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Abstract

This study examined the role of tumor suppressor neurofibromin and Protein kinase C (PKC) in
urinary bladder cancer, and the effect of PKC inhibitors on cancer cell behaviour. 

Tumor suppressor protein neurofibromin is a product of the NF1 gene, a mutation of which causes
the most common hereditary tumor syndrome, type 1 neurofibromatosis. NF1 gene mutations and
changes in expression have been demonstrated in malignancies, unrelated to type 1
neurofibromatosis. The best known function of neurofibromin is its Ras GTPase accelerating
function. Thus, it functions as a Ras inactivator. This study demonstrated for the first time that the
NF1 gene is expressed in normal and malignant urinary bladder epithelium and in cultured bladder
carcinoma cells in mRNA and at the protein level. Furthermore, neurofibromin expression is
decreased during bladder carcinogenesis. It can be speculated that this may lead to increased Ras
activity in urinary bladder cancer.

The PKC family is composed of several different isoenzymes which are responsible for a number
of important intracellular events and cellular functions. Many of these are also important in cancer
development and progression. The results demonstrate changes in expression of PKC α and ßI
isoenzymes in urinary bladder carcinoma. Furthermore, the results relate the increased expression of
isoenzymes to increased PKC enzyme activity and the high proliferation rate of the cancer cells. In
addition, this study utilizes small molecular inhibitors of PKC isoenzymes in order to study the effect
of the inhibition of these isoenzymes on cancer cell behaviour in vitro and in vivo. The study mainly
focuses on the function of PKC α and ßI isoenzymes and on the effects of inhibition of these by using
Go6976. The results show that Go6976 inhibits cancer cell growth, migration and invasion in vitro,
and tumor growth in a mouse model. The use of Go6976 induces changes in desmosomes and
adherens junctions, and in focal adhesions and hemidesmosomes. The results also show that Go6976
functions as a cell cycle checkpoint abrogator and increases the cytotoxicity of two classical
chemotherapeutic agents, doxorubicin and paclitaxel. In the future, it may be possible that Go6976 or
related drugs could be used in clinical cancer treatments.

Keywords: cell cycle, cell-matrix junctions, Go6976, intercellular junctions, invasion,
neurofibromatosis 1, neurofibromin, Protein kinase C, urinary bladder neoplasms





To Johanna and Emmi





 

 7 

 Acknowledgements 

This work was carried out in the Department of Anatomy and Cell Biology, at the 
University of Oulu. A large amount of work was also done in the Departments of 
Surgery, Medical Biochemistry and Anatomy, at the University of Turku and in 
the Department of Dermatology and Venereology at the University of Oulu 1996-
2007.  

First, I would like to thank Professor Juha Peltonen for his supervision and 
support. I appreciate his guidance and patience during the long years of my 
doctoral studies. I am especially grateful that he allowed me to make my own 
decisions even though they were not always the right ones.  

I want to express my gratitude to Docent Matti Laato for the guidance and 
supervision during these years and for the surgical and practical opinions in the 
studies. He always has time to sit down and discuss and find the right solutions 
for the scientific problems. 

I wish to thank Professor Hannu Rajaniemi, the head of the Department of 
Anatomy and Cell biology. I appreciate his commitment to the Department and 
the staff members. He always has time to guide the young scientists and teachers. 

Professor Juha Tuukkanen is thanked for his never ending positive and 
helpful spirit, encouragement, and for the valuable help in image analyses. I thank 
Docent Sirkku Peltonen for the help and discussions both inside and outside the 
laboratory. Docent Kalervo Metsikkö, Docent Anthony Heape, Docent Petri 
Lehenkari, Docent Ulla Petäjä-Repo and Docent Minna Pöyhönen are thanked for 
their help, fruitful discussion and suggestions.  

Professor Aarne Oikarinen from Department of Dermatology and 
Venereology is thanked for allowing the use of the facilities of his Department 
and for the help and the fruitful discussions and encouragement. Professor Jukka 
Finne from Department of Medical Biochemistry at the University of Turku and 
Professor Juha Niinikoski from the Department of Surgery, at University of Turku 
are thanked for allowing me to carry out the studies using their facilities. 
Furthermore, I wish to thank Professor Kalervo Väänänen from the Department of 
Anatomy at University of Turku, for the help and facilities in the late but difficult 
phases of this project.  

Docent Antti Kaipia and Docent Johanna Ivaska are thanked for their critical 
review of the manuscript and helpful suggestions. 

I wish to express my gratitude to all my co-authors and collaborators. Docent 
Karl-Ove Söderström, Docent Martti Nurmi and Dr. Sanna Koskela are thanked 



 

 8 

for their contribution. My very special thanks go to Dr. Jussi Koivunen for 
discussions, advice and humour. I am quite certain that this project would not 
have been possible without your participation in it. Also, I want to thank Dr. Peter 
Boström for collaboration and for sharing the difficult first steps as a researcher. 
All former and present members of the NF-team are thanked for the great 
atmosphere in the laboratory. Tommi Kuorilehto, Timo Korkiamäki, Maria 
Malminen, Kati Pummi, Heli Ylä-Outinen, Amssi Björkstrand, Marja Nissinen, 
Outi Hirvonen, Riina Myllylä, Maria Alanne and Pekka Leinonen are thanked for 
their invaluable friendship and support over these years.  

I want to express my gratitude to all staff members in the Department of 
Anatomy and Cell Biology. When I arrived in 2001, you all warmly welcomed me. 
I will never forget that. The most special thanks go, however, to the power-duo 
Tuula Kaisto and Hinni Papponen. I learned a lot from you two, and life was 
always a little bit easier after a visit in your room. 

I wish to sincerely thank Heidi Pakarinen, Liisi Salomaa and Maria Paloniemi 
for assistance in the practical laboratory work. Your laboratory skills are 
phenomenal.  

I have been privileged to receive a substantial amount of personal research 
funding during the project. I want to thank the following Foundations and 
organizations for the generous funding: the Cancer Society of Finland, the Cancer 
Society of Northern Ostrobothnia, the Cancer Society of Southwestern Finland, 
the Emil Aaltonen Foundation, the Finnish Cultural Foundation, the Finnish 
Medical Society Duodecim, the Ida Montin Foundation, the K. Albin Johanssons 
Foundation, the Kidney Foundation, the Maud Kuistila memorial Foundation, the 
Turku University Foundation, and the Oulu University Foundation. 

Special thanks go to the scientific friends from the medical school: Jussi and 
Pauliina, Otto, Matti, Cryomouse, Tero-Pekka, Riku and Anna, Mika, Pasi, Esa 
and Kimmo. Maximum respect!  

I want to thank my very special and close friends outside the medical world. 
Johanna, Saija, Saila, Tommie, Toni and Tuomas. I will never forget your support 
and friendship.     

I also want to thank the nurses and colleagues in my current work, Turku 
Student Health Care. Strangely, normal, down-to-earth work with you all has 
helped me to finish the project.  

To my mother Marja-Liisa and father Jouni, I would like to express my 
thanks for the love, care and their belief in me. My warmest thanks also go to my 
sister Kati and her husband and my friend Matti, and my brother Asko, and his 



 

 9 

wife-to-be Hanna. You have helped for just being there and around. Futhermore, I 
wish to thank my other relatives and relatives-in-law: all the aunts and uncles, but 
especially my mother-in-law Elina and almost-father-in-law Veijo, aunt-in-law 
Ritva and uncle-in-law Antti for their love, support and help during the years.     

Last, I want to thank the two most important persons in my life, my beloved 
wife Johanna and my little daughter Emmi. I can not express enough gratitude to 
you, Johanna.  

Masku, September 2007  Vesa Aaltonen 



 

 10 

 



 

 11 

 Abbreviations  

ATM Ataxia telangiectasia mutated 
ATR Ataxia telangiectasia RAD3-related 
ATP adenosine triphosphate 
BCG bacillus Calmette-Guerin 
CDK Cyclin-dependent kinase 
Cdc Cell-division cycle 
Chk Checkpoint kinase 
CIS carcinoma in situ 
DAG diacylglycerol 
EGF  epidermal growth factor 
ERK Extracellular signal-regulated kinase 
GAP GTPase-activating protein 
GC cisplatin, gemcitabine 
GDP guanosine 5`-diphosphate 
GEF guanine nucleotide exchange factor 
GRD GAP-related domain 
GTP guanosine 5`-triphosphate 
hTERT Human telomerase reverse transcriptase 
IP3 inositol triphosphate 
kDa kilodalton 
LOH loss of hetorozygosity 
MAPK mitogen-activated protein kinase 
MDR multi drug resistance 
MEK MAPK/ ERK kinase  
MPNST malignant peripheral nerve sheath tumour 
mRNA messenger RNA 
MVAC methotrexate, vinblastine, doxorubicin, cisplatin 
NF1 type 1 neurofibromatosis  
OMGP Oligodendrocyte-myelin glycoprotein 
PKC Protein kinase C 
PMA phorbol 12-myristate 13-acetate 
PS pseudosubstrate 
PUNLMPpapillary neoplasm of low malignant potential 
Rb Retinoblastoma 
RTK receptor tyrosine kinase 



 

 12 

TNF tumor necrosis factor 
TNM tumor-node-metastasis 
TPA 12-O-tetradecanoylphorbol-13-acetate 
TUR transurethral resection 
UTR untranslated region  
WHO World Health Organization 
ZO zonula occludens 
 



 

 13 

 List of original publications 

This thesis is based on the following articles and additional unpublished results. 
The articles are referred to in the text by their Roman numerals: 

I  Aaltonen V*, Bostrom P*, Soderstrom K-O, Hirvonen O, Tuukkanen J, Nurmi M, 
Laato M & Peltonen J (1999) Urinary bladder transitional cell carcinogenesis is 
associated with down-regulation of NF1 tumor suppressor gene in vivo and in vitro. 
Am J Pathol 154: 755-765. 

II  Aaltonen V, Koivunen J, Laato M &Peltonen J (2006) Heterogeneity of cellular 
proliferation within transitional cell carcinoma: correlation of Protein kinase C 
alpha/betaI expression and activity. J Histochem Cytochem 54: 795-806. 

III  Koivunen J*, Aaltonen V*, Koskela S, Lehenkari P, Laato M & Peltonen J (2004) 
Protein kinase C alpha/beta inhibitor Go6976 promotes formation of cell junctions and 
inhibits invasion of urinary bladder carcinoma cells. Cancer Res 64: 5693-5701. 

IV  Aaltonen V, Koivunen J, Laato M & Peltonen J (2007) PKC inhibitor Go6976 induces 
mitosis and enhances doxorubicin-paclitaxel cytotoxicity if urinary bladder carcinoma 
cells. Cancer Lett 253: 97-107.  

*These authors contributed equally to this study. 



