TYROSINE KINASE INHIBITORS AS
ADJUNCTS TO CHEMOTHERAPY

IN BLADDER CANCER

Thesis submitted for the degree of Doctor of
Medicine at the University of Leicester

by

Lynsey A. McHugh

Department of Cancer Studies and Molecular
Medicine
University of Leicester

April 2007



UMI Number: U223124

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U223124
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



ACKNOWLEDGEMENTS

There are many people who have helped with this research, and without whom the
theories wouldn’t have been put to the test and put onto paper in this thesis. However,
my two supervisors, Leyshon Griffiths and Marina Kriajevska, have been the main
driving force throughout. They have been a constant source of knowledge, support
and inspiration, for which I am extremely grateful. Professor Kilian Mellon has been
ever present in a similar role, and for his incredible support and advice I am also

extremely grateful.

I have been privileged to work alongside some now great friends in our laboratory.
Alexandra Colquhoun took me under her wing on my first day, taught me scientific
skills and integrity, and continues to be a source of inspiration. [ also owe a huge
thank you to Richard Stanford and Richard Vickery for being fantastic lab partners,
and to Sunjay Jain for his help and support. Thanks also go to Eugene Tulchinsky for
imparting his vast knowledge of science, and to Jakob Melving for his help along the
way. Last, but definitely not least, I think that all mentioned above would agree that
without Judy Jones nothing would run smoothly within the Urology group, and I

personally can’t thank her enough for everything.

Other sources of help I would like to thank include all in the Hodgkin Building,
University of Leicester, who assisted in various experiments, Professor Manson’s

laboratory for their expertise in the Annexin V assay, and Dr Michael Festing for his



guidance with the statistical analyses. I also owe thanks to BUPA and the British

Urology Foundation for their generous financial support.

As is usual in such endeavours, my family and friends are owed a huge thank you for
their unquestioning support. However I really have to expand on this by saying to
Mum, Dad, Scott, Keith, Rachael, Susie, James and Mark — you know what you’ve
done and it’s no exaggeration to say that I truly would not have got through this

without all of you.

Finally, this thesis is dedicated to Mike. Without you I wouldn’t have completed the

first 18 months, and for you I have seen it through to the end.

i



CONTENTS

CHAPTER 1: INTRODUCTION

1.1 Bladder cancer — general background
1.1.1 Incidence
1.1.2 Types of bladder cancer
1.1.3 Stage and grade of bladder cancer
1.1.4 Risk factors for TCC of the bladder

1.1.5 Prognostic factors in superficial bladder cancer

1.2 Management of bladder cancer
1.2.1 Presentation
1.2.2 Diagnosis
1.2.3 Treatment
1.2.3.1 Superficial bladder cancer
1.2.3.2 Organ-confined muscle-invasive bladder cancer

1.2.3.3 Metastatic bladder cancer

1.3 Current role of systemic chemotherapy in the management
of bladder cancer
1.3.1 Metastatic bladder cancer
1.3.2 Organ-confined muscle-invasive bladder cancer

1.3.2.1 Neoadjuvant chemotherapy

iii

10

10

10

12

12

13

14

14

14

17

17



1.3.2.2 Adjuvant chemotherapy

1.3.2.3 Concomitant chemotherapy

1.4 Future directions of systemic chemotherapy

management of bladder cancer

1.5 ErbB family of receptors

1.5.1 The ErbB family of receptor tyrosine kinases

1.5.2 ErbB receptor-mediated signalling pathways

1.5.2.1 MAPK activation
1.5.2.2 PI3K/AKT activation
1.5.2.3 STAT activation
1.5.3 Effect of ErbB signalling on cell cycle

1.5.4 Degradation of ErbB receptors

1.6 ErbB receptors and bladder cancer

1.7 Inhibition of ErbB receptors
1.7.1 Immunotoxin conjugates
1.7.2 Antisense oligonucleotides
1.7.3 Monoclonal antibodies

1.7.4 Small molecule tyrosine kinase inhibitors

1.8 Preclinical and clinical activity of TKIs

1.8.1 TKIs as primary chemotherapeutic agents

iv

19

22

23

24

24

27

28

28

29

29

31

31

34

34

34

35

36

37

37



1.8.1.1 Preclinical data
1.8.1.2 Clinical data
1.8.1.3 Predicting clinical response
1.8.2 Lapatinib as a primary chemotherapeutic agent
1.8.2.1 Preclinical data
1.8.2.2 Clinical data
1.8.3 TKIs as adjuncts to chemotherapy
1.8.3.1 Preclinical data
1.8.3.2 Clinical data

1.8.4 TKIs as adjuncts to chemotherapy in bladder cancer

CHAPTER 2: MATERIALS AND METHODS

2.1 Cell lines and tissue culture

2.2 Preparation of drugs for experimental use
2.2.1 Lapatinib
2.2.2 Cisplatin
2.2.3 Paclitaxel

2.2.4 Gemcitabine

2.3 Western blot analysis
2.3.1 General methods

2.3.1.1 Preparation of cell lysates

37

38

39

41

41

43

43

43

45

48

52

53

54

54

54

55

S5

56

S6

56



2.3.1.2 Quantification of lysate protein concentration
2.3.1.3 SDS-PAGE
2.3.1.4 Gel transfer
2.3.1.5 Western blot staining and immunodetection
2.3.1.6 Stripping of membranes
2.3.2 Antibodies for Western blot staining
2.3.3 Preparation of cells for individual experiments
2.3.3.1 Characterisation of cell lines
2.3.3.2 Stimulation of cells with epidermal growth factor
(EGF)
2.3.3.3 Inhibition of EGF-induced stimulation by lapatinib
2.3.3.4 Inhibition of heregulin (HRGIB) - induced
stimulation by lapatinib
2.3.3.5 Inhibition of combination chemotherapy-induced

stimulation by lapatinib

2.4 Immunoprecipitation
2.4.1 General methods
2.4.1.1 Preparation of cell lysates
2.4.1.2 Immunoprecipitation of proteins
2.4.2 Preparation of cells for individual experiments
2.4.2.1 Inhibition of combination chemotherapy-induced

stimulation by lapatinib

vi

57

58

60

62

65

66

66

66

67

68

69

70

71

71

72

73

73



2.5 MTT assay
2.5.1 General methods
2.5.1.1 Counting cells
2.5.1.2 MTT assay
2.5.2 Details of individual MTT assays
2.5.2.1 Calculation of absorbance per number of cells for
each cell line
2.5.2.2 Determination of optimal conditions for incubation
of cells over a 96 hour period
2.5.2.3 Assays to determine ICsps of lapatinib and
chemotherapeutic agents on RT112 and J82 cells
2.5.2.4 Assays to determine optimal sequences of

application of lapatinib and chemotherapy

2.6 Apoptosis assays
2.6.1 Apoptosis detection by fluorescence microscopy
2.6.2 Apoptosis detection using Annexin V staining
2.6.2.1 Background

2.6.2.2 Experimental details

2.7 Cell cycle analysis using FACS

2.7.1 Analysis of effects of lapatinib and chemotherapy on cell

cycle

vii

73

74

74

74

75

75

76

77

79

82

83

86

86

88

91

91



2.8 Genetic approaches to down-regulation of ErbB1 expression
and signal transduction
2.8.1 RNAi-based approach to suppress ErbB1 gene expression
2.8.1.1 General background
2.8.1.2 Experimental methods
2.8.1.2.1 Transformation of plasmid
2.8.1.2.2 Making agar plates (with ampicillin)
2.8.1.2.3 Isolation of vector from E.Coli
2.8.1.2.4 Cutting of vector to ensure correct
transformation
2.8.1.2.5 Agarose gel electrophoresis
2.8.1.2.6 Transfection via electroporation
2.8.1.2.7 Chemical transfection
2.8.1.2.8 Western blot analysis to look for
downregulation of ErbB1 following
transfection
2.8.2 Dominant-negative approach to suppression of ErbB1
function
2.8.2.1 General background
2.8.2.2 Experimental methods
2.8.2.2.1 Description of CD533 plasmid DNA
2.8.2.2.2 Transfection

2.8.2.2.3 Immunocytostaining

viii

93

93

93

94

94

95

96

97

98

99

101

102

102

102

103

103

104

104



2.8.2.2.4 Western blot analysis to look for effects of
dominant-negative plasmid on ErbBl

signalling following transfection.

CHAPTER 3: RESULTS

Molecular actions of lapatinib and chemotherapeutic agents
in bladder cancer cell lines
3.1.1 Characterisation of expression of ErbB receptors and
downstream signalling proteins
3.1.2 Activation of ErbB receptors and downstream signalling
pathways by the ErbBl1 ligand, epidermal growth factor
(EGF)
3.1.3 Determination of ICs0s of lapatinib and
chemotherapeutic agents
3.1.4 Inhibition of ligand-induced stimulation of ErbB
receptors and downstream signalling by lapatinib
3.1.5 Effect of lapatinib and combination chemotherapy on

ErbB receptor signalling

3.2 Effect of lapatinib and chemotherapeutic agents on cell

viability using the MTT assay
3.2.1 Characterisation of individual cell lines: mitochondrial

dehydrogenase activity

1X

106

107

108

108

111

113

116

119

122

122



3.2.2 Assessment of optimal numbers of cells seeded and
growing conditions for cells for assays over a period of 96
hours

3.2.3 Effect of single-agent and combination chemotherapy on
RT112 cell viability when combined with lapatinib in
varying schedules

3.2.4 Effect of single-agent and combination chemotherapy on
J82 cell viability when combined with lapatinib in
varying schedules

3.2.5 Synergism between lapatinib and various

chemotherapeutic regimens

3.3 Effect of lapatinib and chemotherapy on cell survival and

cell cycle
3.3.1 Apoptosis assays
3.3.1.1 Assessment of apoptosis using fluorescence
microscopy
3.3.1.2 Assessment of apoptosis using the Annexin V assay

3.3.2 Effect of lapatinib and chemotherapy on cell cycle

3.4 Genetic approaches to down-regulation of ErbB1 expression

and signal transduction

3.4.1 RNAi-based approach to suppress ErbB1 gene expression

125

128

132

136

139

139

139

140

146

151

151



3.4.1.1 Preparation of plasmid DNA samples for
transfection

3.4.1.2 Optimisation of the transfection protocol for RT112
and J82 bladder cancer cell lines

3.4.1.3 Assessment of downregulation of ErbB1 expression
following transfection of cells with pSuper-ErbB1

3.4.2 Dominant-negative approach to suppression of ErbB1
function

3.4.2.1 Immunocytostaining of stable clones

3.4.2.2 Western blot analysis to look for effects of
dominant-negative plasmid on ErbBl signalling

following transfection

CHAPTER 4: DISCUSSION

4.1

4.2

4.3

4.4

Tyrosine kinase inhibitors as adjuncts to chemotherapy in

bladder cancer

Molecular characteristics of bladder cancer cell lines

Effect of lapatinib on cell signalling pathways

Effect of lapatinib and chemotherapy on cell viability

X1

151

153

158

160

160

162

164

165

166

170

174



4.5 Effects of lapatinib and chemotherapy on cell survival and

cell cycle

4.6 Genetic approaches to down-regulation of ErbB1 expression

and signal transduction

CHAPTER 5: CONCLUSIONS

REFERENCES

ABBREVIATIONS

RELATED PUBLICATIONS AND PRESENTATIONS

X1i

178

181

185

188

213

218



CHAPTER 1

INTRODUCTION



1.1 Bladder cancer — general background

1.1.1 Incidence

Bladder cancer is the fifth most common cancer in the UK, with nearly 10,200 new
cases diagnosed each year, and a male to female ratio of 2.5:1 (figure 1.1).
Presentation is uncommon before the age of 50 years [1 - 4]. It accounts for one in
every 20 new cases of cancer each year in the UK, and was responsible for around
4,900 deaths in the UK in 2003, making it the eighth most common cause of death due

to cancer [5 - 7].

1.1.2 Types of bladder cancer

There are three main types of bladder cancer, with transitional cell carcinoma (TCC)
being by far the most common, accounting for approximately 90% of all bladder
tumours. Squamous cell carcinoma and adenocarcinoma represent approximately 5%

and 2% of bladder cancers respectively [8].
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Figure 1.1

The 20 most common cancers in the UK, 2002 (Cancer Research UK).

1.1.3 Stage and grade of bladder cancer

Pathological staging and grading is used to formulate a treatment plan for bladder
cancer. The tumour node metastasis (TNM) system of classification, approved by the
Union International Contre le Cancer (UICC) is widely used for pathological staging
[9] (table 1.1, figure 1.2). Of all new tumours, approximately 20% are muscle-
invasive, 75% are pTa/pTl (superficial tumours), and 5% are in situ types (Tis). Of
the superficial tumours, up to 20% will progress to become muscle-invasive. The
grading of TCC bladder is more complex. The 1973 World Health Organisation
(WHO) grading classification, where tumours are labelled as grades 1, 2 and 3, has
been the most widely used system [10]. However, the definitions of the different

grades are vague and lack information for pathologists regarding specific histological



criteria. According to the 1973 WHO classification, ‘grade 1 tumours have the least
degree of anaplasia compatible with the diagnosis of malignancy, grade 3 applies to
tumours with the most severe degrees of cellular anaplasia, and grade 2 lies in
between’ [10]. More recently, in 1998, members of the WHO and International
Society of Urological Pathologists (ISUP) published the WHO/ISUP consensus
classification of urothelial (transitional cell) neoplasms of the urinary bladder [11].
This new system aimed to be a universally acceptable classification system for bladder
neoplasia that could be used effectively by pathologists, urologists and oncologists,
and gives a detailed histological description of the various grades, employing specific
cytological and architectural criteria. The system covers not only neoplastic
conditions, but also the nomenclature of preneoplastic lesions. A further WHO
classification was introduced in 1999 (WHO 1999), which was almost identical to the
WHO/ISUP classification, the main difference being that the WHO 1999 scheme
subdivided the low- and high-grade spectrum into three grades (grades I, II and III)
[12]. Table 1.2 summarises the WHO 1973 and WHO/ISUP grading systems and
their relationship to each other [13]. Despite the proposed benefits of the WHO/ISUP
and WHO 1999 systems, most pathologists in the United Kingdom still use the
original 1973 WHO grading system because of the lack of reproducibility of other two

systems [14].



Primary tumour

Depth of invasion

Ta Non-invasive papillary
Tis In situ: ‘flat tumour’
Tl Subepithelial connective tissues
T2 Muscularis propria
T2a Inner half
T2b Outer half
T3 Beyond muscularis propria
T3a Microscopically
T3b Extravesical mass
T4 Other adjacent structures
T4a Prostate, vagina, uterus
T4b Pelvic wall, abdominal wall

Regional lymph nodes Number/size

N1 Single =2 cm

N2 Single > 2-5 cm, multiple = 5 cm
N3 >5cm

Distant Metastases Presence/absence

Ml

Distant metastases

Table 1.1

The 1997 UICC TNM staging classification for bladder cancer [9].
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WHO 1973 WHO/ISUP

Hyperplasia
Flat hyperplasia

Papillary hyperplasia

Flat lesions with atypia
Reactive (inflammatory) atypia
Dysplasia

Carcinoma-in-situ**

Papillary Neoplasms
Papilloma » Papilloma
Grade 1 » Papillary neoplasm of low malignant potential (PUNLMP)
Grade 2 » Papillary carcinoma, low-grade
Grade 3 » Papillary carcinoma, high-grade

**May include cases formerly known as “severe dysplasia”
Table 1.2
Summary of the 1973 WHO and 1998 WHO/ISUP grading systems for TCC bladder, and their

relationship to each other (modified from Epstein [13]).



1.1.4 Risk factors for TCC of the bladder

There are a number of known risk factors for bladder cancer. Tobacco smoke is the
most important exogenous risk factor for bladder cancer. Smokers are two to three
times more likely to develop TCC than non-smokers [15], and 50% of all bladder
tumours can be directly attributed to cigarette smoking [16]. The exact mechanism of
bladder carcinogenesis in smokers remains unknown, though more than 60
carcinogens are present in tobacco smoke. A number of industrial chemicals such as
aromatic amines, aniline dyes, coal soot and numerous aldehydes have been
implicated in bladder carcinogenesis [17, 18], with occupations such as autoworkers,
painters, leather workers, metalworkers, machinists and dry cleaners being at
increased risk. Occupational exposures are estimated to account for 20% of bladder
cancer cases in the United States, with latency periods between exposure and clinical
presentation as long as 30-50 years [19, 20]. Several compounds found naturally in
the environment and secondary to industrial waste have been associated with
carcinoma of the bladder, such as arsenic and nitrates, though studies have failed to

reach a consensus on their importance [21 - 24].

1.1.5 Prognostic factors in superficial bladder cancer

Several prognostic factors have been identified for superficial bladder cancer, which
are easy to assess [25 - 30]. In descending order of importance, factors predicting
disease recurrence are: numbers of tumours present at diagnosis, recurrence rate in the

previous period or recurrence at three months, size of the tumour (the greater the size,



the higher the chance of recurrence), and the grade of tumour. The first two of these,
numbers of tumours at diagnosis and recurrence at three months, are particularly used
as an objective method of dividing patients up according to risk of recurrence [27].
For predicting progression to muscle-invasive disease, histological grade, the presence
of Tis, and stage, are of utmost importance. Tis of the bladder is defined as a flat,
high-grade non-invasive TCC [31]. The untreated natural history of Tis indicates a
greater than 50% five year progression rate and an even higher recurrence rate [32],
making the importance of its diagnosis and treatment obvious. Based on prognostic

factors, superficial bladder cancer can be divided into three risk groups (table 1.3).

Risk group Prognostic factors
Low-risk tumours Single, Ta, G1, <3cm diameter
High-risk tumours T1, G3, multifocal or highly recurrent, Tis
Intermediate-risk All other tumours, Ta-T1, G1-G2, multifocal, >3cm diameter
tumours
Table 1.3

Risk factors for predicting recurrence and progression of superficial bladder tumours, based on

prognostic factors [33].



1.2 Management of bladder cancer

1.2.1 Presentation

Early symptom recognition is a key to improving prognosis [34, 35]. Haematuria is
the most common finding in bladder cancer, though the degree of bleeding does not
correlate with severity of disease, and may be microscopic or macroscopic.
Therefore, any degree of haematuria requires investigation, even if another potential
cause for haematuria (such as urinary tract calculus, urinary tract infection [UTI]) has
been identified. Bladder cancer may also present with symptoms of voiding
irritability. Patients may complain of urgency, dysuria or increased frequency of
micturition. These symptoms strongly suggest a UTI, though if they are persistent in
the absence of a positive urine culture, with or without haematuria, the patient should

be investigated for the presence of bladder cancer, including Tis.

1.2.2 Diagnosis

The presence of these symptoms should lead to investigation for bladder cancer. The
European Association of Urology (EAU) guidelines on bladder cancer recommend a
pathway of investigation [33] (Table 1.4), which starts with a physical examination,
including digital rectal and pelvic examination, and then moves on to imaging,
urinalysis and urine cytology, and diagnostic cystoscopy. Once a bladder cancer has

been identified, transurethral resection (TUR) of the bladder tumour should be

10



performed. If the tumour is found to be muscle-invasive, and radical treatment is

being considered, staging investigations should be organised.

Mandatory investigations

»  Physical examination (including digital rectal and pelvic examination)
* Renal and bladder ultrasonography and/or intravenous pyelography (IVP)

» Cystoscopy with description of the tumour: size, site, appearance (a diagram of
the bladder should be included)

e Urinalysis
*  Urine cytology

* TUR with:
- biopsy of the underlying tissue

- random biopsies in the presence of positive cytology, large or non-
papillary tumour

- biopsies of the prostatic urethra in cases of Tis or suspicion of it

When the bladder tumour is muscle-invasive and radical treatment is

indicated, the following tests are mandatory

* Chest X-ray
* IVP and/or abdominal/pelvic computed tomography (CT) scan
* Liver ultrasonography

» Bone scan if symptoms are present or alkaline phosphatase level is elevated

Table 1.4

EAU recommendations for diagnosis of suspected bladder tumours {33].

11



1.2.3 Treatment

1.2.3.1 Superficial bladder cancer

Treatment of Ta and T1 tumours is directed towards prevention of recurrence and
progression, and takes into account the prognostic factors of the tumour. As
previously mentioned, the risk of progression to muscle-invasive disease is low in
the majority of superficial tumours, but reaches up to 50% in G3 T1 tumours [36],
which represent approximately 10% of all superficial lesions. A single
intravesical chemotherapeutic installation (epirubicin or mitomycin C)
immediately after initial TUR is recommended in all papillary tumours to reduce
tumour recurrence [37, 38], and this should be all the treatment necessary for
single G1 Ta-T1 tumours, < 3cm. For recurrent tumours there is varying evidence
for courses of intravesical chemotherapy. If after such treatment, there are still
multiple recurrences of tumours, a change to intravesical bacillus Calmette-Guerin
(BCG) immunotherapy is advocated because of its proven results in these
circumstances [39]. In fact, for all tumours with high risk of progression (T1, G3,
multifocal or highly recurrent, CIS [Table 1.3]), maintenance intravesical BCG
therapy should be used [40 - 43]. In patients with G3T1 tumours, re-resection
should be undertaken two to six weeks after the initial resection, as previous
reports have shown that even if detrusor muscle is free of tumour at initial
resection, up to 28% of T1 tumours may be up-staged to muscle-invasive at re-
resection [44]. The induction course of intravesical BCG is six weekly
instillations, followed by three further weekly instillations three months later. T1,

G3 or muscle-invasive disease after nine instillations constitutes failure, and

12



patients should be offered radical cystectomy or radiotherapy. If there is no failure
after nine instillations, maintenance BCG should be continued for 27 instillations
over three years, if possible. Such a program increased median recurrence-free
survival from 35.7 months with no maintenance BCG (six instillations only), to
76.8 months with maintenance therapy (p<0.0001) [40]. Two European
Organisation for Research and Treatment of Cancer (EORTC) meta-analyses have
further assessed the role of maintenance intravesical BCG therapy, in high-risk
tumours [41] and Tis alone [42]. Both showed that maintenance therapy is
superior to either intravesical chemotherapy, or only an initial six week course of
BCG. This is backed-up by a further report which suggests that intravesical BCG
maintenance therapy should be for at least 12 months, and that giving just six

instillations is ineffective [43].

1.2.3.2 Organ-confined muscle-invasive bladder cancer

The two main treatment options for organ-confined muscle-invasive TCC of the
bladder are radical cystectomy (with urinary diversion or bladder substitution), or
radical radiotherapy. However, both these treatments are associated with five year
survival rates of only around 40% [45, 46]. This is partly explained by a subgroup
of patients undergoing these treatments who are harbouring sub-clinical
metastases. Therefore, it is important that radical cystectomy should by
accompanied by pelvic lymphadenectomy, particularly if there is no clinical
evidence of nodal involvement, as in some patients lymphadenectomy in the

presence of low volume lymph node metastases will result in prolonged long term

13



survival [47]. The role of systemic chemotherapy in the management of patients
undergoing radical therapy for organ-confined muscle-invasive bladder cancer is

uncertain, and will be discussed later.

1.2.3.3 Metastatic bladder cancer

The treatment of choice for metastatic disease is systemic chemotherapy.

1.3 Current role of systemic chemotherapy in the management of bladder cancer

1.3.1 Metastatic bladder cancer

Until recently, the MVAC regimen (a combination of methotrexate, vinblastine,
adriamycin [doxorubicin] and cisplatin) had been considered the ‘gold standard’
chemotherapy treatment in metastatic TCC of the bladder [48]. Using this regimen,
approximately 40 to 60% of patients achieve an objective response, a third achieve a
complete response, but the median survival is only one year [49, 50]. Randomized
trials have confirmed the superiority of the MVAC regimen over cisplatin alone [49],
or over a combination of cyclophosphamide, doxorubicin and cisplatin, in terms of
objective response rates and overall survival [50]. Furthermore, combination

chemotherapy containing cisplatin is superior to the same combination without

14



cisplatin (e.g. CMV [cisplatin, methotrexate and vinblastine] is superior to MV) [51].
In a phase III trial which randomised 255 patients to either single-agent cisplatin or
MVAC, only 3.7% of patients treated with MVAC were alive and continuously
disease-free at six years, but this was still superior to survival with single-agent

cisplatin (p = 0.00015) [52].

Attempts have been made to improve the efficacy of the MVAC regimen. A phase III
trial randomised a high-dose MVAC (HD-MVAC) regimen against standard MVAC.
Results showed that although progression-free survival time was significantly better
with HD-MVAC (P = 0.037), with a median progression-free survival time of 9.1
months on the HD-MVAC arm versus 8.2 months on the MVAC arm, there was no

difference in overall survival between the two regimens [53].

As well as demonstrating poor overall survival rates, M-VAC is toxic and has a

treatment-related mortality of about 4% [49, 54].

In view of this, many now consider the GC (gemcitabine and cisplatin) regimen to be
the standard treatment in metastatic bladder cancer following a recent phase III trial
[54]. In this trial, 405 patients with locally-advanced or metastatic TCC of the bladder
and no prior systemic chemotherapy were randomised to GC or MVAC. Overall
survival was similar in both arms, but GC had a better safety-profile, and tolerability
[54]. Certainly, the GC regimen is now employed at many institutions as first-line
therapy, although the financial cost is higher, and EAU guidelines still cite MVAC as
the gold standard treatment, saying that the GC data is not sufficiently statistically

powered to reveal equivalence to MVAC in terms of survival [33]. Phase II trials

15



incorporating the taxane, paclitaxel, in combination with cisplatin [55], or carboplatin
[56], have also shown activity reminiscent of those described for MVAC

chemotherapy, but with more favourable toxicity profiles.

Further trials are currently evaluating the potential benefits of adding other active
drugs to the GC combination. Phase II trials of triplet combination chemotherapy
including paclitaxel and/or gemcitabine, have shown promise with median survivals
of two to eight months higher than those described in phase III trials of MVAC [57 -
59]. These promising results have led to a large randomised phase III trial, comparing
GC with GTC (gemcitabine, paclitaxel and cisplatin), so that the impact of paclitaxel

on survival can be assessed further [60].

Gemcitabine and paclitaxel given in combination every two weeks has shown promise
as a second-line treatment in patients who fail to respond to MVAC chemotherapy;
the complete response rate was 28% and median survival was 14.4 months [61]. This
provides further evidence for the efficacy of paclitaxel in the treatment of advanced

bladder cancer.

