-transfected, nor was expression of the chimeric integrin in the 

CHO(αβ-py) cells affected (Fig. 5.1c).  

Hughes et al (1997) have previously shown that H-Ras-mediated suppression of the 

chimeric integrin in CHO(αβ-py) cells was not a consequence of a decrease in 

integrin expression levels (242). Notch activates transcription in the classical 

signalling pathway and therefore could alter integrin expression in CHO(αβ-py) 

cells. To confirm that Notch-1 expression did not alter surface integrin expression, 

flow cytometry was used to detect surface expression of β3 integrins. Using an anti-

β3 integrin antibody whose binding was not dependent on integrin activation status it 

was found that neither H-Ras(G12V), NIC nor R-Ras(G38V) expression altered 

surface expression of β3 integrins in CHO(αβ-py) cells (Fig. 5.2). Thus changes in 

PAC1 binding are due to alterations in integrin activation not expression.  

H-Ras suppresses integrin activation in part via its downstream effector kinase Raf-1 

(242). Therefore the ability of active Notch-1 to reverse integrin suppression by an 

activated membrane-targeted variant of Raf, Raf-CAAX was tested. Similar results 

were observed to those found with H-Ras(G12V) (Fig. 5.3 a - c). Thus NIC reversed 

the suppressive effect of activated H-Ras or Raf-1 on integrin affinity, suggesting 

that Notch-1 signalling can over-ride integrin inactivation caused by the H-Ras-

dependent suppression pathway. 

Previous work has suggested that suppression of integrin activation by H-Ras and 

Raf-1 is dependent upon ERK1/2 function but does not correlate with bulk 
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phosphorylation of ERK (244). However, reversal of integrin suppression by the 

small death effector domain-containing protein PEA-15 depends upon its capacity to 

bind ERK1/2 (246,315). Notch signalling has previously been shown to have 

differing effects on ERK phosphorylation depending upon cellular context (314,316). 

Therefore, it was investigated whether Notch signalling could reverse suppression of 

integrin activation by H-Ras through effects on ERK1/2. It was found that 

transfection with NIC alone did not affect ERK phosphorylation. Furthermore NIC 

did not affect phosphorylation of ERK induced by H-Ras(G12V) or Raf-CAAX (Fig. 

5.1 c and 5.3c). This suggests that the mechanism of Notch-1 activation of integrins 

is distinct from effects on the Ras/Raf pathway. 

 

 

Figure 5.2: Notch does not alter β3 integrin expression.  
 

 
 
CHO(αβ-py) cells were transfected with Tac-a5 (0.75µg) and either vector, intracellular Notch-1 
(NIC) (1µg) or H-Ras(G12V) (0.375µg) as indicated. As a positive control cells were transfected with 
R-Ras(G38V) (0.5µg), which has previously been shown to activate integrins in the CHO(αβ-py) 
assay. Surface expression of β3 integrins was determined by flow cytometry using an anti-β3 integrin 
antibody and a FITC labelled secondary. Representative overlay histograms of anti-β3 integrin 
(white) or isotype control (black) antibody binding to highly transfected cells are shown. The number 
in the right upper corner of each histogram represents the geometric mean fluorescence intensity for 
anti-β3 integrin antibody binding. 
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Figure 5.3: Notch Reverses Raf-Mediated Suppression Of Integrin Affinity. 
 

 
 
 
CHO(αβ-py) cells were transfected with Tac-α5 (0.75µg), NIC (1 µg) and Raf-CAAX (0.5 µg) as 
indicated. (A) Representative dot blots (n=5 independent experiments) of Tac –RPE (y-axis) and 
PAC1-FITC (x-axis) binding are shown for each transfection condition. The numbers in the right 
upper quadrant represent the percentage of highly transfected cells with high integrin affinity. (B) 
Mean percentage integrin activation +/-SEM from n=5 experiments. (C) Representative Western blot 
analysis of NIC, Raf-CAAX, β3 integrin, ERK2, phospho-ERK and β-actin expression. Statistically 
significant differences between results are indicated by * (p<0.05) or ** (p<0.01). 
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5.2.2 Activation Of β1 Integrins By Notch-1 Requires Intramembrane 

Cleavage (S3) To Release The Intracellular Domain. 

Classically, Notch activation requires ligand-induced cleavage of the Notch receptor 

approximately 12 amino acids N-terminal to the transmembrane domain (S2), which 

allows intramembrane cleavage (S3) by the protease complex termed γ-secretase 

(193,297,317). However, analysis of the role of Notch in patterning of the 

Drosophila embryo dorsal epidermis suggests that Notch may signal without 

membrane cleavage (318). It was therefore determined whether activation of β1 

integrins by Notch was dependent on intra-membrane cleavage. Mutants of mouse 

Notch-1 that are membrane bound and show differing efficiencies of processing by 

γ-secretase were used (193). The structure of these mutants are summarised in Figure 

5.4. These experiments sought to assess Notch-1 rescue of H-Ras(G12V)-induced 

integrin suppression and thus for simplicity, subsequent CHO(αβ-py) assays are 

represented as percentage integrin suppression. 

The Notch-1 mutant NΔE consists of the transmembrane and intracellular domains of 

mouse Notch-1 with a short extracellular segment and is cleaved by the γ-secretase 

complex to yield active intracellular Notch (193). Transfection of CHO(αβ-py) cells 

with NΔE yielded a fragment of similar molecular weight to NIC and reversed H-

Ras-mediated integrin suppression without affecting H-Ras expression or ERK1/2 

activation (Fig. 5.5 a and b). The effect on integrin activity was less pronounced than 

observed with NIC, presumably as a result of a lower yield of intracellular Notch 

from NΔE (Fig. 5.5 a). To investigate this observation, two Notch mutants were used 

which are inefficiently processed by γ-secretase and do not yield detectable levels of 

intracellular Notch; an NΔE variant with a point mutation at amino acid 1774, 

NΔE(V1774K); and NLNG which has identical transmembrane/intracellular domains 

to NΔE but an extracellular domain containing LNG repeats. Transfection of 

CHO(αβ-py) cells with NΔE(V1774K) or NLNG did not yield detectable 

intracellular Notch and did not significantly reverse H-Ras suppression of integrins 

(Fig. 5.5 a). Furthermore, treatment of CHO(αβ-py) cells with the γ-secretase 

inhibitor MW167 blocked the processing of NΔE to intracellular Notch and 
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prevented integrin activation without altering H-Ras(G12V) expression or ERK1/2 

phosphorylation (Fig. 5.5 b). 

The transcriptional activity of the Notch mutants was confirmed by measuring CSL-

dependent luciferase activity as previously described (193). As expected, CSL-

luciferase activity was significantly stimulated by NIC and NΔE (Fig. 5.5 c). 

However, transfection of the Notch mutants NΔE(V1774K) or NLNG, which are 

inefficiently cleaved, stimulated CSL-luciferase activity significantly less than NIC 

(Fig. 5.5 c). Furthermore, inhibiting γ-secretase with MW167 significantly reduced 

the capacity of NΔE to activate CSL (Fig. 5.5 d). Taken together this data indicates 

that S3 cleavage is essential for both classical Notch activation and Notch-mediated 

integrin activation. 

 

 

Figure 5.4: Description Of Notch Constructs. 

 

 

 

Mouse (A) and Human (B) Notch-1 constructs used in this study. Key defines important structural 
components and mutations/deletions in the intracellular domain of each construct. 
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Figure 5.5: Notch-1 Activation Of Integrins Requires Intramembranous (S3) 

Cleavage.  

 

(A) The effect of Notch mutants NIC, NΔE, NΔE(V1744K) and NLNG (1µg) on H-Ras(G12V) 
(0.375µg)-mediated integrin suppression (mean+/-SEM, n=4 independent experiments). 
Representative immunoblot of Notch, H-Ras(G12V) and β actin expression. (B) NΔE (1µg) reversal 
of H-Ras(G12V) (0.375µg)-mediated integrin suppression in the presence of MW167 (50µM) () or 
vehicle () (mean+/-SEM, n=4 independent experiments). Representative immunoblot of Notch, H-
Ras(G12V), ERK2, phospho-ERK and β actin expression. (C) The effect of NIC, NΔE, 
NΔE(V1744K) or NLNG (1µg) on CSL-luciferase activity in CHO(αβ-py) cells (mean fold increase 
compared to empty vector +/-SEM, n=4 independent experiments). (D) The effect of NIC or NΔE 
(1µg) in the presence of MW167 (50µM) () or vehicle () on CSL-luciferase activity (mean fold 
increase compared to empty vector +/-SEM, n=3 experiments). Statistically significant differences 
between results are indicated by * (p<0.05). Molecular weight markers are shown to aid interpretation 
of cleavage fragments. The black triangle indicates the position of intracellular (active) Notch. 
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5.2.3 Activation Of β1 Integrins By Notch-1 Is Not Dependent On CSL-

Mediated Transcription. 

Intramembranous (S3) cleavage releases the intracellular portion of the Notch 

receptor, which associates with CSL (319). In the resting state CSL binds to DNA 

acting as a transcriptional repressor, but upon interaction with Notch, co-repressors 

are displaced and CSL activates transcription leading to up-regulation of downstream 

target genes (e.g. HES-1) (320,321). However, Notch may also signal independently 

from CSL-mediated transcription (322). Therefore the role of transcription in Notch-

1 activation of integrins was determined using two approaches: inhibition of Notch-

CSL interaction and deletion of the transactivation domain of Notch-1. 

Msx2-interacting nuclear target (MINT) protein was used initially, which has been 

shown to compete with the intracellular region of Notch for binding to CSL, 

suppressing the transcriptional activity of Notch (195). Transfection of MINT into 

CHO(αβ-py) cells did not affect integrin affinity or the ability of H-Ras to suppress 

integrins/phosphorylate ERK1/2 (Fig. 5.6 a and b). Importantly, MINT expression 

did not block NIC activation of integrins despite significantly reducing CSL-

luciferase activity (Fig. 5.6 a-c). Available MINT antibodies are ineffective for 

Western blot analysis, therefore expression of MINT was confirmed by 

immunofluorescence microscopy (Fig. 5.7 a-h) (195). This suggests that Notch 

activation of integrins is not dependent upon transcriptional activity.  

To confirm this data, intracellular Notch-1 truncation mutants were used 

(summarised in Fig. 5.4). The C-terminal transactivation/PEST (TADP) domain of 

Notch-1 is important for Notch transactivation and CSL-dependent transcription 

(194). Transfection of human intracellular Notch-1 (ICN1) into CHO(αβ-py) cells 

reversed H-Ras-mediated integrin suppression in a similar manner to mouse NIC 

(Fig. 5.8 b). Furthermore, transfection of an ICN1 truncation mutant, lacking the 

TADP domain (ΔTADP) also reversed H-Ras-mediated integrin suppression to a 

similar degree as ICN1 (Fig. 5.8 b). It was confirmed that removal of the TADP 

region from the intracellular domain of Notch-1 significantly reduced CSL-

dependent transcription (Fig. 5.8 c). This data indicates that integrin activation by 

Notch is not dependent on CSL-dependent transcription. 
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Figure 5.6: Notch Activation Of Integrins Is Not Blocked By Msx2-Interacting 

Nuclear Target (MINT) Protein. 

 

 

(A) The effect of NIC (1µg) and MINT (2µg) on H-Ras(G12V) (0.375µg)-mediated integrin 
suppression (mean+/-SEM, n=3 independent experiments). (B) Representative immunoblot of NIC, 
H-Ras(G12V), phospho-ERK and ERK2 expression. (C) The effect of NIC (1µg) and MINT (2µg) on 
CSL-luciferase activity (mean fold increase compared to empty vector +/-SEM, n=3 independent 
experiments). *(p<0.05). 
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Figure 5.7: Expression Of Msx2-Interacting Nuclear Target (MINT) Protein 

And Notch-1 Intracellular Domain In CHO Cells. 

 

 

 

Expression of MINT (2µg) and NIC (1µg) in CHO(αβ-py) cells shown by immunofluoresence 
microscopy. (A-B) CHO(αβ-py) cells expressing NIC-GFP (green) and corresponding cells viewed 
with phase contrast. (C-D) CHO(αβ-py) cells expressing Myc-MINT (labelled with alexafluor 568) 
(red) and corresponding cells viewed with phase contrast. (E-F) CHO(αβ-py) cells expressing both 
NIC-GFP (green) and myc-MINT (alexafluor 568) (red). (G) Merge of green (NIC) and red (MINT) 
channels. (H) Phase contrast of cells shown in E-G. 

 

 

5.2.4 Activation Of β1 Integrins By Notch-1 Requires The Ankyrin Repeat 

Domain. 

The intracellular domain of the Notch receptor consists of the RAM domain, two 

nuclear localisation sequences, TAD, PEST and ankyrin repeat regions (322,323). It 

was therefore investigated whether the integrin activating function of Notch could be 

mapped to one of these regions using deletion mutants (Fig. 5.4) (193,194). A 

membrane bound Notch-1 mutant (ΔEN1) was used. This consists of a short 

extracellular segment, the transmembrane region and intracellular domain of human 

Notch-1 (Fig. 5.4), is processed by γ-secretase and is constitutively active.  
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Figure 5.8: Notch-1 Activation Of Integrins Requires The Ankyrin Repeats But 

Not The Transactivation Domains. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
(A) The effect of Notch mutants ΔEN1 and ΔANK (1µg) on H-Ras(G12V) (0.375µg)-mediated 
integrin suppression (mean+/-SEM, n=4 independent experiments). Representative immunoblot of 
Notch, H-Ras(G12V) and β actin expression. (B) The effect of Notch mutants ICN1, ΔTADP and 
ΔRAM (1µg) on H-Ras(G12V) (0.375µg)-mediated integrin suppression (mean+/-SEM, n=5 
independent experiments). Representative immunoblot of Notch, H-Ras(G12V) and β actin 
expression. (C) The effect of ICN1, ΔEN1, ΔRAM, ΔTADP and ΔANK (1µg) on CSL-luciferase 
activity (mean fold increase compared to empty vector +/-SEM, n=3 independent experiments). 
Statistically significant differences between results are indicated by * (p<0.05). 
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It was found that this mutant reversed H-Ras suppression of integrins in CHO(αβ-

py) cells (Fig. 5.8 a). In addition a ΔEN1 mutant (ΔRAM) lacking the 23RAM 

domain and the ΔTADP mutant (lacking TAD, PEST or NLS domains) were able to 

activate integrins (Fig. 5.8 b). However a mutant of ΔEN1 (ΔANK), which was 

lacking the ankyrin repeats, was unable to reverse H-Ras suppression of integrins 

(Fig. 5.8 a). The previously described transcriptional activity of these mutants was 

confirmed in CHO(αβ-py) cells (Fig. 5.8 c) (193,194). This data specifically 

implicates the ankyrin repeats in Notch activation of integrins. 

5.2.5 Activation Of β1 Integrins By Notch-1 Is Mediated By R-Ras. 

The CSL-independent effectors of Notch are not fully defined. However, the data 

presented in this chapter suggests that Notch may regulate integrin activity by 

activating effectors that antagonise H-Ras signalling to integrins. R-Ras is a small 

GTP-binding protein homologous to H-Ras that can activate integrins and reverse H-

Ras/Raf-initiated integrin suppression without affecting bulk ERK phosphorylation 

(243,271). It was found that transfection of low doses of NIC (0.25µg) had a minimal 

effect on integrin suppression mediated by H-Ras(G12V) (Fig. 5.9 a). Importantly, 

whilst transfection of wild type R-Ras alone did not affect integrin affinity, co-

transfection of wild type R-Ras with 0.25 µg of NIC reversed H-Ras-mediated 

integrin suppression, without affecting H-Ras expression or ERK1/2 phosphorylation 

(Fig. 5.9 a and b). This suggests that activation of integrins by Notch is potentiated 

by R-Ras. 

To demonstrate a specific role for R-Ras in Notch-mediated integrin activation, a 

dominant-negative R-Ras mutant, R-Ras(T43N) was used (324). Transfection of R-

Ras(T43N) alone had a minimal suppressive effect on integrin affinity; however co-

transfection of R-Ras(T43N) with NIC blocked the ability of active Notch to increase 

integrin affinity (Fig. 5.10 a). Furthermore R-Ras(T43N) prevented NIC from 

reversing H-Ras(G12V)-mediated integrin suppression but did not affect integrin 

suppression when co-transfected with H-Ras(G12V) alone (Fig. 5.10 a). These 

effects occurred without alterations in expression of H-Ras, Notch or dominant-

negative R-Ras (Fig. 5.10 b). In addition transfection of R-Ras(T43N) did not alter 

integrin expression in the CHO(αβ-py) cells or H-Ras stimulation of  ERK1/2 
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phosphorylation (Fig. 5.10 b). Yatish Lad and Tony Elliot also demonstrated these 

data. 

Finally experiments were conducted to determine whether Notch signalling could 

directly activate R-Ras. The Ras-binding domain (RBD) of Raf, linked to GST, was 

used to precipitate GTP-bound (active) R-Ras from CHO cell lysates (198). It was 

observed that transfection of NIC or NΔE stimulated an increase in active GTP-

bound R-Ras in αβ-py cells, in comparison to wild type R-Ras alone, without 

affecting R-Ras expression levels (Fig. 5.11 a). Furthermore, ΔTADP, which did not 

activate transcription, was also able to activate R-Ras (Fig. 5.11 b). However, the 

Notch mutant NΔE(V1744K), which did not yield detectable intracellular Notch, or 

ΔANK, which lacked the ankyrin repeats, were not able to stimulate an increase in 

active R-Ras (Fig. 5.11 a and b). This suggests that the intracellular domain of Notch 

can specifically activate R-Ras in CHO cells, requiring the ankyrin repeats but not 

CSL-dependent transcription. Taken together these results demonstrate that the 

ability of Notch signalling to regulate integrin affinity is mediated through R-Ras. 
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Figure 5.9: Wild Type R-Ras Potentiates Notch-1-Mediated Integrin Activation. 

 

 

 

(A) CHO(αβ-py) cells were transfected with NIC (0.25µg), R-Ras(WT) (0.5µg) and H-Ras(G12V) 
(0.375µg) as indicated. Percentage integrin suppression was determined by flow cytometry. The bar 
graph represents mean +/-SEM of n=4 experiments. (B) Representative immunoblots of NIC, H-
Ras(G12V), R-Ras(WT), β3 integrin, ERK2, phospho-ERK (p-ERK) and β actin expression in 
CHO(αβ-py) cells transfected as indicated. Statistically significant differences between results are 
indicated by * (p<0.05). NS indicates no significant difference. 
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Figure 5.10: Dominant Negative R-Ras (R-Ras(T43N)) Reverses Notch-1 

Activation Of Integrins. 

 

 

 

(A) CHO(αβ-py) cells were transfected with R-Ras(T43N) (1µg), NIC (1µg) and H-Ras(G12V) 
(0.375µg) as indicated. Percentage integrin suppression in αβ-py cells was determined by flow 
cytometry. The graph represents mean +/-SEM of n=4 experiments. (B) Representative immunoblots 
of NIC, H-Ras(G12V), R-Ras(T43N), β3 integrin, ERK2, phospho-ERK (p-ERK) and β actin 
expression. Statistically significant differences between results are indicated by * (p<0.05). NS 
indicates no significant difference. 
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Figure 5.11: The Intracellular Domain Of Notch-1 Activates R-Ras. 