 

 14 

 



 

 15 

 Contents  

Abstract 
Acknowledgements 7 
Abbreviations 11 
List of original publications 13 
Contents 15 
1 Introduction 19 
2 Review of the literature 21 

2.1 Normal anatomy and histology of the urinary bladder............................ 21 
2.2 Cancers of the urinary bladder ................................................................ 22 

2.2.1 Overview of urinary bladder cancer treatments............................ 25 
2.3 NF1, type 1 neurofibromatosis................................................................ 27 

2.3.1 NF1 gene and mRNA ................................................................... 27 
2.3.2 NF1 tumor suppressor protein ...................................................... 29 
2.3.3 Ras-MAPK pathway..................................................................... 30 
2.3.4 NF1 protein and cancer ................................................................ 32 

2.4 Protein kinase C (PKC)........................................................................... 33 
2.4.1 PKC regulation ............................................................................. 33 
2.4.2 PKC expression and functions in cancer ...................................... 37 
2.4.3 PKC as a target in carcinogenesis................................................. 41 
2.4.4 Cancer therapy involving PKC..................................................... 42 
2.4.5 Go6976 ......................................................................................... 44 

2.5 Cytoskeleton and cell junctions .............................................................. 45 
2.5.1 Cytoskeleton................................................................................. 45 
2.5.2 Cell junctions................................................................................ 46 
2.5.3 Cell migration............................................................................... 52 

2.6 Cell growth control ................................................................................. 53 
2.6.1 Cell cycle checkpoints.................................................................. 53 
2.6.2 Apoptosis...................................................................................... 56 
2.6.3 Mitotic catastrophe ....................................................................... 58 

3 Aims of the present study 59 
4 Materials and Methods 61 

4.1 Materials ................................................................................................. 61 
4.2 Methods................................................................................................... 64 

4.2.1 Mouse model ................................................................................ 65 
5 Results 67 



 

 16 

5.1 NF1 protein and mRNA expression decreases during TCC 
progression (I) ......................................................................................... 67 
5.1.1 NF1 protein and mRNA expression in TCC specimens ............... 67 
5.1.2 NF1 protein and mRNA expression in cultured TCC cells........... 68 

5.2 PKC α- and βI isoenzyme expression and activity is increased in 
rapidly proliferating compartments of TCC tumors (II).......................... 68 
5.2.1 PKC α- and βI isoenzyme expression in TCC specimens ............ 68 
5.2.2 PKC α- and βI substrate phosphorylation in TCC 

specimens ..................................................................................... 70 
5.2.3 Correlation of cellular proliferation with expression and 

activity of PKC α- and βI in TCC specimens ............................... 70 
5.2.4 Expression and activity of PKC α- and βI in cultured TCC 

cells............................................................................................... 71 
5.3 PKC inhibitors induce changes in TCC cell junctions, 

morphology and movement (III) ............................................................. 72 
5.3.1 Inhibition of classical PKC isoenzymes by Go6976 .................... 72 
5.3.2 The effect of PKC α- and βI isoenzyme inhibitor Go6976 

on morphology of cultured TCC cells .......................................... 73 
5.3.3 The effect of Go6976 on cell-cell junctions ................................. 73 
5.3.4 The effect of different PKC inhibitors on desmosomes................ 74 
5.3.5 The effect of Go6976 on cell-matrix junctions............................. 75 
5.3.6 The effect of Go6976 on cell migration and invasion .................. 75 

5.4 PKC α- and βI isoenzyme inhibitor Go6976 induces cell death 
and mitosis and in non-synchronized TCC cells (IV and 
unpublished results) ................................................................................ 76 
5.4.1 The effect of Go6976 on growth of cultured TCC cells (IV)

...................................................................................................... 76 
5.4.2 The effect of Go6976 on cell cycle of cultured TCC cells 

(IV) ............................................................................................... 77 
5.4.3 The effect of Go6976 on TCC tumor growth in nude mice.......... 78 
5.4.4 Immunohistochemical evaluation of growth and apoptosis 

markers in TCC tumors of nude mice........................................... 80 
5.5 PKC α and βI isoenzyme inhibitor Go6976 enhances paclitaxel 

cytotoxicity for TCC cells after small dose doxorubicin treatment 
(IV).......................................................................................................... 80 
5.5.1 Cytotoxicity and molecular changes induced by 

doxorubicin-Go6976 sequence ..................................................... 80 



 

 17 

5.5.2 Doxorubicin-paclitaxel sequence cytotoxicity ............................. 81 
5.5.3 Molecular changes and cytotoxicity of the doxorubicin-

paclitaxel+Go6976 sequence........................................................ 82 
6 Discussion 85 

6.1 Discussion of the methods ...................................................................... 85 
6.1.1 Immunochemistry......................................................................... 85 
6.1.2 Measuring the PKC activity ......................................................... 86 
6.1.3 Limitations and strengths in the use of human tissue, cell 

lines and mouse models................................................................ 87 
6.1.4 Evolution of the methods during the past years............................ 88 

6.2 Discussion of the results ......................................................................... 89 
6.2.1 NF1 tumor suppressor in urinary bladder TCC ............................ 89 
6.2.2 PKC α- and βI isoenzymes in urinary bladder TCC..................... 93 
6.2.3 The effects of inhibition of PKC α- and βI isoenzymes by 

Go6976 on urinary bladder TCC cell junctions, invasion 
and migration................................................................................ 95 

6.2.4 The effects of inhibition of PKC α- and βI isoenzymes by 
Go6976 on urinary bladder TCC cell growth ............................... 98 

6.2.5 The effect of combining PKC α- and βI isoenzyme 
inhibitor Go6976 to doxorubicin and paclitaxel........................... 98 

6.2.6 The effects of PKC α- and βI isoenzyme inhibition by 
Go6976 on cell cycle control...................................................... 100 

7 Conclusions 103 
References 105 
Original publications 129 
 



 

 18 

 



 

 19 

1 Introduction 

Urinary bladder carcinoma is one of the most common malignancies in humans. 
Many attempts have been made to discover the molecular changes responsible for 
the malignant behaviour of urinary bladder cancer cells. However, while 
significant advances have been made in this field of research, much has remained 
to be discovered. Urinary bladder cancer therapies include surgery, radiotherapy, 
cytotoxic therapy and immunotherapy. Response for these therapies varies from 
poor to excellent, depending primarily on the grade and stage of the disease at the 
moment of diagnosis.  

The first part of this study was designed to elucidate whether a well known 
tumor suppressor protein, neurofibromin, plays a role in the molecular 
pathogenesis of urinary bladder cancer. Neurofibromin is a product of the NF1 
gene, a mutation of which causes the most common hereditary tumor syndrome, 
type 1 neurofibromatosis.  

The major part of this study provides knowledge of the role of Protein kinase 
C (PKC) in urinary bladder cancer. The PKC family is composed of several 
different isoenzymes which are responsible for various important intracellular 
events and cellular functions. Many of these are also important in cancer 
development and progression. This study utilizes small molecular inhibitors for 
different PKC isoenzymes in order to study the effect of the inhibition of these 
isoenzymes on cancer cell behaviour in vitro and in vivo. The study mainly 
focuses on the function of PKC α and βI isoenzymes and on the effects of the 
inhibition of these by using Go6976. In the future, it is possible that Go6976 or 
related drugs may be used in clinical cancer treatments. 
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2 Review of the literature 

2.1 Normal anatomy and histology of the urinary bladder 

The urinary bladder is a hollow muscular vesicle which stores urine. When empty, 
it is located almost entirely in pelvis minor, lying superiorly to the pelvic floor 
and posterior to the pubic symphysis.  

The shape and position of the urinary bladder varies significantly with the 
amount of stored urine. The organ has two openings for ureters located 
posterolaterally in the bladder wall. An opening for urethra is located in the neck 
of the urinary bladder, which is the most inferior part of the vesicle (Moore 1992). 
The inner surface of the bladder wall, ureters and renal pelves is covered with 
transitional epithelium (urothelium) (Fig. 1). Urothelium is stratified epithelium 
containing 3-7 layers, depending on the degree of bladder distension. Urothelium 
is divided into three layers: superficial, intermediate and basal. Terminally 
differentiated superficial cells are large, elliptical or columnar umbrella-like 
containing prominent nucleoli (umbrella cells). These cells are considered to be a 
marker of normal differentiation of the urothelium, even though carcinoma in situ 
(CIS) lesions may contain an umbrella cell layer (Epstein et al. 1998). The 
surface of the umbrella cells is formed by a rigid membrane, named the 
"asymmetric unit membrane" that is composed of proteins named uroplakins 
(Koss 1969; Moll et al. 1995). Up to five layers of intermediate cells which 
contain oval nuclei are attached to each other with desmosomes. Cuboidal or 
columnar basal cells are located on the basement membrane. No mitoses are seen 
in normal urothelium (Jost et al. 1989; Burkitt et al. 1993). 

The basement membrane is an approximately 200 nm thick structure 
separating the basal urothelial cell layer from subjacent lamina propria and 
contains two layers: lamina densa and lamina lucida (Jost et al. 1989). The main 
elements of the basement membrane are collagen type IV, glycosaminoglycan 
heparan sulphate and glycoproteins fibronectin, laminin and entactin (Leblond 
and Inoue 1989; Burkitt et al. 1993). 

Lamina propria (Fig. 1) is composed of loose connective tissue composed 
mainly of collagen types I and III, elastin, blood and lymphatic vessels and nerve 
endings. Distension of the bladder significantly affects the thickness of the lamina 
propria (Ewalt et al. 1992; Burkitt et al. 1993). The lamina propria also contains 
muscle fibers that are not connected to the subjacent muscular layer (lamina 
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muscularis) of the bladder wall, but can form a layer of muscle, termed 
muscularis mucosae (Ro et al. 1987).  

The urothelium and lamina propria are surrounded by three irregular layers of 
combined spiral and longitudinal layers of smooth muscle (Fig. 1). In the bladder 
wall, these smooth muscle cells form the detrusor muscle (Burkitt et al. 1993). 
During micturition, the detrusor muscle contracts in response to the automatic 
micturition reflex. The urinary bladder is concealed under the peritoneum at its 
superior and posterior parts, and is covered anteroinferiorally and laterally by 
retropubic fat or loose connective tissue (Moore 1992). 

2.2 Cancers of the urinary bladder 

Bladder cancer is the fourth most common cancer among Finnish males with an 
incidence rate of 13.4 (containing all tumors of bladder, ureter and urethra) in 
2003. In females, the incidence is much smaller, 2.3 in the same year (Finnish 
cancer registry, www.cancerregistry.fi). During 1990-1999, bladder cancer was 
the ninth most frequent cancer worldwide, making it a substantial global health 
problem (Parkin et al. 1999).  

The most common finding in bladder cancer is haematuria, which can be 
visible or it can be detected only in urine analysis. Furthermore, increased urinary 
frequency, urgency and dysuria are common symptoms of bladder cancer.  