It is important to note that patient factors play a role in survival following systemic
chemotherapy. Patients with visceral metastases do less well than those with
surgically inoperable disease without visceral metastases. In one study of MVAC,
patients with visceral metastases had a median survival of 11.1 months, compared to
22.3 months in those without visceral metastases [62]. Similar results are seen with

GC, where a study of 121 patients showed that the only independent prognostic factor

16



was the presence of visceral metastases, and patients without visceral metastases had a

24% chance of four year survival [63].

Unfortunately, although precise data are difficult to obtain, a significant proportion of
patients with metastatic bladder cancer are not eligible to receive cisplatin-based
chemotherapy [64]. Commonly encountered reasons for this unsuitability include
renal compromise, impaired cardiac status, inadequate bone marrow reserve, poor
performance status and a variety of co-morbid conditions, which are often associated

with ageing.

1.3.2 Organ-confined muscle-invasive bladder cancer

1.3.2.1 Neoadjuvant chemotherapy

Most trials of chemotherapy given before radical cystectomy or radiotherapy have
failed to significantly improve survival, but many of these studies had sample
sizes which were too small for important changes in survival to be detected. In a
large EORTC/MRC (Medical Research Council) phase III trial, 976 patients were
randomised to three cycles of CMV or no chemotherapy, prior to cystectomy or
radical radiotherapy (neoadjuvant chemotherapy) [65]. When first published,
there was no significant difference in overall survival, however presented data
after seven years of follow-up shows a 6% survival advantage in favour of
neoadjuvant chemotherapy (p=0.048). A systematic review and meta-analysis

from 11 randomised trials has shown that neoadjuvant platinum-based

17



combination chemotherapy is associated with a 5% absolute benefit in overall
survival at five years (Hazards ratio [HR]=0.86, 95% confidence interval [Cl]
0.77-0.95, p=0.003, figure 1.3), and a 9% absolute improvement in disease-free
survival at five years (HR=0.78, 95% CI 0.71-0.86, p<0.0001) [66]. However, it
should be noted that the EORTC/MRC trial discussed above contributed half the

patients who underwent combination chemotherapy.

Events Total
0.1 NeoCT 686 1220
Control 744 1213

0.0
o 1 2 3 4 5 6 7 8 9 10

Years
Patients at risk
NeoCT 1220 972 770 659 585 510 403 284 201 140 92
Control 1213 922 705 606 527 448 338 241 171 116 77

Figure 1.3

Kaplan-Meier curve for overall survival in neoadjuvant platinum-based combination chemotherapy

trials (from the advanced bladder cancer [ABC] meta-analysis of adjuvant chemotherapy in muscle-

invasive bladder cancer [66]).
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1.3.2.2 Adjuvant chemotherapy

There is currently insufficient evidence to support adjuvant chemotherapy
following radical cystectomy [67], due to the small numbers of trials investigating
the effectiveness of adjuvant chemotherapy in this setting. A recent meta-analysis
of 491 patients from six trials has showed a 25% relative decrease in the risk of
death with adjuvant chemotherapy compared with control (HR 0.75, 95% CI 0.60
- 0.96, p=0.019) (figure 1.4) [68]. This is equivalent to an absolute improvement
in survival of 9% at three years, but with this number of patients it is only possible
to reliably detect an absolute effect in the order of 15%. The authors therefore
conclude that at present there is insufficient evidence on which to reliably base

treatment decisions.

To address this problem further, appropriately sized randomised trials are vital.
One such trial, a phase III multi-centre trial conducted by the EORTC (protocol
30994), has been set up to compare immediate versus deferred (at time of relapse)
combination chemotherapy (MVAC, HD-MVAC, or GC) following radical
cystectomy in high risk patients with pT3-pT4 or node positive disease [69].
Those receiving immediate chemotherapy have four cycles, whereas those getting
deferred chemotherapy get six cycles. However, such a protocol may only be

applicable to a small number of patients.

The potential advantages and disadvantages of adjuvant versus neoadjuvant

chemotherapy are discussed in table 1.5 [70].
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Control 245 190 138 104 85 69 54 38 34

Figure 1.4
Kaplan-Meier curve for survival (all trials) showing results from the ABC meta-analysis of adjuvant

chemotherapy in muscle-invasive bladder cancer [68].
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Adjuvant chemotherapy

Neoadjuvant chemotherapy

Pathological staging is the most accurate
prognostic indicator

Prognostic information obtained from

response to therapy

Spares low-risk patients

toxicity

unnecessary

No delay in surgery

No delay in chemotherapy

Maximises chance of cure for patients
with chemoresistant disease

Immediate treatment of microscopic
metastases in patients with chemosensitive
disease

Bladder preservation with MVAC alone a
possibility in only 1 in 3 patients

Potential for bladder
complete responders

preservation in

Lower toxicity of newer combination
chemotherapy likely to improve tolerance
and compliance with postoperative
therapy

Greater tolerability and compliance by
patients

Table 1.5

The advantages and disadvantages of adjuvant versus neoadjuvant chemotherapy [70].
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1.3.2.3 Concomitant chemotherapy

In other solid tumour systems, cisplatin has been used concomitant with
radiotherapy to prolong survival. One such tumour system is cervical cancer, in
which a systematic review and meta-analysis of 19 reported trials concluded that
such concomitant therapy improves overall and progression free survival, and also
reduces local and distant recurrence in selected patients with cervical cancer [71].
There has been only one randomised trial of concomitant chemotherapy with
radiotherapy in bladder cancer. This trial showed that the rate of local disease
recurrence in the pelvis was significantly reduced by concurrent cisplatin (p=0.38),
and a 15% improvement in overall survival after three years. However, only 99
patients were recruited, and this improvement in survival was not statistically
significant [72]. A more recent report of long-term results of concomitant
cisplatin/5-fluorouracil (5FU) and radiotherapy showed no survival benefit, but
concluded that such therapy may be beneficial for those unfit to undergo

cystectomy [73].
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1.4 Future directions of systemic chemotherapy in the management of bladder

cancer

In view of the continuing modest survival rates despite advances in chemotherapeutic
regimens, there has been much interest in developing novel therapies for the treatment
of TCC of the bladder, including sensitisers for current modalities. Such potential
therapies may also enable dose reduction of chemotherapy and facilitate reducing the
number of cytotoxic agents in a regimen, thus reducing the toxicity profile and making
treatment available to more patients. Recent developments in the understanding of the
differing phenotypes of bladder cancers have allowed progress in identifying genetic
changes and altered patterns of gene expression, which accompany the development
of bladder tumours. Particular interest has focused on defects in pathways controlling
the G1/S (GAP-1/synthesis) cell cycle checkpoint, involving the tumour suppressor
genes p53 and pRb (p-retinoblastoma) [74], and on aberrant expression of growth-
factor receptors, such as the epidermal growth factor receptor. Much research
currently centres on modifying the activity of the epidermal growth factor receptor
(EGFR/ErbB1), a transmembrane protein that has been shown to be an independent
predictor of survival in bladder cancer [75]. In particular, small molecule tyrosine
kinase inhibitors (TKIs) and monoclonal antibodies (MAbs) to this receptor and other
members of its family have been studied as both primary chemotherapeutic agents and

as adjuncts to chemotherapy.
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1.5 ErbB family of receptors

1.5.1 The ErbB family of receptor tyrosine kinases

The ErbB family of receptor tyrosine kinases, which is frequently dysregulated in
human epithelial malignancies, lies at the head of a complex signal transduction
cascade that modulates a number of cellular functions, including cell proliferation,
survival, adhesion, migration and differentiation [76]. The ErbB family is comprised
of four members/homologous receptors: the epidermal growth factor receptor
(EGFR/ErbB1), ErbB2, ErbB3, and ErbB4 [76]. These transmembrane receptors are
composed of an extracellular ligand-binding domain, a transmembrane lipophilic
segment, and an intracellular tyrosine kinase domain with a regulatory COOH-
terminal segment. Without ligand-receptor interaction, ErbB receptors are inactive and
present in monomeric form. On binding of a number of different ligands, including
epidermal growth factor (EGF), transforming growth factor (TGF)-a and heregulin
(HRG), to the extracellular domain of ErbB receptors, the formation of receptor
homodimers or heterodimers occurs [76] (figure 1.5). This stimulates
autophosphorylation of the tyrosine kinase domains, triggering the cascade of multiple
intracellular signalling pathways. Of particular note, ErbB3 lacks intrinsic tyrosine
kinase activity, due to substitutions in critical residues in its catalytic domain, and thus
can signal only in the context of a receptor heterodimer [77]. In addition, ErbB2 is
devoid of an activating ligand, and can only function in the context of a heterodimer

with a ligand-bound receptor [78]. Generally, ligand-induced signalling must be
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initiated by high affinity binding of EGF-like ligands to ErbB1 and ErbB4, or HRG

binding to ErbB3 or ErbB4 [79].

There is a hierarchy of interactions between receptors that may reflect differences in
affinities of the various hormone-receptor-receptor complexes. For example, EGF
stimulated ErbB1 binds with higher affinity to ErbB2 than to ErbB3 or ErbB4.
Similarly, HRG stimulated ErbB3 or ErbB4 form stronger heterodimers with ErbB2
than with ErbBl.  This suggests that ErbB2 is the preferred target for
heterodimerisation for other ErbB family receptors [80]. Furthermore, there is
evidence to suggest that ErbB2 and ErbB3 form the most potent heterodimer in terms

of cell growth and transformation, in spite of their apparent disabilities [81].
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Diagrammatic representation of ligand-induced dimerisation of ErbB receptors, which results in

phosphorylation of the tyrosine residues (Y) of the tyrosine kinase (TK) in the intracellular component

of the receptor via the ATP (adenosine triphosphate) binding site.

This leads to activation of

downstream signalling, cell cycle progression, and increased cell proliferation and survival.
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1.5.2 ErbB receptor-mediated signalling pathways

Signal transduction cascades activated by ErbB receptor autophosphorylation
following dimerisation include the Ras-mitogen-activated protein kinase (Ras-
MAPK), the phosphatidylinositol 3-kinase (PI3K), and the Signal Transducer and

Activator of Transcription (STAT) pathways (figure 1.6).
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Figure 1.6

ErbB receptor induced signalling pathways [82]. Ligand binding induces receptor homodimerisation or
heterodimerisation, which results in the activation of tyrosine kinase activity. This activates a variety
of signalling pathways including the Ras-MAPK, PI3K-AKT and STAT pathways. Collectively these

pathways culminate in cellular proliferation, migration and survival.
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1.5.2.1 MAPK activation

All ErbB ligands and receptors couple to activate the Ras-MAPK pathway, either
directly or indirectly. Ras genes code for GTPases that act as molecular switches,
cycling between an inactive guanine diphosphate (GDP)-bound state and an active
guanine triphosphate (GTP)-bound state [83]. The ErbB receptors stimulate the
exchange of GDP for GTP on the small G protein Ras [84]. Among other
effectors, the active GTP-Ras binds and activates Raf kinase, initiating a kinase
cascade, which leads to phosphorylation of MAPK. Activated MAPK then
phosphorylates multiple cytoplasmic and cytoskeletal proteins, and also undergoes
rapid translocation into the nucleus where it phosphorylates and activates a variety

of transcription factor targets [82].

1.5.2.2 PI3K/AKT activation

PI3K mediates many proliferation and cell survival signals [82]. ErbB receptors
stimulate activation of PI3K also via GTP-Ras binding. The protein serine-
threonine kinase AKT is a key effector of PI3K, and has many cytoplasmic and
nuclear targets. Phosphorylated AKT promotes cell survival by blocking
interactions of pro-apoptotic molecules, and promotes cell cycle progression
through down regulation of the cyclin dependent kinase (cdk) inhibitor p27 [82].
The effects of the PI3K/AKT pathway are reflected by the tumour suppressive
effects of PTEN (phosphatase and tensin homologue deleted on chromosome ten),

a lipid phosphatase that de-phosphorylates the 3' position of PI3K products.
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PTEN acts to negatively regulate the PI3K/AKT pathway, and is frequently

mutationally inactivated in human cancers [85].

1.5.2.3 STAT activation

Seven mammalian STAT proteins have been identified. Over 40 different
polypeptides can mediate STAT activation, including receptor tyrosine kinases,
such as ErbB1 [86]. This leads to formation of active STAT dimers, which
accumulate in the nucleus, recognise specific DNA (deoxyribonucleic acid)
elements in the promoters of genes and activate transcription. STATS thus play an
important role in controlling cell-cycle progression and apoptosis [86]. It has
been shown that human cancer cells have often lost normal control of these

signalling systems, especially STAT1, STAT3 and STATS [87].

1.5.3 Effect of ErbB signalling on cell cycle

Thus the activation of the ErbB receptors results in stimulation of a large network of

signalling pathways that eventually subvert cell cycle checkpoints and pro-apoptotic

molecules, leading to dysregulated cell cycle progression and enhanced tumour cell

survival. The stages of the cell cycle are G1 (GAP-1), S (Synthesis, when DNA

replication occurs), G2 (GAP-2), and M (mitosis) (figure 1.7). Regulation of the cell

cycle is complex, but cdks and cyclins are major control switches for the cell cycle,

causing the cell cycle to progress from G1 to S, or G2 to M. p27 is a protein that aids
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to regulate their action, by binding to cyclin and cdks, thereby blocking entry into S
phase. Activation of the ErbB signalling pathways, and in particular the MAPK and
AKT pathways, is thought to lead to decreased levels of the cyclin-dependent kinase
inhibitor p27, and consequently increased levels of cyclin D1 and various cdks. This
in turn causes cell cycle progression from late Gi into S, via phosphorylation of Rb,

which acts to regulate this point in the cell cycle, and thus increased cell proliferation

[88].
(mitosis)
G2 G1
(Gap 2) (Gap 1)
EUKARYOTIC
CELL CYCLE
Cells that
cease
S phase division

(DNA synthesis)

Figure 1.7

Diagrammatic representation of the stages of the cell cycle.
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1.5.4 Degradation of ErbB receptors

Upon ligand binding and activation, ErbB receptors undergo internalisation via
endocytosis. The contents of the resultant endosomes are then either degraded or
recycled to the cell surface, depending upon the activating ligand [89]. For example,
in the case of ErbB1 activation, EGF directs the receptor to degradation, whereas

TGFa results in recycling.

1.6 ErbB receptors and bladder cancer

ErbB receptor positivity in bladder tumours has been assessed in a number of
immunohistochemical studies, with widely variable reported levels of expression.
ErbB1 expression has been found in 35 — 100% of bladder tumours [90 - 94], with a
positive correlation of its expression with higher grade and stage [90, 91, 93, 95],
higher rates of recurrence and progression [91 - 93], and also a worse prognosis and
decreased survival [91, 93]. ErbB2 expression has been reported in 2 — 74% of
bladder tumours [94, 96 - 101], but the correlations of this with prognostic factors
have been contradictory. Several studies have correlated ErbB2 positivity with higher
grade and tumour progression [94, 97 - 100] and others have reported independent
prediction of earlier death with ErbB2 expression [94, 98, 99]. In contrast, another
prospective study found that ErbB2 overexpression in the context of paclitaxel-based

chemotherapy decreased the risk of death significantly [101]. Fewer studies have
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investigated ErbB3 and ErbB4 expression in bladder cancer. ErbB3 expression has
been shown in 20 — 56% of tumours [95, 96, 102], and ErbB4 in 11 — 30% [95, 96].
In one study, ErbB3 expression was correlated with increased size and number of
tumours, as well as higher grade and recurrence rate [94]. A further study showed that
the predominant subtype of HRG ligand expressed in a tumour type determined
whether ErbB3 positivity correlated with a good or bad prognosis [103]. High
HRGI1P expression correlated to poor survival, but co-expression of HRG4 with
ErbB3 and ErbB4 was associated with improved survival [103]. There is little more
information about the significance of ErtbB4 expression in bladder cancer, though
there seems to be no apparent relationship between ErbB4 expression and

clinicopathological factors [94].

Various combinations of receptor co-expression have also been investigated, with
some pairs being associated with decreased survival. ErbB1-ErbB3 and ErbB3-ErbB4
expression were more common in high grade and more invasive tumours in one study
[95]. A second study showed co-expression of ErbB1-ErbB2, ErbB2-ErbB3 and
ErbB1-ErbB2-ErbB3 in 34%, 27% and 22% of cases respectively, with ErbB1-ErbB2
and ErbB2-ErbB3 co-expressions being independently correlated with poor long-term
survival [94]. This data suggests that expressing multiple ErbB receptors plays an
important role in the tumorigenesis of bladder cancer, and that ErbB2 may serve as a
critical component of ErbB interactions, especially with ErbB1 and/or ErbB3, whose

preferred partner for heterodimerisation is ErbB2, as described earlier.

Signalling pathways downstream of the ErbB receptors have also been studied with

respect to their involvement in the tumorigenesis of bladder cancer. The role of
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STATs in bladder cancer has been investigated in a couple of studies. Activated
STAT3 was suggested to have a crucial role for exhibition of malignant characteristics
in one bladder cancer cell line [104], whilst another study showed that methylation of
the STAT1 gene is associated with tumour recurrence in non-muscle invasive bladder
cancer [105]. Other pathways investigated are those involving PI3K/AKT and
MAPK. In one study, the pharmacological and biochemical inhibition of the
PI3K/AKT pathway drastically reduced the invasive capacity of bladder cancer cell
lines [106]. It has also been shown that the tumour suppressor gene PTEN, which
inhibits the PI3K pathway, is mutated or homozygously deleted in 23 - 32% of
muscle-invasive bladder tumours [107, 108]. In contrast, studies have not found a
similar role for MAPK in bladder cancer. It has been found that levels of MAPK in
cell lines do not correlate with invasive ability [106], and that typical TCC cell lines
do not appear to depend upon MAPK pathways for continuous proliferation [109].
This data suggests that the PI3K/AKT pathway is the more important signalling

pathway in bladder cancer cell lines.
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1.7 Inhibition of ErbB receptors

There are several approaches to inhibition of ErbB receptors and their signalling
pathways, which are currently under preclinical and clinical investigation [110].
These include the use of small molecule tyrosine kinase inhibitors (TKIs), monoclonal
antibodies (MAbs), immunotoxin conjugates and antisense oligonucleotides. To date,

the most studied methods of inhibition are small molecule TKIs and MAbs.

1.7.1 Immunotoxin conjugates

Monoclonal antibodies can be used alone, or as conjugates for the delivery of toxins,
radioisotopes, or drugs [110]. Conjugates with MAbs to ErbB1 and ErbB2 have been
studied, though there is little clinical data in this field. However, there have been

concerns about hepatotoxicity in some early studies [111].

1.7.2 Antisense oligonucleotides

Overexpression of some oncogenes can affect the prognosis of malignancies, and the
suppression of these overexpressed genes has been an area of therapeutic interest.
Antisense oligonucleotides are a class of drugs used to specifically inhibit target genes
on mRNA (messenger ribonucleic acid) [112]. During gene transcription, DNA
becomes partially uncoiled, into “sense” and “antisense” complementary strands. The

“antisense” strand generates mRNA (in the “sense” orientation), which is then
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translated into protein products in the cytoplasm. Translation of the mRNA can be
prevented by complementary base-pair binding of “antisense” oligonucleotides [113].
Thus it is possible to inhibit the expression of virtually any gene product without
directly affecting other cellular components, and possibly with minimal side-effects,

though little clinical data is available.

1.7.3 Monoclonal antibodies

Cetumixab (IMC-C225, ImClone, New York, USA), an anti-ErbB1 MADb, has been
shown in vitro and in vivo (using an orthotopic tumour model) to inhibit bladder
cancer cell growth [114]. Cetumixab acts by blocking the extracellular ligand-binding
component of ErbB1 thus preventing endogenous ligand binding. Of interest, the
combination of cetumixab with paclitaxel has a synergistic growth inhibitory effect in
mice with metastatic human bladder carcinoma [115]. However, unlike TKIs,
cetumixab is administered intravenously, and therefore would be a more invasive

clinical treatment.

A MAD against ErbB2, trastuzumab (Herceptin, Genentech, CA, USA), has been
widely studied in breast cancer. Trastuzumab binds the extracellular domain of the
ErbB2 receptor, and induces an antibody-dependent cellular cytotoxicity against
tumour cell lines [116]. Trastuzumab has a proven clinical benefit in women with
metastatic breast cancer with ErbB2 overexpression. A phase III trial in such women
showed a more prolonged time to disease progression, and longer survival, in patients

treated with trastuzumab and chemotherapy, compared to those treated with
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chemotherapy alone [117]. There is no data on efficacy of trastuzumab in the

treatment of metastatic bladder cancer at the present time.

Toxicity to MADb’s is still mainly in the form of serious allergic reactions, although
advances to reduce the amounts of foreign protein they contain have reduced the
incidence of hypersensitivity reactions in patients [110]. The MADb’s discussed here
were both derived from mouse (murine) antibodies, and then manipulated in order to
reduce their immunogenicity. Cetumixab is a chimeric MAb, which is formed by
replacing the constant regions of a murine MAb with the human constant region of an
immunoglobulin [110]. While this reduces the amounts of foreign protein,
incorporating the antigen-interacting protein sequence region of murine MAb into a
human immunoglobulin framework can decrease this even further, forming a

humanised MADb, such as Trastuzumab [110].

1.7.4 Small molecule tyrosine kinase inhibitors

Small molecule TKIs are synthetic, quinazoline-derived low molecular weight
molecules. They interact with the intracellular domain of the ErbB receptors, and
inhibit ligand-induced receptor autophosphorylation by competing for the intracellular
ATP (adenosine triphosphate) binding site [118]. Gefitinib (ZD1839, AstraZeneca
USA), the most widely studied, demonstrates remarkable selectivity for ErbBl
compared with other receptor tyrosine kinases. Erlotinib (OSI-774, OSI
Pharmaceuticals, NY, USA) is also selective for ErbBl. In contrast, lapatinib

(GW572016, GlaxoSmithKline, USA) is a dual tyrosine kinase inhibitor of ErbB1 and
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ErbB2. Canertinib (CI-1033, Pfizer, MA, USA) is a pan-ErbB TKI, which is active
against all four members of the ErbB receptor tyrosine kinase family. Canertinib is an
irreversible inhibitor, whereas gefitinib, erlotinib and lapatinib are all reversible
inhibitors. Gefitinib, erlotinib and lapatinib are currently under clinical investigation

in phase III trials, and canertinib is being studied in phase II trials.

1.8 Preclinical and clinical activity of TKIs

1.8.1 TKIs as primary chemotherapeutic agents

1.8.1.1 Preclinical data

Early work with TKIs assessed their potential as primary chemotherapeutic agents.
They have been shown to be capable of inhibiting the growth of bladder cancer
cells in vitro [119], as well as inhibiting other cancer cell lines (e.g. ovarian, colon,
and breast cancer) [120]. They also have the ability to inhibit signalling pathways
downstream of ErbB receptors, including the MAPK, AKT and STAT pathways
[121]. In vivo work assessing the inhibitory effect of small molecule TKIs, using
subcutaneous inoculation of human tumour cell lines (lung, vulval and prostate

cancer) in athymic nude mice, has confirmed earlier in vitro results [122].
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1.8.1.2 Clinical data

Gefitinib has been well tolerated in phase I testing, involving patients with a range
of ErbB1-expressing malignancies (including breast, prostate, colorectal, and head
and neck cancers) [123]. Phase I data for erlotinib also shows it to be well
tolerated in advanced solid malignancies [124]. Canertinib showed dose limiting
toxicity of diarrhoea, rash and anorexia in patients with solid tumours refractory to
standard therapy in a phase I trial, but was shown to be safe at the maximum

tolerated dose [125].

Both gefitinib and erlotinib have received United States. Food and Drug
Administration (US FDA) approval for use as monotherapy in advanced non-small
cell lung cancer (NSCLC) [126]. Gefitinib received FDA approval in May 2003
as a third-line therapy in locally advanced or metastatic NSCLC after failure of
both platinum-based and docetaxel chemotherapies [126]. This followed results
from the IDEAL-2 (Iressa Dose Evaluation in Advanced Lung Cancer) phase II
trial [127]. Results showed a total response rate of 10.6% and a total symptomatic
response rate of 40% when gefitinib was used after platinum-based and docetaxel
chemotherapy [127]. However, the manufacturers took the step of advising
clinicians to consider other treatment options in patients with recurrent NSCLC
after the results of the ISEL (Iressa Survival Evaluation in Lung Cancer) phase 111
trial, which closed in August 2004 [126]. The ISEL trial randomised gefitinib
versus placebo in patients with advanced NSCLC who had progressed or could no
longer endure chemotherapy [128]. The primary endpoint was survival, and

results showed that gefitinib did not prolong survival in the overall population,
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with a median survival of 5.6 months with gefitinib, versus 5.1 months with
placebo [128]. Erlotinib received FDA approval in November 2004, for use in
patients with locally advanced or metastatic NSCLC after failure of at least one
prior chemotherapy regimen [126]. This was following results from the BR.21
phase III study from the National Cancer Institute of Canada Clinical Trials Group
(NCIC-CTG), which trialled erlotinib against placebo in patients with advanced
NSCLC who had had at least one, but not greater than two, failed chemotherapy
regimens [129]. This study found a 27% reduction in risk of death with erlotinib,
and a median survival of 6.7 months with erlotinib versus 4.7 months with placebo

(p<0.001) [129].

1.8.1.3 Predicting clinical response

An important factor to consider when using TKIs to treat human malignancies is
that no clear association between ErbB receptor levels and response to ErbB-
targeted therapies has been found [130]. Some preclinical studies have noted a
relationship between ErbB1 expression and response to TKIs [131], but others
haven’t [122, 132]. However, selection of patients whose tumours overexpress
ErbB2 has proved to be important in the use of Trastuzumab in breast cancer
[117]. This discrepancy in reports may be related to the fact that levels of
expression of ErbB receptors at the cell surface does not take account of whether
mutant receptors are present, whether such receptors are in a more or less active
state than wild type receptors, or indeed whether the signalling pathway

downstream of the receptors is active. Thus the expression of ErbB1 does not
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imply that the tumour cell is solely dependent for growth or survival on this
particular signalling pathway, as many alternative mitogenic signalling pathways

are available to tumour cells [133].