 

 

 

CHO(αβ-py) cells were transfected with wild type R-Ras (myc-tagged) (1µg) and the Notch mutants 
(1µg) as indicated. Constitutively active R-Ras and empty vector were used as controls. GTP-bound 
(active) R-Ras was precipitated from whole cell lysates using the Ras binding domain of Raf as 
described in the materials and methods chapter. Immunoblots using anti-myc antibody (clone 9E10) 
show active R-Ras and total R-Ras (whole cell lysates) expression. (A) The effect of Notch mutants, 
NIC, NΔE and NΔE(V1744K) (NV-K) (1µg), on R-Ras activation in αβ-py cells. (B) The effect of 
Notch mutants, ΔTADP and ΔANK (1µg), on R-Ras activation in αβ-py cells. Representative 
immunoblots from n=4 independent experiments. 
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5.2.6 Notch-1 Activates Native α5 β1 Integrins In An R-Ras Dependent 

Manner To Increase Cellular Adhesion To Fibronectin. 

To investigate the physiological relevance of the above findings, the effect of Notch 

on the fibronectin receptor α5 β1 integrin, in the human myeloid cell line K562 was 

examined. K562 cells solely express α5 β1 integrins and therefore to test the effects 

of Notch signalling on the activation of this integrin, K562 cell adhesion to 

fibronectin (the natural ligand for α5 β1 integrins) was determined as described in 

chapter 2 (325). It was observed that transfection of K562 cells with NIC 

significantly increased adhesion to fibronectin in comparison to empty vector (Fig. 

5.12 a). Adhesion of K562 cells transfected with either Notch or vector was 

significantly blocked by prior incubation with the β1 integrin-blocking antibody 4B4 

(Fig. 5.12 a). Furthermore, co-expression of dominant-negative R-Ras blocked the 

effect of NIC on adhesion of K562 cells to fibronectin (Fig. 5.12 b). This occurred 

without alterations in Notch or β1 integrin expression. Importantly, NIC-mediated 

Notch signalling in K562 cells was unaffected by co-transfection of dominant-

negative R-Ras as determined by real-time RT-PCR measurement of HES-1 

expression (Fig. 5.12 c). These results indicate that Notch-1 signalling can regulate 

natively expressed integrin affinity through R-Ras activation. 

K562 cells express Notch-1 receptors in the undifferentiated state and previous data 

has shown that Notch signalling can be activated in vitro by recombinant Notch 

ligand coated to tissue culture plastic (326,327). It was found that 12-hour culture of 

K562 cells with immobilised human recombinant Delta-like ligand-4 (DLL-4) 

significantly increased adhesion of K562 cells to fibronectin (Fig. 5.13 a). This 

adhesion was blocked by EDTA and increased by Mn2+ (Fig. 5.13 a). DLL-4 

increased HES-1 expression in K562 cells and this was prevented by MW167 (Fig. 

5.13 b). Crucially, treatment of K562 cells with MW167, or pre-incubation with the 

β1 integrin blocking antibody 4B4, prevented DLL-4 from increasing adhesion to 

fibronectin (Fig. 5.13 c). Furthermore, DLL-4 induced activation of α5 β1 integrins 

was blocked by transfection of dominant-negative R-Ras (Fig. 5.13 d). These data 

indicate that ligation of Notch receptors by naturally occurring Notch ligands can 

activate β1 integrins increasing cellular adhesion to ECM through R-Ras. 
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Figure 5.12: Notch-1 Intracellular Domain Increases K562 Cell Adhesion In A 

β1 Integrin/R-Ras Dependent Manner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) The effect of NIC (1µg) on K562 cell adhesion to fibronectin with () or without () 4B4 (mean 
percentage adhesion compared to poly-l-lysine +/-SEM, n=4 independent experiments). (B) The effect 
of NIC and R-Ras(T43N) on K562 cell adhesion to fibronectin (mean percentage adhesion compared 
to poly-l-lysine +/-SEM). Representative immunoblot of NIC, R-Ras(T43N), β1 integrin and β-actin 
expression (n=4 independent experiments). (C) The effect of NIC and R-Ras(T43N) (1µg) on HES-1 
expression in K562 cells (mean fold increase in HES-1+/-SEM, normalised for 18S and compared to 
empty vector, n=3 independent experiments). Statistically significant differences between results are 
indicated by * (p<0.05). NS indicates no significant difference. 
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Figure 5.13: Notch Signalling Initiated By Delta-Like Ligand 4 (DLL-4) 

Increases K562 Cell Adhesion. 

 

 

 

K562 cells were incubated for 12 hours with recombinant human Delta ligand 4 (Dll-4) with or 
without MW167 (50µM). (A) DLL-4 effect on K562 cell adhesion to fibronectin with or without 
EDTA (5mM) or Mn2+ (100µM) (mean percentage adhesion +/-SEM compared to poly-l-lysine, n=4 
independent experiments). (B) The effect of Dll-4 +/- MW167 or 4B4 (10 µg/ml) on K562 cell 
adhesion to fibronectin (mean percentage adhesion +/-SEM compared to poly-l-lysine, n=3 
independent experiments). (C) The effect of Dll-4 +/- MW167 on HES-1 expression in K562 cells 
(mean fold increase in HES-1+/-SEM, normalised for 18S and compared to empty vector, n=3 
independent experiments). (D) The effect on K562 cell adhesion to fibronectin of cells transfected 
with R-Ras(T43N) or empty vector, and +/-Dll-4 (mean percentage adhesion +/-SEM compared to 
poly-l-lysine, n=3 independent experiments). Statistically significant differences between results are 
indicated by * (p<0.05). 
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5.2.7 Notch Signalling Protects SCLC Cells From Chemotherapy-Induced 

Apoptosis. 

It is clear from the data presented thus far in this chapter that activation of Notch-1 

signalling can activate β1 integrins. The results in chapter 3 indicate that adhesion of 

SCLC cells via β1 integrins to ECM proteins protects against cell cycle arrest and 

apoptosis induced by DNA-damaging agents. Published data has demonstrated that 

activation of Notch signalling in SCLC cells can promote an adherent cell 

phenotype, alter cell cycle progression and down-regulate hASH-1 which is highly 

expressed in neuroendocrine cells (314). Thus, it is possible that Notch may provide 

an important chemo-resistance signal to SCLC cells possibly through activation of 

β1 integrins. 

Initial experiments sought to determine the expression of Notch signalling 

components in H69, H345 and H510 SCLC cell lines. The Notch pathway is highly 

conserved between species and therefore the commercially available antibodies 

available at the time of this research for immunoblot or flow cytometry detection of 

these proteins were of low affinity. Thus, prior published data has used RT-PCR 

techniques (328). mRNA was extracted from maintenance cell cultures of SCLC 

lines and RT-PCR was performed using an Access Kit (Promega) and published 

primers as described in chapter 2 (328). It was observed that SCLC cell lines 

preferentially expressed Notch-2 receptor with low or no expression (up to 35 cycles) 

of Notch- 1,3 or 4 receptor (Fig. 5.14). In contrast, SCLC cell lines expressed mRNA 

for all currently recognised Notch ligands. Expression of downstream target HES-1 

was also observed. As previously described, mRNA for hASH-1 was detected 

confirming the neouroendocrine phenotype of the SCLC cell lines (314).  

To investigate whether activation of Notch signalling could protect SCLC cells from 

chemotherapy-induced apoptosis immobilised Notch ligands Delta and Jagged were 

used. 96-well plates were coated with varying concentrations of recombinant Jagged-

1, recombinant Delta-like ligand-4 (DLL-4) or a control peptide (IgG1) as indicated. 

H69 SCLC cells were incubated with the immobilised ligands for 12 hours and then 

treated for 48 hours with etoposide (25µg/ml). Staining cells with acridine 

orange/ethidium bromide was used to determine percentage apoptosis. It was 
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observed that Jagged-1 significantly reduced the percentage of apoptosis induced by 

etoposide, whilst IgG1 and DLL-4 had no significant effect (Fig. 5.15). Etoposide 

treatment of H69 cells incubated with IgG1 resulted in 52 +/- 2.7% apoptosis. 

However, incubation with Jagged-1 (5µg/ml) reduced the etoposide-induced 

apoptosis to 17 +/- 4.8% (mean +/- SEM, n=3 independent experiments, p<0.01). It 

was confirmed that incubation with immobilised Jagged-1 induced a Notch signal in 

H69 SCLC cells by real-time RT-PCR measurement of HES-1 expression (Fig. 5.15 

b-insert). These data suggest that Notch signalling initiated by Jagged-1 can protect 

SCLC cells from etoposide-induced apoptosis. 

Figure 5.14: Notch signalling components expressed by SCLC cell lines (RT-

PCR). 

 

RNA was extracted from SCLC cells and as positive controls from K562 and MLR cells. Using an 
AccessTM RT-PCR kit (Promega) the expression pattern of Notch receptors, Notch ligands and 
downstream Notch signalling mediators were determined using published primers described in 
chapter 2 (328). β-actin RT-PCR is shown as a loading control. Negative controls were performed 
with nuclease free water (Promega) instead of template. The product sizes in base pairs (bp) are 
shown numerically next to each agarose gel picture 



 126 

Figure 5.15: Notch ligand Jagged-1 protects SCLC cell lines from etoposide-

induced apoptosis.  

 

 

 

(A) 96-well plates were coated with Delta-like ligand-4 (broken line), Jagged-1 (solid line) or IgG1 
(dotted line). Each peptide was dissolved in PBS (concentration 0-5µg/ml) and 100µl was added to 
each well. The plate was incubated at 37oC for 1 hour. H69 SCLC cells were re-suspended in SITA 
medium and 4x104 cells/well were added. Cells were incubated for 12 hours and then treated with 
etoposide (25µg/ml final concentration). The plate was incubated for a further 48 hours and 
percentage apoptosis determined by ethidium bromide/acridine orange staining. The graph shows the 
average percentage apoptosis induced by etoposide at each concentration of Notch ligand +/- SEM 
(n=3 independent experiments). (B) 96-well plates were coated with IgG1 or Jagged-1 (5µg/ml) as 
indicated. H69 SCLC cells (4x104 cells/well) were added, incubated for 12 hours and then treated with 
etoposide (25µg/ml final concentration) as indicated. After 48 hours percentage apoptosis was 
determined by acridine orange staining. The graph shows average percentage apoptosis +/- SEM (n=3 
independent experiments). The insert graph shows Hes-1 expression in H69 SCLC cells incubated for 
12 hours with immobilised IgG1or Jagged-1 measured by real-time RT-PCR (mean +/- SEM of n=3 
experiments).  
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5.2.8 Activation of Notch-2 does not modulate integrin affinity. 

These data suggest that Jagged-1 activation of Notch signalling in SCLC cells can 

protect against etoposide-induced apoptosis. It has also been demonstrated in this 

chapter that Notch-1 signalling can activate integrins. Increased cellular adhesion is 

associated with SCLC cell resistance to chemotherapy (chapter 3). Therefore it was 

investigated whether Notch activation could increase SCLC cell adhesion. H69 and 

H345 SCLC cells were incubated with immobilised Jagged-1 or control (IgG1) (both 

5µg/ml) for 12 hours, gently disaggregated, washed and then allowed to adhere to 

laminin for 30 minutes. Non-adherent cells were removed by washing with PBS and 

cell adhesion was calculated as a percentage of total cellular adhesion to poly-l-

lysine. It was observed that incubation with Jagged-1 did not increase adhesion of 

either SCLC cell line to laminin despite the ability of this ligand to induce a Notch 

signal (Fig. 5.16a and 5.15b-insert). The RT-PCR data shown above indicates that 

SCLC cells express Notch-2 receptor preferentially. Taken together, these results 

would suggest that activation of Notch-2 on SCLC cells by Jagged-1 does not alter 

cellular adhesion to ECM and thus by inference β1 integrin activation status. 

However, this system is not optimised for investigating integrin activation or Notch-

2 activation in isolation. 

To determine whether Notch-2 could activate β1 integrins, the CHO(αβ-py) system 

was employed. Cells were transfected with H-Ras(G12V) and the intracellular 

domains of human Notch-1 (ICN1) or human Notch-2 (ICN2) (both 1µg), which 

have been shown to constitutively activate Notch signalling (322). Subsequently, 

integrin affinity was assessed by flow cytometry as described in the materials and 

methods chapter and expressed as percentage integrin suppression. It was observed 

that whilst ICN1 was able to override suppression of integrins by H-Ras(G12V), 

ICN2 was unable to activate integrins (Fig. 5.16b). Western immunoblots confirmed 

that Notch and H-Ras were expressed and there was no alteration in integrin 

expression. Therefore these data indicate that activation of Notch-2 signalling does 

not modulate integrin affinity. Furthermore, it is suggested that Notch-protection of 

SCLC cells from chemotherapy must be occurring through a separate mechanism 

from integrin activation. 
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Figure 5.16: Activation Of Notch-2 Does Not Modulate Integrin Affinity.  

 

 

 

(A) 12-well plates plates were coated with IgG1 (-) or Jagged-1 (+) (5µg/ml) as indicated. 1x106 H69 
and H345 SCLC cells in RPMI medium were added to each well. The cells were incubated (37oC) for 
12 hours, re-suspended in HEPES/NaCl buffer and seeded into 96-well plates (1x105 cells/well), 
uncoated (-) or pre-coated with laminin (+). The plate was incubated for 30 minutes at 37°C, adherent 
cells were fixed (3% paraformaldehyde, 5 minutes), stained with methylene blue (0.4%, 5 minutes) 
and eluted with 0.1N HCl. The absorbance (at 630nM) of each well was determined using an 
automated plate reader. Cell adhesion for each experimental condition was expressed as a percentage 
of total cellular adhesion to poly-l-lysine. The graph shows average percentage adhesion +/- SEM 
(n=4 experiments). (B) CHO(αβ-py) cells were transfected with ICN1, ICN2 (both 1µg) and/or H-
Ras(G12V) (0.375µg) as indicated. Percentage integrin suppression was determined by flow 
cytometry. The graph represents mean +/-SEM of n=3 experiments. Representative immunoblots of 
Notch, H-Ras(G12V), β3 integrin, and β actin expression. NS indicates no significant difference. 
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5.3 Discussion. 

The data presented in this chapter demonstrates that Notch-1 signalling in 

mammalian cells activates β1 integrins and increases cellular adhesion to fibronectin 

through α5 β1 integrins. In addition, Notch activation in SCLC cells provides 

significant protection against etoposide-induced apoptosis. However, this does not 

appear to be related to activation of β1 integrins and in contrast to Notch-1, Notch-2 

signalling does not modulate integrin affinity. These results provide a potential 

mechanism for previous observations demonstrating key interactions between Notch 

and integrins, suggest crucial differences in downstream signalling from Notch 

receptors subtypes and raise questions about the role of Notch in SCLC.  

Somitogenesis is the process whereby segmented precursors of the skeletal muscle 

and vertebral column are generated during vertebrate embryogenesis (313). 

Mutations in zebrafish integrin α5 disrupt anterior somite formation, giving a 

complementary phenotype to the posterior defects seen in Notch pathway mutants 

(312). Analysis of integrin:notch double mutants have revealed redundancy between 

integrin and Notch pathways in promoting somite border morphogenesis, suggesting 

a regulatory relationship between Notch and integrins (312). The data presented here 

demonstrates that Notch regulates integrin affinity and provides a mechanism for this 

interaction that is crucial to vertebrate development. 

Genetic studies in mice have suggested that Notch signalling is important for 

formation of the vasculature. Mutations in Jagged-1, Notch-1 and Notch-1/Notch-4 

in mice result in embryonic lethality with severe vascular defects (329). Genetic 

analyses also indicate a central role for integrins in vascular development - 

antagonists of β1 integrins inhibit angiogenesis in the chick chorioallantoic 

membrane, and Notch-4 increases endothelial cell adhesion preventing endothelial 

sprouting (311). Notch may therefore regulate vascular development through 

interaction with integrins. Interestingly, R-Ras knockout mice demonstrate defects in 

angiogenesis in response to vascular injury and tumour growth (330). The results in 

this chapter provide direct evidence of a link between Notch and β1 integrins 

involving R-Ras activation. This may represent a central mechanism for regulation of 

vascular development and angiogenesis. Notch-1 and DLL-4 expression on vascular 
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endothelial cells is regulated by VEGF and thus the observation of integrin activation 

by DLL-4 may be particularly relevant (289). 

It has been shown here that Notch-1 overrides H-Ras-mediated integrin suppression 

via R-Ras activation. Studies of vulval development in Caenorhabditis elegans and 

the Drosophila eye have indicated important interactions between Notch and Ras 

(331,332). The Notch pathway can antagonise Ras signalling (333,334). Inhibitory 

cross-talk between Notch and H-Ras regulates Drosophila bristle patterning, C. 

elegans vulva formation and may be important in T-cell positive selection (335-337). 

These interactions occur in part because each pathway can affect the expression or 

activities of components of the other pathway (338). The data in this chapter 

provides a new mechanism for Notch antagonism of H-Ras through activation of R-

Ras. This does not require CSL/transcription and may therefore allow for rapid 

changes in cellular signalling in response to interaction with Notch ligands expressed 

on adjacent cells. The importance of this signalling cascade in worms and insects 

remains to be demonstrated as these organisms have a simpler repertoire of small 

GTP-binding proteins and therefore may lack the essential signalling components 

(i.e. R-Ras) for this interaction (339). 

The mechanisms by which R-Ras might antagonise H-Ras functions have not yet 

been defined. Previous work has demonstrated that reversal of H-Ras-mediated 

integrin suppression by R-Ras is not due to competition for downstream effectors or 

Raf-induced MAP kinase activation (243). Furthermore, specific mutations in the 

effector binding loop of R-Ras impaired the ability of R-Ras to reverse H-Ras-

mediated integrin suppression but did not correlate with their ability to activate 

known R-Ras effectors (340). Prior data has indicated that targeting of R-Ras to focal 

adhesions at the cell surface is critical for its ability to regulate integrin activation 

(341). Interestingly, H-Ras has also been found to be associated with focal adhesions 

and data has suggested that Notch can interact with β1 integrins involving lipid rafts 

(310,342). Therefore, a better understanding of the interaction between Notch, the 

small GTPases and integrins at the cell surface may help to explain crucial processes 

in integrin activation and Notch antagonism of H-Ras. 
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The results presented here indicate that Notch-1-mediated integrin activation requires 

cleavage of the Notch receptor at S3 to release the intracellular domain but is 

independent of CSL-transcription. Importantly, it is shown that integrin activation by 

Notch is not inhibited by MINT, which prevents Notch binding to CSL (195). CSL-

independent Notch signalling has been suggested by previous analysis of Notch 

mutant phenotypes in Drosophila - two gain of function classes of Notch alleles were 

defined which prevent development of sensory bristles, one of which is not rescued 

by removing Su(H) (302). In vivo evidence for CSL-independent signalling in 

vertebrates has been provided by experiments examining Delta-1 activated signals in 

the developing avian neural crest (343). In vitro studies have shown that Notch can 

prevent differentiation of C2C12 mouse myoblasts into myotubes. Myoblast 

differentiation is not blocked by a dominant negative CSL protein and can be 

mimicked by truncated forms of Notch, which cannot activate a CBF-1-dependent 

promoter (303). The mediators of these pathways are not well defined. In this 

chapter, direct evidence of CSL-independent Notch signalling is presented. 