The majority (95%) of all bladder carcinomas are transitional cell carcinomas 
(TCCs), which include all malignant tumors originating from urothelial cells. The 
rest are squamous cell carcinoma (3%) and adenocarcinoma (2%) (Kantor et al. 
1988). TCC tumors show an increased amount of cell layers, nuclear atypia and 
mitoses, which distinguishes them histologically from normal epithelium and 
benign lesions of the urothelium.  

Urothelial tumors are divided into two main groups; flat and papillary lesions 
according to the Ancona 2001 refinement of the WHO 1973 classification of 
urothelial tumors (Bostwick and Mikuz 2002). Flat tumors include reactive 
changes, dysplasia and carcinoma in situ. Papillary tumors include papilloma and 
carcinoma which is further divided into three grades based on their histological 
differentiation status: well differentiated (grade 1, G1), moderately differentiated 
(grade 2, G2) and poorly differentiated (grade 3, G3). However, newer 
classification systems for urothelial neoplasms have been developed. A recent 
system is presented in the WHO 2004 classification (former WHO/ISUP 1998 
consensus classification of urothelial neoplasms (Table 1) (Epstein et al. 1998). 
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However, the original WHO 1973 classification with refinements is still preferred 
and recommended by a number of authors and clinicians (Table 1) (Bostwick and 
Mikuz 2002). 

Table 1.  Comparison between the WHO/ISUP 1998 consensus classification and WHO 
1973 classification with Ancona 2001 refinements  

WHO/ISUP 1998 WHO 1973 with Ancona 2001 refinements 

1. Normal 1. Normal 

Normal (may include “mild dysplasia”)  

2. Hyperplasia 2. Flat lesions 

Flat hyperplasia Reactive changes 

Papillary hyperplasia Dysplasia 

3. Flat lesions with atypia Carcinoma in situ 

Reactive (inflammatory) atypia  

Dysplasia  

Carcinoma in situ (may include “severe dysplasia”)  

4. Papillary neoplasms 3. Papillary lesions 

Papilloma Papilloma 

Papillary neoplasm of low malignant potential 

(PUNLMP) 

Carcinoma, Grade 1 

Papillary carcinoma, low grade Carcinoma, Grade 2 

Papillary carcinoma, high grade Carcinoma, Grade 3 

Bladder cancer seems to be actually two diseases, both of which may develop 
in the same patient simultaneously. The first is non-invasive, low grade papillary 
urothelial tumors. These were classified as Grade 1 in the WHO 1973 system, and 
PUNLMP or low grade in the WHO 2004 system. These have a high rate of 
recurrence, but rarely progress as an invasive disease or metastasize. The second 
type is a high grade lesion (grade 2-3, WHO 1973) that originates as urothelial 
dysplasia and begins as carcinoma in situ or non-invasive high grade papillary 
carcinoma. 

Approximately 70-75% of newly diagnosed bladder cancers are superficial, 
in other words, not invasive to the muscularis propria. Approximately 50-75% of 
superficial cancers will recur and 15-25% are likely to progress to muscularis 
mucosa invasion (Heney et al. 1982; Pagano et al. 1987; Abel 1993). Superficial 
tumors that are originally found to be invasive to the lamina propria, have a 
higher risk of progression (Smits et al. 1998). Furthermore, if tumor is invasive 
below the muscularis mucosa of the lamina propria, but above the muscularis 
propria the 5 year survival is 11%, which is comparable to the muscularis propria 
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invasive disease (Younes et al. 1990). In contrast, when the tumor is invasive to 
the muscularis mucosa or above, the 5 year survival is 75%. Half of the patients 
that initially have muscularis propria invasive tumor have developed occult 
metastases. 

Once a tumor shows invasion, the stage becomes as a determining factor in 
treatment. The tumor-node-metastasis (TNM) classification is the basis for 
bladder cancer staging (Table 2, Fig. 1) (Sobin et al. 1997). In addition to the 
stages and substages mentioned in the TNM 1997 classification, further 
substaging can be made. For example, T1 may be substaged to T1a, T1b, and T1c, 
referring to invasion above, to or below muscularis mucosa, respectively (Hasui 
et al. 1994).  

Table 2. TNM staging system for bladder cancer.  

Stage Description 

Primary tumor (T)  

TX Primary tumor cannot be assessed 

T0 No evidence of primary tumor 

Ta Non-invasive papillary tumor 

Tis Carcinoma in situ 

T1 Tumor invades subepithelial connective tissue 

T2a Tumor invades superficial muscle (inner half) 

T2b Tumor invades deep muscle (outer half) 

T3 Tumor invades perivesical fat 

T4a Tumor invades prostate, uterus, vagina 

T4b Tumor invades pelvic wall or abdominal wall 

Regional lymph nodes (N) 

NX Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in a single lymph node, 2cm or less in 

greatest dimension  

N2 Metastasis in a single lymph node, more than 2cm, 

but not more than 5cm, in greatest dimension 

N3 Metastasis in a lymph node more than 5cm in the 

greatest dimension 

Distant metastasis (M) 

MX Presence of distant metastasis cannot be assessed 

M0 No distant metastasis 

M1 Distant metastasis 
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Fig. 1. Primary tumor staging according to the TNM system.  

The urinary bladder stores urine and its waste contents. Thus, a wide variety 
of chemicals from, for instance, inhaled tobacco smoke or environmental 
pollution may be in contact with bladder epithelium and act as carcinogens in 
urinary bladder cancer development. This is supported by a high incidence of 
bladder cancer of industrialized countries and high rates of bladder cancer among 
smokers. Other important risk factors include occupational carcinogen exposure, 
schistosomal infections and pelvic radiation (Quilty and Kerr 1987; Cohen et al. 
2000). The incidence of bladder cancer increases with age, and most cases occur 
in patients that are over 50 years old (Mulholland and Stefanelli 1990). The 
increase of incidence with age may reflect the cumulative exposure to 
carcinogens.  

2.2.1 Overview of urinary bladder cancer treatments 

The treatment of urinary bladder carcinoma includes surgery, chemotherapy and 
radiotherapy. Treatment of superficial (limited to lamina propria, stages Ta-T1), 
carcinoma in situ (Tis) and muscle invasive or metastasized (stage more than T2) 
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tumors is different. The majority of primary and recurrent superficial bladder 
tumors are treated with transurethral resection (TUR). However, treatment of high 
grade tumors only with TUR leads to a high rate of recurrence and progression. In 
cases where the tumors appear to be completely resected, 50-70% will relapse 
(van der Meijden 1998). Thus, additional treatments are needed in many cases.  

Ta-T1 lesions may be treated with a single instillation of epirubicin or 
mitomycin C immediately (within 6h) after TUR which reduces the recurrence 
rate by ~50% (Oosterlinck et al. 1993; Tolley et al. 1996). Other cytotoxic drugs 
that may be instilled include doxorubicin (adriamycin) and thiotepa (van der 
Meijden 1998). This may be sufficient treatment for lower risk tumors (single, Ta-
T1, <3cm, low grade papillary), while tumors with a high recurrence rate 
(multiple, Ta-T1, higher grade) may be treated with bladder instillations with 
cytotoxic drugs for several weeks.  

Intravesical adjuvant immunotherapy with Bacillus Calmette-Guerin (BCG) 
is part of a first line treatment regime with TUR, especially in the cases of high 
risk disease (T1, Tis and high grade Ta-T1). The induction of immunological 
response requires multiple BCG instillations over several weeks. If this treatment 
fails, second line treatments may include a second BCG treatment or intravesical 
chemotherapy with, for instance, epirubicin or doxorubicin, or cystectomy 
(Oosterlinck et al. 2002).  

The treatments described above apply to lamina propria invasive tumors, 
while radical cystectomy is the standard approach for muscle-invasive bladder 
cancer (T2-T4a, N0-NX, M0) and recurring G3T1 and Tis. External beam 
radiotherapy may also be used in muscle invasive disease (van der Meijden 1998; 
Oosterlinck et al. 2002). Up to 50% of patients that have the muscle invasive 
disease, may develop metastases after cystectomy or radiotherapy (Sternberg 
1995; van der Meijden 1998). Thus, systemic neoadjuvant or adjuvant 
chemotherapy have been added to standard cystectomy and radiotherapeutic 
approaches. However, no definitive conclusions can be made with respect to the 
effectiveness of neoadjuvant chemotherapy. Neoadjuvant chemotherapy has been 
shown to provide a modest to significant survival benefit (Pectasides et al. 2005). 
In addition, the advantages of adjuvant chemotherapy after cystectomy or 
radiotherapy have not been proved (van der Meijden 1998; Pectasides et al. 2005).  

 The MVAC (methotrexate, vinblastine, doxorubicin, and cisplatin) regimen 
has been considered the standard care for patients with advanced disease. 
However, combinations such as GC (cisplatin, gemcitabine) have shown a more 
favourable toxicity profile and equal or even improved efficacy (Pectasides et al. 
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2006). While these two combinations are perhaps the most commonly used 
treatment regimens, a wide variety of different cytotoxic drugs have been tested 
in phase III trials. Newer substances are under clinical trials in the treatment of 
bladder cancer. Among these, the most important substances are taxanes 
(paclitaxel, docetaxel), which have been tested in several clinical trials alone and 
in combination with other cytotoxic drugs (Galsky 2005). Randomized trials have 
not yet shown improved survival rates but phase III trials are ongoing. 

2.3 NF1, type 1 neurofibromatosis 

The NF1 protein (neurofibromin) is a tumor suppressor protein, the mutations of 
which cause type 1 neurofibromatosis, also termed von Recklinghausen’s disease. 
NF1 is a relatively common autosomal and dominantly inherited disease. 
Reported birth incidences vary from 1/2500 to 1/4300 (Huson et al. 1989; 
Clementi et al. 1990; Poyhonen et al. 2000). Type 1 neurofibromatosis is 
characterized by multiple neurofibromas, café au lait pigment spots, axillary 
freckling, pigmented spots of the iris, bone deformities, learning disabilities, 
macrocephaly and an increased risk to develop malignancies (Huson and Hughes 
1994; Friedman and Riccardi 1999), such as malignant peripheral nerve sheath 
tumors, myeloid malignancies, gliomas and pheochromocytomas (Bader 1986). It 
can be stated that NF1 is the most common cancer predisposing syndrome.  

2.3.1 NF1 gene and mRNA 

NF1 disease results from a mutation in the NF1 gene, which was identified in 
1990. The gene is located in the long arm of chromosome 17 (17q11.2), and it 
contains 61 exons (Kaufmann et al. 2002) distributed over 350kb of genomic 
DNA. The NF1 gene has one of the highest mutation rates of human genes, and 
approximately 50% of the new NF1 cases are sporadic mutations. The NF1 gene 
has only few mutation hot spots, and most of the mutations are distributed along 
the whole genomic region (Messiaen et al. 2000). The NF1 gene is highly 
conserved between species, since there is a 98% homology of the protein between 
mouse and human (Bernards et al. 1993), and 60% homology between drosophila 
and human (The et al. 1997). 