There is potential for numerous mutations of receptors. The most commonly
found ErbB1 mutation is EGFRVIII, which has loss of residues in its ectodomain,
and is constitutively active, not downregulated by endocytosis, and is potently
transforming [134]. Responsiveness of cells with the EGFRvIII mutation in vitro
to gefitinib has been reported [135]). More recently, studies have found subgroups
of patients with NSCLC with specific mutations in the ErbB1 gene and improved

clinical responsiveness to gefitinib and erlotinib [136, 137].

In view of the uncertainty surrounding the significance of levels of ErbB receptor
expression, it has been suggested that until ErbB-based assays predictive of a
response to receptor-targeted therapies are available, there is really no justification
for stratifying patients by receptor status or excluding patients from clinical trials

of such therapies [130].

40



1.8.2 Lapatinib as a primary chemotherapeutic agent

1.8.2.1 Preclinical data

As previously discussed, ErbB receptors are inactive in monomeric form, and
receptor phosphorylation only occurs upon homo- or heterodimerisation in
response to ligand binding. ErbB1 preferentially heterodimerises with ErbB2,
making dual tyrosine kinase inhibition of these two receptors an attractive
therapeutic strategy for epithelial tumours. It is especially attractive in view of the

fact that ErbB2 is also the preferred partner for heterodimerisation with ErbB3.

The dual ErbB1/ErbB2 TKI lapatinib has been shown to inhibit cell growth in
vitro in a number of solid tumour systems, including breast, head and neck,
prostate and colon carcinoma cell lines [138 -140], even if ErbB1 and ErbB2 are
not overexpressed [138]. Clearly, some tumours with low levels of expression of
ErbB1 and ErbB2 remain dependent on these receptors for growth and survival
signals. Similar findings were observed in vivo in human tumour xenografts [138,

139).

In vitro studies involving treatment with lapatinib have shown that it decreases
levels of phosphorylation of ErbB1 and ErbB2, and indirectly down-regulates
activated MAPK and activated AKT [138, 139, 141 - 143]. Lapatinib also
produces increased levels of apoptosis in breast and colon cancer cell lines [138,

139, 141, 144]. In breast cancer cells, this increase in apoptosis has been linked
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with its ability to down-regulate survivin, a member of the inhibitor-of-apoptosis

family, in ErbB2 over-expressing cells [141, 144].

The ability of lapatinib to inhibit ErbB3 activation via its heterodimerisation with
ErbB2 has been investigated in breast and prostate cancer cell lines [145, 146].

SErbBZ), in

Some breast cancer cell lines express a truncated version of ErbB2 (p9
which the extracellular domain of ErbB2 has been cleaved and deleted, and is a
feature associated with metastatic disease in breast cancer. In such cell lines,
lapatinib inhibited HRG-induced activation of p95F""Bz and AKT, an effect not
seen in response to treatment with Trastuzumab [145]. In prostate cancer cell
lines, lapatinib inhibited HRG-induced cellular proliferation more potently than
the ErbB1 TKI, gefitinib [146]. Lapatinib has also been shown to be superior to

gefitinib in prostate cancer cell lines in terms of its ability to impair androgen

receptor function [140].

Combining lapatinib with Trastuzumab in breast cancer cell lines showed a
synergistic interaction in an in vivo study [143], and in vitro in oestrogen receptor
negative, tamoxifen resistant cells, lapatinib sensitised the cells to tamoxifen

[142].

These studies indicate a possible wide range of applications for lapatinib, which
require clinical investigation. = Of further interest, lapatinib has shown
radiosensitising potential in vitro, in both Ras-transformed cells, and in ErbB1

overexpressing breast cancer cell lines [147, 148]. To date, lapatinib has not been
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studied in bladder cancer cell lines, or in combination with chemotherapeutic

agents.

1.8.2.2 Clinical data

Phase I studies of lapatinib have been reported, and have shown it to be well
tolerated in both healthy patients, and in patients with heavily pretreated,
metastatic solid tumours [149 - 151]. The most common side effects, in common
with other TKIs, were diarrhoea and rash, with no grade four drug-related adverse
reactions reported [149, 150]. In 33 patients with metastatic disease, sequential
tumour biopsies were taken. Partial responses occurred in four patients with
breast cancer, and disease stabilisation occurred in 11 others with various
malignancies. In responders, variable levels of inhibition of phosphorylated
ErbB1, ErbB2, MAPK and AKT were seen [151]. Several phase II and phase III
trials of lapatinib in a variety of solid tumours, including breast, prostate and

oesophageal carcinomas, are currently recruiting

1.8.3 TKIs as adjuncts to chemotherapy

1.8.3.1 Preclinical data

Tyrosine kinase inhibitors have been studied in vitro in combination with

chemotherapeutic agents in a number of ErbBl-expressing tumour systems,
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including breast, ovarian and colon. Growth inhibition has been shown to be
enhanced when gefitinib is combined with structurally and functionally different
drugs in vitro, such as platinum-derived agents (cisplatin, oxaliplatin, carboplatin),
taxanes (paclitaxel, docetaxel), topoisomerase 1 (topotecan) or II (etoposide,
topotecan) inhibitors and a thymidylate synthase inhibitor (raltitrexed) [132]. The
antiproliferative effect was mainly cytostatic, but treatment with higher doses of
gefitinib increased apoptosis. Constitutive activation of AKT has been linked to
chemoresistance in NSCLC cells in vitro [152]. Since lapatinib is a potent

inhibitor of activated AKT [138], it may be an important adjunct to chemotherapy.

In further in vitro studies, the importance of the sequence of application of TKIs
and chemotherapeutic agents was examined. In the first of these studies, gefitinib
was applied in various sequences with cisplatin/5FU to head and neck squamous
cell carcinoma cell lines [153]. Results showed a slight synergistic effect when
gefitinib was applied first, with optimal results when gefitinib was applied before
and during cisplatin/5FU treatment. There appeared to be an antagonistic effect
when gefitinib was applied after cisplatin/5FU [153]. However, subsequent
studies using colon carcinoma cell lines have contradicted this data [154, 155].
Gefitinib was again applied in various sequences with chemotherapeutic agents,
either the topoisomerase I inhibitor SN-38 [154], or oxaliplatin [155]. In both
studies there was maximal synergy when gefitinib was applied after
chemotherapy, with either only an additive [155], or an antagonistic [154] effect
when it was applied before chemotherapy. Clearly, there is need for further
investigation of scheduling TKIs and chemotherapeutic agents, and it may be that

the optimal schedule varies with cancer cell type and/or chemotherapeutic agent.



In vivo studies have shown that gefitinib in combination with paclitaxel, topotecan
or raltitrexed significantly extended survival time in mice bearing colon tumour
xenografts [132]. In a further in vivo study [122], partial or complete tumour
regressions in mice with human squamous, lung and prostate xenografts were
observed when treated with combinations of gefitinib, cisplatin, carboplatin,
paclitaxel and docetaxel. These regressions were not seen after single-agent
treatment. Erlotinib has also improved growth inhibition when combined with

cisplatin in head and neck carcinoma xenografts [156].

1.8.3.2 Clinical data

Several large, multicentre, phase III trials of TKIs combined with chemotherapy in
patients with NSCLC have now been reported, and all have failed to show any
survival benefit of TKI plus chemotherapy over chemotherapy alone [157 - 160].
Two trials, INTACT 1 (Iressa NSCLC Trial Assessing Combination Treatment)
and INTACT 2, combined gefitinib with chemotherapy in chemotherapy naive
patients with unresectable, advanced (stage III or IV) NSCLC in phase III,
randomised, double-blind, placebo-controlled multicentre trials [157, 158].
INTACT 1 used cisplatin plus gemcitabine as its chemotherapeutic regimen [157],
as opposed to paclitaxel plus carboplatin in INTACT 2 [158]. These regimens are
commonly used as first line treatments in advanced NSCLC. In both trials,
patients received up to six cycles of chemotherapy, plus either 500 mg/day

gefitinib, 250 mg/day gefitinib, or placebo, with the gefitinib or placebo
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continuing until disease progression. The primary end point was overall survival,
with secondary end points of time to progression and response rates. Each trial
recruited over 1000 patients, but neither showed any benefit of gefitinib over
placebo with respect to their end points (table 1.6) [157, 158]. No significant
adverse events were seen in either trial, and in particular there was no increased
incidence of interstitial lung disease with gefitinib, despite the fact that
AstraZeneca Japan reported that by the end of January 2003, 173 patients who had
been treated with gefitinib in Japan (23,500 patients treated in total) had died of
acute lung disease and/or interstitial pneumonitis [161]. A subsequent report
associated such gefitinib induced interstitial pneumonia with other pulmonary

disorders such as previous thoracic irradiation, and poor performance status [162].

Median survival Time to progression Response rate
(months) (months) (%)
INTACT | INTACT | INTACT | INTACT | INTACT | INTACT
1 2 1 2 1 2
Gefitinib 9.9 8.7 5.5 4.6 49.7 30.0
500 mg/day
Gefitinib 9.9 9.8 5.8 53 50.3 304
250 mg/day
Placebo 10.9 9.9 6.0 5.0 448 28.7
Table 1.6

Table of results from INTACT 1 and INTACT 2 trials, showing the main end points from each trial
[157, 158]. No statistically significant differences were seen between the varying treatment

combinations.
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INTACT 1 and INTACT 2 were established following promising results from
phase I and phase II trials, so why was no benefit of gefitinib over placebo seen?
Several factors may have contributed. Patients were not selected on the basis of
size of tumour, and in fact most of these patients had relatively high tumour
volumes. Moreover, survival was higher than expected in the control arm (around
30% survival at one year was expected in the control arm, but approximately 40%
survived one year in both arms). Also, ErbB1 status of patients was not assessed,
though as previously discussed, at the present time there is no proof that this status
would predict response to treatment. A study analysing the frequency of ErbB1
mutations in tumour specimens from both the IDEAL and INTACT trials has been
reported [163], in light of the previous data showing a correlation between specific
activating mutations in ErbB1 and responses to gefitinib [136]. In the IDEAL
trials there was a positive correlation between ErbB1 mutations and response to
gefitinib, though no such correlation was found when gefitinib was combined with
chemotherapy in the INTACT trials [163]). Other factors to predict response to
gefitinib in combination with chemotherapy have been suggested for further study.
These include response of the AKT pathway to treatment, and the effect of

different sequences of application of gefitinib and chemotherapy [157, 158].

Two similar trials have been reported combining erlotinib with chemotherapy
[159, 160]. The study designs were comparable to the INTACT trials, with the
TALENT trial combining either erlotinib 150 mg/day or placebo with up to six
cycles of cisplatin plus gemcitabine, followed by maintenance erlotinib [159],
whilst the TRIBUTE trial used paclitaxel plus carboplatin as the chemotherapeutic

regimen [160]. Chemotherapy naive patients with advanced NSCLC were again
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the target population, and over 1000 patients were recruited to each trial. Results
were similar to the INTACT trials, with no difference in overall survival, time to
progression or response rates seen [159, 160]. Postulated reasons for these results

were like those for the INTACT trials.

However, one phase III trial of a TKI combined with chemotherapy has shown a
survival benefit [164]. Gemcitabine was combined with either erlotinib 100
mg/day or placebo in a randomised, double-blind, placebo-controlled, multicentre
trial in chemotherapy naive patients with advanced pancreatic cancer [164].
Nearly 600 patients were recruited, and a 23% improvement in overall survival
(p=0.025) was found, along with a significant improvement in progression free
survival (p=0.003) [164]. This data led the US FDA to approve erlotinib for use
with gemcitabine in this group of patients in November 2004. This is the first new
therapy in nine years approved for use in pancreatic cancer. This trial gives hope
for further investigation of the use of TKIs in combination with chemotherapy in
other solid tumours, although more preclinical trials are essential to elucidate the

reasons for the poor results from the NSCLC trials.

1.8.4 TKIs as adjuncts to chemotherapy in bladder cancer

There is no preclinical data combining TKIs with chemotherapy in bladder cancer cell

lines, though one trial has studied the monoclonal antibody, cetumixab, in

combination with paclitaxel [115]. In this in vivo study, the combination of cetumixab

and paclitaxel resulted in significantly greater regression of tumours compared with
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either agent alone [115]. In spite of this lack of data, there are several phase II trials
recruiting which are combining gefitinib with chemotherapeutic agents in bladder
cancer. These include a SPORE (Specialized Program of Research Excellence) phase
II trial combining gefitinib with docetaxel [165], a CALGB (Cancer and Leukaemia
Group B) Genitourinary Committee trial of gefitinib and gemcitabine [166], and a trial
by AstraZeneca of gefitinib with gemcitabine and cisplatin. However, in view of the
disappointing results of the phase IIl NSCLC trials of TKIs with chemotherapy,
preclinical studies into the effect of combining TKIs with clinically relevant

chemotherapeutic agents in bladder cancer are essential.

The three chemotherapeutic agents currently under most scrutiny in clinical trials in
bladder cancer are cisplatin, gemcitabine and paclitaxel. Cisplatin is an alkylating
agent and acts by binding to nuclear DNA. This causes interference with normal
transcription and/or DNA replication mechanisms, leading to apoptosis [167].
Cisplatin in not cell cycle dependent. Gemcitabine is a pyrimidine analogue, which
exerts its effects by incorporating one of its active metabolites (dFdCTP) into DNA.
This leads to inhibition of DNA synthesis and apoptosis, which is specific to S and
G1/S phases of the cell cycle [168]. Paclitaxel is a mitotic inhibitor, which causes
mitotic arrest followed by apoptosis by creating unusually stable microtubules. This
inhibits microtubule depolymerisation and stops cell cycle progression in late G2/M
phase [169]. Cancer cells thus show varying responses to the different
chemotherapeutic agents according to the alterations they induce in DNA damage
checkpoints, usually leading to cell cycle arrest followed by apoptosis when DNA

repair cannot be accomplished [170, 171].
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Clearly these three agents have very differing modes of action, and adding novel
agents such as TKIs to any combination of the chemotherapeutic agents will result in
complex interactions. Studies have however shown that all three agents exhibit some
effects on the signalling pathways downstream of ErbB receptors. In one study,
cisplatin activated ErbB1 and MAPK, but not AKT, in an ErbB1 overexpressing cell
line, and it has been postulated that this may be a cell survival response that reduces
efficacy of cisplatin [172], although specific effects may be cell type specific. In a
recent study, paclitaxel also activated ErbB1 and MAPK, but not AKT in renal cell
carcinoma cell lines, six to eight hours after initiation of treatment, an effect that was
inhibited by gefitinib [173]. Gemcitabine also activates MAPK, the suppression of
which by canertinib or the MAPK inhibitor PD 098059 in combination with
gemcitabine, increased apoptosis in breast cancer cell lines [174]. Such activation of
ErbB signalling by these chemotherapeutic agents may, as suggested by two of the
studies, be the mechanism by which TKIs are able to sensitise cells to chemotherapy.
Another group of studies also points towards this idea. As mentioned earlier,
constitutive activation of AKT has been linked to chemoresistance [152], and
inhibition of AKT has been shown to increase efficacy of paclitaxel in ovarian cancer
cell lines [175]. Thus, combining chemotherapy regimens currently in use and under
clinical investigation in bladder cancer, with novel targeted therapies such as tyrosine
kinase inhibitors, is an attractive and promising prospect for future management of
bladder cancer. Preclinical data in this area is necessary before effective clinical trials

can be established.
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The primary hypothesis for this study is that lapatinib, a dual ErbB1/ErbB2 TKI, will
be an adjunct to chemotherapy in bladder cancer cell lines. The second hypothesis is

that this interaction is mediated via ErbB receptor signalling pathways, such as the

PI3K/AKT and MAPK pathways.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Cell lines and tissue culture

Six human bladder cancer cell lines - J82, UMUCS3, T24, HT1376, RT4 and RT112 -
and the human vulval squamous cell carcinoma cell line A431 were used for initial
experiments (American Type Culture Collection and the European Collection of Cell
Cultures). The bladder cancer cell lines are of variable grades, with RT4 and RT112
cells being derived from low grade, G1, tumours, and the rest being high grade, G2/3,
tumour cell lines. All cells were cultured as a monolayer in DMEM (Dulbecco’s
Modified Eagle Media [+ 4500 mg/L glucose, + glutamax™ I, + pyruvate] Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) (Biowest,
Nuaille, France), 1% non-essential amino acids (NEAA) and 1% penicillin-
streptomycin (P-S) (Invitrogen, Carlsbad, CA). For some experiments which are
discussed later, medium with 1% FBS or serum free medium was used, though both
1% NEAA and P-S were used throughout. All cells were grown in a humidified
incubator supplemented with 5% CO, (carbon dioxide) at 37°C. Trypsin-EDTA
(cthylenediaminetetraacetic acid) was used to lift cells for passaging (Invitrogen,

Carlsbad, CA).
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2.2 Preparation of drugs for experimental use

Lapatinib, cisplatin, gemcitabine and paclitaxel were prepared in solution in sterile
conditions, and stored as below. When used in experiments, these stock solutions

were further diluted in medium with the appropriate concentration of FBS.

2.2.1 Lapatinib

Lapatinib was kindly supplied by GlaxoSmithKline as a powder, molecular weight
943.49. This was made up to a 10 mM solution using 9.43 mg powder in 1 ml diethyl

sulfoxide (DMSO, Sigma, St. Louis, MO). This stock was solution stored at —20°C.

2.2.2 Cisplatin

Cisplatin (Platinex™, Bristol-Myers Squibb Pharmaceuticals, Hounslow, England),
molecular weight 300.1, was purchased as a 1 mg/ml solution. The molarity of this
solution was thus 3.333 mM. A stock solution of 1mM cisplatin was prepared by
adding 3 ml of 1 mg/ml solution to 7 ml of 0.9% sodium chloride (NaCl). This was
stored at room temperature. Cisplatin is a photosensitive compound and therefore
throughout all experiments was used in dimmed light conditions, and stored in the

dark.
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2.2.3 Paclitaxel

Paclitaxel (Taxol™ Bristol-Myers Squibb Pharmaceuticals, Hounslow, England),
molecular weight 853.9, was purchased as a 6 mg/ml solution. The molarity of this
solution was thus 7.03 mM. A stock solution of 10 pM paclitaxel was prepared by
adding 14.2 pl of 6 mg/ml solution to 10 ml of 0.9% NaCl. This was stored at room

temperature.

2.2.4 Gemcitabine

Gemcitabine (Gemzar®, Lilly Pharmaceuticals, Basingstoke, England), molecular
weight 299.7, was purchased as a powder (200 mg). This powder was dissolved in 5
ml of 0.9% NaCl to make a solution of 40 mg/ml (133.5 mM). Finally, 75 pl of 40
mg/ml solution was added to 10 ml of 0.9% NaCl to make a 1 mM solution of

gemcitabine. This was stored at room temperature.
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2.3 Western blot analysis

2.3.1 General methods

2.3.1.1 Preparation of cell lysates

Cells grown as a monolayer and treated according to individual experiments as
described below, were lysed when at 70% confluence using standard Laemmli
buffer (2% Sodium dodecyl sulphate [SDS], 10% glycerol, 5% B-mercaptoethanol,
0.002% bromophenol blue and 0.125 M Tris HCl, pH approximately 6.8 [from
Trizma base], all from Sigma, St Louis, MO, USA) [176]. Laemmli buffer serves
to prepare proteins for running on SDS-PAGE (SDS-Polyacrylamide Gel
Electrophoresis) gels, and thus electrophoresis to separate the proteins, as follows.
SDS detergent denatures the proteins and subunits and gives each an overall
negative charge so that each will separate based on size, glycerol increases the
density of the sample so that it will layer in the sample wells in the gel, B-
mercaptoethanol reduces the intra- and inter-molecular disulfide bonds, and
bromophenol blue serves as a dye front that runs ahead of the proteins and serves
to make it easier to see the sample during loading. However, lysates were
prepared without bromophenol blue and B-mercaptoethanol in the Laemmli buffer
initially, as both of these chemicals interfere with the BCA (bicinichoninic acid)
Protein Assay to be used to quantify protein content of the lysate. The BCA
Protein Assay is colorimetric, and therefore the colour produced by bromophenol

blue would interfere with the spectrophotometric analysis of the protein assay
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samples. Reducing agents such as B-mercaptoethanol interfere with the BCA
Protein Assay by artificially increasing the colour intensity. Both of these

chemicals were added to lysates after aliquots for protein assay had been removed.

Initially cells were washed three times in phosphate-buffered saline (PBS, Sigma,
St. Louis, MO, USA) prior to addition of Laemmli buffer for 1 minute. Lysate
was then scraped from the surface of the flask, pipetted into an eppendorf, boiled
for 10 minutes (this increases denaturation of proteins, and deactivates

endogenous proteases), and stored in a —20°C freezer.

2.3.1.2 Quantification of lysate protein concentration

It is essential to know the concentration of protein in each lysate, so that equal
amounts of protein can be separated by electrophoresis and therefore assessed,
using Western blot analysis. This allows a direct comparison of protein levels

between samples.

Protein concentration of lysates in these experiments was quantified using the
BCA protein assay kit (Pierce, Rockford, IL). This is a detergent compatible,
colorimetric assay based on bicinichoninic acid (BCA) and the reduction of Cu®*
to Cu'* by protein in an alkaline medium (the biuret reaction) [177]. The purple-
coloured reaction product of this assay is formed by the chelation of two
molecules of BCA with one Cu'*, and shows a strong absorbance at 562 nm that is

nearly linear with increasing protein concentrations over a broad working range
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(20 — 2,000 pg/ml). The intensity of the colour produced is actually proportional to

the number of peptide bonds participating in the reaction.

The assay was performed in a 96 well plate. A series of dilutions of known
concentrations of bovine serum albumin (BSA) were assayed alongside unknowns
(the lysates) to allow the experimental sample protein concentrations to be
calculated from the standard curve of the known BSA concentrations. Twenty
five microlitres of each standard BSA solution or lysate was pipetted into a well
(each in duplicate), and 200 ul of working reagent from the kit was added to each
sample. The plate was then placed on a plate-shaker for 30 seconds before
incubation at 37°C for 30 minutes. Absorbances were analysed using a GENios™
Microplate Reader (Tecan, Mannedorf/Zurich Switzerland). A curve of the BSA
standards was plotted and the protein concentration of each lysate determined

using Microsoft Excel software.

2.3.1.3 SDS-PAGE

The next step is to separate out the proteins in each lysate, so that the relative
quantities of each can be assessed. This is achieved using SDS-Polyacrylamide
Gel Electrophoresis (SDS-PAGE). As previously mentioned, the SDS in the
Laemmli buffer confers a negative charge to the protein in proportion to its length.
It is usually necessary to reduce disulphide bridges in proteins before they adopt
the random-coil configuration necessary for separation by size, and this is

achieved by the B-mercaptoethanol. As the negative charge conferred on the
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protein is in proportion to its length, and the protein is opened out by the f-
mercaptoethanol, migration by SDS-PAGE is determined not by intrinsic electrical

charge of the polypeptide, but by molecular weight.

There are two types of separating systems in electrophoresis: continuous and
discontinuous. A continuous system has only a single separating gel. In a
discontinuous system, which was used throughout the current study, a non-
restrictive large pore gel, called a stacking gel, is layered on top of a separating gel
called a resolving gel. The resolution obtained in a discontinuous system is much
greater than that obtained with a continuous system. The stacking gel is slightly
acidic (pH 6.8) and has a low acrylamide concentration to make a porous gel,
causing proteins to form thin, sharply defined bands. The resolving gel is more
basic (pH 8.8), and has a higher acrylamide content which causes the gel to have
narrower channels or pores. As a protein, concentrated into sharp bands by the
stacking gel, travels through the separating gel, the narrower pores have a sieving
effect whereby the resistance to the motion of the particle increases with particle
size, allowing smaller proteins to travel more easily, and hence rapidly, than larger
proteins. The negatively charged proteins migrate down the gel due to an electric

current that is applied across it [176].

Gels were prepared for a discontinuous SDS-PAGE system as follows. Vertical
gels made up of 8% resolving gel (2.7 ml 30% acrylamide mix [BDH Electran,
Poole, UK], 2.5 ml 1.5 M Tris pH 8.8, 0.1 ml 10% SDS, 0.1 ml 10% ammonium
persulfate and 0.006 ml TEMED [N,N,N',N'-Tetramethylethylenediamine] [both

from Sigma, St Louis, MO, USA], made up to 10 ml with deionised water) and

59



5% stacking gel (0.5 ml 30% acrylamide mix, 0.38 ml 1.0 M Tris pH 6.8, 0.03 ml
10% SDS, 0.03 ml 10% ammonium persulfate and 0.003 ml TEMED, made up to
3 ml with deionised water), with 1 mm spacers, were prepared. Ammonium

persulfate and TEMED were used to catalyse gel polymerisation.

Cell lysates were defrosted at room temperature and 5% B-mercaptoethanol and
0.002% bromophenol blue were added to each sample. Lysates were boiled for 1
minute and placed on ice. Equal amounts of protein from each lysate (calculated
from BCA protein assay) were loaded in wells of the previously prepared gel
covered in protein-run buffer (3.02 g Tris-base, 18.8 g Glycine and 10 ml 10%
SDS, made up to 1000 ml with deionised water) which allowed the appropriate
electrical current to be applied across the gel, along with 7 pl marker protein
(SeeBlue® Pre-Stained Standard, Invitrogen, Carlsbad, CA), which allowed easy
visualisation of protein molecular weight ranges during electrophoresis and
evaluation of western transfer efficiency. Electrophoresis was run at 115 V

(voltage constant, with at least 15 mA) for approximately 90 minutes.

2.3.1.4 Gel transfer

The next step is to transfer the proteins fractionated by SDS-PAGE to a solid
support membrane (Western blotting) [178]. This was accomplished by
electroblotting onto Immobilon-P Transfer Membrane (Millipore Corporation,
Billerica, MA). This membrane is a polyvinylidene fluoride (PVDF) microporous

membrane, which is hydrophobic and offers a uniformly controlled pore structure
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with a high binding capacity for biomolecules. The procedure involves a
sandwich of gel and membrane compressed in a cassette and immersed in buffer
between two parallel electrodes. A current is passed at right angles to the gel,
which causes the separated proteins to electrophorese out of the gel and onto the
solid support membrane. The addition of methanol (up to 20%) to the transfer

buffer has proven to enhance the transfer efficiency of some hydrophobic proteins.