Furthermore it is demonstrated that R-Ras is a key signalling moiety in this pathway. 

These data indicate that intracellular Notch specifically activates R-Ras and that 

dominant-negative R-Ras blocks Notch integrin activation. R-Ras has important 

cellular effects including survival, transcription and adhesion but the physiological 

activators are poorly understood (339). Thus, these observations define a novel 

Notch signalling pathway and describe a new R-Ras activator.  

It is shown in this chapter that Notch activation of integrins requires the ankyrin 

repeat domain of intracellular Notch. Recent studies have indicated that this region is 

essential for all known Notch functions (323). Genetic analyses in Drosophila 

utilising Notch deletion mutants have indicated that deletion of the RAM-ANK 

region abolishes the ability of full length Notch to transduce a Su(H)-dependent 

signal (344). Point mutations within the ankyrin repeats of full length Notch produce 

strong dominant negative phenotypes, whereas mutations that eliminate RAM 

activity do not abolish Notch signalling (287,344). Studies of mouse Notch-1 have 

shown that the ankyrin repeats are responsible for binding to CSL and transactivation 

(321); Notch mutants consisting of the TAD/PEST region were unable to activate 

transcription but this could be rescued by co-expression of the ankyrin repeat 
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domain. The data presented here concurs with these genetic and in vitro studies. In 

addition it is shown that the ankyrin repeats have a previously undefined function not 

related to CSL binding. Therefore analysis of ankyrin repeat point mutations could 

enable dissection of Notch CSL-dependent and -independent signalling pathways. 

Adenoviral expression of constitutively active Notch-1 and Notch-2 in SCLC cells 

has been previously shown to induce an adherent cell morphology associated with 

reduced hASH-1 expression, suggesting epithelial differentiation (314). In contrast, 

the data shown in this chapter indicates that Notch signalling induced in SCLC cells 

by Jagged-1 does not alter cell adhesion. The reasons for these discrepancies may be 

due to differences in cell lines used and the methods of Notch activation. 

Sriuranpong et al used SCLC cell lines that had no detectable expression of Notch-1 

or Notch-2 (314). It is clear from RT-PCR data in this chapter that H69 and H345 

SCLC cell lines express Notch-2 receptor mRNA. Furthermore, Sriuranpong et al 

transfected SCLC cell lines with the intracellular Notch to activate Notch signalling 

(314). In contrast, in this chapter, Jagged-1 was used to activate a Notch signal in 

SCLC cells. These two methods are likely to induce different strengths and durations 

of Notch activation, which may produce different cellular effects, a hypothesis that 

could be tested by comparing the changes in HES-1 and hASH-1 expression with 

intracellular Notch-1 and immobilised Jagged-1. However, another explanation is 

suggested by the data in this chapter showing that Notch-1 and Notch-2 have 

differential effects on integrin activation. Thus, ligation of Notch-2 receptor on 

SCLC cells by Jagged-1 would not activate integrins or increase cell adhesion. 

Interestingly, although Sriuranpong et al found that both Notch-1 and Notch-2 

suppressed hASH-1 expression, Notch-2 produced much less marked cell 

morphology changes (314). Taken together these results suggest that some effects of 

Notch activation are common to all receptors, whilst some, e.g. integrin activation, 

are specific to receptor subtype. Comparison of Notch-1 and -2 signalling should 

therefore allow further investigation of the cellular mechanisms by which 

intracellular Notch interacts with and activates R-Ras, a crucial step in understanding 

in the upstream activators of small GTPases. 

Activation of Notch-2 has also been shown here to protect SCLC cells from 

etoposide-induced apoptosis. Prior work has suggested that Notch signalling in 
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SCLC may in fact act as a tumour suppressor by restricting neuroendocrine 

phenotype (314). The data presented in this chapter suggests that this assumption 

may in fact be an over-simplification. In fact Notch signalling may restrict SCLC 

development in early tumorigenesis but in established neuroendocrine tumours may 

promote cell survival. An analysis of Notch expression in human SCLC tumour 

sections and appropriate correlation to treatment response would indicate the 

importance of this pathway in vivo. In addition, further investigation is needed to 

determine the downstream signalling pathways that are activated by Notch in SCLC 

cells that contribute to chemoresistance. Potential candidates include PI3-kinase and 

Jnk signalling, which can be chemically inhibited allowing the effect on Notch-

induced chemoprotection to be studied (345,346). 

In conclusion, the data presented in this chapter demonstrates clear evidence for a 

new Notch signalling pathway. Ligand-induced cleavage of the Notch-1 receptor at 

S3 releases the Notch intracellular domain, which activates R-Ras, in a CSL-

independent manner involving the ankyrin repeats. Active R-Ras anatgonises H-Ras-

mediated integrin suppression increasing integrin affinity allowing cells to interact 

with their microenvironment. This process is likely to be important in cancer growth, 

as tumour cells often express high levels of Notch-1, β1 integrins and are frequently 

found in an ECM rich niche environment (347,348). Thus, these results defining an 

interaction between Notch, the Ras family of GTPases and β1 integrins add a new 

level of complexity to the Notch signalling pathway and have important implications 

for the future understanding of development and disease. 
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CHAPTER 6: The Presence Of Mononuclear Immune Cells In SCLC Tumour 

Sections Predicts Patient Survival. 

6.1 Introduction. 

It is widely accepted that local host immune responses can control tumour growth 

and even eradicate malignant cells (349). Prior studies have demonstrated that 

tumour infiltrating T-lymphocytes (TIL) and dendritic cells (DC), which play a 

central role in the generation of tumour-specific effector T-cells, are commonly 

found in solid tumours, and have been associated with improved patient survival and 

reduced relapse rate in melanoma, breast and ovarian cancer (350-352). Therefore, a 

novel approach to the treatment of lethal residual disease in patients with SCLC 

could be the induction of a host-immune response to attack chemo-resistant tumour 

cells. 

SCLC has a neuroendocrine phenotype and therefore expresses a number of specific 

antigens that could be used as immune targets. SCLC can present with paraneoplastic 

encephalomyelitis and peripheral neuropathy prior to clinical detection of the lung 

tumour (353). In these cases, antibodies are frequently detected in the patient’s 

serum, which react to proteins expressed on both SCLC and neurons (HuD, HuC and 

Hel-N1) (354). The early presentation of SCLC in these patients and the more 

favourable outcome from SCLC associated with paraneoplastic encephalomyelitis 

has led to the suggestion that these patients have developed an effective anti-tumour 

immune response (185). Thus, the expression of HuD by SCLC triggers an immune 

response by the host that limits cancer growth but is also directed against proteins 

selectively expressed on neurons. These observations have led to the search for other 

SCLC-specific antigens that could be used in immunotherapy. Strategies that have 

been proposed include targeting tumour-specific gangliosides, neural cell adhesion 

molecule (NCAM) and aberrant expression of p53 (191). Unfortunately a phase III 

study using an anti-idiotypic antibody that mimics the ganglioside GD3 as a vaccine 

in chemo-responsive limited disease SCLC has showed no overall survival benefit 

(355). The failure of this trial to demonstrate a benefit, in part reflects the limited 

knowledge of the local immune response to SCLC and its role in tumour progression. 
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In addition to using the immune system as a therapy for cancer it may also be used as 

a prognostic marker. At present there are only a few indicators that can be used to 

stratify SCLC patients into prognostic groups. These include clinical markers such as 

performance status (PS) measured using the ECOG scale (0-4), disease stage (limited 

or extensive), age and sex (81). In addition, peripheral blood biochemical markers 

such as lactate dehydrogenase (LDH) have also been shown to predict survival (81). 

Definition of novel prognostic markers would assist medical and patient decision 

making, highlight potential new therapeutic strategies and improve future research 

design. Previous research has demonstrated several immune parameters that predict 

patient prognosis and disease stage in SCLC. These have included the degree of 

delayed-type hypersensitivity reaction and defects in peripheral blood lymphocyte 

(PBL) numbers, proliferative response and IL-2 secretion (187-189,356). However, 

these studies have focused on the role of systemic immune dysfunction and have 

relied on complicated tests of immune response, which relate to tumour burden and 

may not reflect the changes in the local tumour environment. In other solid 

malignancies, local tumour infiltration by immune cells has been shown to be 

associated with improved patient survival (181,350-352). Therefore studies of the 

local tumour inflammatory microenvironment in SCLC may reveal new and accurate 

prognostic indicators. 
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6.2 Results. 

6.2.1 A Mononuclear Cell Infiltrate Consisting Of Lymphocytes And 

Macrophages Is Present In SCLC Tumour Sections. 

Ten surgically resected SCLC tumour sections were identified from the pathology 

archive at the Royal Infirmary in Edinburgh between the years 2000 and 2001. 

Although SCLC patients do not usually undergo surgical treatment, infrequently 

SCLC is confirmed by histology when a solitary pulmonary nodule is excised for 

diagnosis (39). Surgical excision is usually followed by systemic chemotherapy and 

these patients have a marginally better prognosis than limited disease SCLC treated 

with chemotherapy alone (39). However, surgical specimens provide a greater 

quantity of tumour material for immunohistochemical analysis and were therefore 

used initially. 

Using a mouse anti-human monoclonal antibody (Clone 565 Novacastra), which 

binds to CD45 on the surface of mononuclear immune cells but does not bind to 

SCLC cells, paraffin-embedded sections from surgically resected SCLC tumours 

were probed. Sections were immunohistochemically stained and viewed with light 

microscopy (Fig. 6.1). All 10 SCLC patients had CD45 positive (CD45+) cells 

within the majority of tumour areas viewed, indicating the presence of mononuclear 

immune cells within the tumour microenvironment. CD45+ cells were observed 

within the stroma surrounding the tumour (identified as fibrous tissue and blood 

vessels with no tumour cells) and also infiltrating the tumour cells in all of the 

sections analysed (areas defined in fig. 6.1 a). The number of CD45+ cells in 10 high 

power (400x) tumour fields for each SCLC patient was counted. The mean number 

of CD45+ cells/field varied from 6.4 to 127.4 with a median of 72.6 for the 10 SCLC 

tumours analysed. This suggested a significant variation in the amount of CD45+ cell 

infiltrate within the tumour microenvironment between SCLC patients. To confirm 

that this was not due to an artefact of sampling, further tumour sections sampled 

from a different part of the tumour block were probed and stained, giving similar 

results. Unfortunately the limited size of this preliminary study precluded any 

analysis of patient or tumour factors to explain this variation. 
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Figure 6.1: SCLC Sections Are Variably Infiltrated By CD45+ Mononuclear 

Cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) SCLC tumour section (400x) stained with haemotoxylin - areas indicated are (1) tumour and (2) 
stroma. (B-F) Formalin-fixed, paraffin-embedded tissue sections were probed with mouse anti-human 
CD45 antibody, followed by secondary rabbit anti-mouse HRP and DAB substrate. (B-D) 
Representative pictures (400x) of CD45 positive cells within tumour sections from 3 different SCLC 
patients. (E) CD45 negative control (formalin-fixed, paraffin-embedded glioblastoma section). (F) 
CD45 positive control (formalin-fixed, paraffin-embedded tonsil section). 
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To further characterise the cellular composition of the CD45+ infiltrate, mouse anti-

human monoclonal antibodies that bind specifically to surface markers on T-

lymphocytes (CD3, CD4 and CD8), macrophages (CD68) and B-lymphocytes 

(CD20) were used to probe tumour sections from the 10 SCLC cases. Sections were 

then immunohistochemically stained and viewed with light microscopy (Figs. 6.2 – 

6.6). 10 randomly selected high power fields (400x) containing tumour cells and a 

blood vessel were viewed and positive staining for each immune cell marker was 

graded using a numerical system; 1: zero cells/section, 2: 1-10 cells/section, 3: 11-50 

cells/section and 4: >50 cells/section. Both tumour infiltrating (contact with more 

than 1 tumour cell) and stromal (in fibrous tissue surrounding tumour islets) immune 

cells were graded in this way. 

10/10 SCLC patients had CD3+ T-lymphocytes in the tumour sections and the 

amounts varied between patients in a similar fashion to CD45+ cells (Fig. 6.2). 

Interestingly the distribution of CD3+ cells was different from CD45+ cells being 

predominantly in the tumour stroma rather than infiltrating the tumour cells; 7/10 

SCLC patients had more CD3+ cells within the stroma than infiltrating the tumour 

cells. In addition the CD3+ T-cells did not appear to be predominantly clustered in 

organised lymphoid tissue as would be seen in normal lung.  

The CD3+ infiltrate was comprised of both CD4+ and CD8+ T-cells (Figs. 6.3 and 

6.4). 6/10 patients had grade 2 or greater CD4+ T-cells in the SCLC sections 

analysed. CD4+ T-cells were observed both within the tumour stroma and infiltrating 

the tumour cells (Fig. 6.3). However a stromal distribution was observed more 

frequently (6/10 patients had greater CD4+ T-cell numbers in the stroma compared 

to within the tumour) suggesting a similar distribution to CD3+ cells. CD8+ T-cells 

were identified in 10/10 SCLC sections (grade 2 or greater) and were seen both in 

the tumour stroma and invading the mass of SCLC cells (Fig. 6.4). 8/10 patients had 

equal or greater numbers of CD8+ T-cells infiltrating the tumour mass compared to 

the peritumoural stroma. Interestingly 2/10 SCLC patients had intratumoral CD8+ T-

cells but no identifiable CD4+ T-cells in the fields analysed suggesting that the types 

of T-cells that comprise the CD3+ intratumoral lymphocytes in SCLC can vary 

between patients. The significance of this is not clear from this preliminary study. 
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In addition to T-lymphocytes, macrophages were identified within SCLC sections 

using an antibody that reacts to human CD68 (Fig. 6.5). CD68+ macrophages were 

present (grade 2 or greater) in both the peritumoral stroma and within the tumour 

cells mass in 10/10 SCLC sections at. However, macrophages were seen more 

commonly within the stroma than infiltrating the tumour cell islets; 8/10 SCLC 

patients had greater numbers of CD68+ cells within the tumour stroma. Predictably, 

the number of macrophages varied between patients in a similar fashion to the 

number of CD45+ cells.  

CD20+ B-cells were also sought within SCLC tumour sections. Despite adequate 

staining of the positive control a paucity of CD20+ staining in SCLC sections was 

observed (Fig. 6.6). CD20+ B-cells were observed in small numbers (no greater than 

grade 2) in only 2/10 tumour sections from SCLC patients and were predominantly 

confined to the tumour stroma. The presence of B-cells did not appear to correlate 

with the degree of CD45+ infiltrate. 

The abundance of CD3+ T-cells and CD68+ macrophages observed in this 

preliminary study suggests that these cell types comprise a significant component of 

the CD45+ infiltrate in SCLC sections. Similar findings have been described in other 

solid tumours (350-352). Interestingly in these studies significant variations in total 

mononuclear cell (CD45+) infiltrate were not observed. However, the data 

represented here suggests that tumour infiltration by CD45+ mononuclear cells 

(comprised of both T-cells and macrophages) varies considerably between SCLC 

patients suggesting significant differences in local tumour immune responses.  
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Figure 6.2: SCLC Sections Are Infiltrated By CD3+ T-Lymphocyte 

 

Formalin-fixed, paraffin-embedded tissue sections were probed with mouse anti-human CD3 
antibody, followed by secondary rabbit anti-mouse HRP and DAB substrate. (A-D) Representative 
pictures (400x) of CD3 positive cells within tumour sections from 4 different SCLC patients. (E) CD3 
negative control (formalin-fixed, paraffin-embedded glioblastoma section). (F) CD3 positive control 
(formalin-fixed, paraffin-embedded tonsil section). 
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Figure 6.3: SCLC Sections Are Infiltrated By CD4+ T-Lymphocytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formalin-fixed, paraffin-embedded tissue sections were probed with mouse anti-human CD4 
antibody, followed by secondary rabbit anti-mouse HRP and DAB substrate. (A-D) Representative 
pictures (400x) of CD4 positive cells within tumour sections from 4 different SCLC patients. (E) CD4 
negative control (formalin-fixed, paraffin-embedded glioblastoma section). (F) CD4 positive control 
(formalin-fixed, paraffin-embedded tonsil section). 
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Figure 6.4: SCLC Sections Are Infiltrated By CD8+ T-Lymphocytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formalin-fixed, paraffin-embedded tissue sections were probed with mouse anti-human CD8 
antibody, followed by secondary rabbit anti-mouse HRP and DAB substrate. (A-D) Representative 
pictures (400x) of CD8 positive cells within tumour sections from 4 different SCLC patients. (E) CD8 
negative control (formalin-fixed, paraffin-embedded glioblastoma section). (F) CD8 positive control 
(formalin-fixed, paraffin-embedded tonsil section). 
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Figure 6.5: SCLC Sections Are Infiltrated By CD68+ Macrophages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Formalin-fixed, paraffin-embedded tissue sections were probed with mouse anti-human CD68 
antibody, followed by secondary rabbit anti-mouse HRP and DAB substrate. (A-D) Representative 
pictures (400x) of CD68 positive cells within tumour sections from 4 different SCLC patients. (E) 
CD68 negative control (formalin-fixed, paraffin-embedded glioblastoma section). (F) CD68 positive 
control (formalin-fixed, paraffin-embedded tonsil section). 
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Figure 6.6: SCLC Sections Are Sparsely Infiltrated By CD20+ B-Lymphocytes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formalin-fixed, paraffin-embedded tissue sections were probed with mouse anti-human CD20 
antibody, followed by secondary rabbit anti-mouse HRP and DAB substrate. (A-D) representative 
pictures (400x) of tumour sections from 4 different SCLC patients probed with anti-CD20 antibody. 
(E) CD20 negative control (formalin-fixed, paraffin-embedded glioblastoma section). (F) CD20 
positive control (formalin-fixed, paraffin-embedded tonsil section). 
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6.2.2 The Presence Of A CD45-Positive Mononuclear Immune Cell Infiltrate 

Is Associated With Improved Survival In SCLC. 

Prior research has indicated the importance of the immune system in controlling 

cancer growth and spread. In addition the local tumour immune cell infiltrate, 

including macrophages and lymphocytes has been shown to predict patient survival 

and response to treatment in a variety of solid tumours (181,350-352). SCLC patients 

display evidence of tumour specific immunity, the presence of which may improve 

patient outcome (353). Data here indicates the presence of CD45+ mononuclear cells 

in surgically resected SCLC tumour samples. A considerable variability in the 

amount of CD45+ cellular infiltrate between these cases is also observed. This 

infiltrate consists of macrophages and lymphocytes, both cell types that could affect 

local tumour growth and thus patient prognosis. Therefore, it was hypothesised that 

the amount of CD45+ infiltrate could predict patient survival in SCLC. 

A retrospective analysis of 40 SCLC cases identified consecutively between the 

years 2000 and 2001 from the pathology archive at Lothian University NHS Trust 

was performed. In addition to the 10 resected SCLC cases described above, a further 

30 SCLC cases diagnosed by either CT guided core biopsy of a lung lesion or 

bronchoscopic biopsy of an endobronchial tumour were identified. Fine needle 

aspirate specimens of lung lesions and biopsy material from other tumour sites 

including lymph nodes were not included. The histological diagnosis of SCLC was 

reconfirmed by Dr W. Wallace (consultant pathologist) in all cases prior to inclusion 

in the study. SCLC tumour sections were then probed with a mouse anti-human 

CD45 monoclonal antibody (Clone 565 Novacastra) and immunohistochemically 

stained. The average number of CD45+ cells/high power field was determined for 

each SCLC tumour sample; CD45+ cells were counted by two independent observers 

using light microscopy from at least 6 randomly selected high power fields 

(400x)/tumour sample. Fields were not counted if they did not contain tumour cells. 