NF1 mRNA is ubiquitously expressed in nearly all tissues. NF1 gene 
transcription results in a 11-13kb NF1 mRNA. Different types of NF1 mRNA 
result from alternative splicing. The different types are I, II, 3, 4. Type I has no 
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alternatively spliced exons. Type II contains exon 23a in the middle of the GRD 
(Nishi et al. 1991). Type 3 contains exon 48a, and type 4 contains both 23a and 
48a (Gutmann et al. 1995). Additionally, NF1 mRNA containing only exon 9a 
exists (Geist and Gutmann 1996).  

NF1 mRNA can also be regulated. The mRNA contains a long, 3.5kb, 3’ 
untranslated region (UTR), which is highly conserved between species (Li et al. 
1995). This region binds to the tumor antigen HuR, which is involved in 
posttranscriptional mRNA processing (stabilization, transport from nucleus). The 
3’ UTR region has been shown to contain four additional potential protein binding 
regions (Keene 1999; Haeussler et al. 2000). NF1 mRNA has also been shown to 
be targeted to the cell periphery via actin filaments and disruption of the 
microfilaments associates with NF1 mRNA degradation (Yla-Outinen et al. 2002).  

Another interesting feature of the NF1 gene is that one of its introns contains 
three embedded genes, namely EVI2A, EVI2B, and oligodendrocyte-myelin 
glycoprotein (OMGP). These genes are transcribed in an opposite orientation to 
the NF1 gene (Viskochil et al. 1991). The specific function of these genes 
remains to be elucidated. 

 

Fig. 2. Schematic presentation of the NF1 gene (Friedman and Riccardi 1999). The 
figure shows all exons including four alternatively spliced exons (marked with X). 
Three embedded genes OMGP, EVI2B and EVI2A within intron 27 are shown, as well as 
the GRD region. 
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2.3.2 NF1 tumor suppressor protein 

The NF 1 gene product, neurofibromin, contains 2818 amino acids with a 
predicted molecular mass of 327kDa (Marchuk et al. 1991). However, the 
molecular mass of neurofibromin in electrophoretic analyses is 220-280kDa 
(DeClue et al. 1991; Gutmann et al. 1991; Daston et al. 1992; Hirvonen et al. 
1998). The difference may result from the protein folding during migration 
through denaturing polyacrylamide gels. There is no evidence of glycosylation or 
processing of the full-length protein (Gutmann and Collins 1993).  

Neurofibromin is ubiquitously expressed in a variety of cell types (Daston 
and Ratner 1992; Daston et al. 1992; Huynh et al. 1994), the expression being 
most abundant in the nervous system (Daston et al. 1992). Neurofibromin has 
been shown to localize to particulate and soluble fractions of the cytoplasm 
(DeClue et al. 1991; Golubic et al. 1992; Hattori et al. 1992) and it associates 
with microtubules, actin microfilaments, intermediate filaments, mitochondria, 
smooth endoplasmic reticulum, the nuclear/perinuclear area or transmembrane 
heparan sulphate proteoglycans (Gregory et al. 1993; Nordlund et al. 1993; 
Roudebush et al. 1997; Koivunen et al. 2000; Hsueh et al. 2001; Li et al. 2001).  

Neurofibromin is constitutively phosphorylated at the cysteine/serine-rich 
domain of the N-terminus and the C-terminal region (Izawa et al. 1996). 
Neurofibromin has recently been shown to be a substrate of Protein kinase C. In 
response to EGF, neurofibromin is phosphorylated in vivo on serine residues 
within the cysteine/serine rich domain by PKCα (Mangoura et al. 2006). This 
phosphorylation results in increased association of neurofibromin with the actin 
cytoskeleton.  

In the middle of neurofibromin is the GAP-related domain (GRD), which is 
about 300-400 amino acids in length, (Gutmann and Collins 1993). GAP refers to 
the GTPase-activating protein, which accelerates the inactivation of Ras in 
various cell types (Bollag and McCormick 1992). Ras refers to 21 kDa GTP-
binding proteins (G-proteins), which are products of the Ras superfamily in 
mammalians; H-Ras, N-Ras and K-Ras (Harvey, Neuroblastoma and Kirsten, 
respectively). Ras cycles between an inactive GDP-bound and active GTP-bound 
state. This inactivation-activation is controlled by inactivating signals through 
GTPase activating proteins (GAPs) and activating signals through guanine 
nucleotide exchange factors (GEFs), see below and Figure 3. GAPs trigger a 
10000-fold enhancement in the activity of intrinsic Ras GTPase. As mentioned 
above, neurofibromin acts as Ras-GAP. There are also other GAPs, of which 
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p120GAP and GAPIII are the closest relatives with neurofibromin, and share 
~30% homology with the GAP related domain of neurofibromin. Thus, 
neurofibromin action leads to Ras inactivation which is to date the best known 
function of the NF1 gene product. This function makes neurofibromin a controller 
of cell growth and differentiation and suggests that neurofibromin is a tumor 
suppressor. However, there are also reports that NF1 protein can inhibit Ras-
dependent growth by alternative means independent of its GAP function (Johnson 
et al. 1993; Johnson et al. 1994). 

2.3.3 Ras-MAPK pathway 

Ras is a monomeric GTP-binding protein which is involved in multiple cellular 
processes including proliferation, differentiation, migration, cell cycle and 
apoptosis. Ras proteins are activated by growth factor receptors and thus transfer 
extracellular signals (Bollag and McCormick 1992; Herrmann and Nassar 1996). 
Ras is a proto-oncogene, which means that when it obtains an activating mutation, 
it becomes an oncogene (Alberts 2002). Oncogenic Ras drives a cell towards 
cancer and it has been identified approximately in every fourth cancer. The 
highest rates for oncogenic Ras have been indentified in adenocarcinoma of the 
pancreas (~90%), thyroid (~50%) colon (~50%) and lung (~30%) tumors and in 
myeloid leukaemia (~30%) (Bos 1989).  

Ras is activated as a result of growth factor binding to its receptor (RTK in 
Fig. 3.). Upon ligand binding, the receptor dimerizes, which leads to 
phosphorylation of the intracellular parts of the receptors. This activates guanine 
nucleotide exchange factors (GEF), such as SOS, which is linked to the receptor 
by an adaptor protein, grb-2 (Fig. 3.). GEFs promote the exchange of GDP of 
inactive Ras-GDP to GTP, which leads to activation. However, Ras-GTP is 
continuously inactivated by Ras-GAP proteins, such as neurofibromin (Alberts 
2002). Neurofibromin is also capable of binding to oncogenic Ras, but it is unable 
to accelerate its intrinsic GTPase activity (Xu et al. 1990; Bollag and McCormick 
1991). Increased Ras activation has been demonstrated in cells and tissues 
obtained from type 1 neurofibromatosis patients. Specifically, elevated Ras-GTP 
levels have been demonstrated in Schwann cells, primary leukemias, malignant 
schwannomas, neurogenic sarcomas and dermal neurofibromas (Basu et al. 1992; 
Yan et al. 1995; Bollag et al. 1996; Guha et al. 1996; Sherman et al. 2000).  

The MAPK (mitogen activated protein kinase) pathway is the most important 
target of active Ras-GTP. MAPKs are protein-serine/threonine kinases and 
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ubiquitous regulators of cell growth and differentiation. Activation of the pathway 
happens as Ras-GTP activates Raf. In addition to Ras activity, Raf has been 
shown to be directly activated by classical PKCs (Kolch et al. 1993). Raf 
phosphorylates and activates MEK (MAP kinase / ERK kinase), which then 
phosphorylates ERK (extracellular signal-regulated kinase). ERK phosphorylates 
a variety of nuclear and cytoplasmic targets resulting in changes in protein 
expression and activity of the target proteins (Cooper and Hausman 2007). 36% 
of cancer cell lines show increased MAPK activity (Hoshino et al. 1999). 

In addition to Raf as an integral member of MAPK pathway, Ras also has 
other effectors, such as the following: Phosphatidylinositol-3-OH kinase is an 
enzyme that generates phospholipids that function as second messengers with a 
wide variety of biological effects such as Protein kinase B activation (Rodriguez-
Viciana et al. 1994). Another effector is guanine nucleotide dissociation 
stimulator for Ral (RalGDS) (Spaargaren and Bischoff 1994) and phospholipase 
Cε (PLCε) which regulates mammalian PLC activity and thus takes part in the 
PKC signalling pathway (Kelley et al. 2001).  

Oncogenic Ras and hyperactivity of the Ras-MAPK pathway is a common 
problem in human cancers. Thus, therapies focusing on inhibiting this pathway 
are under development. Monoclonal antibodies against growth factor receptors, 
such as HER2 (trastuzumab) are used in cancer treatment (Slamon et al. 2001). 
Farnesyl transferase inhibitors (such as lonafarnib) are an interesting approach to 
inhibit Ras activity. The drugs were designed to inhibit the attachment of the 
prenyl moiety to C-terminal cysteine residue of Ras and thus inactivate it (Sebti 
and Hamilton 2000; Morgillo and Lee 2006). Phase I and II trials demonstrated 
good antitumor effets and tolerability, but phase III trials showed no improvement 
in overall survival (Morgillo and Lee 2006). The exact mechanism of action is not 
known and evidence suggests that the cytotoxic effects are not due to Ras 
inhibition alone. Similarly, due to the function of neurofibromin in inhibiting the 
Ras-MAPK-signalling pathway it has been suggested that farnesyl transferase 
inhibitors could be a potential therapy for type 1 neurofibromatosis. Mouse 
models have shown that farnesyl transferase inhibitors reverse clone forming and 
hyperproliferation seen in NF1-null Schwann cells (Kim et al. 1997). In addition, 
farnesyl transferase inhibitors can eliminate the learning difficulties seen in NF1 
heterozygous mice (Costa et al. 2002) and have been tested in NF1 patients 
(Weiss et al. 1999). 
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Fig. 3. Ras activation and inactivation. 

2.3.4 NF1 protein and cancer 

NF1 gene mutations and neurofibromin expression alterations have been found in 
malignant tissues unrelated to type 1 neurofibromatosis, which further supports its 
status as a tumor suppressor. Specifically, NF1 gene mutations have been found in 
colon adenocarcinoma, myelodysplastic syndrome, anaplastic astrocytoma, 
neuroblastoma, juvenile myelomonocytic leukaemia, small cell lung carcinoma, 
urinary bladder carcinoma, uveal melanoma and in cell lines cultured from 
malignant melanoma (Li et al. 1992; Andersen et al. 1993; The et al. 1993; Side 
et al. 1998; Blanes et al. 2002; Foster et al. 2003; Furukawa et al. 2003). 
Futhermore, the amount of neurofibromin has been reported to be altered in 
certain proliferative diseases, such as basal cell carcinoma, pheochromocytoma, 
meningioma and psoriasis (Gutmann et al. 1995; Hermonen et al. 1995; Peltonen 
et al. 1995; Sundaram et al. 1997; Karvonen et al. 2003). In these cases, NF1 
mutations were not studied. Additionally, changes in the NF1 mRNA isoform 
expression ratio have been reported in ovarian tumors, small cell lung carcinoma 
and colon carcinomas (Koh et al. 1995; Iyengar et al. 1999; Cacev et al. 2005).  