Filter papers (x six) and the membrane were cut to size. The filter papers were
soaked in blotting buffer (58.1 g Tris-base, 29.3 g glycine and 37.5ml 10% SDS,
made up to 1000 ml with deionised water, further diluted 10 x with 200 ml
methanol, 700 ml deionised water and 100 ml of original blotting buffer solution),
and the membrane was soaked in methanol to activate it, followed by soaking in
the blotting buffer. Three filter papers were placed on the base of the
electrophoresis apparatus, on top of which was placed the activated membrane.
The SDS-PAGE gel was placed on top of the membrane, with the remaining 3
filter papers on top of this. The resulting sandwich was gently rolled to exclude
bubbles, which would interfere with the transfer of current between the gel and the
membrane, and the apparatus lid was screwed tightly shut. An electrical field was
applied to the apparatus, from top to bottom, at 20 mA (ampage constant, with at
least 10 V) and run for variable periods of time (60 minutes for one x gel, and 90
minutes for two x gels). After transfer, the membrane was agitated in Ponceau S
solution (Sigma, St. Louis, MO) for approximately five minutes. Ponceau S
solution is used for the detection of proteins on membranes such as PVDF
membranes. It is a negative stain, which binds reversibly to the positively charged
amino groups of the protein, and it detects protein with a clear background and red

protein bands. It allows assessment of the relative amounts of protein in each lane,
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and ensures that effective blotting has occurred without air bubbles. Finally, the

membrane was air dried overnight

2.3.1.5 Western blot staining and immunodetection

Once the membrane has been produced as described, probing of the membrane
with primary and secondary antibodies against a specific protein, followed by
immunodetection of that protein using chemiluminescence, is undertaken as

follows (figure 2.1).

The membrane was divided into appropriate portions, soaked in methanol to
reactivate, and transferred to TBS-T (Tris-buffered saline with TWEEN) buffer
(18 ml of 1 M Tris pH 8.0, 24.5 ml of 5 M NaCl and 900 pl of TWEEN 20
[Sigma, St. Louis, MO, USA], made up to 1000 ml with deionised water). The
membrane was then gently agitated in milk blocking solution (5% skimmed milk
powder in TBS-T, milk-TBS-T) for 60 minutes. Incubation in blocking solution is
a very important step, as this effectively blocks the unoccupied portions of the
membrane, so that antibodies only bind to the proteins of interest. This means that
non-specific binding and therefore background staining, is reduced. Both the milk
protein and the TWEEN 20 (a non-ionic detergent) are active components in the

blocking solution.

Following incubation in blocking buffer, the membrane was incubated with gentle

agitation in milk-TBS-T with primary antibody for a further 60 minutes. Primary
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antibodies were all at concentration of 1:1000, except for EGFR (1005) 1:4000,
and a-tubulin 1:8000. The primary antibody is the antibody that binds the protein
of interest. The membrane was next washed in TBS-T buffer (four x 10 minutes),

to remove any unbound primary antibody, and thus reduce background staining

further.

Next, the membrane was incubated again in milk-TBS-T (with gentle agitation)
but this time with the secondary antibody (1:5000), for 45 minutes, followed by
repeating washes in TBS-T buffer to remove unbound antibody. The secondary
antibody binds to the primary antibody, and is conjugated to an enzyme that is
used to indicate the location of the protein. Also, because more than one molecule
of the secondary antibody may be able to bind to the primary antibody, a

secondary antibody can enhance the signal.

The final step prior to visualising the target protein is immunodetection. This is
based on enzyme-linked detection, utilising the secondary antibody covalently
bound to an enzyme such as horseradish peroxidase (HRP) or alkaline phosphatase
(AP). This enzyme catalyses the degradation of specific substrates, resulting in
signal generation. Here chemiluminescent detection was used, which results in
generation of a signal of visible light. The chemiluminescent agent was applied to
the membrane for the appropriate length of time (SuperSignal West Substrate,
Pierce, Rockford, IL, USA, for five minutes; or Amersham ECL, Amersham
Biosciences, UK, for one minute). Excess substrate was shaken from the
membrane, which was then placed between two sheets of acetate. In dark room

conditions the membrane was exposed to X-ray film (Kodak BioMax Light Film,

63



Amersham Biosciences, Buckinghamshire, UK), which acted to detect the visible
light signal generated as above, for varying lengths of time. The films were then

processed using a developing machine.

Substrate Product

PritTKJry antibody

Secondary antibody

(enzyme) Blocking agent

Protein

Membrane

Figure 2.1

Diagrammatic representation of the process of immunodetection of proteins in Western blotting.

2.3.1.6 Stripping of membranes

After chemiluminescence, it is possible to remove all of the reagents from the
membrane, a procedure known as stripping. A blot may be stripped and reprobed
several times to visualise other proteins without the need for multiple gels and
transfers. The key to this process is to use conditions that cause the release of
antibody from the protein without causing a significant amount ofthe protein to be
released from the membrane, although some amount of the protein is inevitably
lost. Various protocols have been proposed to accomplish this purpose and they
generally include some combination of detergent, reducing agent, heat and/or low
pH. The stripping buffer that was used here was optimised for use with the

antibodies used in these experiments. The membrane was initially washed in
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TBS-T buffer (four x 10 minutes) and then submerged in stripping buffer (10 ml
10% SDS, 3.125 ml 1 M Tris pH 6.8, 0.357 ml B-mercaptoethanol and 36.5 ml
deionised water) in a glass dish, within a ventilation hood. A lid was applied to
the dish and this was then incubated in a water bath at 58°C for 30 minutes
(agitated every 10 minutes). After incubation the membrane was washed again in
TBS-T (three x 10 minutes), after which it was ready to restart the
immunodetection process, beginning with incubation in blocking solution for 60

minutes.

2.3.2 Antibodies for Western blot staining

EGFR (1005), phospho-EGFR (tyr1100), ErbB3 (C-17), ErbB4 (C-18), PTP1B (H-
135) and mouse anti-goat IgG-HRP antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Phospho-EGFR (tyr845), phospho-EGFR (tyr992), phospho-
EGFR (tyr1045), phospho-EGFR (tyr1068), ErbB2, phospho-ErbB2 (tyr1248),
phospho-ErbB3 (tyr1289), AKT, phospho-AKT (Ser473), phospho-AKT (Thr308),
p42/44 MAP Kinase, phospho-p42/44 MAP kinase (Thr202/Tyr204), PTEN, STATI1
(9H2) monoclonal antibody, phospho-STAT1 (Tyr701), STAT3 and phospho-STATS3
(Tyr705) antibodies were all from Cell Signaling Technology (Beverly, MA, USA).
E-cadherin monoclonal antibody was from BD Transduction Laboratories (San Jose,
CA). a-tubulin antibody was from Sigma (St. Louis, MO, USA). Goat Anti-Rabbit
and Rabbit Anti-Mouse immunoglobulins HRP were from DakoCytomation

(Glostrup, Denmark).
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2.3.3 Preparation of cells for individual experiments

2.3.3.1 Characterisation of cell lines

Cells were grown in 25 cm’ flasks in medium with 10% FBS until 70% confluent.
Cells were then lysed as described above in 1 ml of Laemmli buffer. Protein
levels were quantified and gels were run with 25 pg protein in each well, alongside

7 ul marker protein. Resultant membranes were stained for total levels of proteins.

2.3.3.2 Stimulation of cells with epidermal growth factor (EGF)

Two 25 cm’® flasks for each cell line were seeded, one control and one for
stimulation, and cells were grown in medium with 10% FBS until 70% confluent,
at which stage all medium was changed to serum free. Cells were starved for 24
hours. After this time, medium was removed and replaced with a further 3 ml of
warm serum free medium for five minutes, along with 100 ng/ml EGF (PeproTech
EC, London, UK) in stimulation flasks. Cells were then washed three times in
PBS, and lysates were made using 1 ml standard Laemmli buffer and protein
quantification was performed. Gels were run with 25 pg protein in each well,
alongside 7 pl marker protein. Resultant membranes were stained for total and

phosphorylated levels of proteins.
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2.3.3.3 Inhibition of EGF-induced stimulation by lapatinib

Four 25 cm’ flasks each of RT112 and J82 cells were seeded and grown in
medium with 10% FBS until 50 — 70% confluent. At this stage medium was
changed to serum free, either with or without the ICsy (half maximal inhibitory
concentration of a drug. This represents the dose of a drug that results in cell
viability half-way between the maximum and minimum cell viability levels after
treatment with that drug) of lapatinib, and cells were incubated overnight (for 18
hours). After this time period 100 ng/ml EGF was added to the relevant flasks for
five minutes. Cells were then washed three times in PBS, and lysates were made
using 1 ml standard Laemmli buffer and protein quantification was performed.
The lysates obtained were thus of cells treated as in table 2.1. Gels were run with
25 pg protein in each well, alongside 7 pl marker protein. Resultant membranes

were stained for total and phosphorylated levels of proteins.

Flask number

1 2 3 4
ICs lapatinib - - + +
100 ng/ml EGF - + - +

Table 2.1
Summary of treatment of cells in numbered flasks for experiment investigating effect of lapatinib on

EGF stimulation of cells.
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2.3.3.4 Inhibition of heregulin(HRG1p)-induced stimulation by lapatinib

Four 25 cm’ flasks each of RT112 and J82 cells were seeded and grown in
medium with 10% FBS until 50 — 70% confluent. At this stage medium was
changed to serum free, either with or without the ICsy of lapatinib, and cells were
incubated overnight (for 18 hours). After this time period 40 ng/ml HRG1B (R &
D systems, MN, USA) was added to the relevant flasks for 15 minutes. Cells were
then washed three times in PBS, and lysates were made using 1 ml standard
Laemmli buffer and protein quantification was performed. The lysates obtained
were thus of cells treated as in table 2.2. Gels were run with 25 pg protein in each
well, alongside 7 pl marker protein. Resultant membranes were stained for total

and phosphorylated levels of proteins.

Flask number

1 2 3 4
ICsg lapatinib - - + +
40 ng/ml HRG1 - + - +

Table 2.2
Summary of treatment of cells in numbered flasks for experiment investigating effect of lapatinib on

HRG stimulation of cells.
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2.3.3.5 Inhibition of combination chemotherapy-induced stimulation by

lapatinib

Six 25 cm’ flasks each of RT112 and J82 cells were seeded and grown in medium
with 10% FBS until 50 — 70% confluent. At this stage medium was changed to
serum free, either with or without ICsg of lapatinib. After incubation for 24 hours,
ICsos of gemcitabine, paclitaxel and cisplatin (GTC) combined was added to the
relevant flasks, and finally cells were lysed using standard Laemmli buffer at
varying timepoints after addition of chemotherapy. The lysates obtained were thus
of cells treated as in table 2.3. Protein assay was performed to quantify protein
levels. Gels were run with 25 g protein in each well, alongside 7 ul marker

protein. Resultant membranes were stained for total and phosphorylated levels of

proteins.
Flask number
1 2 3 4 5 6
ICsp lapatinib - + - + - +
Length of Nil Nil 10 10 20 20
(Control) | (Control) | minutes | minutes hours hours
€xposure to
chemotherapy
Table 2.3

Summary of treatment of cells in numbered flasks for experiment investigating effect of lapatinib on

incubation of cells with chemotherapy (GTC).
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2.4 Immunoprecipitation

Immunoprecipitation is a method that enables the purification of a protein. An
antibody for the protein of interest is incubated with a cell extract so that the antibody
will bind the protein in solution. The antibody/antigen complex is then pulled out of
the sample using protein A/G-coupled agarose beads. This physically isolates the
protein of interest from the rest of the sample (figure 2.2) and any proteins not
precipitated by the protein A or G beads are washed away. The protein is removed
from the protein A/G by boiling with an SDS-containing buffer. The separated

protein sample can then be separated by SDS-PAGE for Western blot analysis.

Add antibody Add protein G-sepharose

Supernatant

Centrifuge Pellet

Figure 2.2

Schematic representation of the principle of immunoprecipitation. An antibody added to a solution of
cell extract and binds specifically to its antigen (A). Antibody-antigen complex is absorbed from
solution through the addition of protein G agarose beads. Upon centrifugation, the antibody-antigen
complex is brought down in the pellet. Subsequent liberation of the antigen can be achieved by boiling

the sample in the presence of SDS.

70



2.4.1 General methods

2.4.1.1 Preparation of cell lysates

Cells grown as a monolayer up to 70% confluence (treated according to individual
experiments as described below), were washed three times in ice cold PBS. All
subsequent stages of immunoprecipitation were carried out on ice or at +4°C to aid
keeping proteins in their phosphorylated state. Cells were next immediately
covered by 3 ml of Nonidet P40 (NP40) buffer (0.1 M NaCl, 0.5 M NP40 [Sigma,
St Louis, MO, USA], 50mM Tris pH 8.0, made up to 50 ml with deionised water)
plus phosphatase inhibitors (1 mM DTT [dithiothreitol], 10 mM PGP [B-
Glycerophosphate], 5 mM NaF [sodium fluoride], 0.1 mM Na;VO, [sodium
orthovanadate], 0.1 mM PMSF [phenylmethysulphonyl fluoride], [all from Sigma,
St Louis, MO, USA], 10 pg/ml leupeptin, and 2 pg/ml aprotinin, [both from
Merck Biosciences, Darmstadt, Germany]) followed by incubation of the flasks on
ice for 10 minutes. NP40 is a non-ionic detergent that is appropriate for use for
extraction of membrane bound proteins, and phosphatase inhibitors are used to
further aid keeping the proteins in their phosphorylated state. Next the flasks were
scraped and the lysate was transferred to a prechilled tube, which was then
centrifuged at 20,000 g for 10 minutes at 4°C. The resulting supernatant was snap
frozen in liquid nitrogen to again reduce dephosphorylation of the proteins. Equal
volumes of lysate were run on SDS-PAGE gels, which were subsequently stained
using Simply Blue ™ Safestain (Invitrogen, Carlsbad, CA), a variant on
coomassie stains, in order to estimate volumes of lysates required for equal

amounts of protein.
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2.4.1.2 Immunoprecipitation of proteins

Lysates were thawed on ice and centrifuged at 20,000 g for 10 minutes at 4°C.
One microgram of primary antibody (either anti-EGFR antibody Mabl3
[Neomarkers, Lab Vision Corporation, Fremont, CA, USA] or anti-ErbB2
antibody [Novagen, Madison, WI, USA]) were added to each lysate and this was
incubated overnight with rotation at 4°C. Next 40 ul of protein-G sepharose
(Amersham Biosciences, Buckinghamshire, UK) was added and lysates were
incubated again with rotation at 4°C for three hours. Lysates were then
centrifuged at 300 g for one minute at 4°C. The supernatant was discarded, the
pellet was washed in 750 pl of NP40 buffer, and this solution was centrifuged at
300g for one minute at 4°C. This process was repeated a further two times. After
the third wash the supernatant was again discarded and 20 pl of standard Laemmli
buffer was added to the pellet. The resulting lysates were boiled for five minutes
before a final centrifuge at 20,000 g for 5 minutes at 4°C. All of the obtained
supernatant was then separated by SDS-PAGE, transferred to a membrane, and
proteins were stained for as for Western blot analysis. Primary antibody used for
these experiments was anti-phosphotyrosine, clone 4G10, 1:1000 (Upstate,
Charlottesville, VA, USA), which was used to detect all phosphorylated tyrosine

residues on the extracted receptors.

72



2.4.2 Preparation of cells for individual experiments

2.4.2.1 Inhibition of combination chemotherapy-induced stimulation by

lapatinib

Six 75 cm’ flasks each of RT112 and J82 cells were seeded and grown in medium
with 10% FBS until 50 — 70% confluent. At this stage medium was changed to
serum free, either with or without ICs of lapatinib. After incubation for 24 hours,
ICsos of gemcitabine, paclitaxel and cisplatin combined was added to the relevant
flasks, and cells were then lysed at various timepoints after addition of
chemotherapy, using NP40 buffer as above. The lysates obtained were thus of
cells treated as in table 2.3. Immunoprecipitation was carried out as described,
using either anti-EGFR antibody Mab13 or anti-ErbB2 antibody. Resultant gels

were stained using anti-phosphotyrosine, clone 4G10.

2.5 MTT assay

The 3-[4,5-dimethyl(thiazol-2-yl)-3,5-diphery]tetradium bromide (MTT) assay is a
semi-automated, colorimetric assay, used to quantify metabolically viable cells
through their ability to reduce a soluble yellow tetrazolium salt to blue-purple
formazan crystals [179]. The crystals are produced by mitochondrial dehydrogenases

and can be dissolved and quantified by measuring the absorbance of the resultant
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solution. The absorbance of the solution is related to the number of live cells. Cells
are grown in 96-well plates in which the assay is performed, and then the absorbance
of the formazan solution is measured using a multiwell spectrophotometer (hence the
term semi-automated). This allows a large number of samples to be processed at the
same time, and a rapid objective measurement of cell number can be performed [179].
The MTT assay has been validated for use to measure chemosensitivity in human

tumour cell lines [180].

2.5.1 General methods

2.5.1.1 Counting cells

Cells were grown in flasks and lysed as described above. Cells were then
resuspended in fresh medium and counted using a haemocytometer (all four
quarters were counted and an average count obtained to allow for a more accurate
result). The number of cells/ml medium was calculated, using the knowledge that
each quarter square of the haemocytometer holds 0.1 pl medium below the

coverslip.

2.5.1.2 MTT assay

Cells were seeded into 96 well plates at specific cell densities, according to the

individual experiment (see below for details). Two hundred microlitres of medium
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was the volume used throughout. Cells were initially seeded in medium with 10%
FBS for 24 hours, which was changed after this time period as required. In
experiments where medium in wells was changed, medium was removed using an
eight channel suction pipette used at the edge of the wells. Cells were then grown
under specific conditions, for varying lengths of time, according to the individual
experiment. At the endpoint of the experiment, 20 pl MTT solution (made up to 5
mg/ml solution in deionised water, and filtered to sterilise; Sigma, St. Louis, MO),
as added to each experimental well. The plate was then incubated at 37°C, 5%
CO,, for three hours. Next, all medium was removed from wells, and 200 pl
DMSO was added to each well. Plates were incubated for 10 minutes as before,
followed by gentle agitation for 10 minutes to allow tetrazolium crystals to first
dissolve and then mix evenly throughout the solution. The absorbance in each
experimental well was then immediately measured using a microplate reader, at a

wavelength of 560 nm. All MTT assays were repeated in triplicate.

2.5.2 Details of individual MTT assays

2.5.2.1 Calculation of absorbance per number of cells for each cell line

MTT assays were performed to characterise each cell line in terms of activity of
mitochondrial dehydrogenase and therefore absorbance per well for specific
numbers of cells. One 96 well plate was seeded per cell line, and repeated in
triplicate. Eight concentrations of cells ranging from 500 cells/200 pl medium

(i.e. 500 cells per well) to 64000 cells/200 pl medium were prepared using serial
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dilutions, and five wells of each concentration were seeded per 96 well plate.
Plates were incubated overnight to allow seeding of the cells, and then MTT assay

was performed as described.

2.5.2.2 Determination of optimal conditions for incubation of cells over a 96

hour period

It was important to reduce the content of serum in medium as much as possible
whilst maintaining adequate rates of cell growth, to reduce the exogenous growth
factors that would interfere with the assay. Therefore, assays were performed to
determine optimal concentration of cells seeded, and optimal concentration of
serum in medium, for growth of each cell line over a period of four days in 96 well
plates. After analysing the results from the assays looking at absorbance values
for each concentration of cells for all cell lines, and estimating cell numbers after
four days growth using theoretical doubling times, it was decided to seed cells at
concentrations of 500 and 1500 cells/200 pl medium (i.e. cells/well of 96 well
plate). Four rows, each with five wells, were seeded for both numbers of cells,
and 24 hours after seeding medium was changed from that with 10% FBS, to that
with either 0% FBS (serum free), 1% FBS, 2.5% FBS or 5% FBS (figure 2.3).
Plates were incubated for a further 72 hours before MTT assay was performed

(figure 2.4).
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500 cells/well seeded

1500 cells/well seeded
Figure 2.3

Diagrammatic representation of layout of columns in 96 well plate for determination of optimal

conditions for growth of cells over 96 hours (each column contained 5 wells).

Time (hours after

seeding)
0 24 48 72 96
1 i | | i
Seed Change Perform
cells in to MTT
10% varying assay
FBS % FBS
Figure 2.4

Schematic demonstrating timescale of treatment of cells in MTT assays to determine optimal conditions

for growth of cells over 96 hours

2.5.2.3 Assays to determine [Cs0Sof lapatinib and chemotherapeutic agents on

RT112 and J82 cells

Cells were seeded at a concentration of 1000 cells/200 pi medium into 96 well
plates (200 pi per well and therefore 1000 cells/well). Ten wells were seeded for
each planned concentration of drug and were initially grown in medium with 10%

FBS. Twenty four hours after seeding, medium in all experimental wells was
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changed to 1% FBS. A further 24 hours later, medium was again changed in the
appropriate wells to medium with 1% FBS plus varying concentrations of
experimental drug (table 2.4). Control wells containing 0.1% DMSO were created
in plates with lapatinib, to reflect the maximum concentration of DMSO in wells
treated with lapatinib, as lapatinib was made up in solution with DMSO. MTT
assay was performed 48 hours after addition of experimental drugs (96 hours after
seeding of cells — figure 2.5). All experiments were performed in triplicate.

Results were analysed using Graphpad Prism® software, and ICs, values obtained.

Lane number (each in duplicate)
1 2 3 4 5 6
Lapatinib (uM) 0 0.1% 0.01 0.1 1 10
DMSO
Cisplatin (M) 0 0.01 0.1 1 10 100
Gemcitabine (pM) 0 0.1 1 10 100 1000
Paclitaxel (nM) 0 0.1 1 10 100 1000

Table 2.4
Concentrations of experimental drugs used in MTT experiments to determine ICsys (each lane equals 10
wells, or 2 columns each with 5 wells). Ranges for each drug used were chosen after studying

concentrations used in other cell lines in vitro in published studies.
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Time (hours after

seeding)
0 24 48 72 926
Seed Change Change Perform
cells in to 1% to 1% MTT
10% FBS FBS + assay
FBS drug
Figure 2.5

Schematic demonstrating timescale of treatment of cells in MTT assays to determine ICsys of

experimental drugs

2.5.2.4 Assays to determine optimal sequences of application of lapatinib and

chemotherapy

RT112 and J82 cells were used throughout, and all experimental combinations
were performed in triplicate in each cell line. The aim of these assays was to
determine the optimal sequence of application of lapatinib with respect to the
chemotherapeutic agents.  Lapatinib was added either prior and during,
concomitant with or after chemotherapy. Chemotherapy used was either single
agent cisplatin, gemcitabine or paclitaxel (C, G or T), gemcitabine plus cisplatin
(GC), or the triplet gemcitabine, paclitaxel plus cisplatin (GTC). Throughout all
assays, lapatinib was at a constant ICsy dose (as this was the constant drug
throughout all experiments, and therefore keeping its dose constant allowed easier
and more reliable comparison between assays), but chemotherapy dose varied.

Where combinations of chemotherapeutic agents were used, drugs were combined
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at their ICso doses. Solutions of chemotherapeutic agents at their ICsy doses
(either single agent or combination) were serially diluted and final solutions with
1/8 x, 1/4 x, 1/2 x and 1 x ICsy doses of chemotherapy were obtained, and these
were the solutions used in the experiments. All experiments with cisplatin were
carried out in dimmed lighting conditions. All plates were incubated in the dark.
Cells were seeded onto 96 well plates at 1000 cells/well as above, in medium with
10% FBS. Four wells per plate were used for each experimental combination of
drugs (figure 2.6). After 24 hours, all wells were changed to medium with 1%
FBS (this concentration was used throughout for the rest of each experiment). At
this stage, ICso concentration of lapatinib was added to those wells where lapatinib
was to be added prior and during chemotherapy. A further 24 hours later,
chemotherapy at varying concentrations was added to all relevant wells, along
with ICso of lapatinib in wells to be treated with lapatinib prior and during, or
lapatinib concomitant with chemotherapy. Plates were then incubated for a further
48 hours prior to performing MTT assay. In those wells where lapatinib was to be
added after chemotherapy, ICso of lapatinib was added 24 hours after addition of
chemotherapy, and therefore 24 hours prior to MTT assay (figure 2.7). At the end
of the experiment, MTT assay was performed as previously described. Results
were analysed using analysis of variance (ANOVA test, using MINITAB™

statistical software, PA, USA) to look for statistical significance, and then

interactions plots were performed to look for synergy between drug combinations.
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Key
Columns:
A - control (no chemotherapy, no lapatinib); B - 1/s ICso chemotherapy; C - 1/4 1Cso

chemotherapy; D - 1/2 ICso chemotherapy; E - ICso chemotherapy.

Wells:

Medium only, no cells, no treatment
Chemotherapy only, no lapatinib

Lapatinib prior and during chemotherapy
Lapatinib concomitant with chemotherapy

Lapatinib after chemotherapy

Figure 2.6
Diagrammatic representation of layout of each 96 well plate in experiments to determine the optimal

sequence ofapplication of lapatinib and varying combinations of chemotherapeutic agents.
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Time (hours after

seeding)
0 24 48 72 96
Seed Change to + +/- Perform
cells in 1% FBS chemotherapy lapatinib MTT
10% "'/: . +/- assay
FBS lapatinib lapatinib
Figure 2.7

Schematic demonstrating timescale of treatment of cells in experiments to determine the optimal

sequence of application of lapatinib and varying combinations of chemotherapeutic agents.

2.6 Apoptosis assays

Apoptosis is a tightly regulated form of cell death, originally defined as the orderly
and characteristic sequence of structural changes resulting in the programmed death of
the cell [181]. Morphologically, it is characterised by chromatin condensation and
cell shrinkage in the early stage. Then the nucleus and cytoplasm fragment, forming
membrane-bound apoptotic bodies, which can be engulfed by phagocytes. Apoptosis
is an important process during normal development. It is also involved in aging and
various diseases including cancer. A number of assays to assess apoptosis in vitro

have been developed, and are used to evaluate the ability of agents to induce apoptosis
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in cell lines, and thus to help understand their modes of action in disease processes,

including cancer.

Two different assays were used to attempt to assess the presence and level of
apoptosis in RT112 and J82 cells treated with lapatinib and chemotherapeutic agents,

as described below.