In addition, information regarding demographics (age and sex), tumour stage, 

treatment, and survival (up to 24 months) was collated from patient records for each 

SCLC case. 
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The mean age at diagnosis for the 40 SCLC cases identified was 64.4 years. There 

was a predominance of males, with 26 out of 40 (65%) cases being of male sex. 

Smoking information was incomplete from patient records. Tumour stage 

information was available in all cases. 25 out of 40 (62.5%) patients had extensive 

disease as assessed by the clinical oncology and multi-disciplinary team. Median 

survival was 9.5 months and 4 out of 40 patients survived more than 2 years. Median 

survival for those patients with limited disease (LD) stage was 14 months and 

extensive disease (ED) stage was 7 months. The majority of patients received 

chemotherapy (29 out of 40) and 7 out of 15 LD stage patients also received 

radiotherapy to the mediastinum and cranium. Performance status (PS) was only 

recorded in 7 out of 40 patients and only 3 out of 40 patients had a serum LDH level 

measured. Thus, the study population was comparable in demographics and disease 

characteristics to patients with SCLC in the UK, although the data was incomplete 

regarding all known prognostic markers (4). 

Initially it was determined whether the average number of CD45+ cells/high power 

field correlated with SCLC survival in months from diagnosis. Using a non-

parametric test a significant correlation between average number of CD45+ 

cells/high power field and survival (up to 24 months) was found (Spearman r = 

0.8105, p<0.0001) (Fig. 6.7). The median value for the average number of CD45+ 

cells/high power tumour field was 37.6 (range 1.9 to 127.4). This median value was 

used to divide the study population into two equal groups for further analysis; CD45 

‘low’ (average number of CD45+ cells/high power field less than 37.6) and CD45 

‘high’ (average number of CD45+ cells/high power field equal to or greater than 

37.6). The univariate Kaplan–Meier method was used to determine the prognostic 

impact of the average number of CD45+ cells/high power field on survival in SCLC. 

Figure 6.8 shows survival curves for both groups. Median survival in the CD45 ‘low’ 

group was 1.8 months compared with 16 months in the CD45 ‘high’ group. Using a 

log rank test, a significant difference in survival between the two groups (p< 0.0001) 

was observed. In addition, a significant difference in survival curves for extensive 

(ED) and limited (LD) stage (p<0.05) was observed in keeping with other published 

data (81). No difference in survival was found for age (p=0.1477) or sex (p=0.2). 

Importantly, no association was observed between CD45+ infiltrate (low/high) and 
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tumour stage (LD/ED) (Fisher’s exact test; two tailed; p=0.1908). Furthermore, 

multivariate analysis (Cox proportional-hazards model) of age (</equal to 65 or 

>65), sex (male/female), stage (LD/ED) and CD45+ infiltrate (low/high) indicated 

that CD45 ‘high’ immune cell infiltrate in tumour sections significantly and 

independently correlated with survival in SCLC (p<0.0001). Unfortunately due to 

the lack of data, it was not possible to determine whether the degree of CD45+ 

infiltrate was associated with patient health as indicated by performance status. 

However, this data suggests that average number of CD45+ cells/high power tumour 

is an independent prognostic factor for SCLC. 

 

Figure 6.7: X-Y Scatter Plot Showing Correlation Between Average Number Of 

CD45+ Cells/High Power Tumour Field And Survival In SCLC. 
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Formalin-fixed, paraffin-embedded tumour sections from 40 SCLC cases were probed with mouse 
anti-human CD45 antibody, followed by secondary rabbit anti-mouse HRP and DAB substrate. The 
average number of CD45 positive cells/high power (400x) field for each SCLC case was determined 
by counting using light microscopy. Survival from diagnosis for each case was determined up to 24 
months. 4 cases survived greater than 24 months and were excluded from analysis. Scatter graph 
shows average number of CD45 positive cells/field (CD45) on the X axis with survival in months 
(survival) on the Y axis. There is a significant correlation between average number of CD45+ 
cells/high power field and survival (Spearman r = 0.8105, p<0.0001). 

n=36 
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Figure 6.8: Kaplan-Meier Survival Curves For 40 SCLC Cases Separated Into 

Equal CD45 ‘High’ And CD45 ‘Low’ Groups. 

 

 

 

Formalin-fixed, paraffin-embedded tumour sections from 40 SCLC cases were probed with mouse 
anti-human CD45 antibody, followed by secondary rabbit anti-mouse HRP and DAB substrate. The 
average number of CD45 positive cells for each SCLC case was determined by counting the number 
of CD45 positive cells in at least 6 high power fields (400x) using light microscopy. Survival from 
diagnosis for each case was determined up to 24 months. Using a median cut-off (37.6 CD45+ 
cells/field) the SCLC cases were divided into equal groups; CD45 ‘Low’ (<37.6 CD45+ cells/field) 
and CD45 ‘High’ (equal to or > 37.6 CD45+ cells/field). The graph shows survival probability against 
time to death in months for the two groups plotted using the Kaplan-Meier method. A significant 
difference in survival between the two groups was observed (p< 0.0001). 

CD45 ‘High’ n=20 

CD45 ‘Low’ n=20 
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5.3 Discussion. 

It is widely accepted that tumour development occurs due to the accumulation of 

genetic alterations in normal tissue cells allowing uncontrolled growth and 

subsequent malignant transformation (357). However, for these cancer cells to 

survive a variety of changes need to occur in the surrounding normal tissue to create 

a permissive tumour microenvironment (164,166,180). This, in many aspects, 

reflects a chronic inflammatory response and is actively promoted by the developing 

tumour (164). The components of the tumour microenvironment have been studied 

and a variety of non-cancer cell types have been identified including endothelial cells 

forming new blood vessels, activated fibroblasts and immune cells. These cells 

interact with extracellular matrix within the tumour stroma and transformed cells, 

facilitating cancer survival, growth and spread. Understanding this complex host 

reaction to the tumour is critical to the development of new anti-cancer therapies. 

Of the non-cancer cells in the tumour microenvironment, the most extensively 

studied has been the immune cell infiltrate in solid malignancies, including breast, 

colon, ovarian and non-small cell lung cancer (358). These studies have provided 

valuable information about the local immune reaction to such tumours and the role of 

inflammation in cancer development. In contrast, the local immune cell infiltrate in 

SCLC has not been extensively studied with previous research focusing on systemic 

immune defects in SCLC patients. Thus, the initial aim of the work described in this 

chapter was to define the immune cell content of the SCLC microenvironment, using 

resected tumour sections probed with monoclonal antibodies against mononuclear 

immune cells (CD45), T-lymphocytes (CD3, CD4 and CD8), B-lymphocytes (CD20) 

and macrophages (CD68). The results presented here indicate the presence of a 

CD45+ mononuclear immune cell infiltrate in the human SCLC microenvironment. 

This immune cell infiltrate consists of T-lymphocytes (both CD4+ and CD8+) and 

macrophages (CD68+), although there is a paucity of B-lymphocytes (CD20+). 

These observations are in direct agreement with a study of surgically resected SCLC 

tumours reported in 2000, which demonstrated a predominance of T-lymphocytes 

and macrophages infiltrating cancer cells (190). Interestingly, a much earlier 

investigation in SCLC suggested that there was a paucity of local immune cell 

infiltrate (359). The data presented here clearly demonstrates the presence of an 
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immune cell infiltrate in SCLC tumour sections. This may reflect the use of resected 

SCLC tumours, which allow a more careful and exhaustive analysis of immune cell 

infiltrate or the use of monoclonal antibodies to specifically detect macrophages and 

lymphocytes. Unfortunately, surgical resection is rare, thus this type of clinical 

material is sparse and may not reflect ‘typical’ SCLC. Further studies should be 

conducted on endobronchial or CT guided biopsy material. 

The data shown here indicates that the quantity and distribution of T-cell subtypes 

within the SCLC microenvironment differs. CD8+ T-cells were observed in greater 

numbers than CD4+ T-cells. Furthermore, CD4+ T-cells were found predominantly 

in the tumour stroma, in contrast to CD8+ T-cells, which were more prominent in the 

tumour mass/islets. This has frequently been observed in other cancers and is in 

contrast to non-malignant inflammatory reactions were an excess of CD4+ T-cells is 

observed (360). A paucity of B-lymphocytes was also observed in all SCLC tumour 

sections examined. B-cells are uncommonly found in other solid malignancies 

although a plasma cell infiltrate has been observed in cervical and breast cancer 

(361,362). The role of these cells is uncertain and the majority of antibody-producing 

B-cells are assumed to reside in tumour draining lymph nodes. The distribution of 

CD68+ macrophages in the microenvironment of SCLC is also similar to that 

observed in other solid malignancies (363). These findings suggest that the 

observation of a mononuclear immune cell infiltrate within the SCLC 

microenvironment represents a specialised host response to cancer cells rather than a 

non-specific inflammatory reaction. Unfortunately, these data do not indicate the role 

of these cells in SCLC growth, spread and response to treatment. 

Studies in other malignancies have attempted to determine the contribution of the 

local tumour immune cell infiltrate to cancer pathogenesis by correlating 

observations with patient outcome. In human ovarian and prostate cancer the 

presence of tumour infiltrating T-lymphocytes (TIL) has been shown to predict a 

favourable patient prognosis (352,364). It has been postulated that improved 

prognosis reflects control of cancer growth and spread through T-cell mediated 

cancer cell lysis (358). Studies have also investigated the role of tumour-associated 

macrophages (TAM). In breast cancer, a high TAM density has been clearly 

correlated with reduced disease free survival (365). In contrast, a high density of 
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peritumoural macrophage infiltration has been strongly correlated with reduced 

lymph node metastases and improved survival in colon cancer (366). Currently, there 

is limited published data on the role of the immune cell component of the tumour 

microenvironment in SCLC growth or spread. Older studies of immune prognostic 

factors in SCLC have typically focused on the defects in peripheral immunity (e.g. 

lymphocyte proliferation). At best these demonstrate poorer survival in patients with 

impaired systemic immunity that is difficult to dissociate from tumour burden 

(189,356). The only investigation directly examining the prognostic significance of 

tumour infiltrating immune cells in SCLC was performed on n=56 SCLC cases that 

were treated surgically (190). The results from this study indicate that small tumour 

size and improved patient survival correlate with high numbers of tumour infiltrating 

lymphocytes and macrophages (190). Unfortunately this study was performed on an 

unusual cohort of SCLC cases (being surgically treated) and there is no description 

of patient characteristics (190). However, these results suggest that the local immune 

cell infiltrate in SCLC may play a crucial role in control of cancer growth. 

The initial investigation of surgically resected SCLC tumour sections reported in this 

chapter indicates a marked variability in the degree of CD45+ infiltrate between 

cases. This observation was therefore extended to include another 30 ‘typical’ SCLC 

cases identified from the pathology archive at Lothian University NHS trust. 

Interestingly, it was found that the amount of mononuclear immune cell infiltrate 

(number of CD45+ cells per high power field) correlated strongly with patient 

survival. In addition, the degree of CD45+ cell infiltrate was not associated with 

other well-described prognostic markers including patient age, sex or SCLC stage. 

Crucially, using a univariate Kaplan-Meier analysis and a multivariate Cox 

proportional-hazards analysis, high numbers (>37.6) of CD45+ cells per tumour field 

were shown to independently predict a favourable patient outcome. These results 

suggest that the local immune cell infiltrate in SCLC represents a host anti-tumour 

response, which may prolong disease free survival after treatment. Unfortunately, the 

significance of this observation remains unclear for several reasons which merit 

further discussion.  

Firstly, this is a relatively small study (n=40) and includes 10 patients who had 

surgical resection of their lung tumours for diagnostic purposes and may therefore 
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not truly represent a ‘typical’ SCLC population. Despite this, age, sex, stage and 

oncology treatment was similar to other published SCLC data. Extension of the study 

to include larger numbers would address this. Secondly, information on performance 

status was lacking from this study due to inaccurate patient records. Performance 

status (PS) is rated on a 0-4 scale and gives an overall assessment of patient 

functional ability and health (367). It is well defined as a prognostic indicator in 

SCLC (81). Clearly, correlation of CD45+ cell numbers with PS is important as it 

could indicate whether local immune cell infiltrate was reduced non-specifically in 

those patients who are less well (higher PS) and more likely to die quickly from 

SCLC cancer. Thirdly, staging data in SCLC is less comprehensive than in other 

tumours that rely on the TMN system. Thus, although it is simple to determine 

limited and extensive disease stages from retrospective analysis of case notes disease 

burden varies considerably. For example, it is possible to have extensive disease with 

a small peripheral lung tumour and a solitary liver metastasis and limited disease 

with extensive mediastinal lymph node involvement. Therefore correlating immune 

cell infiltrate with SCLC stage does not represent the volume or loco-regional spread 

of cancer. A prospective study with records of PS and TMN staging would address 

these two concerns. Finally, the data reported in this chapter did not focus on the role 

of specific immune cell types in SCLC survival. This is of crucial importance, as the 

identification of different immune cells that contribute positively or negatively to 

SCLC prognosis could direct future immunotherapy development. The data reported 

in 2000 on surgically treated SCLC indicates that the role of tumour infiltrating 

CD8+ T-cells and macrophages should be examined (190). This could be extended to 

include regulatory T-cells, which have been shown in other tumours to correlate with 

poor survival (368-370). It is predicted that a predominance of regulatory T-cells 

may be observed in the microenvironment of SCLC cases with poor local immune 

response (i.e. reduced CD45+ infiltrate) suggesting a mechanism for SCLC immune 

suppression.  

In conclusion, the data represented in this chapter provides further insight into the 

immune cell component of the SCLC microenvironment. Future studies should 

prospectively recruit SCLC patients, include immunohistochemical analysis of 

immune cell phenotype, tumour cell apoptosis, proliferation and angiogenesis and 
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correlate observations with disease-free survival, to provide a comprehensive 

analysis of the role of tumour infiltrating immune cells in SCLC pathogenesis. The 

results shown here indicate that this type of analysis may be performed on routinely 

acquired endobronchial and CT guided biopsy material increasing the clinical 

applicability of such research. 
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CHAPTER 7: Small Cell Lung Cancer Cells Suppress Cell-Mediated Immune 

Responses In Vitro. 

7.1 Introduction. 

The host immune system is an attractive target for the development of novel anti-

cancer therapy. This is supported by the presence of immune cells in solid cancers 

that can be expanded to selectively eliminate tumour cells and the demonstration of 

tumour-associated antigens that can induce specific anti-tumour immune responses 

(182,185,360,371). Unfortunately, immunotherapy has met with limited success in 

clinical trials, in part because, despite recognition by the immune system, tumours 

can evade immune responses (184). Thus, the mechanisms by which cancer cells can 

suppress or subvert immune cell functions have been of recent interest. 

The presence of a tumour specific immune response in SCLC has been suggested by 

case reports of SCLC complicated by neurological paraneoplastic syndromes, in 

which serum antibodies are detected that bind to surface proteins on both SCLC cells 

and neurons (36,186,353,354). These patients show an improved prognosis and a 

small proportion have been reported to show spontaneous tumour regression (186). 

Thus, it is possible that the presence of antibodies to SCLC cell antigens and 

spontaneous tumour regression indicates an effective anti-tumour immune response. 

However this is not observed in the majority of patients (186). In addition, SCLC 

patients frequently display signs of immuno-compromise suggesting that SCLC cells 

may adversely influence the behaviour of the immune system allowing unregulated 

tumour growth.  

Early studies in SCLC patients have demonstrated several important defects in 

peripheral cell-mediated immune responses. SCLC patients have been shown to 

display the least skin delayed-type hypersensitivity (DTH) reactions of all lung 

tumour types (356). Defects in peripheral blood lymphocytes (PBL) numbers (high 

CD4/CD8 ratio) from patients with SCLC have been observed (372). PBLs from 

SCLC patients have been shown to display reduced proliferative responses and 

secretion of IL-2 and macrophage-activating factor in response to 

phytohaemagglutinin (PHA) than lymphocytes from healthy volunteers (187). 

Furthermore low IL-2 secretion by PBLs has been demonstrated to predict poor 
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survival in SCLC (188,189). Interestingly in one study IL-2 secretion was shown to 

return to normal when the tumour load was reduced (188). This data suggests that 

SCLC can alter immune cell function dramatically with effects detectable distant 

from the tumour site. 

Defects in the local immune response to SCLC have also been demonstrated. 

Histological analysis of lung cancer tumour sections has revealed a paucity of 

inflammatory infiltrate in SCLC compared to other lung tumours (359). 

Subsequently, it has been shown that alveolar macrophages from bronchoalveolar 

lavage (BAL) specimens of SCLC patients poorly stimulate peripheral blood 

lymphocytes compared with healthy volunteers (373). In addition, alveolar 

macrophages from SCLC patients show reduced phagocytosis, reduced production of 

cytokines (TNF-α, IL-1 and IL-6), and reduced expression of major 

histocompatibility complex (MHC) class II antigen, ICAM-1 and CD83 (374). Using 

selectively cultured lymphocytes (using IL-2) and cancer cells from lung cancer 

specimens, it has been demonstrated that whilst lymphocytes from NSCLC patients 

were able to efficiently lyse autologous cancer cells those isolated from SCLC 

specimens were ineffective (375). Furthermore, data presented in chapter 6 of this 

thesis indicate that the local immune cell infiltrate in tumour sections varies between 

SCLC cases and correlates with survival. Taken together, these results suggest that 

specific defects are present in the cellular immune response of SCLC patients, which 

may in part be mediated by interaction of SCLC cells with immune cells in the local 

tumour microenvironment. 

It has been shown that MHC class I antigens are expressed at very low levels on 

SCLC cells and in SCLC tumour sections (376). The loss of expression has been 

attributed to a defect in transporters associated with antigen presentation (TAP) 

alleles (377). MHC class I is required for tumour antigen presentation by SCLC and 

subsequent cytotoxic T-lymphoctye-mediated tumour cell lysis (378). Thus, down 

regulation of MHC class I may represent an important mechanism for evasion of 

immunosurveillance and may be selected for early in tumour development. MHC 

class I expression can be induced in SCLC cell lines in vitro by transfection with the 

interferon gamma (IFN-γ) gene, thus promoting antigen presentation to cytotoxic T-

cells (379). Unfortunately a phase III clinical trial of recombinant IFN-γ in 179 
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chemo-responsive SCLC patients showed no survival benefit over best supportive 

care (380). The failure of IFN-γ to produce any clinical effect may indicate the 

presence of other immunosuppressive or -subversive mechanisms. It has been shown 

that SCLC cells can produce soluble factors, which may mediate immunosuppression 

(381,382). Serum extracted from patients with SCLC has been shown to suppress in 

vitro antibody production and the ability of T-lymphocytes to form rosettes with 

sheep erythrocytes (381). In addition, a protein component of the supernatants from 

SCLC cell lines has been shown to suppress PBL proliferative responses to PHA 

(382).  

It is clear that before effective immunotherapy can be developed for SCLC further 

understanding of the mechanisms of immune suppression is required. Thus, an in 

vitro co-culture of peripheral blood mononuclear cells from healthy donors and 

human SCLC cell lines was established to determine the mechanisms by which 

SCLC cells could alter immune cell function.  
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7.2 Results. 