The overall risk of cancer in a prospective study of 448 NF1 patients was 2.7 
times higher than in the general population. The most frequent types of cancer 
were connective tissue tumors and brain tumours. However, no evidence of 
statistically significant excess of cancers at other sites could be found in this study 
(Walker et al. 2006). 

NF1 gene mutations and neurofibromin deficiency has been shown to be 
associated with increased levels of Ras-GTP (The et al. 1993; Kim et al. 1995). 
Conversely, other studies have shown that Ras-GTP regulation is not affected by 
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reduced levels of neurofibromin resulting from NF1 gene knockout (Johnson et al. 
1993; Griesser et al. 1995; Sherman et al. 2000). However, it has been 
demonstrated that neurofibromin overexpression results in suppression of cell 
growth and decreased tumorigenicity without alterations in Ras-GTP levels. This 
suggests that neurofibromin may have functions that are independent of its well 
described GAP activity and the functions may be different in different types of 
cells (Johnson et al. 1994; Li and White 1996). It is noteworthy that the GAP 
related domain of neurofibromin is only a small part of the total protein. Thus, it 
must be considered that neurofibromin may have other functions in addition to its 
function as a Ras GAP. One of these other functions may include calcium 
mediated signalling, since defective intercellular calcium signalling has been 
demonstrated in keratinocytes cultured from neurofibromatosis patients 
(Korkiamaki et al. 2002). Furthermore, neurofibromin has been shown to interact 
with intermediate filaments and has been suggested to control the organization of 
cytoskeleton during the formation of cellular contacts (Koivunen et al. 2000).  

2.4 Protein kinase C (PKC) 

Protein kinase C was found by Nishizuka and co-workers in 1977 (Inoue et al. 
1977). Nishizuka’s group named this serine/threonine kinase Ca2+-activated, 
phospholipid dependent protein kinase (shortly, Protein kinase C), since the 
kinase activity was found to be increased in the presence of calcium and 
phospholipids (Kishimoto et al. 1980). To date, the human Protein kinase C (PKC) 
family is known to consist of at least 11 serine-threonine kinases classified into 
three major groups based on their domain structure and biochemical properties: 
classical (α, βI, βII, γ), novel (δ, ε, η, and θ) and atypical (ζ and ι). PKCμ differs 
structurally from all three groups and is also named PKD1. Different PKCs play a 
role in multiple cellular processes, which are important in cancer cell behaviour. 
Originally, PKC was associated with cancer development when PKC was 
identified as a primary target for tumor promoting phorbol esters (Castagna et al. 
1982; Nishizuka 1984). 

2.4.1 PKC regulation 

Activation of classical PKCs (cPKC) is dependent on calcium-ion, diacylglycerol 
and phosphatidylserine. Novel isoenzymes (nPKC) are activated by 
diacylglycerol and acidic phospholipids. Activation of atypical isoenzymes 
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(aPKC) takes place independently of calcium and diacylglycerol, but they can be 
activated by acidic phospholipids, ceramides and protein-protein interactions, 
such as interaction with other PKCs (Nishizuka 1992; Nishizuka 1995; Zugaza et 
al. 1996; Paolucci and Rozengurt 1999; Corbalan-Garcia and Gomez-Fernandez 
2006). 

All PKCs are composed of a C-terminal catalytic domain containing 
serine/threonine kinase and an N-terminal regulatory domain containing different 
conserved domains depending on the isoenzyme (Fig. 4). The C1 domain binds to 
diacylglycerol and phorbol esters (Fig. 4 and Fig. 5A). The C2 domain, which 
binds to calcium and acidic lipids, is found in cPKC and nPKC, but in different 
orientations (Fig. 5A and Fig. 4). The PB1 domain of aPKC binds to PB1 
domains of other proteins (Fig. 4). All isoenzymes contain a pseudosubstrate (PS) 
domain upstream of C1 which, when PKC is inactive, is bound to the catalytic 
domain. Upon activation, the PS domain dissociates (Fig. 4 and Fig. 
5A)(Corbalan-Garcia and Gomez-Fernandez 2006).  
 

Fig. 4. Domain composition of cPKC (classical PKCs; α, βI, βII, γ), nPKC (novel PKCs; δ, 
ε, η, and θ) and aPKC (atypical PKCs; ζ and ι).  

Growth factor induced phospholipase C (PLC) activation plays a central role 
in the activation of cPKC and nPKC. On ligand binding, growth factor receptor 
activates and induces PLC translocation from cytosol to the membrane (Fig. 5A.). 
Activated PLC then generates diacylglycerol (DAG) and inositol trisphosphate 
(IP3) from plasma membrane phospholipids. Subsequently, diacylglycerol 
activates both the cPKC and nPKC, and IP3 releases calcium-ions from 
intracellular stores potentiating the activation of cPKC (Nishizuka 1992). 
Subsequent PKC activation depends on a complex series of phosphorylations, 
which result in a catalytically competent PKC (Fig. 5B). After ligand binding on 
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the membrane, PKC acts as a target for different kinases. These kinases 
phosphorylate PKC at activation loop sites and hydrophobic sites. After PKC 
autophosphorylation, kinase is stable and phosphatase resistant. However, PKC 
activity can not be determined by these phosphorylations only. If ligand 
dissociation happens, PKC can diffuse away from the membrane, and inactivate 
but still remain phosphorylated (Fig. 5B). In this case, it can be reactivated by 
diacylglycerol binding alone (Parekh et al. 2000)  
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Fig. 5. Classical PKC activation. A. Upon ligand binding to its receptor (GPCR, G-
proteing coupled receptor; RTK, receptor tyrosine kinase), phospholipase C (PLC) 
generates diacylglycerol (DAG) and inositol trisphosphate (IP3) from cell membrane 
phospholipids (PIP2). Inositol trisphosphate releases calcium (Ca) from endoplasmic 
reticulum (ER). Diacylglycerol and calcium translocate classical PKC (cPKC) to cell 
membrane. B. As a result of ligand binding pseudosubstrate sequence (PS) 
dissociates and the isoenzyme becomes active after a series of phosphorylations. 
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2.4.2 PKC expression and functions in cancer 

PKC isoenzymes are normally ubiquitously expressed in a wide range of tissues. 
PKCα, PKCβ and PKCδ are the most abundant isoenzymes (Wetsel et al. 1992). 
Interestingly, different PKC isoenzymes have been shown to display altered 
expression in cancer and the role of PKC in the loss of cancer cell growth control 
is well established (Koivunen et al. 2006).  

The most common isoenzymes that display alterations in expression in cancer 
progression are α, β and δ, but altered expression of other isoenzymes may also 
take place. Different isoenzymes function in a different way and have variable 
effects on cell growth which may also vary depending on the cell type. In general, 
constant activation of PKC has been shown to induce cellular proliferation, 
differentiation, apoptotic cell death, migration, adhesion, tumorigenesis, and 
epithelial barrier function, which are important functions with respect to cancer 
cell behaviour.  

PKCα 

Immunohistochemical studies on human tumors have shown PKCα 
overexpression in urinary bladder, prostate and endometrial cancers, while low 
grade tumors and normal epithelia of the respective organs show significantly 
lower expression (Martinez-Gimeno et al. 1995; Koren et al. 2000; Fournier et al. 
2001; Langzam et al. 2001; Koren et al. 2004; Varga et al. 2004). Conversely, 
breast, colon, hepatocellular, and basal cell cancers display downregulation of 
PKCα expression (Tsai et al. 2000; Gokmen-Polar et al. 2001; Neill et al. 2003; 
Ainsworth et al. 2004; Kerfoot et al. 2004).  

PKCα has been associated with decreased (Besson and Yong 2000; Mandil et 
al. 2001; Jiang et al. 2004) and increased cellular proliferation (Scaglione-Sewell 
et al. 1998; Detjen et al. 2000), and with induction (Leirdal and Sioud 1999) or 
inhibition of apoptotic cell death of cancer cells (Mandil et al. 2001; Jiang et al. 
2004). However, most of the studies consider PKCα as an inducer of proliferation 
and a suppressor of apoptosis. 

PKCβ 

PKCβ expression levels have been shown to be elevated in colon and prostate 
cancers (Gokmen-Polar et al. 2001; Koren et al. 2004), and low in high grade 
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urinary bladder cancers (Koren et al. 2000). In addition, PKCβ has been 
associated with an increased proliferation rate of cancer cells (Sauma et al. 1996; 
Murray et al. 1999; Jiang et al. 2004). 

PKCδ 

As cPKC expression, PKCδ can be either upregulated or downregulated when 
compared to normal cells. Hepatocellular cancer has been shown to have 
increased PKCδ expression (Tsai et al. 2000). Conversely, PKCδ is 
downregulated in some cancer types such as in urinary bladder cancer (Koren et 
al. 2000; Langzam et al. 2001; Varga et al. 2004).  

PKCδ has been linked to control of apoptosis (Fujii et al. 2000). Specifically, 
caspase activation mediates cleavage of PKCδ which results in the release of the 
active catalytic domain (Ghayur et al. 1996). In addition, PKCδ activity controls 
caspase activation by an non-identified mechanism (Basu and Akkaraju 1999). 
PKCδ activity is known to result in many pro-apoptotic signals such as elevated 
expression and stability of p53 type tumor suppressors (Johnson et al. 2002; Ren 
et al. 2002; Abbas et al. 2004), mitochondrial cytochrome C release (Majumder et 
al. 2000; Basu et al. 2001), and c-Abl activation (Sun et al. 2000). In 
malignancies, downregulation of PKCδ activity has been demonstrated to lead to 
inhibition of apoptosis and resistance to DNA damaging agents (Basu et al. 2001; 
Blass et al. 2002; Jiang et al. 2004).  

Other PKCs 

The main focus of expression studies has been on cPKC and PKCδ, whereas the 
expression of other PKC isoenzymes in cancers is largely unknown. Some studies 
exist, however. The expression of PKCλ, ι and ε is low in pancreatic cancers 
(Evans et al. 2003), PKCη has been shown to be increased in renal cancers 
(Brenner et al. 2003), and PKCλ is increased in ovarian cancer (Weichert et al. 
2003). 