2.6.1 Apoptosis detection by fluorescence microscopy

The Mitocapture™ mitochondrial apoptosis detection kit (Merck Biosciences,
Darmstadt, Germany) was used to look for apoptosis using fluorescence microscopy.
The MitocaptureTM reagent is a cationic dye that is reported to exhibit distinct
fluorescence in viable cells versus apoptotic cells. In viable cells, the reagent
accumulates and aggregates in the mitochondria, giving off a bright red fluorescence.
In apoptotic cells, the reagent cannot aggregate in the mitochondria due to the
disruption of the mitochondrial transmembrane potential that is one of the earliest
intracellular events occurring following induction of apoptosis. Thus the reagent
remains in the cytoplasm in its monomer form, generating green fluorescence [182].

The fluorescent signals are reported to be easily detected by fluorescence microscopy.

J82 and RT112 cells were seeded at 1000 cells/well in a 96 well plate, in medium
with 10% FBS. Four columns of cells with three wells each were seeded for each cell
line. Cells in column 1 were untreated, in column 2 were treated with 100 ng/ml EGF,
in column 3 were treated with ICsy of lapatinib, and in column 4 were treated with

lapatinib and EGF (table 2.5). After 24 hours in medium with 10% FBS, medium was
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changed in all wells to that with 1% FBS, and ICs of lapatinib was added to cells in
columns 3 and 4. A further 24 hours later, 100 ng/ml EGF was added to wells in
columns 2 and 4. Finally, 48 hours later, apoptosis was detected as follows using the
Mitocapture detection kit (figure 2.8). A volume of 2 ml of incubation buffer was pre-
warmed to 37°C. Just prior to use, 1 pl Mitocapture reagent was diluted to 1 ml using
the pre-warmed incubation buffer, and the solution was vortexed. Next, as the reagent
is poorly soluble in aqueous solution, the diluted reagent was repeatedly pipetted and
then centrifuged for 5 minutes at 15,000 rpm, and the supernatant was carefully
transferred without disturbing the pellet. Medium was removed from all experimental
wells and 200 pl of the Mitocapture solution was added to each well. The plate was
then incubated at 37°C, in 5% CO,, for 15 — 20 minutes, followed by removal of the
mitocapture solution. Further pre-warmed incubation buffer was applied to each well
and cells were immediately observed under a fluorescence microscope using a band-
pass filter, to look for red fluorescence in healthy cells, and green fluorescence in

apoptotic cells. The experiment was repeated in duplicate.
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Column number

3 4

IC50 lapatinib - - + +

100 ng/ml EGF - + ; +
Table 2.5

Summary of treatment of cells in 96 wells plate (each column contained three wells) for Mitocapture

apoptosis assay.

Time (hours after

seeding)

0 24 48 72 926
Seed Change +/- EGF Perform
cells in to 1% Mitocapture

10% FBS +/- assay
FBS lapatinib
Figure 2.8

Schematic demonstrating timescale of treatment of cells for Mitocapture apoptosis assay.

85



2.6.2 Apoptosis detection using Annexin V staining

2.6.2.1 Background

The Annexin V-FITC (fluorescein isothiocyanate) apoptosis detection kit (Merck
Biosciences, Darmstadt, Germany) was used to detect apoptosis using flow
cytometry. In viable cells phosphatidyl serine (PS) is located on the cytoplasmic
surface of the cell membrane. Upon induction of apoptosis, rapid alterations in the
organisation of phospholipids in cells occurs leading to exposure of PS on the
external surface of the cell membrane [183]. In vitro detection of externalised PS
can be achieved through interaction with the anticoagulant Annexin V [184]. In
the presence of calcium, rapid high affinity binding of Annexin V to PS occurs.
Translocation of PS precedes nuclear breakdown, DNA fragmentation, and the
appearance of most apoptosis-associated molecules and so making Annexin V

binding a marker of early-stage apoptosis.

The Annexin V-FITC apoptosis detection kit utilises a fluorescein isothiocyanate
(FITC) conjugate of Annexin V, allowing detection of apoptosis by flow
cytometry. Since membrane permeabilisation is observed in necrosis, necrotic
cells will also bind Annexin V-FITC. Therefore, propidium iodide (PI) is used to
distinguish between viable, early apoptotic, and necrotic or late apoptotic cells. PI
is a membrane-impermeable chemical that is excluded from viable cells, but is
admitted to necrotic cells or cells in late stages of apoptosis that have
permeabilised membranes. PI binds to DNA by intercalating between the bases,

and when excited by a laser light at 488 nm, PI emits a signal that can be detected

86



by flow cytometry. Necrotic and late apoptotic cells thus bind Annexin V-FITC
and stain with PI, while PI is excluded from viable (FITC negative) and early

apoptotic (FITC positive) cells.

Flow cytometry is a means of measuring certain physical and chemical
characteristics of cells as they travel in suspension one by one past a sensing point.
The cells to be analysed are placed in suspension and injected into a fluid stream
(figure 2.9). Cells then emerge in single file to form a narrow jet. This stream
then sequentially intersects one or more laser beams. The laser beams are focused
such that they only illuminate a single particle at any given time. If the given cell
contains a fluorescent tag excited by the laser, it will fluoresce, emitting a
measurable pulse of photons of a specific wavelength. Signals are collected by
photodetectors, processed by specialised electronics, digitised, and stored on a
computer. At constant laser power, the intensity of emission will be dependent on
the number of fluorophores present, thereby making flow cytometry both a
qualitative and highly quantitative analysis tool [185]. In this experiment, the flow
cytometer was set up to detect the FITC signal by FL1 at 518 nm, and to detect the
PI signal by FL2 at 620 nm (FL1 and 2 are sensors on the flow cytometer), after

excitation at 488 nm.
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Principles of ceil sorting

« Particles are placed in a fluid stream
* Lasers excite particle fluorescence

* Signals are collected

* Stream is broken into drops

* Drops containing desired particles
are deflected in an electric field

* Drops with particles are collected

Currant Opinion n Biotechnology

Figure 2.9

Diagrammatic representation of principles of cell sorting [185].

2.6.2.2 Experimental details

For each cell line, four 75 cm3 flasks were seeded with cells at low densities in
medium with 10% serum. When cells were 30 - 40% confluent, medium in all
flasks was changed to serum free medium. Twenty four hours later, ICso dose of
lapatinib was added to flasks 2 and 4, and a further 24 hours later either GC, or
GTC were added at their ICso doses to flasks 3 and 4 (table 2.6). Forty eight hours
after the addition of chemotherapy all flasks were prepared as follows for flow
cytometry (figure 2.10). Experiments were repeated in duplicate. Medium from
flasks containing floating cells was reserved, and plates were washed twice in
PBS. Remaining cells were trypsinised for as short a time as possible in 1ml 1 x
trypsin/EDTA. Plates were given a sharp tap to aid detachment, and an equivalent

volume of medium containing 10% FBS was immediately added. This was
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combined with the medium containing floating cells and the solution was
centrifuged at 1500 rpm for five minutes. Cells were resuspended in 10 ml fresh
medium containing 10% FBS and incubated at 37°C, 5% CO,, for 30 minutes.
The cells were agitated to ensure they were resuspended, 2 ml of this suspension
was transferred to a FACS (fluorescence-activated cell sorting) tube, cells were
centrifuged as before, and then resuspended in 1 ml Annexin buffer. Next, 2.5 ul
of Annexin V-FITC conjugate was added, the solution was vortexed and then
incubated at room temperature for 10 minutes. PI (from the Annexin V kit) was
then added to a final concentration of 1.5 pg/ml and the suspension was incubated
again at room temperature for 1 minute. Samples were stored on ice whilst
awaiting analysis on the flow cytometer. Data was acquired and analysed using

Cell Quest software (BD Biosciences, CA, USA).
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Flask number

1 2 3
ICsp lapatinib - + -
1Cso chemotherapy - - +
(GC or GTO)
Table 2.6

Summary of treatment of cells in preparation for the Annexin V apoptosis assay/FACS analysis of cell

cycle.

Time (hours after

seeding)
0 24 48 72 96
Seed Change +/- Perform
cells in to 1% chemotherapy Annexin V
10% FBS +/- assay
FBS lapatinib
Figure 2.10

Schematic demonstrating timescale of treatment of cells for Annexin V assay/FACS analysis of cell

cycle.
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2.7 Cell cycle analysis using FACS

Fluorescence-activated cell sorting (FACS) analysis is a type of flow cytometry. It
sorts cells, one cell at a time, based upon specific light scattering and fluorescent
characteristics. This technique can be used to study cell DNA content when cells are
stained with fluorescent dyes such as PI. DNA staining can be used to study the cell
division cycle, as the relative quantity of PI-DNA staining corresponds to the
proportion of cells in GO/G1, S, and G2/M phases, with lesser amounts of staining

indicating apoptotic/necrotic cells. This can be quantified using FACS analysis

2.7.1 Analysis of effects of lapatinib and chemotherapy on cell cycle

Effects on cell cycle of lapatinib combined with combination chemotherapy were
investigated using FACS analysis with PI. For each cell line, four x 25 cm?® flasks
were seeded with cells at low densities in medium with 10% serum. When cells were
40 — 50% confluent, medium in all flasks was changed to serum free medium. After
24 hours, ICsg dose of lapatinib was added to flasks 2 and 4, and a further 24 hours
later either gemcitabine, paclitaxel and cisplatin, or gemcitabine and cisplatin alone,
were added at their ICso doses to flasks 3 and 4 (table 2.6). Forty eight hours after the
addition of chemotherapy all flasks were prepared as follows for flow cytometry
(figure 2.10). Experiments were repeated in duplicate. Medium from flasks
containing floating cells was reserved, so as not to miss any part of the cell

population, and plates were washed in PBS. Remaining cells were trypsinised for as
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short a time as possible in 1ml 1 x trypsin/EDTA. Plates were given a sharp tap to aid
detachment, and the medium with floating cells was added. This cell suspension was
centrifuged at 1500 rpm for five minutes, cells were resuspended in 10 ml PBS and
then centrifuged again as previously. Next the cell pellet was resuspended in 200 pl
PBS and 2 ml of ice cold 70% ETOH (ethanol, Sigma, St Louis, MO, USA)/PBS was
added whilst vortexing. The ETOH fixes the cells to prevent any change in
composition, and vortexing whilst adding the ETOH ensures there is no clumping of
cells. Cells were thus incubated at 4°C for at least two hours. Following incubation,
the cells were centrifuged for 10 minutes at 1400 rpm, resuspended in 800 ul PBS,
and then transferred to a 1.5 ml eppendorf. Next, 100 ul of boiled RNase A
(ribonuclease A [Sigma, St Louis, MO, USA], acts to degrade RNA and thus
eliminate or reduce RNA contamination in preparations of DNA, 10 mg/ml prepared
in 10 mM Tris-HCI, pH 7.5, and boiled for 5 minutes) was added, followed by 100 pl
PI (500 pg/ml solution, [Sigma, St Louis, MO, USA], to a final concentration of 50
pg/ml). The cells were then incubated for one hour at 37°C, 5% CO,, and samples

were analysed using the FACS machine and data analysed using Cell Quest Software.
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2.8 Genetic_approaches to down-regulation of ErbB1 expression and signal

transduction

Two methods were attempted to genetically modify J82 and RT112 cells to down-
regulate ErbB1 expression and signal transduction in the cell lines, to further study the

effects of lapatinib in vitro.

2.8.1 RNAi-based approach to suppress ErbB1 gene expression

2.8.1.1 General background

RNA interference (RNAi), or double-stranded RNA (dsRNA)-dependent post-
transcriptional gene silencing, is a mechanism of sequence-specific, post-
transcriptional gene silencing by dsRNA homologous to the gene being
suppressed. However, in most mammalian cells dSRNA provokes a strong
cytotoxic effect [186]. More recently a small interfering RNA (siRNA) has been
developed, which can induce a similar RNA interference in mammalian cells but
without the cytotoxicity [187]. Unfortunately, the gene silencing produced by
siRNA effects is short-lived, which severely limits its application to cellular
systems. An alternative to this was reported in 2002, which is a vector system,
named pSuper that directs the synthesis of siRNA in mammalian cells [188]. The
expression of siRNA by this vector results in efficient and specific down-

regulation of gene expression, which is stable. Such stable expression of siRNAs
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using this vector mediates persistent suppression of gene expression, allowing the

analysis of loss-of-function phenotypes that develop, over longer periods of time.

A pSuper RNAI vector against ErbB1 was obtained, along with a control vector, in
order to attempt to down-regulate ErbB1 expression so that specific effects of
lapatinib on RT112 and J82 cells lines with loss of this receptor could be studied.
The aim of this was to gain further knowledge of the mode of action of lapatinib in

these cell lines.

2.8.1.2 Experimental methods

2.8.1.2.1 Transformation of plasmid

In order to genetically manipulate cells, large quantities of pSuper RNAI vector is
needed. One of the easiest ways to get large amounts of the vector is to place the
desired vector into bacteria, grow the bacteria, then harvest the bacteria and isolate
the vector. The process of introducing the vector to the bacteria is called
transformation, and the most commonly used bacterium for this purpose is
Escherichia Coli (E-Coli). Uptake of vectors by E-Coli can only be achieved
when the recipient cells have been made “competent”. One method of achieving

this is by a heat shock in the presence of Ca®* jons [1 89].

An ErbBl1-pSuper RNAi vector along with a control vector were obtained (a
pSuper RNAI specific for plasmid expressing short hairpin ErbB1, pSuper-ErbB1,

provided by Professor Ozanne at the Beaton Institute for Cancer Research,
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Glasgow, UK). Transformation of the plasmids was performed as follows. Vector
(1.5 pl) made up from10 pg in 50 pl of deionised water was put into an eppendorf
on ice. E-Coli (competent cells, Bioline, MA, USA) were removed from the —
80°C freezer and 20 pl was added to the vector. This mixture was incubated on ice
for 10 minutes, and then heat shocked in a water bath at exactly 42°C for 45
seconds, followed by further incubation on ice for two minutes. Next, 200 pl of
LB medium (Lysogeny Broth medium, a nutritionally rich medium which is
primarily used for the growth of bacteria) without antibiotic was added and the
cells were incubated at 37°C for 60 minutes, with shaking at 300
revolutions/minute. All of the sample was then plated onto an agar plate (with
ampicillin) and spread until dry. The plate was stored upside-down overnight at
37°C. A small number of colonies were transferred to 100 ml of LB medium with
ampicillin, and this was incubated overnight with mixing, again at 37°C.
Ampicillin was added to the agar plates and LB medium as the vector is
ampicillin-resistant, and therefore adding ampicillin allowed for selection of cells

containing the vector. Following this, plasmid was isolated at described below.

2.8.1.2.2 Making agar plates (with ampicillin)

Agar powder (Invitrogen, Carlsbad, CA, USA) was dissolved in deionised water in
a conical flask, to a concentration of 32 g/l, in a fume cupboard. The solution was
heated in a microwave oven for one minute, shaken, and then heated for a further
one minute before shaking again. When the agar was dissolved and the solution

boiling it was boiled for a further three minutes in the microwave. This was left to
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cool for a few minutes before adding a volume of 100mg/ml ampicillin to make
100 pg/ml final solution (Sigma, St Louis, MO, USA). Twenty millilitres of agar
were pipetted into each petri dish, ensuring no bubbles were formed, and this was

allowed to set.

2.8.1.2.3 Isolation of vector from E-Coli

In order to use the vector transformed in the E-Coli, it needs to be isolated and
purified. This was achieved by using the PureYield™ Plasmid Midiprep System
(Promega Corporation, WI, USA). Contents of the flask containing the E-Coli
were centrifuged at 4150 rpm for 20 minutes at 4°C, and the supernatant
discarded. The pellet was suspended in Cell Resuspension Fluid, transferred into a
50 ml tube, and 3 ml cell lysis solution was added. This was inverted gently up to
five times to mix, and then incubated at room temperature for three to five minutes
to ensure thorough clearing. The resultant lysate was filtered through a clearing
column to remove cellular debris, and the filtrate was incubated again at room
temperature for two minutes to allow debris to rise. The clearing column was next
centrifuged at 1500 rpm for five minutes and discarded. The lysate was poured
into a binding column, to bind the plasmid and remove it from solution, in a 50 ml
tube, which was centrifuged at 1500 rpm for three minutes. Next, the binding
column was washed with Endotoxin Removal Wash, designed to remove
substantial amounts of protein, RNA and endotoxin contaminants from purified
vector, and was again centrifuged at 1500 rpm for three minutes. The column was

removed from the tube, the flowthrough in the tube was discarded and the column
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replaced in the tube. Twenty millilitres of Column Wash solution was added to
the binding column, this was centrifuged at 1500 rpm for five minutes, the
flowthrough was again discarded and the column placed into a new 50 ml tube.
Elution was next performed by adding 600 pl of Nuclease-Free Water to the
binding column, which was then centrifuged again at 5000 rpm for five minutes.
Elution is a process that causes the separation, by washing, of one solid from
another. In this case, the vector was being eluted from the binding column. The
flowthrough from this step was the vector. The concentration of the vector was

measured in the spectrophotometer, after 100 x dilution in water.

2.8.1.2.4 Cutting of vector to ensure correct transformation

This was performed as below to ensure that purification of the vector was
accurate. This procedure is specific to the pSuper-ErbB1 and control vector used.
The DNA plasmids were spliced using the restriction enzymes (a restriction
enzyme recognizes and cuts DNA only at a particular sequence of nucleotides)
EcoR1 and HindIIl (New England Biolabs, Ipswich, MA, USA), which in a
positive clone would result in a fragment of 281 bp that could be detected by a gel
electrophoresis. In a 1.5 ml eppendorf on ice, 0.5 pl plasmid (either control or
ErbB1) was mixed with 11.4 pl deionised water, 1.5 pl of 10 x incubation buffer
M (50 mM Tris-HCI, 10 mM MgCl, [magnesium chloride, Fluka, Switzerland],
100 mM NaCl, 1 mM Dithioerythritiol [DTE, Sigma, St Louis, MO, USA], pH

7.5), 0.8 ul HindlIII and 0.8 ul EcoR1. This was incubated for one hour at 37°C,
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and following this the spliced samples were analysed using agarose gel

electrophoresis.

2.8.1.2.5 Agarose gel electrophoresis

Agarose gel electrophoresis is the easiest and commonest way of separating and
analysing DNA. The purpose of the gel might be to look at the DNA, to quantify it
or to isolate a particular band. The DNA is visualised in the gel by addition of
ethidium bromide (EtBr). This binds strongly to DNA by intercalating between the
bases and is fluorescent meaning that it absorbs invisible ultraviolet (UV) light and

transmits the energy as visible orange light.

The Horizon-58 Horizontal Electrophoresis Kit (Biometra, Gottingen, Germany)
was used. A solution of TBE electrophoresis buffer (Tris/Borate/EDTA made as
10 x buffer using: 108 g Tris Base, 55 g Boric acid [Prolabo, Normapur, Paris,
France], 20 ml 0.5 M EDTA [Sigma, St Louis, MO, USA] and deionised water to
1.0 1) plus EtBr (Sigma, St Louis, MO, USA) was made by adding 5 pl EtBr to
500 ml of 1 x TBE (450ml deionised water and 50 ml 10 x TBE). Tris is an
effective buffer for slightly basic solutions, which keeps DNA deprotonated and
soluble in water. EDTA binds to divalent cations, which are necessary co-factors
for many enzymes, and particularly magnesium (Mg”>*). Forty millilitres of TBE +
EtBr was aliquoted and 500 mg of agarose (Bioline, MA, USA) added. This was
heated in a microwave oven for a total of one min (shaking at intervals when

boiling). The agarose solution was then poured into the electrophoresis kit and
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allowed to set. The gel and reservoir was covered with TBE + EtBr. A 1/4
volume of DNA loading buffer (60% glycerol, EDTA and bromophenol blue) was
added to the restriction mixture, and this was loaded into the wells in the gel. The
loading buffer gives colour via the bromophenol blue, and the glycerol gives
density to the sample to make it easy to load into the wells. Also, the dyes are
negatively charged in neutral buffers and thus move in the same direction as the
DNA during electrophoresis. This allows monitoring of the progress of the gel
easier. A marker lane was also used (100 bp DNA ladder, Invitrogen, Carlsbad,
CA), to allow accurate assessment of the size of the vector samples. The gel was
run at 120 V constant (approx 50 mA), for around 30 minutes. The gel was

visualised using UV light to ensure the correct vectors had been purified.

2.8.1.2.6 Transfection via electroporation

Transfection is the introduction of nucleic acids into eukaryotic cells.
Electroporation is a physical tool used to transfect DNA into cells via an electric
field. This exposes the cell membrane to high-intensity electrical pulses that can
cause transient and localised destabilisation of the membrane. During this
perturbation, the cell membrane becomes highly permeable to exogenous
molecules, such as DNA, present in the surrounding medium [190].
Permeabilisation requires that the externally applied electrical field surpasses a
critical threshold value. For a cell suspension, this requires around the order of 1
V, although the absolute potential depends upon a number of factors. The

transient increase in permeability is believed to result from the creation of electric
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field-induced pores, although the precise mechanism by which they are made is

unclear. It is also unclear as to what the mechanism of DNA uptake is [190].

Green fluorescent protein (GFP) is a protein produced by a jellyfish, Aequorea,
which fluoresces in the lower green portion of the visible spectrum. Several
mutants of the GFP gene have been constructed that fluoresce more reliably than
wild-type, at 509 nm. In order to determine the percentage of cells that have been
successfully transfected with DNA in an experiment (transfection efficiency), a
reporter gene can be used. EGFP (enhanced green fluorescent protein) is a
convenient reporter in this setting as its expression can be easily detected by

fluorescence microscopy or flow cytometry.

A 175 cm’ flask of either J82 or RT112 cells at around 80% confluence was
trypsinised (3 ml trypsin), and then when cells had lifted this was neutralised with
10 ml media with 10 % FBS. The cell suspension was centrifuged at 1500 rpm for
five minutes, the pellet was washed with 10 ml PBS and centrifugation was
repeated. The cells were then resuspended in 450 pl PBS (solution pipetted
around 20 x to separate out cells) and at this stage 5 pg pEGFP (BD Biosciences,
CA, USA) was added if necessary. This cell solution was transferred to sterile
cuvettes (100 pl per cuvette), plasmid was added, and the solution was gently
mixed whilst avoiding formation of bubbles. This was placed on ice for 20
minutes. During this time, 5 ml media with 10% FBS was placed in a S cm Petri
dish and incubated at 37°C, 5% CO,, 95% O,, for around 15 minutes. After the
cell solution had been on ice for 20 minutes it underwent electroporation (Gene

Pulser Xcell, BioRad, CA, USA), followed by resuspension of cells in 800 pl
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medium. The cells were then placed in the pre-incubated medium in the Petri
dish, which was again incubated as above. Once cells were around 50% confluent,
dishes were examined using the fluorescence microscope to assess transfection

efficiency.

2.8.1.2.7 Chemical transfection

The chemical transfection of DNA is based on complex formation between
positively charged chemicals (usually polymers) and negatively charged DNA
molecules, leading to introduction of DNA into the cell by endocytosis. A variety
of chemicals for this purpose have been developed. One such chemical is
GeneJammer® system (Stratagene, CA, USA). GeneJammer is a polyamine
chemical transfection agent. The major limitation of early chemicals was toxicity,
but polyamines are capable of condensing DNA and delivering it to a variety of

cell lines with minimum toxicity [191].

Chemical transfection was performed using the GeneJammer system. J82 or
RT112 cells were seeded in 2 ml of medium with 10 % FBS in a small Petri dish
and grown until 50% confluent. One hundred microlitres of serum free medium
was placed into an eppendorf and 5 pul GeneJammer was added. This was left at
room temperature for 10 minutes, followed by addition of 1 pg of vector and/or 1
pug pEGFP (to assess transfection efficiency) and a further incubation for 10
minutes at room temperature. During this incubation period, the medium on the

cells was changed to 900 pl of fresh medium with 10 % serum and the
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GeneJammer/vector mixture was added dropwise. This was incubated for six
hours before addition of a further 1 ml of medium with 10% serum, and incubation
for a further 18 hours. Plates were then examined using the fluorescence

microscope to assess transfection efficiency.

2.8.1.2.8 Western blot analysis to look for downregulation of ErbBl

following transfection

RT112 cells transfected by electroporation, and J82 cells transfected using
GeneJammer were lysed as previously described with 200 pl standard Laemmli
buffer. Cells transfected with either pEGFP (control), control vector, or pSuper-
ErbB1 were used. Protein quantification was performed, and Western blot was
performed as previously. Membranes were stained for ErbB1 (as previously) to

assess for downregulation after transfection with the ErbB1 vector.

2.8.2 Dominant-negative approach to suppression of ErbB1 function

2.8.2.1 General background

A dominant-negative gene contains a mutation whose product adversely affects
the normal, wild-type gene product within the same cell. This effect usually
occurs if the dominant-negative gene product can still interact with the same

elements as the wild-type product, but blocks some aspect of its function. The
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dominant-negative vector used in these experiments, CD533, is a deletion mutant
which produces a truncated ErbB1 receptor lacking most of its cytoplasmic
domain, but retaining the dimerisation domain, causing formation of inactive
heterodimers [192]. The aim of its transfection into RT112 and J82 cells was to
negate the effects of wild-type ErbB1, thus allowing further studies of the mode of

action of lapatinib in these cell lines.

2.8.2.2 Experimental methods

2.8.2.2.1 Description of CD533 plasmid DNA

An original plasmid, pRK5-HER NAS8, containing an N-terminal fragment of
human ErbB1 was obtained (from the laboratory of A. Ullrich, Germany). The
ErbB1 fragment contains a deletion of the last 533 C-terminal amino acids [193].
This fragment DNA was then subcloned in pcDNA 4/VS5-His eukaryotic
expression vector (Invitrogen, Carlsbad, CA, USA. Subcloning performed by E.
Tulchinsky, University of Leicester). Subcloning is a technique used to move a
gene of interest from a parent vector to a destination vector in order to further
study its functionality. A eukaryotic vector was used here as the destination
vector, as this is a form of plasmid DNA that contains signalling sequences that
are recognised by enzymes in eukaryotic cells for mRNA and protein synthesis.
The resulting vector used throughout this experiment contains C-terminal tags (V5
and 6xHis) allowing the use of anti-V5 and/or anti-6xHis tag antibodies to

distinguish expressed ErbB1 mutant from the endogenous wild-type receptor. The
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vector also encodes the Sh ble gene, the product of which is a protein that confers
resistance to an antibiotic, Zeocin™™ (Invitrogen, Carlsbad, CA, USA). Thus cells

that express this gene product can be selected by their resistance to Zeocin [194].