7.2.1 H69 And H345 SCLC Cells Suppress Proliferation Of A Mixed 

Leukocyte Reaction. 

Prior research has demonstrated suppression of peripheral blood lymphocyte 

responses and delayed-type hypersensitivity in SCLC cases that predict patient 

survival, indicating that defects in cell-mediated immunity may be important in 

SCLC pathogenesis (187-189,356,372). The mixed leukocyte reaction is a widely 

used in vitro assay for functional studies of cellular immunity (383). It allows the 

activation of responder cells to alloantigens presented by stimulator cells to be 

measured by uptake of 3H-thymidine, which is incorporated into newly synthesised 

DNA (383). Thus, this assay was used to determine whether the local interaction of 

SCLC cells with immune cells could suppress cell-mediated immune responses. 

Peripheral blood mononuclear cells (PBMCs) were prepared from the blood of 

healthy human donors by layering over a polysaccharide gradient and subsequent 

centrifugation as described in chapter 2. Mixed leukocyte reactions (MLRs) were 

established by combining equal numbers of PBMCs from two separate donors (5 x 

104 cells/donor) with Con A (5µg/ml) in a 96 well plate. To determine whether 

SCLC cells could suppress this cell-mediated immune response, cell lines derived 

from human SCLC tumours (H69, H345 and H510) were treated with mitomycin C 

(50µg/ml) and co-cultured with the MLR at a 1:1 ratio (1 x 105 SCLC cells: 1 x 105 

mixed leukocytes). Proliferation of responder cells was determined at 72 hours by 

uptake of 3H-thymidine.  

As expected, MLRs stimulated with Con A (5µg/ml) actively incorporated 3H-

thymidine at 72 hours (42709 +/- 4173 cpm; mean of n=7 independent experiments 

+/- SEM) (Fig. 7.1). Importantly, SCLC cell lines treated with mitomycin C 

(50µg/ml) did not significantly uptake 3H-thymidine (Fig. 7.1). However, co-culture 

of mitomycin C treated H69 and H345 SCLC cells resulted in a significant reduction 

in MLR 3H-thymidine uptake (22260 +/- 1259 cpm, p< 0.01 and 30042 +/- 2570 

cpm, p<0.05 respectively; mean of n=7 independent experiments +/- SEM) (Fig. 

7.1). Interestingly, H510 SCLC cells did not significantly suppress MLR uptake of 
3H-thymidine (41495 +/- 4031 cpm, p=0.837; mean of n=7 independent experiments 
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+/- SEM) (Fig. 7.1). This data indicates that these observed effects are not due non-

specific effects of co-culture such as toxic inhibition by mitomycin C or use of 

nutrients by SCLC cells. Instead, the results suggest that specific SCLC cell lines can 

suppress cell-mediated immune responses. 

 

 

Figure 7.1: H69 And H345 SCLC Cell Lines Suppress 3H-Thymidine Uptake By 

A Mixed Leukocyte Reaction. 

 

 

 

Mixed leukocyte reactions were established by combining peripheral blood mononuclear cells from 
two separate healthy donors (5 x104 cells/donor, 1x105 cells in total) in 96 well plates with Con A 
(5µg/ml). Mixed leukocyte reactions were cultured alone (MLR) or with 1 x105 mitomycin C treated 
SCLC cells (H69, H345 or H510) and activation of responder cells determined at 72 hours by uptake 
of 3H-thymidine. The graph represents mean 3H-thymidine uptake (counts per minute; cpm) for n=7 
independent experiments +/- SEM. * indicates p<0.05 and ** p<0.01. 
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7.2.2 H69 and H345 SCLC Cell Lines Suppress Proliferation of Human CD4+ 

T-Cells. 

The data presented above indicate that SCLC cell lines can suppress cell-mediated 

immunity in vitro. The mixed leukocyte reaction is a functional assay but involves 

different cell types including antigen presenting cells and lymphocytes. In order to 

investigate the mechanisms by which SCLC cells suppress cell-mediated immune 

responses it was necessary to examine the effects on specific immune cells types. 

The important effector cells for generating an anti-tumour response in SCLC are not 

known. However, research in other tumours indicates an important role for T-cells. 

T-lymphocytes are broadly categorised into two groups based upon the surface 

expression of CD4 and CD8 (181). The CD4+ T-cell subset contains both the helper 

T-cells which co-ordinate immune responses and enable generation of effective cell-

mediated and humoral immunity and regulatory CD4+ cells which can down-

regulate immune responses (384). CD8+ T-cells mediate MHC class I restricted 

cytotoxicity and have been shown to have an important role in the immune response 

to many solid tumours (385). Prior research has also indicated a central role for 

CD4+ T-cells in cancer immunity. Tumour specific CD4+ T-cells that recognise 

tumour antigens have been demonstrated and can migrate to tumour sites (386). 

CD4+ T-cells have been demonstrated to be important for tumour rejection. 

Vaccination of mice with irradiated tumour cells prior to live tumour cell 

inoculation, results in markedly reduced/absent tumour growth, i.e. tumour rejection 

(387). Importantly, in these experiments CD8-/- knockout mice can still reject 

tumours in contrast to CD4-/- knockout mice that fail to do so (387). CD4+ T-cells 

may also act as effector cells early in anti-tumour immunity, a mechanism dependent 

on IFN-γ, which may be particularly important in low MHC class I expressing 

tumours (e.g. SCLC) (388). In contrast, promotion of CD4+CD25+ regulatory T-

cells (Tregs) may represent a key mechanism by which solid tumours can evade 

effective immune responses (181,389). Given the importance of CD4+ T-cells in 

cell-mediated anti-tumour immunity, the effect of SCLC cell lines on CD4+ T-cell 

activation was investigated. 
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Human CD4+ T-cells were purified from healthy blood donor PBMCs using a 

magnetic bead negative selection technique as described in chapter 2. This routinely 

produced CD4+ T-cell purities (assessed by flow cytometry) in excess of 94%. To 

investigate the effect of SCLC cells on CD4+ T-cell proliferation, co-culture 

experiments were established. In 96 well plates, CD4+ T-cells (2 x 105 cells/well) 

activated with immobilised anti-CD3 (5µg/ml) and soluble anti-CD28 (1µg/ml) were 

cultured alone or in combination with equal numbers of mitomycin C treated 

(50µg/ml) SCLC cells (H69, H345 or H510 lines). CD4+ T-cell proliferation was 

assessed after 72 hours by uptake of 3H-thymidine. As expected, anti-CD3/CD28 

stimulation of CD4+ T-cells produced a marked uptake of 3H-thymidine at 72 hours 

(122380 +/- 6708 cpm; mean n=12 experiments +/- SEM). However, CD4+ T-cells 

activated with anti-CD3/CD28 in co-culture with H69 SCLC cells showed 

significantly less 3H-thymidine uptake (89556 +/- 4403 cpm; mean n=12 

experiments +/- SEM p<0.01) (Fig. 7.2 a and 7.2 b). This occurred despite 

inactivation of the H69 SCLC cells as indicated by low 3H-thymidine uptake at 72 

hours. Co-culture of CD4+ T-cells with H345 SCLC cells also caused a trend 

towards suppression of T-cell proliferation as indicated by reduced 3H-thymidine 

uptake at 72 hours although the difference between the means was not significant 

(123985 +/- 8393 compared with 97677 +/- 10560; mean of n=9 experiments +/- 

SEM, p=0.0689) (Fig. 7.2 b). H510 SCLC cells had no significant effect on CD4+ T-

cell proliferation in response to anti-CD3/CD28 (Fig. 7.2 b). 

It is apparent from analysis of 10 resected SCLC tumours that the ratio of SCLC 

cells to CD4+ T-cells is frequently greater than 1:1 (see chapter 6). Therefore, in 

order to represent the tumour microenvironment more accurately, CD4+ T-cells were 

co-cultured with greater numbers of SCLC cells. In 96 well plates, 1 x 105 human 

CD4+ T-cells activated with anti-CD3/CD28 were cultured alone or with 1, 2 or 4 x 

105 mitomycin C inactivated H69 SCLC cells. T-cell proliferation was determined by 
3H-thymidine uptake at 72 hours. As previously described CD4+ T-cells stimulated 

with anti-CD3/CD28 alone showed active uptake of 3H-thymidine (131279 +/- 8114; 

mean cpm +/-SEM n=6 experiments) (Fig. 7.3a). Co-culture with 1 x 105 H69 SCLC 

cells did not significantly suppress CD4+ T-cell proliferation (111297 +/- 1378, p = 

0.057). However, CD4+ T-cells co-cultured with 2 and 4 x105 H69 SCLC cells/well 
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showed significant suppression of 3H-thymidine uptake compared to CD4+ T-cells 

alone (95378 +/- 6016, p < 0.01 and 61612 +/- 8675, p < 0.001 respectively; mean 

cpm +/- SEM n=6 experiments) (Fig. 7.3 a).  

In the initial experiments described, H345 and H510 SCLC cell lines did not 

significantly affect CD4+ T-cell activation. To investigate whether greater numbers 

of these SCLC cell lines could suppress CD4+ T-cell activation, the experiments 

were repeated with either 4x105 H345 or H510 cells/well. It was observed that co-

culture with 4 x105 H345 cells significantly suppressed CD4+ T-cell 3H-thymidine 

uptake compared with CD4+ T-cells alone (90053 +/- 11401 c.f. 126372 +/- 8524, p 

< 0.05; mean +/- SEM n=4 experiments) (Fig. 7.3 b). However co-culture with H510 

cells had no-significant effect on 3H-thymidine uptake by CD4+ T-cells. 

Taken together this data indicates that specific cell lines derived from human SCLC 

patients (i.e. H69 and H345) can suppress polyclonal T-cell receptor (TCR)-mediated 

proliferation of human CD4+ T-cells in vitro. This could represent an important 

mechanism by which SCLC cells can evade effective anti-tumour immune responses 

in vivo, as CD4+ T-cells co-ordinate many key aspects of tumour immunity (181). In 

addition, the failure of some cell lines (H510) to affect T-cell activation suggests that 

previously observed differences in cell-mediated immune responses between patients 

may reflect factors specific to the SCLC tumour rather than the host. 
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Figure 7.2: H69 SCLC Cell Lines Suppress CD4+ T-cell Proliferation. 

 

 

 

CD4+ T-cells were purified from healthy donor peripheral blood mononuclear cells by negative 
selection and cultured in 96 well plates (2 x 105 cells/well) alone or with mitomycin C treated H69, 
H345 or H510 SCLC cells (2 x 105 cells/well). The CD4+ T-cells were stimulated with immobilised 
anti-CD3 and soluble anti-CD28 and uptake of 3H-thymidine at 72 hours measured as a marker of 
proliferation. (A) Line graph shows uptake of 3H-thymidine (counts per minute; cpm) by anti-
CD3/CD28 stimulated CD4+ T-cells from 12 individual donors cultured alone (CD4+ T-cells) or with 
H69 SCLC cells (CD4+ T-cells + H69 SCLC). (B) Bar graph shows mean uptake of 3H-thymidine +/- 
SEM by SCLC cells and anti-CD3/CD28 stimulated CD4+ T-cells cultured alone (CD4+ T-cells) or 
with SCLC cells (H69 n=12, H345 n=9, H510 n=6). ** indicates significant difference in mean 3H-
thymidine uptake (cpm) between CD4+T-cells cultured alone and with SCLC cells p<0.01. 
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Figure 7.3: Increasing The Ratio Of SCLC Cells To CD4+ T-cells In Co-culture 

Increases Suppression Of T-cell Proliferation. 

 

 

 

CD4+ T-cells were purified from healthy donor peripheral blood mononuclear cells by negative 
selection and cultured in 96 well plates (1 x 105 cells/well) alone or with mitomycin C treated H69, 
H345 or H510 SCLC cells. The CD4+ T-cells were stimulated with immobilised anti-CD3 and 
soluble anti-CD28 and uptake of 3H-thymidine at 72 hours measured as a marker of activation. (A) 
Graph shows mean uptake of 3H-thymidine (counts per minute; cpm) +/- SEM by CD4+ T-cells 
cultured alone or with H69 SCLC cells (1, 2 or 4 x 105 cells/well) (n=6 experiments). (B) Graph 
shows mean uptake of 3H-thymidine (cpm) +/- SEM by CD4+ T-cells cultured alone or with 4 x105 
SCLC cells lines. (n=6 H69, n=4 H345 and n=4 H510). Asterisks indicate significant difference in 
mean 3H-thymidine uptake (cpm) between CD4+T-cells cultured alone and with SCLC cells. * p < 
0.05, ** p < 0.01 and *** p < 0.001. 
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7.2.3 H69 SCLC Cell Lines Increase IL-10 Secretion By Activated CD4+ T-

Cells. 

Previous published data has indicated that suppression of CD4+ T-cell proliferation 

can be accompanied by inhibition of cytokine production (390). In particular, down-

regulation of interleukin-2 (IL-2) secretion can promote the development of T-cell 

anergy preventing responses to further stimulation through the TCR (391). In 

contrast, tumour-infiltrating lymphocytes isolated from human renal cell carcinoma 

have been shown to produce IL-2 but do not proliferate in response to CD3 and co-

stimulatory signals (392). Therefore, experiments were performed to determine 

whether SCLC cell suppression of activated CD4+ T-cells proliferation was 

accompanied by changes in cytokine release. 

1 x105 CD4+ T-cells, prepared from human PBMCs were activated in 96 well plates 

with anti-CD3/CD28 and cultured alone or with 4 x105 mitomycin C treated H69 

SCLC cells. Unstimulated CD4+ T-cells or mitomycin C treated H69 SCLC cells 

were cultured alone as controls. After 72 hours supernatants were removed from the 

cultures and the concentrations of IL-2, IL-4, IL-6, IL-10, IFN-γ and TNF-α were 

measured using a cytometric bead array. Cellular proliferation was assessed in all 

conditions by uptake of 3H-thymidine. As predicted, resting CD4+ T-cells and H69 

SCLC cells did not proliferate or produce significant amounts of any of the cytokines 

measured (Fig. 7.4). Activated CD4+ T-cells cultured alone produced significant 

amounts of all the cytokines measured (Fig. 7.4). Interestingly, despite showing 

suppressed proliferation, the supernatants from activated CD4+ T-cells co-cultured 

with H69 SCLC cells contained similar concentrations of IL-2 compared to activated 

CD4+ T-cells alone. Furthermore, co-culture of H69 SCLC cells with activated 

CD4+ T-cells did not significantly affect supernatant concentrations of IL-4, IL-6, 

IFN-γ or TNF-α (Fig. 7.4). This indicates that SCLC cells do not induce a shift to a 

TH1 or TH2 phenotpye in activated CD4+ T-cells in vitro. However, activated CD4+ 

T-cells co-cultured with H69 SCLC cells produced significantly greater amounts of 

IL-10 compared with activated CD4+ T-cells cultured alone (5182 +/- 146 vs. 3986 

+/- 163 p < 0.05; mean concentration (pg/ml) n=5 experiments +/- SEM). 
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Figure 7.4: SCLC Cells Increase IL-10 Release By Activated CD4+ T-cells. 

 

 
 
CD4+ T-cells, activated with anti-CD3/CD28, were cultured alone (1x105 cells/well) or with 
mitomycin C treated H69 SCLC cells (4x105 cells/well) in 96 well plates. Resting CD4+ T-cells and 
mitomycin C H69 SCLC cells were used as controls. Supernatants were collected after 72 hours and 
the concentrations of IL-2, IL-4, IL-6, IL-10 IFN-γ and TNF-α were measured using a cytometric 
bead array. Graphs show mean concentration (pg/ml) of indicated cytokine +/- SEM collected from 
resting CD4+ T-cells (RT), activated CD4+ T-cells (AT), H69 SCLC cells (H69) and activated CD4+ 
T-cells co-cultured with H69 SCLC cells (H69/AT) (n=5 experiments). * indicates significant 
difference in mean IL-10 concentration between AT and H69/AT p < 0.05. 



 166 

7.2.4 H69 SCLC Cells Do Not Alter CD4+ T-cell Surface Expression of 

Activation Markers CD25 or CD69. 

CD25 is a 55kDa transmembrane protein that functions as the α-chain of the IL-2 

receptor (IL-2R) (393). CD69 is a 60kDa transmembrane protein that is involved in 

early lymphocyte activation and can affect cellular Ca2+ influx and cytokine 

production (394). Activation of naïve CD4+ T-cells results in increased surface 

expression of CD25 and CD69. Furthermore, expression of these markers has been 

shown to correlate with 3H-thymidine uptake (395). Thus, it was investigated 

whether SCLC cells could alter activated CD4+ T-cell expression of CD25 and 

CD69. 

Human CD4+ T-cells (0.5 x 106 cells/well) were activated with anti-CD3/CD28 and 

cultured alone or with mitomycin C treated H69 SCLC cells (2 x 106 cells/well) in 24 

well plates. Suppression of proliferation was confirmed by uptake of 3H-thymidine. 

Resting CD4+ T-cells (0.5 x 106 cells/well) were cultured as controls. After 72 

hours, surface expression of CD25 or CD69 was analysed on CD4+ T-cells using 

flow cytometry (Fig. 7.5). It was found that activation of CD4+ T-cells with anti-

CD3/CD28 markedly increased expression of both CD25 and CD69. Interestingly, 

co-culture with H69 SCLC cells did not significantly alter expression of CD25 or 

CD69 on activated CD4+ T-cells despite suppression of 3H-thymidine uptake. 

Taken together this data indicates that H69 and H345 but not H510 SCLC cell lines 

can suppress activated CD4+ T-cell proliferation in vitro. This is not caused by a 

down-regulation in IL-2 secretion or expression of IL-2R (CD25) but is accompanied 

by an increase in IL-10 secretion.  



 167 

Figure 7.5: SCLC Cells Do Not Suppress Surface Expression Of CD25/CD69 

On Activated CD4+ T-cells. 

 
 

CD4+ T-cells, activated with anti-CD3/CD28, were cultured alone (0.5x106 cells/well) or with 
mitomycin C treated H69 SCLC cells (1x106 cells/well) in 24 well plates. Inactivated/resting CD4+ T-
cells were cultured as controls. After 72 hours surface expression of CD25 or CD69 was determined 
on CD4+ T-cells by flow cytometry. (A-F) Representative histograms of FL-2 fluorescence intensity 
(surface expression of CD25 (A,C,E) or CD69 (B,D,F,)) on resting CD4+ T-cells (A,B), activated 
CD4+ T-cells (C,D) and activated CD4+ T-cells co-cultured with H69 SCLC cells (E,F). (G, H) 
Graphs showing average geo-mean FL-2 fluorescence intensity (surface expression of CD25 or 
CD69) within M1 marker on resting CD4+ T-cells (RT), activated CD4+ T-cells (AT) and activated 
CD4+ T-cells co-cultured with H69 SCLC cells (H69/AT) (n=5 experiments +/- SEM). 
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7.2.5 A Soluble Factor Secreted By SCLC Cells Mediates Suppression Of 

CD4+ T-cell Proliferation. 

Prior research has suggested that a component of the media from SCLC cells can 

suppress lymphocyte proliferation in response to PHA (382). It is clear from data 

described above that H69 and H345 SCLC cell lines can suppress both MLR and 

CD4+ T-lymphocyte proliferation in co-culture. This could occur either through the 

secretion of immunosuppressive factors or direct SCLC cell-lymphocyte interaction. 