Cancer related targets of PKC 

Telomerase activity associates with the immortal and malignant phenotype of a 
cell. PKCα has been shown to activate telomerase in breast cancer cells (Li et al. 
1998), and PKCζ phosphorylates telomerase proteins either directly or indirectly. 
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PKCα, βI and δ isoenzymes also seem to activate telomerase in vitro in 
nasopharyngeal cancer cells (Yu et al. 2001) and PKC inhibitors reduce 
telomerase activity in nasopharyngeal and cervical cancers (Ku et al. 1997; Kim 
et al. 2001). PKC isoenzymes α, β, δ, ε, and ζ control telomerase activity in head 
and neck cancer cells. The phosphorylated target of PKCs is telomerase reverse 
transcriptase, hTERT, one of telomerase sub-units (Chang et al. 2006). 

Other cancer related associations for PKC include multi-drug resistance, 
since PKCα activity has been shown to phosphorylate and PKCα and θ to 
increase expression of P-glycoprotein (Blobe et al. 1993; Gill et al. 2001). 
Additionally, simultaneous loss of P-glycoprotein and PKCα expression 
associates with reversion of MDR, while inhibition of PKCα to cells attenuates 
resistance to cytotoxic agent doxorubicin (Ahmad and Glazer 1993; Budworth et 
al. 1997). 

PKCs may also regulate tumor vascularisation, since PKCβ has been shown 
to act as an important mediator of vascular endothelial growth factor signaling 
and its inhibition leads to decreased endothelial cell proliferation and reduction of 
neovascularization of a malignant tumor (Xia et al. 1996; Yoshiji et al. 1999). 
Furthermore, PKCα- and ζ isoenzymes regulate VEGF expression through post-
transcriptional mechanisms (Shih et al. 1999). 

The effect of different PKCs on cell-cell and cell-matrix junctions, as well as 
to cellular migration, is also discussed in the section “Cytoskeleton and cell 
junctions”. Briefly, previous studies have demonstrated that increased PKCα 
activity is associated with increased motility and invasion of cancer cells (Engers 
et al. 2000; Masur et al. 2001; Parsons et al. 2002; Podar et al. 2002). PKCα 
mediated migration has earlier been associated to inhibition of β4-integin 
mediated hemidesmosomes (Rabinovitz et al. 1999; Rabinovitz et al. 2004), and 
changes in β1-integrin mediated cell-matrix junctions (Ng et al. 1999; Parsons et 
al. 2002; Podar et al. 2002). PKCε and ζ isoenzymes have also been associated 
with cellular motility (Engers et al. 2000; Sanz-Navares et al. 2001; Ivaska et al. 
2002; Ivaska et al. 2005).  

 A large number of possibly cancer related direct or indirect targets of PKC 
have been reported. Some of the most important include, in addition to the targets 
mentioned above, the following: PKCα, βI and γ have been shown to 
phosphorylate and inactivate Glycogen synthase kinase-3 beta (GSK-3β) which 
leads to increased c-Jun DNA binding activity. C-Jun is a controller of cell growth 
and apoptosis (Goode et al. 1992). GSK-3β has also been shown to have an 
important function in controlling integrin trafficking and cell migration (Roberts 
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et al. 2004). PKC can directly activate the Raf-1/MEK/MAPK pathway by Raf-1 
phosphorylation. The Raf-1/MEK/MAPK pathway affects a wide variety of 
targets related to cell growth (Carroll and May 1994). Transcription factor 
Nuclear factor kappa beta (Nf-κB), which is a key regulator of many apoptosis 
related genes, is activated by PKC (Shirakawa and Mizel 1989). PKC also 
regulates intercellular communication through gap junctions and PKC has been 
shown to phosphorylate a gap junction structural protein, connexin 43 (Budunova 
et al. 1994; Lampe et al. 2000). Recently, it was demonstrated that PKCα directly 
phosphorylates Ras GTPase activating protein neurofibromin and increases its 
association to actin cytoskeleton (Mangoura et al. 2006). 

Considerations on PKC expression and activity studies 

Based on the variability of expression of different PKC isoenzymes in different 
cancers, it can be stated that no general conclusions can be drawn from the 
expression patterns with respect to carcinogenesis. Furthermore, association with 
PKC isoenzyme expression and patient survival in cancer has not been proven 
even though some studies have suggested such an association. Expression of 
PKCι has been suggested to be a negative prognostic factor in ovarian carcinoma 
(Weichert et al. 2003) and PKCγ as a positive prognostic factor in B-cell 
lymphoma (Kamimura et al. 2004).  

The levels of PKC proteins do not directly correlate with overall enzyme 
activity, making it difficult to assess the significance of expressional changes of 
the isoenzymes. In fact, there are no practical methods to measure true PKC 
activity in vivo. Attempts have been made using antibodies that detect different 
phosphorylated forms of PKC (Fig. 5B) or membrane localization of PKC (Fig. 
5A). Either of these methods can not reflect true kinase activity, due to complex 
activation of PKC. Attempts have also been made to measure PKC activation in 
vivo by using spatially resolved fluorescence resonance energy transfer (FRET) 
using antibodises against the PKC and PKCs autophosphorylation site using 
fluorescence lifetime imaging microscopy (FLIM) (Ng et al. 1999). This method 
detects phosphorylation when autophosphorylation has occurred and thus has 
been in contact with its ligands at the cell membrane. However, this does not 
exclude the possibility that the kinase is actually latent (Fig. 5B).  



 

 41 

2.4.3 PKC as a target in carcinogenesis 

The evolution of a malignant tumour is a process involving multiple steps. These 
include mutations in several genes as well as other molecular changes in cellular 
proteins. Two stage carcinogenesis models have increased knowledge of cancer 
development. In these models, initiating agents first mutate proto-oncogenes and 
thus initiate the malignant transformation. Second, a long-lasting exposure to 
tumour promoters induces the clonal outgrowth of the mutagen initiated cell 
population and increase genetic instability. The primary target of the tumour 
promoters, such as phorbol 12-myristate acetate (PMA, TPA), polyacetate 
aplysiatoxin and indole alkaloid teleocidin, seems to be PKC (Fujiki et al. 1983; 
Weinstein 1985). One mechanism of expressional changes of PKC seen in human 
cancers may result from activation of the isoenzymes. Tumour promoters, such as 
PMA, bind to the diacylglycerol binding site of PKC and induce chronic 
activation of PKC (Blumberg et al. 1984; Sharkey et al. 1984; Lu et al. 1998). 
Interestingly, long-lasting activation of PKC leads to degradation of the the 
enzyme by the ubiquitin-proteasome pathway (Lu et al. 1997; Lu et al. 1998). 
Apparently, changes in expression and activity of PKC do not result from genetic 
chances, since mutations in PKC genes are very rare in human cancers. Evidence 
has been provided, however, for loss-of-function mutation of PKCα gene in 
thyroid and pituitary cancers (Zhu et al. 2005). In addition, a deletion has been 
reported in PKCα gene in melanoma (Linnenbach et al. 1988). The significance 
of this mutation is unknown, but several melanoma cell lines show decreased 
PKCα expression (Oka and Kikkawa 2005).  

The role of PKCs in cancer apparently results from their action as targets of 
different tumour promoting agents or from their action as downstream effectors of 
growth factor receptors. PMA (or TPA) is the strongest known inductor of PKC 
activation. Exposure to PMA or closely related agents is not a frequent problem in 
humans. There are, however, other tumor promoters in the environment which act 
through PKC, including aplysioatoxin and teleocidin. Furthermore, tobacco 
smoke contains a number of substances considered as tumor promoters, such as 
catechols and hydroquine, which activate PKCs (Hecht et al. 1981; Gopalakrishna 
et al. 1994). High consumption of dietary lipids is carcinogenic. Carcinogenicity 
of dietary lipids may, at least in part, be due to direct or indirect PKC activation 
(Birt et al. 1996). These lipids increase the production of bile acids which can 
activate PKCs directly, induce diacylglycerol production of intestinal bacteria, 
and stimulate phospholipid breakdown to diacylglycerol and IP3 in plasma 
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membranes. In animal models, dietary lipids have not only been shown to 
promote PKC activation in the intestine but also in the epidermis and mammary 
gland (Kris et al. 1994; Pickering et al. 1995; Birt et al. 1996; Hilakivi-Clarke et 
al. 1998).  

PKC expression and activity can be modulated by different genetic and 
epigenetic factors. Chemical carcinogens such as nitrosamines of tobacco smoke 
can modulate PKC isoenzyme expression. Specifically, nitrosamines have been 
demonsrated to increase expression and induce activation of PKCα and β. In 
contrast, PKCδ is downregulated by nitrosamines (La Porta et al. 1993; La Porta 
and Comolli 1994; La Porta et al. 1997). Furthermore, significant cancer related 
proteins have been shown to modulate PKC isoenzyme expression. Introduction 
of oncogenic Ras to keratinocytes has been shown to increase PKCα and decrease 
PKCδ activation, and inhibition of PKCα expression in Ras transformed cells 
leads to a more differentiated phenotype (Denning et al. 1993; Dlugosz and Yuspa 
1993; Dlugosz et al. 1994; Lee et al. 1997). In addition, oncogenic Ras has been 
shown to induce PKCα overexpression in colon cancer cells (Delage et al. 1993). 
C-myc oncogene results in increased PKCβ expression and PKCβ is thought to 
partially mediate a c-myc induced malignant phenotype, for example by 
protecting the cells from apoptosis (Barr et al. 1991; Barr et al. 1997). 
Furthermore, p53 mediated signalling is also linked to regulation of PKCα 
expression since wild-type p53 suppresses PKCα expression through 
transcriptional block (Zhan et al. 2005). Based on these reported findings, one 
could speculate that alterations in Ras, c-myc and p53 which frequently occur in 
human cancers could at least partially explain the increased PKCα/β activity or 
expression of some cancer types.  

2.4.4 Cancer therapy involving PKC 

Since many tumour promoters are PKC activators, and PKCs play an important 
role in diverse cancer related cellular functions, PKCs are potential therapeutic 
targets. Many approaches aiming at PKC modulation have been developed in 
recent years. PKC inhibitors can be divided into isoenzyme selective and broad 
spectrum inhibitors. However, PKC agonists, such as Bryostatin-1, may be also 
used to inactivate PKC, since chronic activation of PKC leads to its down-
regulation (Kortmansky and Schwartz 2003). 