2.8.2.2.2 Transfection

The CD533 plasmid DNA was transfected into RT112 and J82 cells using
electroporation (see section 2.8.1.2.6 for method of electroporation). After
transfection, cells were seeded onto 96-well plates and incubated at 37°C, 5%
CO,. Cells were grown in medium with 10% FBS and 500 pg/ml Zeocin.
Selection of stable clones (cells that constantly express the gene of interest, here
selected by resistance to Zeocin) over 14 days was thus performed. Obtained
clones were split and screened for the expression of the V5-epitope by

immunocytostaining.

2.8.2.2.3 Immunocytostaining

Immunocytostaining involves the visualisation of specific proteins in cells using
light microscopy. The principle is similar to that of Western blot staining, and
involves probing the protein of interest with primary and secondary antibodies,
followed by addition of a substrate that stains the protein of interest via the
adherent antibodies. The protocol for detecting the V5-epitope, and thus cells

expressing the CD533 vector, is as follows.
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Clones were grown in petri dishes, until around 50% confluent. Medium was
removed and cells were washed in 3 ml PBS. The cells were then fixed using 2 ml
of acetone/methanol solution (1:1 ratio, stored at —20°C, VWR International, West
Chester, PA/Sigma, St. Louis, MO), for 10 minutes at room temperature, before it
was removed and cells were left to dry at room temperature for 5 — 10 minutes. A
small number of cells (approximately 1 cm diameter) were sectioned off used a
wax pen, and these were then stained. Initially, the cells were rinsed in 100 pl
PBS, and the primary antibody, anti-VS MADb (Invitrogen, Carlsbad, CA, USA),
was diluted to 1:200 in medium with 10% FBS, and 100 ul was added to cells for
one hour at room temperature, with gentle agitation. Cells were then washed three
times with 100 pul PBS, applied for five minutes each time, with gentle agitation.
The secondary antibody, Rabbit Anti-Mouse immunoglobulin HRP (as used for
Western blot analysis), was diluted to 1:200 in medium with 10% FBS, and 100 pl
was added to cells for one hour at room temperature, with gentle agitation. Three
washes with PBS were repeated as previously. Staining of cells with substrate to
allow visualisation of VS5 positive cells was next performed. The substrate was
formed from an AEC (3-Amino-9-ethylcarbazole) chromogen kit (AEC-101,
Sigma, St Louis, MO), which is used for staining peroxidase labelled compounds.
Two drops of acetate buffer were added to 4 ml of deionised water, followed by
one drop of AEC chromogen, and finally one drop of 3% hydrogen peroxide (all
pre-made solutions). The solution was mixed and 100 pl was added to cells for 10
minutes at room temperature. The cells were then rinsed with deionised water,

and cells were checked under the light microscope for staining.
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2.8.2.2.4 Western blot analysis to look for effects of dominant-negative

plasmid on ErbB1 signalling following transfection

V5-positive clones of both RT112 and J82 cells were chosen for further analysis,
alongside cells negative for the V5-epitope. Cells were grown in flasks in medium
with 10% FBS as previously until 50 - 70% confluent, medium was changed to
serum free, and cells were starved for 24 hours. Cells were then either stimulated
with 100ng/ml EGF for five minutes, or left untreated, and subsequently lysed as
previously described with 200 ul standard Laemmli buffer. Protein quantification
was performed, and Western blot was performed as previously. Resultant
membranes were stained for expression of V5-epitope (anti-V5 MAD, as used for
immunocytostaining, at 1:5000 dilution), ErbB1, p-ErbB1, AKT and p-AKT (all
as used previously), to assess for effects of the dominant-negative CD533 plasmid

on ErbB1 signalling.
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CHAPTER 3

RESULTS
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3.1 Molecular actions of lapatinib and chemotherapeutic agents in bladder

cancer cell lines

3.1.1 Characterisation of expression of ErbB receptors and downstream

signalling proteins

Expression of proteins involved in ErbB signalling in the six different bladder cancer
cell lines of varying grades and in the vulval epidermoid carcinoma cell line A431
(known to express an artificially high level of ErbB1) were assessed using Western
blot analysis. Morphologically, these cell lines represented two distinct types,
epithelial (RT4, RT112, HT1376 and A431) and mesenchymal (T24, UMUC3 and
J82). Cells belonging to the first group exhibited typical polarised epithelial
morphology, formed tight cell-cell contacts, and expressed high levels of the epithelial
marker E-cadherin (figure 3.1a). Cells of the second group had elongated fibroblastoid
phenotype and were E-cadherin negative. ErbB1 and ErbB2 were highly expressed in
epithelioid cells, and were present but at much lower levels in mesenchymal cells
(figure 3.1a). In contrast, expression of ErbB3 was similar, and the expression of
ErbB4 was hardly detectable, throughout all cell lines. AKT, a protein kinase
responsible for ErbB-mediated anti-apoptotic response, was expressed at higher levels
in mesenchymal cell lines, with two of these (J82 and UMUC3) expressing very low
levels of PTEN (a tumour suppressor protein responsible for down-regulation of
AKT) (figure 3.1b). Expression of other proteins involved in ErbB signalling and
examined in this study (p42/44 MAPK, STAT1 and STAT3 [all involved with

regulation of cell cycle progression and apoptosis], and PTP1B [protein tyrosine
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phosphatase IB, which is involved in the dephosphorylation and deactivation of

receptor tyrosine kinases, 195]) did not correlate with morphological characteristics of

cells (Figures 3.1a and 3.1b).

ErbBl1

ErbB4

PTP1B

E-Cadherin

Tubulin

Figure 3.1a
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Figure 3.1

Expression of ErbB family of receptors, downstream signalling and related molecules in six bladder
cancer cell lines and A431 (A431 lysate was used as a positive control). Cells were cultured in medium
with 10% FBS, and lysed as described. 25 pg protein (as quantified by protein assay) of each lysate
was resolved by SDS-PAGE and Western blot analysis was performed. Figure 3.la shows the
expression of ErbB family members, PTPIB and E-cadherin. Figure 3.1b shows the expression of

downstream signalling pathways. Detection of a-tubulin was used as a loading control.
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3.1.2 Activation of ErbB receptors and downstream signalling pathways by the

ErbBl1 ligand, epidermal growth factor (EGF)

Next, the activation of the ErbB pathway in all six bladder cancer cell lines and A431
cells (used as a positive control) by the ErbB1 ligand, EGF, was examined (figure
3.2). Short exposure of all cell lines to EGF resulted in a rapid and very strong
phosphorylation of ErbB1 on Tyr845 and Tyr1100. Phosphorylation of ErbB2 was
prominent in epithelial cells, but hardly detectable in J82 and UMUCS3 cell lines. In
general, the level of ErbB1 and ErbB2 phosphorylation in response to EGF was much
higher in epithelial cells expressing more of these receptors. Even in the absence of
EGF, all cell lines expressed detectable levels of phosphorylated ErbB3 with the
higher p-ErbB3 levels in epithelial cells. ErbB3 phosphorylation levels were,
however, variable after EGF stimulation. Whereas in RT112 cells EGF enhanced
phosphorylation of ErbB3, in the two remaining epithelial cell lines, RT4 and
HT1376, phosphorylation of this receptor was not affected by EGF. Furthermore, in

mesenchymal cells, EGF actually decreased the basal level of p-ErbB3 expression.

Exposure to EGF resulted in the activation of both p42/44MAPK and AKT in all
mesenchymal cell lines, and in RT112 cells, but not in RT4 or HT1376 cells.
Activation of the STAT pathway was considerably less effective. Although all non-
stimulated cell lines expressed phosphorylated STAT! and STATS3, their level was
mostly unaffected by EGF, except for increased activation of STAT3 seen in RT112

cells.
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Activation of ErbB receptors and downstream signalling pathways.
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Cells were starved for 24 hours

prior to either stimulation with 100 ng/ml EGF for five minutes, or no treatment (controls). Lysates

were made, and protein content quantified by protein assay. 25 fig protein of each lysate was resolved

by SDS-PAGE and Western blot analysis was performed. Detection of a-tubulin was used as a loading

control.



3.1.3 Determination of ICss of lapatinib and chemotherapeutic agents

To address the effectiveness of lapatinib in the repression of the ErbB pathway, we
selected two cell lines, RT112 and J82, for further study. These two cell lines were
chosen as they represented one from the epithelial group of cell lines (RT112), and
one from the mesenchymal group (J82). Thus it allowed a comparison between
phenotypically different cell lines, one of which (RT112) expresses much higher
levels of ErbB1 and ErbB2 than the other (J82). These cell lines were also consistent
in both their growth patterns and activity in MTT assays. In experiments hereafter,
lapatinib and the chemotherapeutic agents gemcitabine, paclitaxel and cisplatin, were
used to study their individual and combined effects on ErbB receptor activity.
Therefore, MTT assays were performed to calculate ICsy doses of the drugs for
experiments with lapatinib and the chemotherapeutic agents (figures 3.3 and 3.4 a -
d). Determination of the correct protocol for performing these assays was investigated
as described in later sections. Results from the assays were analysed using Graphpad

Prism software and ICs, values obtained (table 3.1).
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Figure 3.3

MTT analysis of RT112 cell viability following application of varying doses of lapatinib and

chemotherapy. Cells were seeded in 96 well plates in medium with 10% FBS, which was changed to

1% FBS 24 hours later.

gemcitabine (c) or paclitaxel (d) were added. MTT assay was performed 48 hours after addition of

drugs. Assays were performed in triplicate.
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A further 24 hours later, varying doses of lapatinib (a), cisplatin (b),
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Figure 3.4

MTT analysis of J82 cell viability following application of varying doses of lapatinib and
chemotherapy. Cells were seeded in 96 well plates in medium with 10% FBS, which was changed to
1% FBS 24 hours later. A further 24 hours later, varying doses of lapatinib (a), cisplatin (b),
gemcitabine (c) or paclitaxel (d) were added. MTT assay was performed 48 hours after addition of

drugs. Assays were performed in triplicate.

Lapatinib Cisplatin Gemcitabine Paclitaxel
RT112 1.1 29.2 0.004 0.0034
182 1.22 3.55 0.022 0.0005

Table 3.1

ICs50 values (pmol/L) of lapatinib and chemotherapeutic agents in RT112 and J82 cells. IC50s were

calculated on GraphPad Prism, using data from MTT assays (figures 3.3 and 3.4).
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3.1.4 Inhibition of ligand-induced stimulation of ErbB receptors and downstream

signalling by lapatinib

It was examined whether the EGF-induced and HRG1f-induced phosphorylation of
the proteins involved in ErbB signalling is sensitive to lapatinib. Semi-confluent
cultures of RT112 or J82 cells were pre-treated with lapatinib and then stimulated by
either EGF or HRG1 (figures 3.5 and 3.6 respectively). As expected, EGF-mediated
phosphorylation of ErbB1 at several tyrosine residues was significantly inhibited by
lapatinib (figure 3.5). Similarly, lapatinib strongly reduced HRGIB-dependent
phosphorylation of ErbB3 (figure 3.6). Treatment by either ligand increased
phosphorylation of ErbB2 in RT112, but not in J82 cells, and this was again inhibited
by prior treatment with lapatinib. A similar effect was seen with activation of ErbB1
by HRGI1f in RT112 but not J82 cells, with activation being inhibited by lapatinib.
Subsequent activation of AKT by either ligand was sensitive to lapatinib, with pAKT
being inhibited back to basal levels. Lapatinib produced minimal (in RT112 cells) or

no (in J82 cells) effect on ligand-dependent phosphorylation of p42/44MAPK.
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Figure 3.5

Inhibition of EGF activation of ErbB 1, ErbB2 and downstream signalling by lapatinib. Cells at 50%
confluence were starved in serum-free medium, and ICs0 dose of lapatinib was added overnight (18
hours). Stimulation with EGF (100 ng/ml) was performed for five minutes. Lysates were made, and
protein content quantified by protein assay. 25 pg protein of each lysate was resolved by SDS-PAGE

and Western blot analysis was performed. Detection of a-tubulin was used as a loading control.
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Figure 3.6

Activation of ErbB receptors and downstream signalling by HRGip, and inhibition o f this activation by
lapatinib. Cells at 50% confluence were starved in serum-free medium, and ICs0 dose of lapatinib was
added overnight (18 hours). Stimulation with 40 ng/ml HRGip was performed for 15 minutes. Lysates
were made, and protein content quantified by protein assay. 25 pg protein of each lysate was resolved
by SDS-PAGE and Western blot analysis was performed. Detection of a-tubulin was used as a loading

control.
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3.1.5 Effect of lapatinib and combination chemotherapy on ErbB receptor

signalling

The effect of combination chemotherapy (gemcitabine, paclitaxel and cisplatin
[GTC]) on ErbB signalling in RT112 and J82 cells was investigated, both with and
without prior treatment with lapatinib. RT112 and J82 cells were incubated overnight
with or without ICsy dose of lapatinib, followed by GTC (combined at their individual
ICso concentrations) for varying lengths of time. Phosphorylation status of ErbB
receptors, p42/44MAPK and AKT was analysed with phospho-specific antibodies
(figure 3.7). Longer exposure of films from these experiments did not reveal any
phosphorylation of ErbB1 at some timepoints of GTC treatment, or ErbB2 at all
timepoints of GTC treatment, despite some activation of downstream signalling
proteins. To increase the sensitivity of the detection method, total ErbB1 and ErbB2
was immunoprecipitated using corresponding antibodies, followed by Western
blotting to detect phosphorylated forms of the receptors. It was demonstrated that
GTC produced a mild increase in the levels of phospho-ErbB1 in both cell lines at 10
minutes but not at the later timepoint, and also caused a mild increase in ErbB3
activation at 10 minutes in J82 cells only (figure 3.7a and 3.7b). Lapatinib completely
blocked phosphorylation of ErbB1 and ErbB3 in J82 cells (figure 3.7b). In RT112
cells, while phosphorylation of ErbBl and ErbB2 was similarly abolished by

lapatinib, its effect on ErbB3 phosphorylation was only partial (figure 3.7a).

GTC treatment induced phosphorylation of AKT but not p42/44MAPK in both cell

lines. The effect was particularly evident in J82 cells (figure 3.7b), in which GTC-
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mediated phosphorylation of two residues, Ser473 and Thr308 was observed,
especially at the later timepoint. This phosphorylation at 20 hours was not affected by
lapatinib, and was therefore ErbB-independent. In contrast, GTC-dependent AKT
phosphorylation on Ser473 in RT112 cells at both 10 minutes and 20 hours (figure

3.7a), and in J82 cells at 10 minutes (figure 3.7b), was inhibited by lapatinib.
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Figure 3.7a - RT112 cells
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Figure 3.7

Effect of combination chemotherapy, with and without prior treatment with lapatinib, on RT112 (3.7a)
and J82 cells (3.7b). Cells were cultured in media with 10% FBS, until around 50% confluence. Media
was then changed to serum-free, and IC50 dose of lapatinib was added to the relevant flasks overnight
(18 hours). Combination chemotherapy (GTC, combined at the ICs0 doses of the individual drugs) was
then added, lysates were made at 0 minutes (control - no chemotherapy), 10 minutes, and 20 hours
later, and protein content quantified by protein assay. 25 pg protein of each lysate was resolved by
SDS-PAGE and Western blot analysis was performed. Detection of a-tubulin was used as a loading
control.

* Western blot analyses performed using lysates prepared by immunoprecipitation with either ErbB 1 or
ErbB2 specific antibodies. Treatment timepoints were the same as used in lysates prepared with

standard Laemmli buffer.

121



3.2 Effect of lapatinib and chemotherapeutic agents on cell viability using the

MTT assay

3.2.1 Characterisation of individual cell lines: mitochondrial dehydrogenase

activity

The MTT assay relies upon the uptake of the soluble yellow tetrazolium salt by viable
cells, which is then converted by mitochondrial dehydrogenases to an insoluble purple
formazan product, by cleavage of the tetrazolium ring [196]. This is then dissolved in
DMSO, and the resulting purple solution is measured spectrophotometrically yielding
an absorbance value, which represents the concentration of converted dye, and thus
cellular activity. Each cell type has different levels of dehydrogenase activity, and
therefore it is important to characterise each cell line with respect to absorbance levels
per cell number. In the assays shown in figure 3.8, all six bladder cancer cell lines and
A431 were thus assessed. 96 well plates were seeded with a range of cell densities
and MTT assay performed. All assays were performed in triplicate, and it was found
that the assay results were on the whole very reproducible, with low standard
deviations (figure 3.8). However, at higher cell numbers there was slightly increased
variation in absorbance in two cell lines (HT1376 and J82 — figures 3.8 b and 3.8 e),
and this was particularly marked in the HT1376 cell line. The spectrophotometer used
for all experiments did not produce an absorbance reading if the colour density of the
solution was too high, with the highest attainable reading being around 3.5 absorbance
units. It was found that dehydrogenase activity was particularly high in HT1376 and

T24 cells (figures 3.8 b and 3.8 d), where cell densities above 16000 cells/well
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produced solution densities above 3.5 absorbance units. In contrast, RT4, J82 and
UMUCS3 cells (figures 3.8 a, 3.8 e and 3.8 ) had much lower levels of dehydrogenase
activity, with cell densities of 64000 cells/well producing readings of less than 3
absorbance units. This data allowed planning for future experiments, including
number of cells/well to seed at the beginning of assays to be carried out over a number

of days.
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Figure 3.8

MTT assays investigating the relation of cell numbers to absorbance in all six bladder cancer cell lines,
and A431 cells. Cells were seeded at varying densities in 96 well plates, in medium with 10% FBS.
Plates were incubated overnight, and then MTT assay was performed as described. All assays were
performed in triplicate. Six bladder cancer cell lines and A431 cells were investigated: a — RT4 cells; b

— HT1376 cells; ¢ — RT112 cells; d — T24 cells; e — J82 cells; f — UMUC3 cells; g — A431 cells.

3.2.2 Assessment of optimal numbers of cells seeded and growing conditions for

cells for assays over a period of 96 hours

It was necessary to assess the optimal growing conditions for cell lines over a period
of 96 hours in 96 well plates, as future assays to investigate the effects of lapatinib and
chemotherapeutic agents on cells would run over this time period. Therefore cells
were grown in varying serum concentrations, and were seeded at various densities, in
order to carry out this assessment. After considering cell numbers which created
solutions too concentrated for spectrophotometer readings after incubation with MTT,
and after predicting cell numbers 4 days after seeding using theoretical doubling
times, it was decided to seed 500 and 1500 cells/well, for each cell line. Both
numbers of cells were grown in medium with different concentrations of FBS for the
final 72 hours of the assay. It was shown that throughout all cell lines (all six bladder
cancer cell lines, and A431), there was little cell growth in serum-free medium, and
that cell growth generally increased with increasing concentrations of FBS (figure
3.9). However, two cell lines, RT4 and UMUC3, showed slight decreases in cell
growth after 96 hours with serum concentrations over 1% FBS (figures 3.9 a and 3.9

f). Without exception, wells with 1500 cells/well seeded produced final absorbance
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values higher than those with the lower density of cells. In T24 cells, the cells with
the greatest dehydrogenase activity (figure 3.8 d), it was found that when serum
concentrations were higher than 1% FBS, cell growth was such that absorbance levels
were too high to be readable by the spectrophotometer, except with 500 cells/well and
2.5% FBS (figure 3.9 d). From these results it was clear that the optimal serum
concentration for growth of cells over a 96 hour period was 1% FBS. It was also
decided that seeding density should be 1000 cells/well, as this number would provide
adequate absorbance levels at the end of the assays, without danger of exceeding

recordable absorbance levels when allowing for natural variation of cell growth.
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Figure 3.9

MTT assays investigating the optimal conditions for cell growth over 96 hours. Cells were seeded at
either 500 or 1500 cells/well, and after 24 hours medium with 10% FBS was changed for medium with
either 0%, 1%, 2.5% or 5% FBS. MTT assay was performed 72 hours later. Six bladder cancer cell
lines and A431 cells were investigated: a — RT4 cells; b - HT1376 cells; c — RT112 cells; d — T24 cells;

e — J82 cells; f— UMUCS3 cells; g — A431 cells.

3.2.3 Effect of single-agent and combination chemotherapy on RT112 cell

viability when combined with lapatinib in varying schedules

RT112 cells were treated with single-agent chemotherapy, or clinically relevant
combination chemotherapy (GC or GTC) along with lapatinib. The chemotherapeutic
agents were added at ratios of their ICsy doses, and lapatinib was added at its ICso dose
throughout. Four different schedules were studied: 1) Chemotherapy alone (no
lapatinib); 2) lapatinib before chemotherapy; 3) lapatinib concomitant with

chemotherapy; 4) lapatinib after initial application of chemotherapy.

In RT112 cells (figure 3.10 and table 3.2), addition of lapatinib to both single-agent
and combination chemotherapy potentiated efficacy. When single-agent cisplatin was
combined with lapatinib (figure 3.10 a), the cell viability was less at 1/8 ICsy dose of
cisplatin than when the ICsy dose of cisplatin was applied alone, independent of the
sequence of application of the agents. A similar result was seen when gemcitabine
alone was compared with differing sequences of lapatinib and gemcitabine (figure
3.10 b). Lapatinib reduced cell viability by more than 30% at all doses of

gemcitabine. When lapatinib was combined with paclitaxel (figure 3.10 c), a
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reduction of paclitaxel dose to 1/2 ICso could be achieved whilst still maintaining the
same level of cell viability as the ICsy dose of paclitaxel alone. The ability to decrease
the chemotherapy dose to 1/8 ICso with addition of lapatinib and still maintain rates of
cell viability observed at ICso doses was also seen in the experiments with
combination chemotherapy (GC — figure 3.10 d, GTC - figure 3.10 e¢). However this
was only observed when lapatinib was applied before, or concomitant with GC, and

only before and during GTC.

Table 3.2 demonstrates the results of pairwise Tukey’s tests (from the analysis of
variance test), comparing the different sequences of application of lapatinib and
chemotherapy, for all the different chemotherapy regimens in RT112 cells. From this,
it is clear that efficacy was significantly enhanced when lapatinib was given before,
concomitant with or after any of the chemotherapy regimens compared with
chemotherapy alone (all p-values <0.001). Overall, a comparison of lapatinib-
chemotherapy combinations revealed that prior application of lapatinib was
significantly better than any other sequence (p-values range from p < 0.05 to p <
0.001), and concomitant lapatinib was significantly better than lapatinib after
chemotherapy regimens (p-values range from p < 0.01 to p < 0.001). There were two
exceptions. Lapatinib before single-agent cisplatin showed similar efficacy to
lapatinib concomitant with cisplatin, and lapatinib concomitant with single-agent

cisplatin showed similar efficacy to lapatinib after cisplatin.
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Figure 3.10

MTT analysis of RT112 cell viability following treatment with chemotherapy and lapatinib in varying

combinations and sequences of application. Cells were seeded in 96 well plates at 1000 cells/well,

medium was changed from that with 10% FBS to that with 1% FBS after 24 hours, and cells were then

treated with lapatinib and chemotherapeutic agents in varying sequences of application over the next 72

hours prior to MTT assay; a — cisplatin; b — gemcitabine; ¢ — paclitaxel; d - GC; e - GTC.
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Chemotherapy regimen

Lapatinib schedules Cisplatin | Gemcitabine | Paclitaxel GC GTC
only only only
No lapatinib,
chemotherapy <0.001 <0.001 <0.001 <0.001 { <0.001
only
Lapatinib Lapatinib
before concomutant | - | <0.05 <0.001 | <0.01 | <0.001
chemotherapy with
chemotherapy
Lapatinib after
<0.01 <0.001 <0.001 <0.001 | <0.001
chemotherapy
No lapatinib,
Lapatinib chemotherapy | <0.001 <0.001 <0.001 <0.001 | <0.001
concomitant only
with Lapatinib
chemotherapy after 0.5 <0.001 <0.001 <0.001 | <0.01
chemotherapy
Lapatinib No lapatinib,
after chemotherapy <0.001 <0.001 <0.001 <0.001 | <0.001
chemotherapy only

Significant p-values are highlighted in bold.

Table 3.2

Statistical differences (p-values) in cell viability between lapatinib schedules (columns 1 versus 2) with

respect to chemotherapy in RT112 cells (Analysis of Variance using pairwise Tukey method).
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3.2.4 Effect of single-agent and combination chemotherapy on J82 cell viability

when combined with lapatinib in varying schedules

Similar experiments were carried out using J82 cells, using the same methodology as
above in RT112 cells. In J82 cells (figure 3.11 and table 3.3), addition of lapatinib to
both single-agent and combination chemotherapy again generally enhanced a
reduction in cell viability. Addition of lapatinib to cisplatin (figure 3.11 a) decreased
cell viability throughout all sequences of application, although this was more apparent
when it was applied before or concomitant with single-agent cisplatin. Lapatinib plus
1/8 ICso dose of cisplatin had similar efficacy to single-agent cisplatin at its ICsy dose.
Similar results were observed with lapatinib and gemcitabine (figure 3.11 b), lapatinib
and paclitaxel (figure 3.11 c), and lapatinib and GC (figure 3.11 d), though only
lapatinib prior to gemcitabine showed less cell viability at 1/8 ICsy dose of
gemcitabine compared with the ICsy dose of gemcitabine alone. The combination of
the three chemotherapy agents (GTC) with lapatinib in J82 cells (figure 3.11 e)
showed the least enhancement of efficacy compared with chemotherapy alone. This
was because even at 1/8 ICsy doses of GTC, cell viability was only approximately
30%, which decreased to 20% when lapatinib was added prior to GTC. However,
lapatinib again facilitated dose reduction of the chemotherapeutic agents; lapatinib
prior to the 1/8 ICsq dose of the chemotherapeutic agents led to the same level of cell

viability as the ICsos of GTC alone.