To investigate whether cell-cell contact was required for the observed suppression of 

CD4+ T-cell proliferation, SCLC cells were cultured in transwells (0.4 µm pores), 

which prevent direct surface contact with the lymphocytes but allow activity of 

soluble immunosuppressive factors. 

Human CD4+ T-cells (0.5 x 106 cells/well), activated with anti-CD3/CD28, were 

cultured in 24 well plates alone or with transwells containing SCLC cells (2 x 106 

cells/well). After 72 hours transwells were removed and CD4+ T-cell proliferation 

was assessed by uptake of 3H-thymidine. As previously observed, CD4+ T-cells 

proliferated significantly in response to anti-CD3/CD28 (109172 +/- 7015 cpm; 

mean 3H-thymidine uptake +/- SEM n=7 experiments). However, co-culture with 

H69 SCLC cells in transwells significantly suppressed CD4+ T-cell proliferation 

(62278 +/- 8633 cpm; mean 3H-thymidine uptake +/- SEM, n=7 experiments, p < 

0.01) (Fig. 7.6a). In addition, CD4+ T-cells proliferation was significantly 

suppressed by co-culture with H345 SCLC cells in transwells (113546 +/- 5956 cpm 

vs. 86493 +/- 6785 cpm respectively; mean 3H-thymidine uptake +/- SEM, n=4 

experiments, p < 0.05) (Fig. 7.6a). This suggests that SCLC suppression of CD4+ T-

cell proliferation is not dependent on direct cell-cell contact. However it does not 

exclude the possibility of cellular interactions between SCLC cells and lymphocytes 

mediated by soluble factors. 

To determine whether SCLC cells constitutively produced a soluble factor that could 

suppress CD4+ T-cell proliferation, media from SCLC cells in tissue culture was 

used. SCLC cells were cultured in IMDM (10% FCS) at a starting density of 0.5 x 

106 cells/ml in 24 well plates. After 72 hours supernatants were removed from the 

SCLC cells and diluted 1:5 (20%) or 2:5 (40%) with IMDM (plus 10% FCS). CD4+ 
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T-cells in 96 well plates (1x105 cells/well), were activated with anti-CD3/CD28 and 

cultured with diluted SCLC supernatants or with 40% PBS (diluted in IMDM plus 

10% FCS) as a control. After 72 hours CD4+ T-cell proliferation was measured by 

uptake of 3H-thymidine. It was found that activated CD4+ T-cells showed significant 

uptake of 3H-thymidine after 72 hours and the replacement of 40% of the culture 

medium with PBS did not significantly affect proliferation (116292 +/- 4602 cpm vs. 

110631 +/- 2470 cpm respectively; mean 3H-thymidine uptake (cpm) +/- SEM n=3 

experiments p=0.306) (Fig. 7.6 b). However, addition of H69 and H345 SCLC 

supernatant caused significant suppression of activated CD4+ T-cell proliferation 

(Fig. 7.6 b). In addition the suppressive effect of 40% SCLC cell supernatant was 

greater than 20% (20% H69 supernatant: 94158 +/-1856 cpm vs. 40% H69 

supernatant: 71895 +/- 2027 cpm; mean uptake of 3H-thymidine (cpm) +/- SEM, n=3 

experiments, p < 0.05). As expected, neither concentration of H510 supernatant 

suppressed CD4+ T-cell 3H-thymidine uptake (Fig. 7.6b).  

This data indicates that SCLC cells can produce a soluble factor in tissue culture, 

which suppresses CD4+ T-cell proliferation in a dose-dependent manner. To further 

investigate the nature of this factor H69 SCLC supernatants were separated into two 

fractions by molecular weight (i.e. less or greater than 30kDa) using micro-spin 

columns as described in chapter 2. SCLC supernatants were also heated to 56oc for 

10 minutes. Suppression of activated CD4+ T-cell proliferation was compared for 

supernatants prepared as indicated. It was found that the low molecular weight 

fraction (< 30kDa) of SCLC supernatants produced similar suppression of CD4+ T-

cell proliferation to untreated supernatants (65742 +/- 9746 vs. 69870 +/- 8167 

p=0.762; mean 3H-thymidine uptake (cpm) +/- SEM, n=3 experiments) (Fig. 7.7). 

However the fraction containing soluble factors of molecular weight greater than 

30kDa did not significantly suppress CD4+ T-cell proliferation (Fig. 7.7). In addition 

heat inactivated SCLC supernatants suppressed CD4+ T-cell proliferation similarly 

to untreated supernatants (73462 +/- 8215 vs. 69870 +/- 8167 p=0.772; mean 3H-

thymidine uptake (cpm) +/- SEM, n=3 experiments) (Fig. 7.7). This data suggests 

that SCLC cells produce a soluble factor that can suppress CD4+ T-cell proliferation, 

which is heat stable and of a molecular weight less than 30kDa. 
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Figure 7.6: SCLC Produce A Soluble Factor Which Suppresses CD4+ T-cell 

Proliferation. 

 
 

(A) Human CD4+ T-cells (0.5x106 cells/well) were activated with anti-CD3/CD28 and cultured alone 
or with transwells (0.4 µm pore size) containing SCLC cells (2x106 cells/well). After 72 hours CD4+ 
T-cell proliferation was assessed by uptake of 3H-thymidine. Bar graph shows mean uptake of 3H-
thymidine (counts per minute; cpm) +/- SEM by CD4+ T-cells (n=5 experiments). (B) H69, H345 and 
H510 SCLC cells (0.5 x 106 cells/ml) were cultured in IMDM (10% FCS) for 72 hours and 
supernatants removed. CD4+ T-cells (1 x105 cell/well) were activated with anti-CD3/CD28 and 
cultured in 96 well plates with IMDM (10% FCS), IMDM (10% FCS) plus 40% PBS or IMDM (10% 
FCS) plus either 20% or 40% SCLC cell supernatant as indicated. After 72 hours T-cell proliferation 
was assessed by uptake of 3H-thymidine. Bar graph shows mean uptake of 3H-thymidine (cpm) +/- 
SEM by activated CD4+ T-cells (n=3 experiments). Asterisks indicate significant difference in mean 
3H-thymidine uptake (cpm) between CD4+T-cells cultured alone or with SCLC supernatant. * p < 
0.05, ** p < 0.01. 
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Figure 7.7: The Soluble Factor Produced by H69 SCLC Cells That Suppresses 

CD4+ T-cell Proliferation Is < 30kDa and Thermostable. 

 

 

 

H69 SCLC cells (0.5 x 106 cells/ml) were cultured in IMDM (10% FCS) for 72 hours, and 
supernatants removed. Supernatants were further treated by either separation into fractions containing 
soluble factors < 30kDa or > 30kDa or by heating to 56oc for 10 minutes. CD4+ T-cells (1 x105 
cell/well) were activated with anti-CD3/CD28 and cultured in 96 well plates. 40% SCLC cell 
supernatant treated as indicated was added to wells in triplicate. After 72 hours T-cell proliferation 
was assessed by uptake of 3H-thymidine. Bar graph shows mean uptake of 3H-thymidine (cpm) +/- 
SEM by activated CD4+ T-cells (n=3 experiments).  
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7.2.6 Suppression of Human CD4+ T-Cells Proliferation By H69 SCLC Cells 

Is Not Reversed By A TGF-β  Neutralising Antibody. 

The data above indicates that SCLC cells can suppress CD4+ T-cell proliferation via 

a soluble factor, which is less than 30kDa in molecular weight. Other solid tumours 

have been shown to produce a variety of soluble factors that can suppress cell-

mediated immune responses (396). These include cytokines (e.g. IL-10, TGF-β), 

prostaglandins, enzymes, and lectins (396). It has been demonstrated in this chapter, 

using a cytometric bead array, that SCLC cell lines do not secrete IL-10 (Fig. 7.4). 

However, co-culture of SCLC cells with CD4+ T-cells activated through the T-cell 

receptor (TCR) increased IL-10 in supernatants (Fig. 7.4). IL-10 is a potent 

immunosuppressive cytokine that can be produced by thymus derived and 

peripherally generated CD4+CD25+ Tregs (397,398). Tregs do not proliferate in 

response to mitogenic stimuli and suppress activation of effector T-cells (398). Prior 

research has demonstrated that solid tumours can promote the generation of 

CD4+CD25+ Tregs from CD4+CD25- T-cells independent of the thymus (399). 

Furthermore, it has been shown that the suppressive cytokine TGF-β can induce 

CD4+CD25+Foxp3+ Tregs from naïve CD4+CD25- T-cells in vitro (400). TGF-β 

plays a key role in tumour pathogenesis and its expression is observed in a variety of 

human tumours (401). It has three isoforms in mammals (TGF-β 1-3) and the mature 

protein forms soluble dimers with a molecular weight of approximately 25kDa (402). 

Thus, it was hypothesised that SCLC cells could suppress CD4+ T-cell activation 

and promote IL-10 production through the secretion of TGF-β. 

Initial experiments confirmed the presence of TGF-β1 in supernatants from H69 

SCLC cells using an ELISA method (77.4 +/- 5.8 pg/ml; mean TGF-β1 

concentration from n=3 experiments +/- SEM). The concentration of TGF-β1 in 

IMDM (10% FCS) was below the detection level of the ELISA (<31.25 pg/ml). To 

determine whether the suppression of CD4+ T-cell proliferation by SCLC cells was 

mediated by TGF-β, a neutralising antibody was used. As previously described, the 

ability of pan-isotype specific anti-TGF-β antibody to neutralise TGF-β1 activity in 

vitro was confirmed using stimulated CD4+ T-cells (see chapter 2) (403,404). 

Subsequently, T-cell culture media (IMDM with 10% FCS) or H69 SCLC 
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supernatants were pre-incubated with anti-TGF-β antibody or isotype control 

(10µg/ml) for 2 hours at 37oC. CD4+ T-cells were resuspended in these media, and 

cultured alone or with H69 SCLC cells in transwells in the presence of anti-

CD3/CD28. The proliferation of CD4+ T-cells was determined after 72 hours by 

uptake of 3H-thymidine. It was observed that neither the addition of isotype nor 

neutralising anti-TGF-β antibody had any effect on the proliferation of CD4+ T-cells 

in response to anti-CD3/CD28. Furthermore, anti-TGF-β antibody did not block the 

suppression of CD4+ T-cell proliferation mediated by H69 SCLC cells or H69 SCLC 

supernatant (Fig. 7.8). This data suggests that although SCLC cells can secrete TGF-

β the effect on CD4+ T-cell proliferation is not mediated by this cytokine. 

 

Figure 7.8: Suppression of Human CD4+ T-Cells Proliferation By SCLC Cells 

Is Not Mediated By TGF-β . 

 

 
 

H69 SCLC cells (0.5 x 106 cells/ml) were cultured in IMDM (10% FCS) for 72 hours, supernatants 
removed and diluted to 40% with IMDM (10% FCS). Anti-TGF-β () or isotype control antibody 
() (both 10µg/ml) were added to T-cell culture media (IMDM 10% FCS) or SCLC supernatants and 
incubated for 2 hours at 37oC. Human CD4+ T-cells were resuspended in these media (1x106 cells/ml) 
as indicated and cultured alone or with H69 SCLC cells (2x106 cells/well) in transwells in the 
presence of anti-CD3/CD28. After 72 hours, CD4+ T-cell proliferation was assessed by uptake of 3H-
thymidine. Bar graph shows mean uptake of 3H-thymidine (counts per minute; cpm) +/- SEM by 
CD4+ T-cells (n=4 experiments). 
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7.2.7 SCLC Cells Suppress Macrophage Surface Expression Of CD86 and 

CD16. 

It has been demonstrated that CD4+ lymphocytes form part of the local immune cell 

infiltrate in SCLC (see chapter 6). Macrophages are also important and constitute a 

significant proportion of the leukocyte infiltrate observed in SCLC tumour sections. 

The macrophage has been shown to play a key role in tumour immunity and growth 

(183,363). Research in other solid malignancies has indicated that tumour associated 

macrophages (TAMs) have a complex relationship with cancer cells. Activated 

macrophages are multi-functional, capable of antigen presentation, regulation of 

inflammation and immunity, cytotoxicity, phagocytosis, tissue remodelling and 

angiogenesis (183,363). The two poles of the activated macrophage spectrum are 

classically activated (M1) macrophages, characterized by IFN-γ production and 

alternatively activated (M2) macrophages, triggered by anti-inflammatory cytokines 

e.g. IL-10 (183,363). In the context of effective anti-tumour immunity macrophages 

may be skewed towards the M1 phenotype acting as antigen presenting cells (APCs) 

and be directly tumoricidal (183,363). However, if macrophages are skewed towards 

an M2 phenotype they may contribute to tumour progression by inducing tolerance 

to tumour-associated antigens and promoting a tumour stroma rich in new blood 

vessels and extracellular matrix (183,363). Despite its obvious importance, the 

interaction of SCLC cells with macrophages has not been studied. The following 

data were obtained by Jonny Rodriguez (BSc Honours student) under direct 

supervision. 

Macrophages were matured in vitro from adherent human peripheral blood 

mononuclear cells as described in chapter 2. To determine the effect of SCLC cells 

on macrophage phenotype, adherent human peripheral blood mononuclear cells were 

cultured in 6-well plates with H69 SCLC cells (1 x 106 cells/well), with H69 SCLC 

cell supernatant (diluted to 40% with normal culture media) or in standard culture 

media. After 7 days, adherent cells were removed from the wells and surface 

expression of CD80, CD86, CD16 or HLA-DR was determined on mature 

macrophages (CD11b/CD14 positive) using 3-colour flow cytometry. It was found 

that surface expression of CD86 and CD16 was significantly reduced on 

macrophages matured with H69 SCLC cells compared to macrophages matured in 
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standard culture media (Fig 7.9 a and c). However no significant difference was 

observed in the surface expression of CD80 or HLA-DR on macrophages matured in 

standard culture media or with H69 SCLC cells (Fig 7.9 b and d). These effects on 

CD86 and CD16 expression occurred without alterations in macrophage viability. 

Average macrophage viability after 7 days by trypan-blue exclusion was 87.4 +/- 

3.7% for standard culture media compared with 83.5 +/-7.7% for culture with H69 

SCLC cells (mean percentage viability +/- SEM; n=5 experiments). Interestingly, 

macrophages matured with H69 SCLC supernatants showed similar surface 

expression of CD86, CD80, CD16 and HLA-DR compared to macrophages matured 

in standard media. These results suggest that H69 SCLC cells can specifically 

suppress CD86 and CD16 expression on macrophages matured from monocytes. 

Furthermore, this effect appears to require an interaction between SCLC cells and 

macrophages rather than being mediated by a soluble factor constitutively produced 

by SCLC cells in culture. 
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 Figure 7.9: Macrophages Matured From Monocytes With H69 SCLC Cells 

Show Reduced Surface Expression Of CD86 and CD16. 

 

 

 

Adherent human peripheral blood mononuclear cells were cultured in 6-well plates with H69 SCLC 
cells (1 x 106 cells/well), with H69 SCLC cell supernatant (diluted 2:5 (40%) with normal culture 
media) or in standard culture media as indicated. After 7 days adherent cells were removed from the 
wells and surface expression of CD80, CD86, CD16 or HLA-DR was determined on mature 
macrophages (CD11b/CD14 positive) using 3-colour flow cytometry.  (A-D) Graphs show on Y axis 
average geo-mean FL-3 fluorescence intensity (MFI) for surface expression of CD80, CD86, CD16 or 
HLA-DR on macrophages matured in standard culture media (black bars), with H69 SCLC cells 
(white bars) or with H69 SCLC supernatants (grey bars) (average of n=5 experiments +/- SEM). 
Asterisks indicate significant difference in average geo-mean FL-3 fluorescence intensity between 
monocytes matured in standard culture media or with H69 SCLC cells (* indicates p < 0.05, ** 
indicates p < 0.01). 
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7.2.8 Suppression Of MLR Proliferation By H69 SCLC Cells Is Reversed By 

The Bombesin Antagonist RC-3095. 

It has previously been demonstrated that SCLC cells secrete a variety of 

neuroendocrine growth factors that form essential autocrine growth loops allowing 

escape from anchorage-dependent control of cell proliferation (92,141). 

Interestingly, neuropeptides have also been shown to affect immune cell function 

regulating both antigen presenting cell capability and lymphocyte proliferation. In 

particular, bombesin, a 14 amino acid peptide isolated from frog skin, has been 

shown to suppress IL-2 dependent proliferation of murine lymphocytes (CTLL-2 

cells) (405). Immunoreactivity for bombesin-like peptides, gastrin releasing peptide 

(GRP) and neuromedin B (NMB), has been demonstrated in SCLC cell lines (406). 

GRP and NMB have also been shown to suppress proliferation of murine 

lymphocytes derived from axillary nodes, spleen and thymus in response to Con A 

(407). Furthermore, bombesin-like peptides have been shown to inhibit dendritic cell 

maturation (decreased CD40, CD80 and CD86 expression) and IL-12 production, 

which could be prevented in part by a bombesin antagonist (408). Thus, it is possible 

that the observed effects of SCLC cell lines on CD4+ T-cells and macrophages 

described in this chapter could be mediated by bombesin-like neuropeptides. 

To investigate this, a specific bombesin antagonist, RC-3095, was used. RC-3095 is 

a pseudononapeptide with chemical formula (D-Tpi6, Leu13 (CH2-NH)-

Leu14)bombesin (6-14), which has been shown in vitro to compete with bombesin 

for binding to SCLC cells and to inhibit GRP-induced amylase release from rat 

pancreatic cells (409). Mixed leukocyte reactions (MLR) were activated with Con A 

and cultured alone or with transwells (0.4µM pore size) containing H69 SCLC cells. 

To cultures, either RC-3095 (1µM final concentration) or DMSO (vehicle, 0.1% 

final concentration) was added. Activation of responder cells in the MLR was 

determined after 72 hours by incorporation of 3H-thymidine. 

As expected, it was observed that MLRs stimulated with Con A (5µg/ml) actively 

incorporated 3H-thymidine (40945 +/- 2045 cpm; mean of n=4 independent 

experiments +/- SEM) (Fig. 7.10). Co-culture of H69 SCLC cell lines in transwells 

resulted in a significant reduction in MLR 3H-thymidine uptake despite prevention of 
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SCLC-immune cell contact (24950 +/- 1914 cpm, p < 0.05; mean of n=4 experiments 

+/- SEM). This suggests that the inhibitory effect of SCLC cells on MLR activation 

was mediated by a soluble factor. The addition of 0.1% DMSO (vehicle) had no 

effect on the proliferation of a MLR and did not prevent H69 SCLC cells from 

suppressing MLR activation (41472 +/- 1915 cpm and 24795 +/- 1415 cpm 

respectively; mean of n=4 experiments +/- SEM). Importantly, the addition of 1µM 

RC-3095 did not significantly affect MLR proliferation but did prevent the 

suppression of MLR activation by H69 SCLC cells (40042 +/- 1864 cpm and 41696 

+/- 2415 cpm respectively, p=0.6702; mean of n=4 experiments +/- SEM). These 

data suggest that antagonism of bombesin-like peptides prevents SCLC cells from 

suppressing cell-mediated immunity. It remains to be elucidated whether this is as a 

result of an effect on SCLC cells, which use these neuropeptides as growth factors, 

or through the blockade of bombesin-like peptide receptors on immune cells. 
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Figure 7.10: The Bombesin Receptor Antagonist RC-3095 Reverses MLR 

Suppression By H69 SCLC Cell Line. 