Many PKC inhibitors have been tested in vitro and using animal models, with 
promising results. The most tested PKC inhibitors are Bryostatin-1, PKC412 
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(broad spectrum inhibitor N-benzoyl staurosporine, also named CGP41251 or 
Midostaurin), UCN-01 (cPKC pointed broad spectrum inhibitor, 7-hydroxy-
staurosporine), Aprinocarsen (PKCα antisense oligodeoxynucleotide, also named 
ISIS3521, LY900003, CGP 64128A or Affinitak), Enzastaurin (PKCβ inhibitor, 
also named LY317615), Safingol (PKCα inhibitor) and Go6976 (PKCα/βI 
inhibitor). When used as single agents, PKC412 and Aprinocarsen have shown 
impressive anti-invasive properties (Dennis et al. 1998; Nakamura et al. 2003). 
Furthermore, as single agents, reduced growth of cancer cells has been 
demonstrated with UCN-01, PKC412, Aprinocarsen, Go6976 and Enzastaurin 
(Seynaeve et al. 1993; Dean et al. 1996; Mack et al. 1999; Biswas et al. 2000; 
Fabbro et al. 2000; Biswas et al. 2001; Biswas et al. 2003; Graff et al. 2005; 
Rizvi et al. 2006). The anti-proliferative mechanism of these agents has been 
suggested to involve cell cycle arrest and increased apoptosis (Seynaeve et al. 
1993; Shao et al. 1997; Mack et al. 1999; Biswas et al. 2000; Biswas et al. 2001; 
Biswas et al. 2003; Bhonde et al. 2005; Graff et al. 2005; Rizvi et al. 2006). Also 
Bryostatin-1 inhibits proliferation, induces differentiation and apoptosis 
(Kortmansky and Schwartz 2003). Enzastaurin has also been shown to reduce 
plasma VEGF levels and to inhibit angiogenesis in a tumor model (Keyes et al. 
2004). 

Combining different PKC inhibitors with classical chemotherapeutic drugs or 
with radiotherapy has resulted in additive growth inhibiting effects. It has been 
speculated that these additive effects could result from inhibition of multi-drug 
resistance or modulation of apoptosis.  

Another interesting method to increase cancer cell death is cell cycle 
checkpoint abrogation (Bunch and Eastman 1996; Geiger et al. 1998; Fabbro et al. 
2000; Rocha et al. 2000; Playle et al. 2002; Kohn et al. 2003; Eastman 2004). 
Upon DNA damage induced by chemotherapy or by ionizing radiation, the cell 
activates its cell cycle checkpoints, resulting in cell cycle arrest. It has been 
demonstrated that PKC inhibitors may inhibit, either directly or through PKC, 
kinases that especially control the G2 checkpoint of the cell cycle. Therefore, 
cancer cells that are arrested to G2 by chemotherapy can be forced from G2 to 
mitosis by using selected PKC inhibitors. This treatment kills the cancer cells 
very effectively by mitotic catastrophe or apoptosis.  

Bryostatin, Aprinocarsen, UCN-01, PKC412, Enzastaurin and Safingol have 
been tested in clinical trials as single agents and in combination with different 
chemotherapeutic drugs. To date, Go6976 has not been studied in clinical studies. 
The clinical responses in these trials have varied considerably. As an example, 
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Aprinocarsen displayed some promising effects, but unfortunately phase III 
studies showed that the agent did not improve response or add survival when used 
in combination with chemotherapy in advanced non-small cell lung cancers. 
Additionally, it caused severe thrombocytopenia (Paz-Ares et al. 2006; Ritch et al. 
2006). The clinical responses for UCN-01 and PKC412 have also been poor. 
UCN-01 has shown an abnormally prolonged half-life and low clearance, which 
is due to high binding to plasma proteins. However, at the moment, several 
human studies are still ongoing with these substances and the results are eagerly 
awaited (www.gancer.gov/clinicaltrials). 

2.4.5 Go6976 

Go6976 (12-(2-Cyanoethyl)-6,7,12,13-tetrahydro-13-methyl-5-oxo-5H-
indolo(2,3-a)pyrrolo(3,4-c)-carbazole) is a cell permeable selective inhibitor of 
PKC α- and βI -isoenzymes. The correct name for this inhibitor is Gö6976, but in 
literature it is more commonly termed Go6976, which is used also here. The 
molecular weight is 378.4 g/mol, and molecular formula C24H18N4O (Figure 6). It 
competes of binding to ATP-binding site of the enzymes, thereby blocking the 
kinase function of the enzyme.  

 

Fig. 6. Cancer related targets of PKCα and βI which may be inhibited by Go6976. 
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Based on in vitro kinase assays, Go6976 inhibits PKCα with IC50 ~2.3nM, 
PKCβI with IC50 ~6.2nM. IC50 for PKCμ is ~20nM. It does not inhibit other 
PKCs even at micromolar concentrations in in vitro kinase assays (Martiny-Baron 
et al. 1993; Gschwendt et al. 1996). However, IC50 from in vitro kinase assays do 
not correlate directly to cell culture experiments in which the IC50 is roughly 
~50-100-fold (Kohn et al. 2003). Furthermore, Go6976 apparently inhibits Chk1 
in cell culture. The maximal inhibition of Chk1 seems to happen with a 30nM 
concentration of Go6976 (Kohn et al. 2003). Based on this, IC50 for Chk1 is 
most likely smaller than 30nM in cell culture. Very recently, Go6976 has been 
shown to inhibit JAK 2 and FLT3 tyrosine kinases (Grandage et al. 2006).  

2.5 Cytoskeleton and cell junctions 

The cytoskeleton consists of three major types of filaments: actin filaments, 
intermediate filaments and microtubules. The cytoskeleton is a structural element 
of a cell, but it also takes part in various cellular processes, such as cell division, 
intracellular signalling, transport and secretion. Cell-cell junctions anchor 
epithelial cells to each other and ensure the appropriate integrity and strength of 
epithelial sheets. Cell-matrix juctions provide adhesion to the extracellular matrix. 
Cell-cell and cell-matrix junctions are dynamic structures which take part in 
multiple cellular functions, such as cell migration and signal transduction. 

2.5.1 Cytoskeleton 

Actin is the major cytoskeletal protein. Actin polymerizes and forms several 
micrometer long actin filaments (also termed microfilaments). The actin filaments 
provide structural support, have a special role in regulating the cell shape and thus 
allow cells to migrate; they also take up particles and divide (Cooper and 
Hausman 2007).  

The other cytoskeletal filament type is intermediate filaments. In contrast to 
actin filaments, the intermediate filaments are composed of a variety of proteins, 
depending on the cell type. There are more than 65 different intermediate filament 
proteins, which can be divided into 5-6 groups. Keratins (acidic and neutral or 
basic), vimentin-like proteins (vimentin, desmin and glial fibrillary acidic protein 
and peripherin), nuclear lamins, neurofilament proteins and nestin. The function 
of intermediate filaments is not only to provide the mechanical strength of cells 
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(Cooper and Hausman 2007) but also to organize proteins that are involved in cell 
attachment, migration and cell signalling (Ivaska et al. 2007). 

Microtubules are hollow and rigid rods, formed by tubulin subunits. 
Microtubules are dynamic structures which are involved in the determining of cell 
shape, cell movement, intracellular transport of organelles and endocytic vesicles, 
and separation of chromosomes during mitosis (Musch 2004; Cooper and 
Hausman 2007). 

2.5.2 Cell junctions 

Epithelial cells are rich in cell-cell junctions which have a critical role in cell 
behavior and tissue morphogenesis. There are various types of cell-cell adhesion 
junctions, which anchor cells to each other. These junctions include desmosomes, 
adherens junctions, tight junctions and gap junctions. The most important 
anchoring structures between epithelial cells are adherens junctions and 
desmosomes. Cell-matrix junctions anchor cells to the extracellular matrix. Two 
major cell-matrix junction types in epithelial cells are focal adhesions and 
hemidesmosomes. The structures of cell junctions are connected to intermediate 
filaments (desmosomes and hemidesmosomes) or to actin filaments (adherens 
junctions, tight junctions and focal adhesions).  

Evidence suggests that changes in cellular junctions play an important role in 
the development and progression of the malignant phenotype. The loss of cell-cell 
junctions is a crucial event in cancer progression and is commonly associated 
with increased aggressiveness of a tumor (Mareel and Leroy 2003). 

Cell-cell junctions 

Adherens junctions are calcium dependent cell adhesions (Nose et al. 1988), 
composed of transmembrane cadherin proteins which are linked by their 
cytoplasmic parts to an armadillo protein family member, β-catenin. In adherens 
junctions, β-catenin attaches to α-catenin which can be attached directly to actin 
filament or through actin binding proteins, such as vinculin, alpha-actinin, and 
perhaps ZO-1 (Gumbiner and McCrea 1993; Yap et al. 1997; Erez et al. 2005). A 
protein called p120 also binds to the cytoplasmic tails of cadherins, regulating the 
stability of the junction. Three main types of cadherin proteins are found in 
adherens junctions: epithelial (E), placental (P) and neuronal (N) cadherins 
(Cooper and Hausman 2007). Normal urinary bladder epithelium expresses E- 
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and P-cadherins, but not N-cadherin (Rieger-Christ et al. 2001). However, 
numerous TCC cell lines and TCC tumors have been shown to coexpress N-, P-, 
and E-cadherins (Rieger-Christ et al. 2001; Lascombe et al. 2006). The 
extracellular parts of cadherins make homophilic interactions with cadherins of 
adjacent cells to form an adhesion between cells.  

Adherens junctions have wider significance than just cell adhesion. 
Formation of adherens junctions can induce signalling events, affecting cell 
growth, survival, morphogenesis and locomotion (Erez et al. 2005). One type of 
signalling from adherens junctions is direct activation of RTKs. For example, 
formation of E-cadherin based adherens junctions have been shown to activate 
epidermal growth factor receptor (EGFR) ligand-independently and to induce 
rac1 and MAPK activation (Pece and Gutkind 2000; Betson et al. 2002).  

A large number of studies have revealed that the function of E-cadherin is 
inactivated in several cancers (Semb and Christofori 1998). Adherens junction 
proteins are recognized as tumor suppressors since loss of E-cadherin has been 
shown to associate with more aggressive tumors, invasion rate and poor prognosis 
(Oka et al. 1993; Berx et al. 1995). Furthermore, expression of a dominant-
negative form of E-cadherin induces early invasion and metastasis in a mouse 
model (Perl et al. 1998). Loss of E-cadherin function may take place by several 
mechanisms. Germline mutations in the E-cadherin gene have been shown to 
cause a hereditary diffuse type gastric cancer syndrome and E-cadherin mutations 
also predispose to other cancers (Berx et al. 1995; Berx et al. 1995; Berx et al. 
1998). Abnormal expression of E-cadherin and β-catenin is associated with high 
grade and high stage TCC. Furthermore, abnormal β-catenin and E-cadherin 
expression may correlate with poor patient survival (Nakopoulou et al. 2000). 
Changes in expression or mutations of other adherens junction proteins, such as 
β-catenin and α-catenin have been shown to decrease E-cadherin mediated 
adhesion. Inactivation by hypermethylation of E-cadherin also seems to be the 
major mechanism of inactivation (Semb and Christofori 1998).  