Table 3.3 shows the results of pairwise Tukey’s tests, comparing the effects of
different schedules of lapatinib and chemotherapy regimens on cell viability in J82

cells. Similar to RT112 cells, it is clear in J82 cells that efficacy was significantly
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enhanced when lapatinib was given before any of the chemotherapy regimens
compared with chemotherapy alone (all p-values < 0.001). However unlike our
results for RT112 cells, lapatinib concomitant or after chemotherapy did not always
enhance efficacy compared with chemotherapy alone. Indeed, lapatinib concomitant
with GTC was no better than GTC alone, and lapatinib after single-agent paclitaxel or
GC was no better than paclitaxel alone. = Overall, a comparison of lapatinib-
chemotherapy combinations revealed that prior application of lapatinib was
significantly better than any other sequence in J82 cells (p < 0.05 to p < 0.001). There
were three exceptions. Lapatinib before cisplatin or GC was similar to lapatinib
concomitant with cisplatin or GC; lapatinib before GTC was similar to lapatinib after
GTC. Concomitant application of lapatinib was significantly better than lapatinib
after chemotherapy (p < 0.01 to p < 0.001) for most schedules except GTC. Lapatinib

after GTC was superior to concomitant lapatinib (p< 0.01).
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Figure 3.11

MTT analysis of J82 cell viability following treatment with chemotherapy and lapatinib in varying

combinations and sequences of application. Cells were seeded in 96 well plates at 1000 cells/well,

medium was changed from that with 10% FBS to that with 1% FBS after 24 hours, and cells were then

treated with lapatinib and chemotherapeutic agents in varying sequences of application over the next 72

hours prior to MTT assay; a — cisplatin; b — gemcitabine; ¢ — paclitaxel; d — GC; e - GTC.
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Chemotherapy regimen
Lapatinib schedules Cisplatin | Gemcitabine | Paclitaxel GC GTC
only only only
No lapatinib,
chemotherapy <0.001 <0.001 <0.001 <0.001 | <0.001
only
Lapatinib Lapatinib
before concomitant 0.3 <0.01 <0.001 04 | <0.05
chemotherapy with
chemotherapy
Lapatinib after |- o, <0.001 <0.001 | <0.001 [ 0.9
chemotherapy
Laatinib No lapatinib,
apatin chemotherapy | <0.001 <0.001 <0.001 | <0.001 | 0.3
concomitant only
with -
chemotherapy | Lapatinibafter |, 54, <0.001 <0.001 | <0.01 | <0.01*
chemotherapy
. No lapatinib,
Lapatinib after chemotherapy <0.05 <0.001 0.6 0.5 <0.001
chemotherapy only

Significant p-values are highlighted in bold.

*Lapatinib after GTC showed less cell viability than lapatinib concomitant with GTC.

Table 3.3

Statistical differences (p-values) in cell viability between lapatinib schedules (columns 1 versus 2) with

respect to chemotherapy in J82 cells (Analysis of Variance using pairwise Tukey method).
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3.2.5 Synergism between lapatinib and various chemotherapeutic regimens

Having established that lapatinib before chemotherapy is overall the most promising
schedule for these two cell lines, we then determined whether prior lapatinib had an
additive or synergistic effect with the various chemotherapy combinations. Results
were analysed as interactions plots, using the ANOVA test (figures 3.12 and 3.13).
Lapatinib prior to the various chemotherapy regimens demonstrated synergism in both
cell lines in all except one combination (lapatinib and cisplatin in J82 cells [figure

3.13 a}). For this combination, the effect of lapatinib was additive.
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Interactions plots of cell viability comparing application of chemotherapy only against lapatinib before
chemotherapy in RT112 cells: a — cisplatin only; b — gemcitabine only; ¢ — paclitaxel only; d - GC; e -

GTC. Interactions plots were produced from the ANOVA test.
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Interactions plots of cell viability comparing application of chemotherapy only against lapatinib before
chemotherapy in J82 cells: a — cisplatin only; b — gemcitabine only; ¢ — paclitaxel only; d — GC; e -

GTC. Interactions plots were produced from the ANOVA test.
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3.3 Effect of lapatinib and chemotherapy on cell survival and cell cycle

3.3.1 Apoptosis assays

3.3.1.1 Assessment of apoptosis using fluorescence microscopy

Attempts were made to investigate whether lapatinib caused apoptosis in RT112
and J82 cells, using fluorescence microscopy. The MitoCapture™ apoptosis
detection kit was used. The basis of the assay, as previously described, is that
MitoCapture, a cationic dye, fluoresces differently in healthy cells than in
apoptotic cells. In healthy cells, there is bright red fluorescence due to
accumulation and aggregation in the mitochondria. In apoptotic cells, there is
green fluorescence which represents the dye remaining in its monomer form in the
cytoplasm due to altered mitochondrial transmembrane potential. Initial attempts
with the assay were inconclusive. Cells were seeded in a 96 well plate at 1000
cells/well, and 24 hours later medium was changed to that with 1% FBS along
with ICsg of lapatinib in relevant wells. A further 24 hours later 100 ng/ml EGF
was added to relevant wells and the plate was incubated for 48 hours before the
assay was performed. Therefore there were untreated cells, cells with lapatinib or
EGF alone, and cells with a combination of lapatinib and EGF. After performing
the assay as described, cells were inspected using a fluorescent microscope. All
cells showed both green and red fluorescence, so that a distinction could not be
made between living and apoptotic cells. Communications were made with the

company supplying the assay kit, and slight modifications to the method of
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performing the assay, mainly involving extra mixing of the reagent and buffer
mixer, were made. The assay was repeated. Again, results were inconclusive as
with the previous assay (pictures weren’t taken of the results, and therefore no
results are available to show). A decision was made to discontinue using this
assay, and after discussion with apoptosis experts in neighbouring laboratories, the

Annexin V assay was undertaken.

3.3.1.2 Assessment of apoptosis using the Annexin V assay

Induction of apoptosis was next investigated in RT112 and J82 cells using the
Annexin V-FITC apoptosis assay. As described, this assay is based around the
binding of Annexin V to early apoptotic cells, due to externalisation of
phosphatidyl serine on cell membranes. Both Annexin V and propidium iodide
used in this assay bind to late apoptotic and dead cells due to disruptions in cell
membranes, but are excluded from viable cells with intact membranes. In these
experiments, treated and untreated cells were grown in serum-free medium. Two
clinically relevant combinations of chemotherapeutic agents were studied: GC and
GTC. Fluorescence was measured using a flow cytometer as described. In
RT112 cells, lapatinib alone caused a minor increase in apoptosis rate of 1.2 - 1.4
x the apoptosis rate in untreated cells (figure 3.14 a and b). Interestingly, GC
actually led to a 0.7 x decrease in apoptosis rate (figures 3.14 a and c), whereas
when paclitaxel was added to this combination, there was a 1.8 x increase in
apoptosis rate (figures 3.14 b and e), as compared to untreated cells. When
lapatinib was added prior to the chemotherapy regimens, there was again some

disparity, with lapatinib prior to GC causing a 1.3 x increase in apoptosis rate
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when compared to GC alone (figures 3.14 c and d), but lapatinib prior to GTC led
to a 0.6 x decrease in apoptosis rate when compared to GTC alone (figures 3.14 ¢
and f). Overall, lapatinib seemed to marginally increase apoptosis rates in RT112
cells, except when added prior to GTC, which on its own had caused the greatest
increase in apoptosis rate. In J82 cells, lapatinib consistently led to a decrease in
apoptosis rates (figure 3.15). Lapatinib alone caused a 0.5 x decrease in apoptosis
rate when compared to untreated cells (figures 3.15 a and b). Unlike in RT112
cells, both combinations of chemotherapy led to a similar increase in apoptosis
rates in J82 cells when compared to untreated cells of around 1.6 — 1.7 x (figures
3.15 b, ¢ and e€). When lapatinib was added prior to the chemotherapeutic
regimens, a small decrease in apoptosis rates was seen when compared to the
chemotherapy alone (figures 3.15 ¢ — f). Therefore, looking at results in both cell
lines, lapatinib had only very minor effects on apoptosis rates, but the marginal
decreases in apoptosis rates seen with lapatinib were of a greater factor than when
an increase in apoptosis rate was witnessed. To investigate the reasons behind the
disparity between these findings and the synergism seen between lapatinib and the
chemotherapeutic agents in MTT assays, FACS analysis was undertaken to look

further at the effect of lapatinib and chemotherapy on the cell lines.
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Figure 3.14

Annexin V-FITC assays to investigate effect of lapatinib and chemotherapeutic agents on RT112 cells.
Cells were grown in 75 cm3 flasks in medium with 10% FBS until 30 - 40% confluent, and were then
grown in serum-free (SF) medium. After 24 hours with serum-free medium, ICs0 of lapatinib was
added to relevant flasks, followed by either GC or GTC 24 hours later. Annexin V assay was
performed 48 hours later, with results being obtained by the fluorescence microscope. FITC was
detected by FL1 (y - axis) and propidium iodide was detected by FL2 (x - axis), which meant that
quadrants represent cells as explained in the figures above. Cells were treated as follows: a- control; b

- lapatinib; ¢ - GC; d - lapatinib and GC; e - GTC; f- lapatinib and GTC.
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Figure 3.15

Annexin V-FITC assays to investigate effect of lapatinib and chemotherapeutic agents on J82 cells.
Cells were grown in 75 cm3 flasks in medium with 10% FBS until 30 - 40% confluent, and were then
grown in SF medium. After 24 hours with serum-free medium, ICs0 of lapatinib was added to relevant
flasks, followed by either GC or GTC 24 hours later. Annexin V assay was performed 48 hours later,
with results being obtained by the fluorescence microscope. FITC was detected by FL1 (y - axis) and
propidium iodide was detected by FL2 (x - axis), which meant that quadrants represent cells as
explained in the figures above. Cells were treated as follows: a - control; b - lapatinib; ¢ - GC; d -

lapatinib and GC; e - GTC; f- lapatinib and GTC.
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3.3.2 Effect of lapatinib and chemotherapy on cell cycle

The reduction in the growth rate of a cell population following treatment with an anti-
cancer drug is the sum of cytostatic (cell cycle arrest) and cytotoxic (apoptosis or
necrosis) effects of this drug. Having demonstrated synergistic growth inhibition by
combined lapatinib and chemotherapy treatment of RT112 and J82 cells, we then
showed only marginal effects on apoptosis rates in cells treated with these drugs.
Therefore we wished to examine how the drugs affect cell cycle distribution, using
FACS analysis. Flow cytometric analysis of the effects of lapatinib alone on cell cycle
distribution revealed a significant shift into the Go/G; phase of the cell cycle in both
cell lines (figures 3.16 b and 3.17 b). In contrast, effect of combination chemotherapy
was cell-specific. In RT112 cells, both GC and GTC treatment resulted in the
increased proportion of cells in the Gy/G)/early S phase (figures 3.16 ¢ and e).
Combined lapatinib and chemotherapy treatment further strengthened this tendency, a
trend that was much more pronounced with GTC (> 80% cells in Go/G phase) than
just GC (just > 50% in Go/G; phase) (figures 3.16 d and f). In J82 cells treated with
GC or GTC, the majority of cells were accumulated in S phase with decreased
proportion of cells in Go/G; and G»/M (figures 3.17 ¢ and ¢). Either chemotherapeutic
combination added to the cells pre-incubated with lapatinib also demonstrated
accumulation of cells in the S phase. However, this treatment revealed a trend
towards restoration of higher proportions of the cells accumulated in G¢/G; and Go/M
phases as compared with the cells treated with chemotherapy only (figures 3.17 d and

f). In all treatment schemes, we observed no or very small sub-G1 cell population.
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FACS analysis to assess the effect o f lapatinib and combination chemotherapy on cell cycle in RT112

cells. Cells were seeded in 25 cm3 flasks and starved in SF medium when 50% confluent. Lapatinib

(ICs0 dose) was added 24 hours later, and ICs50 doses of combination chemotherapy (GC or GTC) were

added a further 24 hours later. FACS analysis was performed 48 hours later, a total of 96 hours after

starving cells. The samples were treated as follows: a- control; b - lapatinib; ¢ - GC; d - lapatinib and

GC; e - GTC; f-lapatinib and GTC.
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Figure 3.17

FACS analysis to assess the effect of lapatinib and combination chemotherapy on cell cycle in J82 cells.
Cells were seeded in 25 cm3 flasks and starved in SF medium when 50% confluent. Lapatinib (IC50 dose)
was added 24 hours later, and IC50 doses of combination chemotherapy (GC or GTC) were added a further
24 hours later. FACS analysis was performed 48 hours later, a total of 96 hours after starving cells. The
samples were treated as follows: a - control; b - lapatinib; ¢ - GC; d - lapatinib and GC; e - GTC; f -

lapatinib and GTC.
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3.4 Genetic approaches to down-regulation of ErbBl1 expression and signal

transduction

3.4.1 RNAi-based approach to suppress ErbB1 gene expression

3.4.1.1 Preparation of plasmid DNA samples for transfection

Control vector and a pSuper RNAIi vector specific for plasmid expressing short
hairpin ErbBl, pSuper-ErbBl, were propagated in E.coli using standard

transformation and purification protocols as described in Materials and Methods.

To confirm the identity of purified plasmids, samples of plasmid DNA were digested
by restriction enzymes, run on an agarose gel in the presence of Ethidium Bromide
(EtBr), and visualised in UV light. Results showed that the digests corresponded to
plasmid DNA maps. As expected, double HindIII/EcoRI digestions excised 1 kb and
0.3 kb fragments from the wild type vector and pSuper-ErbB1 respectively (figure

3.18). These plasmids were therefore applicable for transfection.
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Figure 3.18

Restriction analysis of control vector and pSuper-ErbB 1 plasmid. Samples of plasmid DNA (control
vector and pSuper-ErbBl) were isolated, digested by EcoRl and Hindlll restriction enzymes and
resolved in an agarose gel, along with a 100 bp DNA ladder (120 V constant, 50 mA, for 30 min). To

visualise DNA fragments, the gel was exposed to UV light.
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3.4.1.2 Optimisation of the transfection protocol for RT112 and J82 bladder

cancer cell lines

RT112 and J82 bladder cancer cells were transfected with pEGFP plasmid, encoding
green fluorescent protein, alone, or in a mixture with pSuper-ErbB1 or control vector
(figures 3.19 and 3.20). Application of pEGFP alone was used to assess transfection
efficiency. Transfected cells expressing green fluorescent protein were detected as
green cells in an inverted fluorescent microscope. Two transfection protocols were

used, GeneJammer (chemical transfection) and electroporation.

Transfection efficiency of RT112 cells using the GeneJammer protocol was
approximately 5% (figure 3.19 a). However, electroporation increased the efficiency
4-fold, reaching 20% (figure 3.19 b). Transfection efficiency of J82 cells was much
higher than that in RT112 cells, with more than 50% efficiency, independent of the

protocol used (figure 3.20 a and b).

In parallel, cells were transfected with the mixtures of pEGFP and pSuper-ErbB1 or
control vector by different methods. Again, efficiency of transfection of RT112 cells
using GeneJammer protocol was low (figure 3.19 ¢ and d). Results were to some
extent improved with electroporation (approximately 10% transfection efficiencies for
the control plasmid, and 7.5% for the pSuper-ErbBl1plasmid [figures 3.19 e and f]).
As the transfection efficiency in J82 cells was high independent of the protocol used,
but possibly marginally higher using the GeneJammer protocol, GeneJammer reagent
alone was chosen for transfection of plasmids in J82 cells. Transfection efficiencies

were again greater than 50% (figures 3.20 c and d).
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Figure 3.19a - pEGFP transfection, GeneJammer

Figure 3.19b - pEGFP transfection, electroporation

Figure 3.19¢ - Transfection with the mixture of control plasmid and pEGFP,
GeneJammer
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Figure 3.19d - Transfection with the mixture of pSuper-ErbBl and pEGFP,
GeneJammer

Figure 3.19¢ - Transfection with the mixture of control plasmid and pEGFP,
electroporation

Figure 3.19f- Transfection with the mixture of pSuper-ErbB1 and pEGFP,
electroporation
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Figure 3.19

Images showing transfection efficiencies of RT112 cells using chemical transfection (GeneJammer) or
electroporation. The left hand pictures are combined images of live cells in phase contrast and UV
light, whilst the right hand pictures are UV images only. Cells after transfection with either pEGFP or
with mixture of plasmid DNA were grown in petri dishes. Transfections were as follows: a -
transfection with pEGFP (GeneJammer); b - transfection with pEGFP (electroporation); ¢ - mixture of
the control plasmid and pEGFP (GeneJammer); d - mixture of pSuper-ErbBl and pEGFP
(GeneJammer); e - mixture of control plasmid and pEGFP (electroporation); f - mixture of pSuper-

ErbBl and pEGFP (electroporation).

Figure 3.20a - pEGFP transfection, GeneJammer

Figure 3.20b - pEGFP transfection, electroporation

156



Figure 3.20c - Transfection with the mixture of control plasmid and pEGFP,
GeneJammer

Figure 3.20d - Transfection with the mixture of pSuper-ErbBl and pEGFP,

GeneJammer

Figure 3.20

Images showing transfection efficiencies of J82 cells using chemical transfection (GeneJammer) or
electroporation. The left hand pictures are combined images of live cells in phase contrast and UV
light, whilst the right hand pictures are UV images only. Cells after transfection with either pEGFP or
mixture of plasmids were grown in petri dishes. Transfections were as follows: a - pEGFP
(GeneJammer); b - pEGFP (electroporation); ¢ - mixture of control plasmid and pEGFP

(GeneJammer); d - mixture of pSuper-ErbBl and pEGFP (GeneJammer).
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3.4.1.3 Assessment of downregulation of ErbBl1 expression following

transfection of cells with pSuper-ErbB1

As described, after assessing transfection efficiencies in the cell lines by both
chemical transfection and electroporation, it was decided to use electroporation in
RT112 cells, and the GeneJammer system in J82 cells, for further experiments.
Cells were transfected with both control and pSuper-ErbB1 plasmid, and once
cells reached around 80-90% confluence they were lysed for western blot analysis.
Resultant membranes were stained for ErbB1. In both cell lines, no evidence of
downregulation of ErbB1 was seen with the pSuper-ErbB1 plasmid (figure 3.21).
This approach of potential downregulation of the receptor using plasmid

containing short hairpin ErbB1 was therefore not pursued further.
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Figure 3.21

Western blots to investigate the downregulation of ErbBl expression by pSuper-ErbB 1. RT112 (a) and
J82 (b) cells were transfected with plasmids, control and pSuper-ErbBl, and grown until around 80 -
90% confluence. Lysates were made, and total amount of the proteins were quantified by protein assay.

25 pg protein of each lysate was resolved by SDS-PAGE and Western blot analysis was performed.

Detection of a-tubulin was used as a loading control.
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34.2 Dominant-negative approach to suppression of ErbB1 function

3.4.2.1 Immunocytostaining of stable clones
RT112 and J82 cells were transfected with the dominant-negative CD533 plasmid,
stable clones were selected, and these were grown and stained for expression of the

V5-epitope by immunocytostaining as described in Materials and Methods.

Cells that expressed the V5-epitope stained brown, and those negative for VS5 did not

show any staining when analysed under the microscope (figure 3.22).

V5-positive clones of each cell line were chosen for further analysis.
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Figure 3.22

Images of cells as visualised under the light microscope after immunocytostaining for the V5-epitope.
RT112 and J82 cells were transfected with the dominant-negative CD533 plasmid, and stable clones
were isolated. Clones were grown in petri dishes until around 50% confluence and
immunocytostaining to look for expression of the V5-epitope was performed. Cells were analysed
under the microscope. The images represent the following: a- RT112 cells positive for V5; b-RT 112

cells negative for V5; ¢ - J82 cells positive for V5; d - J82 cells negative for V5.
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3.4.2.2 Western blot analysis to look for effects of dominant-negative plasmid on

ErbB1 signalling following transfection

The clones of both RT112 and J82 cells that were positive for the V5-epitope were
grown in flasks, stimulated with EGF, and lysed as described, alongside clones
negative for the VS5-epitope. Western blot analysis was performed to look for
expression of the V5-epitope, ErbB1 and AKT, along with p-ErbB1 and p-AKT to
assess the effect of EGF on signal transduction in transfected cells (figure 3.23). In
both cell lines, expression of V5-epitope, and thus expression of the dominant-
negative CD533 plasmid, did not result in inhibition of activation of either ErbB1 or
AKT following EGF stimulation (figure 3.23). This attempt to modify the actions of

ErbB1 was therefore not pursued further.
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Figure 3.23

Western blots to investigate the effect of expression of the dominant-negative CD533 plasmid on
ErbBI receptor signal transduction. RT112 (a) and J82 (b) cells were transfected with plasmids, and
clones expressing the VS-epitope (first lane), and therefore the CD533 plasmid, were grown until
around 50% confluence, alongside clones negative for the V5-epitope (second lane). Cells were starved
for 24 hours prior to either stimulation with 100 ng/ml EGF for five minutes, or no treatment. Lysates
were made, and total amount of the proteins were quantified by protein assay. 25 pg protein of each
lysate was resolved by SDS-PAGE and Western blot analysis was performed. Detection of a-tubulin

was used as a loading control.
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CHAPTER 4

DISCUSSION
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4.1 Tyrosine kinase inhibitors as adjuncts to chemotherapy in bladder cancer

Metastatic transitional cell carcinoma (TCC) of the bladder has few treatment options,
with systemic chemotherapy being the mainstay of management. The gold standard
regimen is a combination of four agents (methotrexate, vinblastine, adriamycin
[doxorubicin] and cisplatin, or MVAC), which gives a median survival of just one
year [49, 50], and only to those patients who are both eligible for treatment and can
tolerate the significant side-effects and comorbidity it produces. More recently, the
slightly more tolerable combination of gemcitabine and cisplatin (GC) has been
introduced after demonstrating similar efficacy as MVAC [54]. A significant
proportion of patients are still unable to receive this regimen however, as patients with
metastatic bladder cancer tend to be in the older age group with significant medical
problems both related, such as renal impairment, and unrelated to their disease. This
group of patients therefore present an important clinical dilemma, and the issues of
both poor survival and toxicity with current chemotherapeutic regimens need to be
addressed. A large phase III trial is underway, looking at introducing paclitaxel into
the GC combination, following promising results from phase II trials where overall
survival was improved by up to eight months when compared to standard MVAC [57
- 59]. However, much interest currently centres on developing novel therapies against
molecular targets, such as small molecule tyrosine kinase inhibitors (TKIs) against the
ErbB group of receptors. The combination of TKIs with current chemotherapeutic
regimens has not been studied to date in bladder cancer, although theoretically they
could have the potential to either increase survival, decrease chemotherapy dose and

therefore toxicity, or both. Results arising from the current in vitro study are
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promising, and support the need for clinical studies of the dual ErbB1/ErbB2 TKI,

lapatinib, in patients with bladder cancer.

4.2 Molecular characteristics of bladder cancer cell lines

Initially, a panel of 6 bladder cancer cell lines was studied using Western blot
analyses, to determine their expression of receptors and downstream signalling
proteins, and the response of these cell lines to stimulation with ErbB ligands. The
bladder cancer cell lines were all from the American Tissue Culture Collection, and
represented a range of invasive capacities [197]. Two of the cell lines, RT112 and
RT4 cells, were known to be low or intermediate grade (G1/2), whereas the other four
—T24, UMUCS3, J82 and HT1376 cells — were documented as high grade (G3), poorly
differentiated cell lines. From initial experiments investigating the expression of
specific molecular targets including ErbB receptors, it was possible to clearly split the
cell lines into two separate groups. These groups were also morphologically distinct.
The first group consisted of RT112, RT4 and HT1376 cells, and were epithelial in
morphology. The second group, J82, UMUC3 and T24 cells, were mesenchymal in
morphology. Supporting this division, it was found that the epithelial cells expressed
E-cadherin, whereas the mesenchymal cells did not. E-cadherin is an epithelial
transmembrane glycoprotein involved in cell-cell adhesion, and is lost in epithelial-
mesenchymal transition, a phenomenon that occurs in the malignant progression of

carcinoma [198].

166



Beyond these morphological differences, it was also apparent that there was a clear
distinction in levels of expression of ErbB receptors and their downstream signalling
proteins. The epithelial cells expressed higher levels of ErbB1 and ErbB2 receptors,
although both were expressed throughout, and ErbB3 expression appeared uniform
across all cell lines. All three receptors have been implicated as poor prognostic
factors in bladder cancer, though contradictory reports exist regarding the importance
of ErbB2 and ErbB3 expression [94, 97 - 101, 103]. The other distinction of interest
between the two groups is the level of AKT expression, which was higher in the
mesenchymal cells. This is of interest as data suggests that the PI3K/AKT pathway is
important in bladder cancer cell lines. However, of greater interest than expression of
total levels of proteins, is the expression of phosphorylated, or activated, levels of the
receptors and signalling proteins. Here it is important to know both levels of
constitutively activated proteins, and their ability to be activated by ligands of the

ErbB receptors, in order to assess their effect on cell behaviour.

Therefore, the next experiment looked at the effect of stimulating cells using the
ErbB1 ligand, epidermal growth factor (EGF). As expected, ErbB1 tyrosine residues
were activated, apparently in proportion to the total levels of the receptor. A similar
trend was seen in activation of ErbB2, but with only very low levels of activation
detectable in the mesenchymal cell lines. There was some variation of activation of
ErbB3 receptors however. There were easily detectable levels of constitutive
activation of ErbB3 in all cell lines, but p-ErbB3 levels actually decreased after
stimulation with EGF in all of the mesenchymal cells, and also in HT1376 cells. This

could possibly be explained by displacement of ErbB3 from heterodimers with ErbB2,
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which may preferentially form heterodimers with ErbB1 in these cell lines in the
presence of such high levels of EGF. In contrast, p-ErbB3 levels were increased in
RT112 cells after exposure to EGF. In this cell line, there was a very strong p-ErbB1
signal after stimulation and so more activated ErbBl may be available to
heterodimerise with ErbB3 as well as with its preferred partner, ErbB2. This
represents evidence that there is cross-talk between ErbBl, ErbB2 and ErbB3,
probably via heterodimerisation, as EGF is able to modulate phosphorylation levels

not only in ErbB1, but also in the other two receptors.