 

 

 

Mixed leukocyte reactions (MLR) were established by combining peripheral blood mononuclear cells 
from two separate healthy donors (0.5x106 cells/well) in 24 well plates with Concanavalin A 
(5mg/ml). MLR were cultured alone or with transwells (0.4µm pore size) containing H69 SCLC cells 
(2x106 cells/well) (designated MLR/H69). The bombesin antagonist RC-3095 (1µM final 
concentration) or 0.1% DMSO (vehicle) was added to cultures as indicated. Activation of responder 
cells was determined at 72 hours by uptake of 3H-thymidine. The graph represents mean 3H-thymidine 
uptake (counts per minute; cpm) for n=4 independent experiments +/- SEM.  
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7.3 Discussion. 

It has been clearly demonstrated in this chapter that H69 and H345 human SCLC 

cells can suppress the proliferation of a mixed leukocyte reaction (MLR) derived 

from healthy human blood donors. H510 SCLC cells do not inhibit mixed leukocyte 

proliferation, suggesting that specific SCLC cell lines can suppress cell-mediated 

immune responses. To investigate the mechanisms underpinning this observation the 

effect of SCLC cells on CD4+ T-cell proliferation and macrophage maturation was 

observed. It was found that H69 and H345 SCLC cells suppress CD4+ T-cell 

proliferation and that the effect is maximal at greater SCLC cell numbers. CD4+ T-

cells co-cultured with SCLC cells show increased IL-10 production but no change in 

IL-2 secretion or expression of the IL-2 receptor α chain (CD25). In addition H69 

SCLC cells suppress CD16 and co-stimulatory molecule (CD86) expression by 

macrophages matured from monocytes. Interestingly, SCLC cells produce these 

effects on CD4+ T-cells and macrophages via separate mechanisms. A soluble 

factor, which is not TGF-β, produced by SCLC cells can suppress CD4+ T-cell 

proliferation but direct cell interaction is required for the effect on macrophage 

surface marker expression. Furthermore, preliminary data suggests that bombesin-

like peptides may play an important role in SCLC cell suppression of MLR 

activation. Taken together these data indicate a complex interaction between SCLC 

cells and mononuclear immune cells that results in suppression of cell-mediated 

immunity. 

In 1973, Brugarolas and Takita demonstrated that, in comparison to squamous cell 

lung cancer, patients with SCLC showed a poorer response to delayed 

hypersensitivity (DTH) skin testing (410). This correlated with in vitro assessments 

of lymphocyte function from a small cohort (n=21) of SCLC patients. Following this 

observation, it was shown that an anergic response to a DTH skin reaction predicted 

poor prognosis in patients with SCLC (356). To study this further, Masuno et al 

(1986) isolated peripheral blood lymphocytes from SCLC and NSCLC patients and 

assessed proliferative responses to PHA and IL-2 (187). They demonstrated that the 

proliferation of lymphocytes from SCLC patients was significantly reduced in 

comparison to lymphocytes from patients with NSCLC (187). In 1991, it was 

confirmed that SCLC cells could suppress peripheral blood lymphocyte proliferation 
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in response to in vitro mitogenic stimulation (382). In addition, it has been 

demonstrated that peripheral blood leukocytes from SCLC patients show suppressed 

IL-2 secretion in response to mitogen stimulation compared to healthy donors (188). 

Importantly, the impairment of cytokine production improved upon reduction of the 

SCLC tumour burden (188). Taken together, this suggests that SCLC can suppress 

cell-mediated immune responses and that this may be important in the pathogenesis 

of the cancer.  

The mixed leukocyte reaction has been widely used as an in vitro model for studying 

cell-mediated immunity with T-lymphocytes proliferating in response to signals 

presented by antigen-presenting cells (383). It has been clearly demonstrated in this 

chapter that H69 and H345 cell lines can inhibit 3H-thymidine incorporation by 

human MLRs. H510 SCLC cells did not inhibit a MLR, indicating that this 

observation was not due to a non-specific effect of cell co-culture e.g. nutrient use. 

Instead these results support the previously published data that SCLC cells can 

suppress cell-mediated immune reactions. Importantly, each cell line was prepared 

from separate human tumours and therefore these data also suggest that the 

previously observed differences in cellular immune responses in SCLC patients may 

result from tumour-derived factors rather than host-dependent responses. The results 

described in chapter 6 indicate that the tumour immune cell infiltrate in SCLC is a 

prognostic factor and therefore the ability of SCLC cells to locally suppress cell-

mediated immunity may be an important pathogenic feature and therapeutic target. 

The mechanisms of cell-mediated immune suppression by SCLC cells were 

investigated. Initial experiments focused on the proliferative responses of CD4+ T-

cells in co-culture with SCLC cells. The results described in this chapter indicate that 

SCLC cell lines can suppress human CD4+ T-cell proliferation in response to T-cell 

receptor-mediated activation. This suppressive effect was not observed with H510 

SCLC cells even at higher tumour:lymphocyte cell ratios again confirming that it 

was not an effect of co-culture. Although prior research has demonstrated that SCLC 

cells can suppress proliferative responses of peripheral blood lymphocytes in 

response to mitogens, the effect on specific T-cell subsets have not been investigated. 

Crucially, CD4+ T-cells act as central co-ordinators of cell-mediated immunity 

(386). Furthermore, in vivo experiments have indicated that depletion of CD4+ T-
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cells reduces effective anti-tumour immunity despite adequate CD8+ T-cell numbers 

and subversion of CD4+ T-cell function is important in tumour immune-evasion 

(386-389). Thus, suppression of CD4+ T-cell activation could represent a central 

mechanism by which SCLC cells evade or subvert cell-mediated immunity. 

The cytokine IL-2 is an important stimulus to CD4+ T-cell proliferation and is 

released in response to activation (391). Thus, it is possible that SCLC cells could 

suppress CD4+ proliferation through reduced IL-2 secretion, as has been observed in 

other tumours (411,412). However, the data shown here indicates that SCLC cells do 

not alter IL-2 release or CD25 (IL2Rα) expression by CD4+ T-cells suggesting that 

suppression of proliferation is not mediated via alterations in IL-2. A similar 

observation has been published in tumour-derived lymphocytes from renal 

carcinoma, which show reduced proliferation in response to mitogenic stimulation 

but no alteration in IL-2 release (392). Further analysis of IL-2 receptor downstream 

signalling (e.g. STAT5 or Akt) in CD4+ T-cells co-cultured with SCLC cells is 

required to confirm that IL-2 signalling is active.  

Although there was no alteration in IL-2 release, it was observed that IL-10 was 

increased in supernatants from CD4+ T-cells co-cultured with SCLC cells. 

Importantly, SCLC cells did not produce IL-10 when cultured alone indicating that 

this was a specific result of SCLC/CD4+ T-cell interaction. IL-10 can function as an 

immuno-inhibitory cytokine, suppressing TH-1 pro-inflammatory cytokine synthesis 

and antigen-presenting cell function (413). Importantly, prior studies have 

demonstrated that tumour-infiltrating lymphocytes are enriched in a ‘regulatory’ 

CD4+CD25+ population, which can secrete IL-10 and suppress activation of 

CD4+CD25- responder cells (414). Thus, SCLC cells could inhibit cell-mediated 

immune responses by enriching a population of IL-10 producing CD4+ T-

lymphocytes. Further experiments are required to determine whether neutralisation 

of IL-10 in co-cultures can reverse suppression of CD4+ T-cell proliferation. In 

addition it is of interest to determine whether CD4+ T-cells co-cultured with SCLC 

cells or those identified in the tumour microenvironment have a regulatory 

phenotype (i.e. can suppress naïve CD4+ T-cell proliferation). 
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The data presented regarding CD4+ T-cells suggests that the suppressive effects of 

SCLC cells on cellular immunity are mediated primarily through direct inhibition of 

lymphocyte proliferation. However, effects on antigen-presenting cell function 

cannot be excluded and may explain some of the observed suppression of MLR 

activation. Tumour-associated macrophages have been shown in chapter 6 to 

constitute a significant proportion of the infiltrating immune cells and may play a 

significant role in controlling or promoting tumour growth. No prior data exists on 

the phenotype of SCLC-associated macrophages or whether SCLC cells can affect 

macrophage function. Therefore the in vitro effect of SCLC cells on macrophages 

was determined. Initial experiments investigated changes in expression of surface 

markers of macrophage phenotype in the presence of SCLC cells. The data in this 

chapter indicates that macrophages matured from peripheral blood monocytes in the 

presence of H69 SCLC cells down-regulate CD16 and CD86. CD16, the receptor for 

the Fc portion of IgG, is important in antibody-mediated cell cytotoxicity and CD86 

is an important co-stimulatory molecule for T-cell activation (415). Therefore down-

regulation of these surface molecules may inhibit the anti-tumour function of 

macrophages and prevent activation of T-cells within the tumour microenvironment. 

Further analysis of the functional relevance of these findings is required using in 

vitro cytotoxicity and co-stimulation experiments. In addition analysis of 

macrophage surface marker expression in SCLC tumour sections correlated to 

tumour stage and survival would provide an indication of in vivo relevance. 

The observation that SCLC cells can suppress specific aspects of cell-mediated 

immunity is important, but to design rational therapies to boost anti-tumour 

immunity the mediators of this immune suppression require to be defined. The 

results shown here indicate that SCLC cells produce a soluble factor that is 

responsible for suppressing CD4+ T-cell proliferation as indicated by transwell and 

conditioned media experiments. This concurs with a previously published description 

of a soluble factor produced by SCLC cells in vitro that suppresses lymphocyte 

proliferation (382). However, the data shown in this chapter indicates that the soluble 

factor(s) responsible for suppression of CD4+ T-cell proliferation is less than 30kDa 

in molecular weight. The factor described by Ikeda et al in 1991 was shown to have 

a molecular weight of 98-102kDa (382). The results presented in this chapter are 
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more compatible with a previous description by Manke et al (1986) of a 10kDa 

factor in SCLC patient serum that suppresses T-lymphocyte rosette formation (381). 

This suggests that SCLC cells may produce more than one soluble 

immunosuppressive molecule. In addition, SCLC cells appear to suppress CD16 and 

CD86 expression on macrophages through a mechanism that is not mediated by a 

soluble factor secreted in vitro. These results indicate that SCLC cells may possess 

several mechanisms for suppressing cell-mediated immunity.  

Due to time constraints and the complex nature of SCLC-immune cell interaction, 

attempts to identify a mediator of immunosupression were focused on the soluble 

factor(s) secreted by SCLC cells in vitro. TGF-β has previously been described as 

important soluble immunosuppressive factor produced by tumour cells and has a 

molecular weight less than 30kDa (402). Unfortunately, the data shown here 

indicates that TGF-β is unlikely to be responsible for the suppression of lymphocyte 

proliferation by SCLC cells. This is not unexpected, as prior data suggests that TGF-

β has only weak anti-proliferative effects on CD4+ T-cells in the presence of co-

stimulation (anti-CD28) (416). However, TGF-β has been shown to increase IL-10 

secretion by maximally stimulated CD4+ T-cells (416). Thus, the experiments 

presented in figure 7.8 should be repeated without co-stimulation in the presence of 

TGF-β neutralising antibody. Furthermore, the effect of anti-TGF-β on IL-10 release 

should be determined. 

Preliminary results presented in this chapter suggest a role for bombesin-like 

neuropeptides in SCLC suppression of cell-mediated immunity. SCLC cells have 

been shown to produce a wide range of neuropeptides that form autocrine growth 

loops, promoting anchorage independent survival and tumorigenesis (141). 

Interestingly, bombesin-like neuropeptides have also been shown to suppress 

lymphocyte proliferation and dendritic cell antigen presenting function (407,408). 

Importantly, the addition of a bombesin antagonist (RC-3095) was shown here to 

reverse SCLC cell suppression of MLR proliferation. Although this observation is 

encouraging, these results have several possible explanations. Firstly, bombesin 

secreted by SCLC cells may suppress lymphocyte proliferation through a novel 

pathway, which is effectively antagonised by RC-3095. Secondly, RC-3095 may 
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prevent bombesin from suppressing dendritic cell function. Lastly, bombesin 

antagonism may inhibit SCLC cell proliferation through blockade of an autocrine 

loop, thus reducing the number of cells present to secrete another 

immunosuppressive factor. Further experiments should be performed to address 

these issues, specifically culture of CD4+ T-cells in SCLC media with and without 

RC-3095. In addition, the concentration of bombesin-like peptides secreted by each 

SCLC cell line should be assayed and correlated with suppression of T-cell 

proliferation. It would also be of interest to determine the effect of recombinant 

bombesin-like peptides on CD4+ T-cell proliferation and IL-10 production. In this 

way a definitive role for neuropeptides in SCLC immune evasion would be 

described. This is of critical importance, not only for understanding SCLC biology, 

but also for the design and clinical trial of novel peptide antagonists. 

In conclusion, this chapter confirms prior data that SCLC cells can suppress cell-

mediated immune responses in vitro. Furthermore, the results here show that this 

occurs through effects on both CD4+ T-cells and macrophages, although the 

mechanisms of immune suppression appear to be different for each cell type. 

Suppression of lymphocyte proliferation is mediated by a soluble factor as described 

by other investigators and this factor may be a bombesin-like neuropeptide. 

However, further work is required to define the exact role of bombesin and to 

demonstrate its significance in vivo through the study of patient tumour sections and 

animal models. Ultimately, it is anticipated that understanding the complex 

interactions between SCLC and the cellular components of the immune system will 

proffer new therapeutic targets to optimise host clearance of tumour cells and 

improve patient survival. 
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CHAPTER 8: Conclusions and Future Directions. 

The work presented in this thesis indicates a complex interaction between SCLC 

cells and components of the surrounding tumour microenvironment. Furthermore, it 

explores several important mechanisms involved in this interaction, which may 

prove to be novel therapeutic targets. The significant conclusions will be discussed in 

the following sections and future experiments will be highlighted. 

8.1 ECM-mediated chemo-resistance in SCLC cells. 

The data presented in chapter 3 demonstrate that ECM proteins, identified in the 

tumour microenvironment of SCLC cases, protect SCLC cells in vitro from chemo- 

and radiotherapy induced cell cycle arrest and subsequent apoptosis. Thus, it seems 

likely that interaction with ECM in the tumour stroma may allow a proportion of 

SCLC cells to survive initial treatment resulting in tumour relapse. Furthermore, it is 

shown here that ECM does not prevent the formation of DNA double-strand breaks 

by genotoxic agents, allowing SCLC cells to survive with genetic damage. This 

could potentially result in the accumulation of mutations in key cell survival 

pathways (e.g. c-Kit, p53 or Rb) promoting more aggressive SCLC growth and 

acquired chemo-resistance. Therefore, blocking interactions between SCLC cells and 

ECM in the surrounding stroma may improve disease-free survival and reduce the 

development of multi-drug resistance in relapsed tumour after initial chemotherapy. 

To design rational strategies a clear understanding of the mechanisms involved in 

this interaction is required. 

ECM-mediated drug resistance has been demonstrated in variety of other tumours 

including breast cancer cell lines and haematological malignancies 

(201,231,232,417). Several mechanisms have been proposed for how ECM may 

protect cancer cells from chemotherapy, including alterations in drug penetration, 

changes in drug targets and altered cell survival signalling (200). The data described 

in chapter 3 clearly demonstrates that ECM-mediated protection of SCLC cells from 

chemo- and radiotherapy induced cell cycle arrest and apoptosis occurs via cell 

surface β1 integrins and that blockade of β1 integrins with monoclonal antibodies 

can inhibit ECM-mediated effects. The central role of β1 integrins in chemo-
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resistance has been demonstrated in other tumours including liver, haematological 

and breast (201,417,418). In addition, the data in chapter 3 confirms that ECM does 

not affect the activity of the chemotherapeutic agent etoposide and Robert Rintoul 

has previously shown that ECM proteins do not modulate topoisomerase II levels or 

activity (167). Thus, the data here, and that of others, demonstrate that integrin-ECM 

interaction is an important mechanism of drug resistance in cancer (Fig. 8.1). 

 

Figure 8.1: ECM protects SCLC cells via β1 integrins. 

 

 

 

Simple schematic demonstrating SCLC cells in suspension and adhered to ECM in the tumour 
microenvironment via β1 integrins (β1). Non-adherent cells survive and proliferate through autocrine 
growth loops. The data in chapter 3 shows that adhesion to ECM promotes chemo-resistance thus 
allowing SCLC cells to survive initial therapy. The result is recurrence or persistence of tumour, 
which may have acquired further multi-drug resistance. It is predicted that interrupting this interaction 
may improve response to therapy and disease free survival.  

 

The results presented in chapter 3 suggest that inhibition of β1 integrin-ECM 

interaction may be a novel strategy for preventing initial chemo-resistance in SCLC 

cells and other tumours. However, further experiments are required to address the 

role of ECM and integrins in SCLC growth, survival and metastasis in vivo. It has 

been previously indicated that SCLC is a rapidly growing, highly metastatic tumour 

(44). Therefore it seems paradoxical that SCLC cells may use integrin-mediated 

adhesion to ECM proteins as a survival mechanism. In support of this, prior research 

has indicated that over-expression of α3 integrin subunits in SCLC cell lines reduces 

anchorage-independent growth in soft agar (419). It is proposed, that reduced α3 
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integrin expression allows tumour cell growth without requirement for adhesion to 

ECM, a process important in metastasis (419). In addition, tissue expression of 

matrix metalloproteinase (MMPs), a family of proteolytic enzymes that degrade 

ECM and facilitate tumour invasion, has been demonstrated in SCLC cases and 

shown to correlate with poor survival (138,420). On the basis that MMPs permit 

cellular migration and metastasis, and since pre-clinical models suggested that MMP 

inhibitors are able to inhibit tumour growth and dissemination, a phase III trial of the 

MMP inhibitor, marimastat was conducted in SCLC (163). Unfortunately, no 

survival advantage was demonstrated over placebo and, in fact, marimastat reduced 

quality of life (163). This may reflect the fact that this trial was conducted in patients 

with advanced SCLC, in whom widespread metastasis had already taken place (163). 

Thus MMP inhibitors could not be expected to reverse this metastatic process, 

although they may reduce ECM degradation and turnover in the tumour 

microenvironment, promoting SCLC resistance to apoptosis. 

It appears likely that SCLC cells show varying degrees of adhesion to ECM during 

tumour growth. In fact, cellular adhesion to basement membrane must vary in 

different phases of ‘normal’ cellular behaviour. For example, during mitosis, cells 

are seen to become detached from underlying matrix so that cellular division can 

occur satisfactorily. In addition, for active migration to occur, it has been argued that 

an optimum degree of adhesion between cell and matrix must exist (421). It is 

predicted that these changes in cell adhesion are mediated by alterations in β1 

integrin affinity through ‘inside-out’ signalling mechanisms. Therefore, when SCLC 

cells display high-affinity integrins they will be strongly adhered to ECM, with a 

survival advantage in the face of chemotherapy. When integrin affinity is reduced, 

cells will be less strongly adhered, more mobile with a greater propensity to 

metastasize, but more susceptible to chemotherapy-induced apoptosis. 