The downstream signalling proteins AKT and MAPK behaved in similar ways after
EGF stimulation of the cells. Stimulation led to increases in phosphorylated forms of
the proteins in all mesenchymal cell lines, and also in RT112 cells, showing that these
pathways are driven by the ErbB receptors. There may however also be other driving
forces for these pathways, as there was significant constitutive activation of MAPK
throughout all cell lines, and of AKT in J82 and UMUC3 cells. This latter
observation is most likely explained by the reduced levels of the tumour suppressor
gene product PTEN in these two cell lines, and is potentially of importance for two
main reasons. Firstly, mutation of PTEN is seen in up to 30% of bladder cancer cells
[107, 108], and secondly, constitutive activation of AKT has been linked to
chemoresistance in other cancers, including prostate and NSCLC cell lines [199, 200].
The STAT proteins were constitutively active, and unaffected by EGF stimulation.
This shows that they are clearly not driven by the ErbB receptors in these bladder
cancer cell lines. Overall, EGF treatment induced receptor phosphorylation in all cell

lines analysed. However, while two epithelial cell lines, RT4 and HT1376 appeared to
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be incompetent in transducing signals to the downstream targets, in other cells,

p42/44MAPK and AKT pathways were activated in response to EGF.

It was decided that further experiments investigating the ErbB receptors and signalling
pathways should be performed on cell lines representative of each group. J82 was
chosen to represent the mesenchymal cells, especially in view of it being one of the
cell lines with constitutive activation of AKT. RT112 cells represented the epithelial
cells, as the ErbB receptors in this cell line appear to drive the downstream pathways

more dominantly than in the other epithelial cell lines.

The effect of the ErbB3 ligand heregulin-1B (HRG1p) on the receptors and signalling
pathways in the two cell lines was studied. The reasons for this were two-fold.
Firstly, ErbB3 was expressed in all bladder cancer cell lines analysed and it was felt
important to analyse further its role in cell signalling, especially in view of the fact
that ErbB2 is the preferential partner for ErbB3 heterodimerisation, and ErbB3 is only
activated in the context of heterodimers due to its lack of intrinsic tyrosine kinase
activity [77]. Secondly, the expression of HRG1p is associated with poor survival in

patients with bladder cancer [103].

HRGI1pB stimulated phosphorylation of ErbB1, ErbB2 and ErbB3 in RT112 cells,
along with both AKT and p42/44 MAPK. This again represents evidence of cross-talk
between the three receptors in response to stimulation by different ligands. In J82
cells, only activation of ErbB3 by its ligand could be detected, with no activation of

ErbB1 and ErbB2 found, however it again induced an increase in activation of the two
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downstream signalling proteins, showing further the importance of ErbB3 in cell

signalling pathways.

4.3 Effect of lapatinib on cell signalling pathways

Next, experiments were undertaken to investigate the ability of lapatinib to inhibit the
EGF- and HRGI1B-induced activation of the ErbB receptors and downstream
signalling pathways. For this it was necessary to calculate the ICsy concentration of
lapatinib in both RT112 and J82 cells, using the MTT assay. The ICsy values of the
three chemotherapeutic agents, cisplatin, gemcitabine and paclitaxel, were also
calculated in a similar way, for use in later experiments. The resultant ICsy values
were consistent with those for all the agents throughout the literature. Both this fact,
and the tight error bars obtained for all of these experiments, indicate the effectiveness
and reproducibility of the MTT assay when used with both cell lines throughout this
study. Also, the ability of lapatinib to inhibit cell growth with ICsy values around 1
umol is consistent with ErbB-dependent cell proliferation in bladder cancer cells, even
though there are marked differences in levels of ErbB1 and ErbB2 expression between
the two cell lines used here. Thus it is possible that co-expression of ErbB3 is
important in predicting response to lapatinib in bladder cancer cell lines, as ErbB3
levels were similar in the two cell lines. However, previous observations in two
EGFR-overexpressing breast cancer cell lines are noted which failed to show any

correlation between total ErbB3 expression and response to lapatinib [201].
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Incubation of cells with lapatinib at its ICsy dose prior to addition of either ligand
caused inhibition of ligand-induced activation of the ErbB receptors, AKT and p42/44
MAPK. It was clear that lapatinib acts at numerous tyrosine residues on ErbB1, as all
five p-Tyrosine residues activated with EGF were inhibited by lapatinib. In both sets
of experiments, phosphorylated levels of all proteins were reduced down towards
basal levels only by lapatinib, and were not completely inhibited, an effect that was
particularly evident for AKT and p42/44 MAPK. This again suggests that there are
alternative signals feeding into these pathways, the significance of which is unclear at
this stage. The effect of negating ligand-induced activation of signalling pathways is
important however, particularly in the PI3K/AKT pathway, where its inhibition has
been shown to drastically reduce the invasive capacity of bladder cancer cell lines

[106].

The similarity in results between the experiments using EGF as the ligand, and those
using HRG1p, demonstrate the importance of the use of a dual tyrosine kinase
inhibitor of ErbB1 and ErbB2. Whilst inhibitors of ErbB1 would be able to affect all
heterodimers involving ErbB1, the important heterodimer of ErbB2-ErbB3 would not
be affected. Not only is ErbB2 apparently the preferential partner for ErbB3 [80], but
also the ErbB2-ErbB3 heterodimer has been shown to be a potent activator of the
AKT pathway [202], and it is potentially the most potent heterodimer in terms of cell
growth and transformation [81]. A previous study confirms the ability of lapatinib to
inhibit the ErbB2-ErbB3 heterodimer [145]. A truncated ErbB2 receptor (p95°*82),
overexpressed in some advanced breast cancers, was stimulated by HRG but not EGF.

p95Elrsz formed heterodimers with ErbB3 only (unlike full-length ErbB2, which
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heterodimerises with both ErbB1 and ErbB3), and was inhibited by lapatinib, but not
by the ErbB2 monoclonal antibody, trastuzumab. This evidence is backed up by the
present study, and the ability of lapatinib to inhibit HRGIB-induced activation of
signalling pathways in both cell lines, even in J82 cells where little receptor activation
could be detected on Western blotting, is an important finding. Perhaps mutated, or
truncated, receptors that are not detected by conventional antibodies also drive
downstream signalling pathways. If this is the case, it is important that inhibitors are
effective on these receptors. This appears to be true of lapatinib, as suggested by the
results in this study, and also of gefitinib, reports of which showed responsiveness of

specific ErbB1 mutations to the ErbB1 TKI [135, 136].

The next step with this body of work was to investigate the effect of chemotherapeutic
agents on the signalling pathways, to elucidate whether such effects may have a
bearing on the clinical effectiveness of chemotherapy. As previously discussed, all
three chemotherapy agents in this study have individually shown stimulatory effects
on the ErbB signalling pathways [172 - 174]. These studies looked only at the late
effects of chemotherapy on cell lines, four or more hours after addition of the agents.
In the present study, both early (10 minutes of incubation) and late (20 hours of
incubation) timepoints after addition of a combination of gemcitabine, paclitaxel and
cisplatin (GTC) were studied, along with the effect of inhibition by lapatinib. Mild
early (10 minutes) activation of ErbBl by GTC was demonstrated using
immunoprecipitation in both cell lines, along with a similar activation of ErbB3 in J82
cells. This was translated to a corresponding activation of AKT (Ser478 residue),
along with late activation of AKT at 20 hours in both cell lines. Prior treatment with

lapatinib showed its ability to inhibit the activation of ErbB1 along with the early
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activation of AKT in both cell lines, and the late activation of AKT in RT112 cells.
However, late activation of AKT in J82 cells was not inhibited, suggesting a mode of
activation other than via the ErbB receptors at this timepoint. In view of the previous
reports linking constitutive activation of AKT to chemoresistance, it was of interest
whether later experiments would show a differential effect of lapatinib and

chemotherapy on cell viability between the two cell lines.

The immunoprecipitation experiments showed a further important finding. It was
clear that lapatinib completely inhibited p-ErbB1 in both cell lines, and p-ErbB2 in
RT112 cells (p-ErbB2 could not be detected in J82 cells), to undetectable levels. This
was evident in both unstimulated and stimulated cells. The effect was not seen using
Western blotting alone, presumably due to non-specific staining of these membranes.
This provides evidence of the specificity of lapatinib for both receptors, and its ability

to inhibit all causes of their phosphorylation.

Thus a number of conclusions have been drawn from this group of experiments. It is
apparent that lapatinib is a specific TKI against both ErbB1 and ErbB2, and that via
heterodimerisation it is also effective at inhibiting ErbB3. It also inhibits ligand- and
chemotherapy-induced activation of the important PI3K/AKT downstream signalling
pathway. The potential clinical impact of these findings, particularly the combination
of lapatinib and chemotherapy, was investigated further using the MTT cellular

proliferation assay.
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4.4 Effect of lapatinib and chemotherapy on cell viability

The initial experiments investigating the behaviour of all cell lines during the MTT
assay were in preparation for those looking at the effect of lapatinib and chemotherapy
on cell viability. As well as assisting in decision making about cell numbers to be
seeded and optimal growing conditions, it was shown that the MTT assay was reliable
and highly reproducible, with narrow error bars throughout. Of interest, tﬁe levels of
mitochondrial dehydrogenase activity were widely variable between cell lines, and
this was not related to morphological group. It was decided to seed 1000 cells/well,
and to grow them in medium with 1% serum over a period of 96 hours for subsequent
experiments. This was based on data that showed that these conditions should result
in adequate numbers of cells to produce sufficient absorbance levels without leading
to cell death through excessive numbers of cells. The ideal would have been to use
serum-free medium for all assays in order to minimise the presence of exogenous
growth factors, but in these experiments such conditions led to very little cell growth.
RT112 and J82 cells were taken forward for further experiments as previously, as

representatives of the two morphologically distinct groups of cells.

As previously stated, the ICsy values for lapatinib and the three chemotherapeutic
agents as calculated from the MTT assay were consistent with those in the literature.
This, and once again the narrow error bars in the assays, confirms that the MTT assay
is reliable for evaluating the effect of chemotherapeutic agents on cell viability. Of
interest from this group of assays, increasing the dose of the drug led to cell viability

levels falling towards zero, except with gemcitabine in both cell lines. Here cell
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viability levels reached a plateau at 40% cell viability in RT112 cells, and at 20% cell
viability in J82 cells, and increasing the dose of gemcitabine above those shown in the
graphs did not alter this. The reasons for this are not clear, and cannot be explained

by its proposed mechanism of action as a pyrimidine analogue.

The assays to assess the optimal sequences of application of lapatinib and
chemotherapeutic agents showed a general trend in both cell lines of addition of
lapatinib decreasing cell viability when compared to chemotherapy alone, either
single-agent or in combination. The chemotherapy combinations of GC and GTC
were chosen for these assays, as opposed to any other combinations, as GC represents
the combination currently favoured for clinical use in the UK [54], and the
combination currently being studied in a phase III trial [60]. Overall, the optimal
sequence of application of the drugs was lapatinib before and during chemotherapy,
and lapatinib concomitant with chemotherapy was generally better that lapatinib after
chemotherapy, with only a few minor exceptions to these rules. Statistical
significance was proven, with highly significant p-values throughout. There was a
clear effect of lapatinib even when the initial response to chemotherapy was marked.
In J82 cells, GTC reduced cell viability to 30% even at 1/8 ICsy of GTC, but lapatinib
was able to reduce this cell viability further to 20% when added prior to chemotherapy

(p<0.001).

Interactions plots were performed to see whether the effect of lapatinib added before
and during chemotherapy was additive or synergistic. In these plots, parallel lines
show an additive interaction, whereas converging lines show a synergistic interaction.

Lapatinib showed synergistic interactions with all single-agent and combinations of
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chemotherapy agents in both cell lines when added before and during, apart from
when combined with single-agent cisplatin in J82 cells, where an additive interaction

was found.

However what is the mode of interaction leading to this sequence dependent synergy?
Clearly it is not related to the mode of action of the chemotherapeutic agent, as adding
lapatinib before and during chemotherapy was consistently the optimal sequence
across all combinations in both cell lines. Data from other tumour types have shown
differing conclusions as to the optimal sequencing of chemotherapy and TKIs. In
head and neck squamous cell carcinoma cell lines, gefitinib was optimal before and
during cisplatin/SFU [153], and in breast cancer cell lines gefitinib was optimal before
paclitaxel [203]. In contrast, gefitinib after chemotherapy was the optimal sequence in
colon cancer cell lines [154, 155]. This may suggest that sequencing is actually
dependent on tumour type, rather than drug-dependent. Therefore there is an
argument for suggesting the need to test scheduling in pre-clinical models prior to
performing clinical trials in each tumour system. This need is evident when
considering the lack of benefit of gefitinib or erlotinib combined with chemotherapy,
over chemotherapy alone, in terms of overall survival in advanced NSCLC in the

INTACT, TALENT and TRIBUTE phase III trials [157 - 160].

Some clues as to the reason why lapatinib before and during chemotherapy is the best
sequence come from the Western blot and immunoprecipitation data in this study.
Although there has previously been a link between constitutive activation of AKT and
chemoresistance, J82 cells, which have easily detectable levels of constitutive

activation of AKT, were very sensitive to the GTC combination. However, even in
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this combination, lapatinib before and during chemotherapy enhanced the effects of
chemotherapy. Lapatinib inhibited the early peak of AKT activation caused by
chemotherapy in both cell lines, and the early peak of ErbB1 activation. Thus it may
be that it is this early inhibition that is important in bladder cancer cell lines,
especially in view of the fact that lapatinib before and during chemotherapy shows a

synergistic interaction.

A further important finding from this group of experiments is the apparent dose-
sparing effect of lapatinib. Lapatinib was able to reduce the dose of chemotherapy to
1/8 ICso whilst achieving the same or lower levels of cell viability as with
chemotherapy alone at its full ICsp dose. This finding was true for all sequences in
some chemotherapy combinations, but was consistently true with lapatinib before and
during chemotherapy. The only exception was with paclitaxel in RT112 cells, where
the dose could only be reduced to 1/2 ICsy. This ability to dose-spare chemotherapy
when combined with lapatinib has important clinical implications. This would lead to
a decrease in the toxicity caused by chemotherapy, as lapatinib has a relatively minor
side effects profile [149, 150]. Therefore, hopefully more patients would be eligible
for treatment that could prolong their survival time, and improve the quality of life of

those already able to receive chemotherapy.

Having shown the sequence-dependent synergy and dose-sparing effects of lapatinib

in combination with chemotherapy, the next step was to assess whether this effect was

cystostatic or cytotoxic.
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4.5 Effects of lapatinib and chemotherapy on cell survival and cell cycle

Two different apoptosis assays were used to assess the effects of lapatinib and
chemotherapeutic agents on the two cell lines. Initially, the MitocaptureTM apoptosis
assay kit was used, which relies upon the changes in mitochondrial membrane
potential seen in early apoptosis. Apoptotic cells fluoresce green, and viable cells red.
However, in spite of modifying the assay after communication with the
manufacturers, both treated and untreated cells exhibited both green and red
fluorescence, rendering the results uninterpretable. The reasons for this apparent
failure of the assay were unclear, with a possible explanation being alterations in the
mitochondrial membrane during the fixing or other stages of the assay. Another
explanation may be that the bladder cancer cell lines in this study were unsuitable for
this assay. It is unclear as to whether bladder cancer cell lines have been used in this
assay previously, though no such data could be found in the published literature.
Therefore after discussion with local experts, a decision was made to change to the

Annexin V assay.

The Annexin V assay is a widely used assay in which flow cytometry detects the
fluorescence emitted by treated cells. This assay again relies upon changes seen in
early apoptosis, namely the externalisation of phosphatidyl serine (PS) on the surface
membrane of the cell. This then binds the anticoagulant protein Annexin V,
conjugated with FITC, in the presence of calcium and emits a fluorescent signal that is
detected at a wavelength 518 nm [184]. The assay also involves propidium iodide

(PI) that is taken up by late apoptotic and necrotic cells that have permeable
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membranes, but is excluded from viable and early apoptotic cells. It emits a signal at
620 nm. Such necrotic cells also bind Annexin V on internal PS. Therefore, four
groups of cells are sorted by the flow cytometer: viable cells with no fluorescence,
early apoptotic cells with fluorescence at 518 nm only, late apoptotic and necrotic
cells with fluorescence at both 518 nm and 620 nm, and cells which fluoresce at only
620 nm [204]. In theory, there should be no cells in the last group, as any cells that
are permeable to PI should also be permeable to Annexin V. Low numbers of cells in
this group is an indication of a successful assay, as the common limiting factor is poor
uptake of Annexin V that would lead to larger numbers of cells in the latter group. All

assays had a proportion of cells in this group of less than 4%.

Results from the Annexin V assay in this study were surprising in view of the
synergistic interaction witnessed between lapatinib and chemotherapeutic agents in
the MTT assays. The chemotherapy combinations, GC and GTC, on the whole caused
small increases in apoptosis, except for GC with RT112 cells. Lapatinib, however,
showed a trend of causing a decrease in the levels of apoptosis, when compared to
cells with no treatment and cells treated with chemotherapy alone. This was more
evident in J82 cells than RT112 cells, where very small increases in apoptosis were
seen when lapatinib was added prior to GC or to cells alone. Therefore, overall
lapatinib had only minor effects on the levels of apoptosis, but was more likely to
reduce the number of cells entering into apoptosis. This would either suggest that
lapatinib has a cytostatic effect on these two bladder cancer cell lines, or apoptosis in
these cell lines in not reliably detected by the Annexin V assay. One of the failings of
the Annexin V assay is that it can’t distinguish late apoptotic cells from necrotic cells

as both take up Annexin V and PI, and so if cells have passed beyond early apoptosis,
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the proportion of cells undergoing apoptosis may be underestimated [205]. However,
on further analysis of the results in this study, numbers of cells in the early
apoptotic/necrotic group were generally also decreased by addition of lapatinib with
or without chemotherapy. Also, although there are a couple of reports of lapatinib
causing a 23 x increase in apoptosis in a couple of cell lines, this finding has not been

consistent across all cell lines investigated [138, 206].

When considering results from one type of apoptosis assay, it should be remembered
that “the lack of evidence of apoptosis, detected by a particular method, is not
evidence of the lack of apoptosis” [205], and that ideally other methods should be
used to check results. Evidence for a cytostatic effect of lapatinib, and also
chemotherapeutic agents, was backed up by FACS analysis on cell samples treated

with lapatinib and chemotherapy, as discussed below.

FACS analysis was carried out on cells treated in the same way as those studied in the
Annexin V assay. Lapatinib showed an overall trend of shifting cells into the Gy/G
phase of the cell cycle. This was seen in both cell lines, both with lapatinib alone, and
when lapatinib was added prior to GC and GTC. GC and GTC alone in RT112 cells
also produced a similar shift in the cell cycle, an effect that was increased by lapatinib.
In J82 cells, however, GC and GTC alone actually caused a marked shift of cells into
S phase. When lapatinib was added to these combinations, some shift of cells into
both Go/G; and G,/M was seen. Therefore, the effects of chemotherapy on the cell
lines is variable, and thus difficult to explain by their modes of action. Lapatinib was
however consistent in its effects throughout, and appears to exert its effects by

arresting cells in the early stages of the cell cycle.
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Apoptosis can also be analysed by FACS. When preparing cells for the analysis,
ethanol is added which fixes the DNA in the cells. The degraded DNA in apoptotic
cells is not fully preserved, and this fraction leaks out during subsequent cell rinsing
and staining. Thus apoptotic cells have a reduced DNA content, producing a group of
cells with lower DNA stainability than G, cells, causing a “sub-G,” peak [205]. The
sub-G, peak has a low specificity however, as this population can also contain
mechanically damaged cells, cells with lower DNA content, or cells with a different
chromatin structure [205]. It was found that there were only small sub-G; peaks
throughout all analyses, confirming the findings from the Annexin V assays.
Therefore it can be concluded that lapatinib is cytostatic in the two bladder cancer cell
lines in this study. Despite no evident cytotoxic actions, the effect of lapatinib on cell

viability when added prior to chemotherapy was clearly very marked.

4.6 Genetic approaches to down-regulation of ErbBl expression and_signal

transduction

The final part of this study was to attempt to genetically modify J82 and RT112 cells,
in order to alter ErbB1 expression and signal transduction. The reason for this was to
allow further study into its role in downstream signalling and the role of lapatinib in

the pathway.

The initial approach to altering expression of ErbBl was using a pSuper RNAIi

system. The pSuper-ErbB1 vector had been successfully used previously to
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downregulate ErbB1 expression in telomerase-immortalised fibroblast cells [207], and
so work began to transfect them into J82 and RT112 cells, both of which have
previously been successfully transfected with siRNA constructs [208, 209].
Transformation and isolation of both the control and ErbB1 vectors was successful, as
shown by the minigel after digestion of the vectors, and so transfection was .
performed. Transfection efficiencies were very different between the cell lines. With
both methods of transfection, electrical and chemical, J82 cells showed high
efficiencies of around 50% or greater. RT112 cells were more difficult to transfect,
with efficiencies of less than 20% with both methods, although this was slightly
higher with electroporation than chemical transfection. However, even in J82 cells,
no downregulation of ErbB1 was seen after transfection of the pSuper-ErbB1. The
reasons for this failure to affect the ErbB1 expression in the two cell lines were
unclear. It is true that efficiency of transfection is dependent on both the efficiency of
vector delivery and the efficiency of expression of the vector [191]. Therefore, in
RT112 cells it is possible that the failure was related to the poor delivery of the vector
into the cells, with low transfection efficiencies seen with pEGFP. This is unlikely to
be true in J82 cells, and so the problem must lie in the part of the process after
expression of the plasmid DNA in cells. Thus possible areas to consider are inability
of the pSuper-ErbB1 to integrate with the dsRNA, or simply the failure of the vector

to suppress ErbB1 in these cell lines.

The second method used to attempt to genetically modify the function of ErbB1 in
RT112 and J82 cell lines was using a dominant-negative mutant of ErbB1, CD533.
The CD533 vector has been successfully used in a number of cell lines, and has been

shown to form inactive homodimers with wild-type ErbB1 [210]. It has also been
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shown to generate an inhibitory influence on the kinase activity of ErbB2 via
heterodimerisation [192]. However, in one study expression of the dominant-negative
CDS533 vector by rat fibroblasts did not have any inhibitory effects on ErbB1
phosphorylation [211]. This conflicting data would suggest that the effect of CD533
expression is cell-dependent. This observation could perhaps either be due to varying
levels of CD533 expression, or differences in levels of homodimerisation versus
heterodimerisation of wild-type ErbB1 between cell lines. In this study, transfection
of the CD533 vector was successful and clones were selected using Zeocin™,
followed by confirmation of CD533 expression using immunocytostaining to identify
the V5-epitope in positive clones. The effect of expression of the mutant ErbB1
receptor on cellular function was then investigated by stimulation of cells using the
ErbB1 ligand, EGF. Stimulated and unstimulated V5 positive clones were studied
alongside V5 negative clones using Western blot analysis to assess phosphorylated
levels of ErbB1 and AKT. Expression of the dominant-negative CD533 vector by the
positive clones did not have any inhibitory effect on ErbB1 phosphorylation or on
activation of its downstream signalling pathway, AKT, in either cell line. The reasons
for the failure of the dominant-negative CD533 vector to affect ErbB1 signalling in
either cell line is unclear, especially as RT112 and J82 cells are morphologically
distinct and have widely varying levels of ErbBl expression. No further
investigations into the effects of the CD533 vector on the two cell lines were

undertaken in this study.

Further work to suppress ErbB1 expression and signal transduction was not pursued
after the failure to achieve results with the p-Super RNAi and dominant-negative

ErbB1 systems. However, future investigations in this area would be of benefit, to
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gain more information about the mechanisms behind the intracellular effects of
lapatinib. This work would ideally also involve inhibiting expression of ErbB2, so
that the effects of lapatinib on the powerful heterodimer of ErbB2-ErbB3 could be

studied.
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CHAPTER 5

CONCLUSIONS
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Early clinical trials combining small molecule TKIs with chemotherapy in advanced
NSCLC failed to show any benefit of the addition of the TKI over chemotherapy
alone in terms of survival. There are a number of theories as to why no benefit was
seen, including problems with the sequencing of the drugs. Another feature that has
not been considered is the use of ErbB1 specific TKIs in these trials, rather than newer
TKIs, such as the dual ErbB1/ErbB2 inhibitor, lapatinib. To date, there have been no
pre-clinical or clinical studies combining TKIs with chemotherapy in bladder cancer, a
disease in which improving survival, or availability of chemotherapy to patients with

metastatic disease is a priority.

In this study lapatinib has been shown to inhibit activation of ErbB1, ErbB2 and
ErbB3 and the PI3K/AKT signalling pathway. Importantly, this dual inhibitor is able
to act upon ErbB3, presumably via the potent ErbB2-ErbB3 heterodimer, even in the
presence of an ErbB3 ligand. This is clearly a benefit over the more widely studied
ErbBl-specific TKIs. A further important finding was its ability to inhibit the
chemotherapy-induced early activation of receptors and AKT, the constitutive
activation of which has been linked to chemoresistance. This is possibly an
explanation for the sequence-dependent synergy shown between lapatinib and both
single-agent and clinically relevant combinations of gemcitabine, paclitaxel and
cisplatin. The synergistic interaction found when lapatinib was added before and
during chemotherapy was evident in spite of this being due to cytostatic, rather than
cytotoxic, effects of the drugs. A final promising feature of this work was the
apparent ability of lapatinib to produce a dose-sparing effect with chemotherapy, a

finding that could have important clinical implications.
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The results of this in vitro study together with data already published on the safety of
lapatinib in normal patients [149 -151], its efficacy in patients with chemo-refractory
TCC bladder [212], and its efficacy in animal models of other tumours, should
provide the impetus for further clinical trials of lapatinib in bladder cancer, without
first testing on animal models of bladder cancer. Firstly, it would be interesting to
consider a trial of neoadjuvant lapatinib in patients with muscle-invasive bladder
cancer who are planned for radical cystectomy. Endpoints would include assessment
of biomarkers in the cystectomy specimen and determination of toxicity issues such as
delay in cystectomy. Secondly, to investigate whether lapatinib would increase
survival when combined with current chemotherapy regimens in patients with
metastatic bladder cancer. From the results shown here, a program with lapatinib
prior to and between chemotherapy cycles is recommended. Thirdly, to investigate
lapatinib combined with reduced-dose chemotherapy. In this setting results should
show whether such a combination produces similar survival to full-dose chemotherapy
alone, and also whether toxicity is reduced. The latter would both improve the quality
of life of those receiving chemotherapy, and also potentially allow more patients to

receive this treatment, and thus prolong their survival.
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