Chemotherapy would thus selectively spare those cells most adherent and most 

protected. This may help to explain why clinical recurrence of SCLC is often at the 

same sites as the initial disease, where there would be the highest likelihood of a 

subpopulation of cells with strong cell-ECM contacts. Therefore, understanding the 

effects of β1 integrin blockade on SCLC metastatic spread is crucial before adopting 

this as a therapeutic approach.  
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To further complicate this issue, it is clear from prior studies that β1 integrins play a 

central role in many important processes including tissue repair, haematopoiesis, 

inflammation and immunity (422). The complex effects of therapeutic β1 integrin 

blockade can be appreciated by considering the non-tumour cells in the SCLC 

stroma, namely fibroblasts, leukocytes and endothelial cells (blood vessels). Each of 

these different cell types expresses β1 integrins, which have a central role in their 

cellular function (summarised in Figure 8.2). β1 integrins have been shown to be 

important in leukocyte trafficking to sites of inflammation, T-lymphocyte activation, 

maintaining fibroblast viability, promoting matrix assembly, endothelial cell survival 

and angiogenesis (423-426). Therefore, although blocking β1 integrin function could 

improve cancer treatment by reducing chemo-resistance in SCLC cells, it could also 

prevent an adequate anti-tumour immune response and promote tumour angiogenesis 

facilitating growth and metastasis. Taken together these arguments suggest that non-

specific inhibition of β1 integrins may have unwanted effects on SCLC growth and 

spread that limit the effectiveness of this strategy. 

To address these concerns it is clear that further studies of β1 integrin blocking 

strategies are required in pre-clinical models. Prior studies have confirmed that 

human SCLC cells can be implanted (xenograft) in the flank of nude mice and will 

form small tumours (168). Furthermore, it has been demonstrated that tumour growth 

is enhanced by the addition of ECM proteins (MatrigelTM, fibronectin or laminin) at 

the time of implantation (168). Using this model, β1 integrins blocking antibodies or 

isotype controls can be administered to mice either at implantation or following early 

tumour development and the effect on tumour growth, local invasion and metastatic 

spread determined. In addition, analysis of tumour sections would allow assessment 

of the effects of β1 integrin inhibition on tumour cell apoptosis (tunnel staining) and 

proliferation (Ki67) and on angiogenesis (micro-vessel counts) within the tumour 

stroma. The administration of chemotherapy +/- β1 integrin blockade could also be 

studied with this model to confirm the in vivo applicability of the in vitro data 

presented in chapter 3. Furthermore, analysis of SCLC cells surviving chemotherapy 

in this system would allow recognition of novel acquired drug resistance 

mechanisms. Unfortunately, the effects of β1 integrin blockade on the anti-tumour 
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immune response are difficult to study with present models and await the 

development of a murine SCLC cell line.  

 

Figure 8.2: The multiple cellular functions of β1 integrins. 

 

 

Diagram demonstrating the complex functions of β1 integrins on cells frequently observed within the 
tumour microenvironment. In this thesis, β1 integrins have been shown to protect SCLC cells from 
cytotoxic therapies. In addition, β1 integrins play a crucial role in fibroblast survival and ECM 
assembly. Therefore, integrin blockade may promote the effectiveness of chemotherapy by reducing 
cancer cell-ECM interaction. However, β1 integrins are also important for leukocyte 
recruitment/activation and angiogenesis. Thus non-specific integrin blocking strategies may prevent 
effective anti-tumour immunity and promote metastatic tumour spread. 

 

8.2 Integrin affinity modulators. 

It is clear that β1 integrins have multiple important physiological functions and thus 

non-specific blockade may be an unattractive option. The development of specific 

integrin inhibitors requires an in depth understanding of the ‘inside-out’ intracellular 

pathways that modulate integrin affinity in cancer cells. The data presented in 

chapters 4 and 5 define two new cell signalling pathways that modulate integrin 

activation status. These are summarised in figure 8.3. In chapter 4 the mechanisms of 
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integrin suppression by H-Ras were investigated. These results demonstrate that H-

Ras suppresses integrin activation by two cell signalling pathways, one involving 

ERK and the other dependent on a recently described phospholipase, PLCε. This 

data explains prior observed discrepancies in H-Ras-mediated suppression and 

describes a new ‘physiological’ role for PLCε. In chapter 5, the effect of Notch 

signalling on integrin activation was investigated. This data indicates that 

intracellular Notch-1 can activate β1 integrins in an R-Ras dependent manner, thus 

defining a new Notch signalling pathway and a novel R-Ras activator.  

 

Figure 8.3: Integrin affinity modulation by PLCε  and Notch. 

 

 

A simple diagram demonstrating H-Ras and Notch-1 signalling events modulating integrin affinity 
within a single cell. The data in chapter 4 demonstrates that H-Ras can suppress β1 integrin affinity (-) 
through a new PLCε-dependent pathway. The data in chapter 5 shows that activation of Notch-1 by 
Delta-like ligand-4 (DLL-4) can activate β1 integrins (+) through an R-Ras dependent pathway. 

 

Although these results contribute significantly to the understanding of integrin 

biology the exact role of these pathways in SCLC remain to be elucidated. SCLC cell 

lines have been shown to infrequently display mutations in H-Ras suggesting that 

this pathway may not be important in carcinogenesis of this tumour (427). 
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Furthermore, over-expression of H-Ras in SCLC cells may promote a NSCLC cell 

phenotype (428). However, pharmacological interruption of Ras signalling in SCLC 

cell lines with simvastatin has been shown to reduce in vivo tumour growth and 

increase chemo-sensitivity (429). Unfortunately, the role of integrin-mediated ECM 

adhesion in this observation was not investigated (429). This suggests that 

modulation of H-Ras signalling in SCLC cells may have multiple effects possibly 

due to the presence of several cell-signalling pathways downstream of H-Ras. 

Further research is required to determine whether H-Ras activation, specifically 

through PLCε, can suppress SCLC cell integrin affinity and reduce ECM-mediated 

chemo-resistance.  

The role of Notch signalling in SCLC remains complex. Prior data has indicated that 

Notch-1 and -2 over-expression in SCLC cells promotes an adherent cell phenotype 

in SCLC cell lines with no native Notch protein expression (314). Furthermore it has 

been shown that Notch-1 signalling restricts neuroendocrine differentiation in lung 

development and SCLC cells (314,430). Therefore, it has been suggested that 

activation of Notch in SCLC cells may act as a tumour suppressor pathway. The data 

presented in this thesis demonstrates that some SCLC cell lines express Notch 

signalling components, although Notch-2 appears to be pre-dominant. Interestingly, 

the Notch ligand Jagged-1 is shown in chapter 5 to up-regulate Hes-1 expression and 

to protect H69 SCLC cells from etoposide-induced apoptosis, but not to promote cell 

adhesion to ECM proteins. This indicates that Notch-2 activation does not modulate 

integrin affinity. This was confirmed using the CHO(α-β)py assay. Furthermore, this 

data suggests an as yet undefined cell-signalling pathway by which Notch-2 

promotes chemo-resistance in SCLC cells. Thus, activation of different Notch 

receptor subtypes appears to have differing effects on SCLC cells making the 

development of targeted therapies more challenging. It is clear that further work is 

needed to define the precise role of Notch both in SCLC pathogenesis and in cell fate 

decisions in early lung cancer development. 

It is apparent that a rationale strategy targeting integrin activation in SCLC cells is 

not going to be available in the immediate future. Initial experiments should address 

whether β1 integrin blockade with monoclonal antibodies alter SCLC growth, 
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metastasis and chemo-resistance in xenograft models as described in section 8.1. If 

this proves to be an acceptable strategy for promoting tumour response to 

chemotherapy then further research should focus on the identification of cell 

signalling cascades specific to SCLC cells that promote integrin activation and the 

development of small molecule inhibitors of these pathways. The CHO(α-β)py 

system described in chapters 4 and 5 could be utilised to screen potential integrin 

modulators. However, it seems likely that identifying the downstream targets of 

activated integrins that promote survival in cancer cells will produce more readily 

available therapeutic options. 

8.3 Integrin-mediated survival mechanisms in SCLC. 

A clear understanding of the specific mechanisms in SCLC cells that mediate β1 

integrin protection against the pro-apoptotic effect of DNA damaging drugs is 

required to develop novel therapeutic targets in the circumvention of multi-drug 

resistance. The data in chapter 3 indicates that ECM proteins via β1 integrins protect 

SCLC cells against the pro-apoptotic effects of etoposide and ionizing radiation 

through tyrosine kinase-mediated PI3-kinase activation. Robert Rintoul demonstrated 

that adhesion of SCLC cells to ECM stimulated PI3-kinase activity with subsequent 

phosphorylation of downstream protein kinase B (PKB) and glycogen synthase 

kinase-3β (GSK3β). These effects were reproduced by β1 integrin stimulating 

antibodies and sodium orthovanadate. Importantly, it is demonstrated in chapter 3 

that adhesion of SCLC cells to ECM prevents etoposide-induced activation of the 

caspase cascade and that chemical and genetic inhibitors of PI3-kinase signalling 

block these chemo-protective effects (Fig. 8.4). Furthermore, it is shown that 

etoposide and ionizing radiation lead to G2/M cell cycle arrest in SCLC cells and 

that β1 integrin/PI3-kinase activation promotes progression through the G2/M 

checkpoint. This occurs through alteration in expression of key cell cycle regulators 

including p21Cip1/WAF1, p27Kip1, CDK and cyclins. Thus, these data define a new 

mechanism by which ECM can protect SCLC cells from chemotherapy-induced cell 

cycle arrest and subsequent apoptosis (Fig. 8.4).  
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Figure 8.4: The mechanisms of β1 integrin-mediated chemo-protection in 

SCLC. 

 

In SCLC cells, etoposide or radiation -induced DNA damage causes cell cycle arrest at the G2/M 
checkpoint through increased expression of p21Cip1/WAF1, p27Kip1 and phosphorylated CDK 1 (p-CDK1) 
and decreased expression of phosphorylated CDK 2 (p-CDK2) and cyclins A, D and E. Etoposide-
induced DNA damage also causes cleavage of caspase-9, initiating the caspase cascade resulting in 
SCLC apoptosis. Activation of β1 integrins by extracellular matrix (ECM), activates 
phosphoinositide-3-OH kinase (PI3-K), and its downstream targets protein kinase B (PKB) and 
glycogen synthase kinase 3β (GSK3β), blocking DNA damage-induced effects on key cell cycle 
regulators and caspase cleavage, thus preventing cell cycle arrest and subsequent apoptosis. 

 

The importance of the PI3-kinase pathway as a mechanism for cell cycle control and 

survival is supported by work in other cancers and untransformed cell lines. Prior 

studies have shown that both PI3-kinase and PKB suppress anoikis and promote 

chemoresistance (431). The introduction of a constitutively active form of PKB has 

been demonstrated to confer resistance to anoikis in mammary epithelial cells; the 

same construct expressed in non-small cell lung cancer (NSCLC) cells also resulted 

in increased chemo-resistance to mitoxantrone and cisplatin (432). It has been shown 

that PKB is constitutively activated in NSCLC and confers resistance to both 

radiation- and chemotherapy-induced apoptosis (433). PI3-kinase activation has been 

shown to be sufficient to induce G1 transit in fibroblasts and to increase cyclin D1 
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stability through PKB-dependent phosphorylation of GSK3β (434−436). In addition, 

PI3-kinase has been shown to down-regulate expression and function of p27Kip1 

(240). Therefore, targeted inhibition of PI3-kinase could form an important adjunct 

to standard cytotoxic anticancer therapy. 

Future experiments should address the role of PI3-kinase in SCLC growth and 

chemo-resistance in vivo using well-established pre-clinical models. For example, 

SCLC cells could be implanted in the flank of nude mice, allowed to develop into 

palpable tumours and then followed by the systemic administration of a chemical 

PI3-kinase inhibitor (e.g. LY294002). These experiments would allow investigation 

of the effects of PI3-kinase manipulation on SCLC cell apoptosis, proliferation and 

growth in the context of an established tumour microenvironment. Crucially, the 

addition of chemo- or radiotherapy to these studies would demonstrate the potential 

of PI3-kinase inhibition as an adjunct to standard anticancer therapy and would 

indicate the predicted side-effect profile. In addition to these experiments it is 

important to identify the specific PI3-kinase isoforms active in SCLC, either through 

cell-line or human tumour sample analysis, so that novel ‘cancer-specific’ inhibitors 

of this pathway can be developed. 

8.4 The interaction of SCLC with immune cells. 

Immune cells comprise a significant proportion of the cellular component of the 

tumour microenvironment. This local host immune response has been shown to 

control tumour growth and even eradicate malignant cells. Thus, utilising the 

immune system as a targeted anticancer therapy is very attractive. However, the 

‘inflammatory’ reaction around tumours has a dual-function and can often support 

cancer cell growth. Furthermore, tumour cells can suppress immune cell function to 

prevent an effective anti-cancer immune response. Understanding the mechanisms 

regulating tumour-immune cell interaction is key to the design of effective cancer 

vaccines and may uncover novel therapeutic targets. 

The immune cell infiltrate in SCLC has not been extensively studied. The data 

presented in chapter 6 shows that, SCLC tumour samples are infiltrated by CD45+ 

mononuclear immune cells including T-lymphocytes and macrophages. This 

infiltrate is similar in cellular composition to that of other cancers. Interestingly, the 
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study described here of 40 SCLC tumour sections found a marked difference in the 

amount of CD45+ cells between patients, which correlated with improved patient 

survival independently of other prognostic indicators. Although this is a small 

preliminary study, it suggests that the local leukocyte infiltrate in SCLC may 

represent a specific anti-tumour immune response. This appears to be inadequate to 

control established tumour growth but may kill residual cancer cells present after 

chemotherapy thus preventing or increasing the time to patient relapse. 

Prior clinical studies in SCLC have demonstrated the presence of defects in cell-

mediated immune responses that improve on reduction in tumour burden 

(187,188,356,382). This taken together with the stark differences in leukocyte 

infiltration observed between patients, suggests that SCLC cells may produce local 

immunosuppressive factors, which can prevent an adequate immune response. The in 

vitro co-culture experiments described in chapter 7 were performed to investigate the 

mechanisms of immunosuppression by SCLC cells. It is shown that SCLC cells can 

suppress activation of a mixed-leukocyte reaction, CD4+ T-cell proliferation and 

macrophage surface expression of co-stimulatory molecules (Fig. 8.5). Furthermore, 

it is demonstrated that some of these effects are mediated by a low molecular weight, 

heat-stable, soluble factor constitutively produced by SCLC cells which increases IL-

10 release by CD4+ T-cells. Preliminary data suggests that this factor may be the 

neuropeptide bombesin/GRP although further confirmation of this is required. These 

observations suggest some important questions that should be the focus of future 

experiments and will be discussed below. 

8.4.1 Why do CD45+ infiltrating leucocytes predict patient prognosis in 

SCLC? 

It is hypothesised that the presence of CD45+ cells in SCLC tumour sections 

represents a specific anti-tumour immune response. Thus CD45+ infiltration should 

predict a longer time to relapse from tumour recurrence and be accompanied by an 

increase in SCLC cell death. Future studies should aim to collect SCLC tumour 

samples prospectively and stain these using immunohistochemistry for the presence 

of CD45 (leucocytes), Ki67 (proliferation), TUNEL (apoptosis) and CD34 

(angiogenesis). These markers should then be correlated with established patient 
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prognostic indicators (e.g. PS, age, sex), tumour stage (LD, ED, TMN), overall 

survival time and time to relapse. Primarily, these experiments should determine the 

role of CD45 as an independent marker of patient prognosis and provide direct in 

vivo evidence of a mechanism by which tumour leukocytes can affect SCLC growth.  

 

Figure 8.5: The interaction of SCLC cells with CD4+ T-cells and macrophages. 

 

Schematic showing the observed effects of SCLC cells on human CD4+ T-cells and macrophages. 
SCLC cells suppress CD4+ T-cell proliferation and macrophage surface expression of CD86 and 
CD16 in vitro. Furthermore, IL-10 release by activated CD4+ T-cells is increased by co-culture with 
SCLC cells. These effects on CD4+ T-cells and macrophages appear to be mediated by different 
mechanisms: (A) a soluble factor secreted by SCLC cells into culture medium; (B) a process requiring 
cell-cell interaction. Defining these mechanisms is key to improving the host immune response to 
SCLC. 

 

8.4.2 Do tumour-infiltrating CD4+ T-cells predict patient prognosis? 

Assessment of the specific immune cell types infiltrating SCLC tumours may predict 

patient prognosis more accurately than assessment of total leukocyte infiltrate. 

Lymphocyte-mediated immune functions appear to be important in SCLC prognosis 

(356,372). Furthermore, the data in chapter 7 suggests that SCLC cells can suppress 

CD4+ proliferation and increase IL-10 release in vitro. CD4+ T-cells co-ordinate 
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many immune functions and have been shown to promote tumour rejection in vivo 

(387). Therefore, the presence of CD4+ T-cells within the tumour microenvironment 

may correlate accurately with improved patient prognosis. Future experiments should 

aim to identify CD4+ T-cells within SCLC tumour sections collected prospectively 

and correlate number and distribution with patient survival and tumour stage. In 

addition, studies should be performed to investigate the phenotype of CD4+ T-cells 

with particular reference to IL-10 producing T-regulatory cells. It is predicted that in 

contrast to T-helper cells, T-regulatory cells would correlate with reduced total 

leukocyte infiltrate and poorer patient prognosis. These investigations would provide 

evidence for the in vivo role of CD4+ T-cells in SCLC indicating the importance of 

these cells as targets for anticancer therapy. 

8.4.3 Why do patients have differences in leucocyte infiltration? 

The results presented in chapter 7 show that soluble factors produced by SCLC cells 

in vitro can suppress the function of immune cells derived from healthy volunteers. It 

is hypothesised that in vivo production of immuno-inhibitory factors by SCLC cells 

suppress local immune cell function (e.g. CD4+ T-cells), which prevents an adequate 

host immune response. Therefore, differences in the production of these factors in 

the tumour microenvironment could underpin the observed differences in leukocyte 

infiltrate and thus patient survival. Future experiments should initially focus on 

whether SCLC cells can induce T-regulatory cells in vitro using co-culture 

experiments. Secondly the role of neuropeptides in SCLC-mediated suppression of 

CD4+ T-cell proliferation should be determined as described in chapter 7. If these 

experiments show that bombesin/GRP is responsible for the suppressive effects then 

a study of bombesin/GRP expression in SCLC tumour samples should be undertaken 

and correlated with immune cell infiltrate and patient survival. This could then be 

followed by phase I/II trials of specific bombesin inhibitors. In the absence of a role 

for bombesin, then the tumour microenvironment could be investigated for 

expression of other immunosuppressive factors using immunohistochemistry (e.g. 

TNF ligands) or DNA microarrays. The results of these exploratory studies could 

then be used to guide future in vitro mechanistic research. It is predicted that these 
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experiments will define central mechanisms by which SCLC cells alter host immune 

responses.  

 

Particular focus has been given here to key experiments that will answer specific 

questions about the applicability of potential strategies for disrupting ECM-mediated 

chemo-resistance in SCLC. In addition, translational studies have been outlined to 

determine important immunosuppressive mechanisms of SCLC. It is hoped that the 

conclusions drawn from data presented in this thesis form the basis for such research 

into the microenvironment interactions of SCLC with the subsequent development of 

novel treatments in the future. 
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