Desmosomes (also named macula adherens) are intercellular junctions which 
are formed by transmembrane desmosomal cadherins (desmocollins 1-3 and 
desmogleins 1-3). In desmosomes, desmoplakin links the cytoplasmic tail of 
desmosomal cadherins to intermediate filaments (Garrod et al. 1996; Garrod et al. 
2002). Additionally, armadillo family proteins plakoglobin and plakophilin attach 
to cytoplasmic desmosomal cadherins and desmoplakin. Intermediate filaments 
and multiple interactions between desmosomal structures result in a strong 
junction. 
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Like adherens junctions, desmosomal cadherins form junctions in a calcium-
dependent manner (Garrod 1993; Garrod et al. 1996; Garrod et al. 2002). 
Additionally, there is evidence of phosphorylation of desmoplakin by PKC and 
that PKC mediates desmosome disassembly (Amar et al. 1999). Furthermore, the 
calcium independence of desmosomes has been linked to PKCα (Wallis et al. 
2000). In addition to their function as strong adhesions, desmosomes have been 
shown to be involved in cell positioning and morphogenesis, and possibly have an 
indirect or direct role in cellular differentiation as shown in mice models 
(Runswick et al. 2001; Garrod et al. 2002). Furthermore, like classical cadherins 
desmosomal cadherins have also been linked to cancer development. 
Downregulation of desmosomal proteins has been linked to aggressive cancers 
(Natsugoe et al. 1997; Davies et al. 1999). Furthermore, transfection of cancer 
cell lines with desmosomal components downregulates invasion (Tselepis et al. 
1998).  

Fig. 7. Schematic presentation of adherens junctions and desmosomes.  

Tight junctions form a selective barrier between epithelial cells that regulate 
paracellular transport across epithelia. Transmembrane proteins in tight junctions 
are occludin, claudins and junctional adhesion molecules. Occludin and claudin 
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associate with cytoplasmic plaque proteins ZO-1, ZO-2 and ZO-3 which link to 
the actin cytoskeleton (Mitic et al. 2000). 

Gap junctions form a channel between cells allowing the intercellular passage 
of signal molecules, ions and metabolites. Gap junctions consist of connexins. A 
connexon is formed by six connexins, and connexons of neighboring cells join to 
form a gap junction (Goodenough et al. 1996; Kumar and Gilula 1996). 
Connexins have been shown to be directly phosphorylated by PKCs (Budunova et 
al. 1994; Lampe et al. 2000). Connexins may have significance in urinary bladder 
cancer development, since transfection of urinary bladder cancer cells with 
connexin 26 results in apoptosis, down-regulation of proliferation and reduced 
tumor formation (Tanaka and Grossman 2001).  

Assembly of the cell-cell adhesion 

A rise in extracellular calcium concentration induces rapid organization of actin 
filaments and intermediate filaments and translocalization of adherens junction 
proteins and desmosomal proteins towards cell-cell borders (Green et al. 1987; 
O'Keefe et al. 1987). Calcium induced cell adhesion starts with actin 
polymerization driven interdigitation of filopodia of adjacent cells. This forms a 
double-row of adherens junctions, the adhesion zipper, where adherens junctions 
are clustered into filopodia tips. Subsequently, the adhesion is stabilised by 
formation of desmosomes between the lateral surfaces of the filopodia 
(Vasioukhin et al. 2000). The concentration switch from 0.1 mM to 100 mM of 
extracellular calcium induces adhesion formation in keratinocytes (O'Keefe et al. 
1987). A similar calcium switch has been documented for urothelial cells, since 
the increasing of extracellular calcium from 0.09 mM to 0.9-4.0 mM has 
previously been demonstrated to slow proliferation, induce stratification, 
desmosome formation and an increase in E-cadherin expression (Southgate et al. 
1994).  

Desmosomes and adherens junctions appear to be interdependent. It has been 
demonstrated that conditional knockout of desmoplakin in epidermis inhibits 
desmosome formation and disrupts adhesion, including adherens junction 
mediated adhesion (Vasioukhin et al. 2001). Furthermore, adherens junctions are 
needed for desmosome arrangement (Wheelock and Jensen 1992; Lewis et al. 
1994).  
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Cell-matrix junctions 

Cell to matrix adhesion of epithelial cells is mediated mainly by integrin-
receptors. The integrins are a family of transmembrane heterodimeric proteins 
which are composed of different combinations of α- and β-chain subunits. More 
than 24 different integrins are known which are formed by different combinations 
of 18 α-subunits and 8 β-subunits. They act as receptors for a wide variety of 
matrix proteins, including collagen, fibronectin and laminin. Focal adhesions and 
hemidesmosomes are the two major cell-matrix adhesions found in epithelial cells 
(Cooper and Hausman 2007).  

In focal adhesions (also named focal contacts), cytoplasmic tails of integrin 
β-subunit bind to to the actin filaments through different actin binding proteins, 
such as talin, vinculin and α-actinin. Focal adhesions are especially characterized 
with β1-chain localization (Petit and Thiery 2000; Geiger et al. 2001; Cooper and 
Hausman 2007). Focal adhesions can be divided into three groups based on their 
size and maturity: focal complexes (round, 1-2 μm in diameter), mature focal 
adhesions (elongated, 2-8 μm in length) and supermature focal adhesions (15-20 
μm in length).  

In addition to their function in cell adhesion and migration, focal adhesions 
are operative in cellular signal transduction. The importance of focal adhesions is 
highlighted by the fact that they are associated with over 50 different proteins and 
pathways (Zamir and Geiger 2001; Wozniak et al. 2004). One of the most 
important is focal adhesion kinase (FAK) which associates to focal adhesions and, 
for instance, phosphorylates small GTPases and their exchange factors (Wozniak 
et al. 2004).  

Focal adhesions have previously been associated with PKC activation, since 
phorbol esters induce focal adhesion formation (Woods and Couchman 1992). 
Furthermore, fibronectin induces a simultaneous cell spreading and rapid PKC α 
and ε isoenzyme translocation to the focal adhesions in smooth muscle cells 
(Haller et al. 1998). Stimulation of PKC induces internalization of beta1 integrin 
by endocytosis (Ng et al. 1999). Furthermore, PKCα expression stimulates 
migration on β1 integrin substrates (Ng et al. 1999). It has been demonstrated that 
the PKCα V3 hinge sequence of the regulatory domain is required for a direct 
association of PKCα with β1 integrin and a blockade of this binding inhibits cell 
chemotaxis (Parsons et al. 2002). Recent evidence has shown that PKCε mediates 
phosphorylation of vimentin and that this is a key process in trafficking β1- 
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integrin through the cell and thus PKCε is in control of cell migration (Ivaska et 
al. 2002; Ivaska et al. 2005).  

In hemidesmosomes a specific integrin, namely α6β4, interacts with 
intermediate filaments through plectin and BP230. Another transmembrane 
protein BP180 is important for hemidesmosome function. As in focal adhesions, 
the cytoplasmic tail of β-subunit (β4) mediates the bondage to the cytoskeleton. 
Hemidesmosomes bind to laminin, thus they connect the basal cells to the 
basement membrane (Garrod 1993; Nievers et al. 1999; Cooper and Hausman 
2007). Hemidesmosomes are very strong adhesions but they also have other 
important functions in cellular processes, such as in cell migration (Mercurio et al. 
2001; Litjens et al. 2006). Hemidesmosomes have the ability to assemble and 
disassemble rapidly, which is needed in migration. The molecular mechanisms of 
hemidesmosome dynamics in migration are widely unknown, but it has been 
shown that PKCα phosphorylates β4-integrin to initiate migration. This leads to 
loss of interaction with plectin and partial hemidesmosome disassembly 
(Rabinovitz et al. 2004). Unlike focal adhesions, current knowledge suggests that 
hemidesmosomes do not play a significant role in cellular signal transduction. 
However, there is evidence that signalling through α6β4 integrin associates with 
pathways that mediate proliferation, apoptosis and differentiation (Nievers et al. 
1999).  

Changes in integrin-receptors have also been found in malignancies. β1-
integrins are thought to contribute to the invasive properties of cancer cells (Arao 
et al. 2000; Berry et al. 2000). A transformed phenotype can be reversed by 
blocking β1-integrin binding activity (Weaver et al. 1997; Wang et al. 2002). 
Furthermore, it has been demonstrated that β1-integrin expression is critical for 
initiation of tumorigenesis in vivo(White et al. 2004).  

β4-integrins often show depolarization from their original localization in 
malignancies and may play a role in cancer progression (Liebert et al. 1994; 
Rossen et al. 1994). There is evidence that β4-integrin forms a complex with and 
functions as an amplifier of erbB2 signalling leading to increased mammary 
tumorigenesis. Loss of β4-integrin suppresses mammary tumor onset and invasive 
growth (Guo et al. 2006). Furthermore. cancer cells frequently display 
simultaneous overexpression of β4-integrin and MET-tyrosine kinase. 
Simultaneous expression and collaboration of β4-integrin and MET has been 
shown to increase tumor growth, maintain tumorigenic phenotype and to worsen 
the cancerous properties of the cancer cells (Bertotti et al. 2005). 
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Fig. 8. Schematic presentation of focal adhesions and hemidesmosomes.  

2.5.3 Cell migration 

Epithelial cell migration begins with the establishment of cell protrusions driven 
by actin polymerization. Filopodia and lamellipodia form into the leading edge of 
the cell. These actions are controlled by a special group of small GTPases such as 
Cdc42, Rac and Rho, among others. In these protrusions, small focal adhesions 
(focal complexes) form, and the migrating cell is attached to the substratum in the 
direction where the cell is moving. Later, more stable mature focal adhesions are 
formed which can attach the cell into the substratum. Furthermore, the migrating 
cell uses these focal adhesions as anchors to pull itself over the substratum. 
Subsequently, as the cell moves forward, the trailing edge dissociates from the 
substratum and focal adhesion disassembly. After focal adhesion dissociation, the 
trailing edge retracts (Vasiliev 2004; Cooper and Hausman 2007). 

When the migrating cell collides with another, cell-cell contacts form 
immediately. The migrating cell continues migration for a while after which the 
adherens junctions form into the contact zone (filopodia or lamellipodia) and 
pseudopodial activity of the migrating cell ceases. This cessation of migration is 
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known as contact paralysis and the mechanism by which the newly formed cell-
cell contacts inhibit the actin polymerization is largely unknown (Vasiliev 2004).  

Wounding induced epithelial cell migration results in hemidesmosome 
disassembly, which may happen in order to reduce their strong adhesion to the 
substratum (Riddelle et al. 1992; Gipson et al. 1993). Conversely, expression of 
α6β4 expression has been shown to promote carcinoma cell invasion through 
phosphoinositide-3 OH kinase (PI3K) and Rac activity (Shaw et al. 1997). 
Additionally, a stable bond between β4 integrin and laminin has been shown to 
slow down migration and inhibition of α6β4 binding to laminin by mAb 
accelerates migration (Geuijen and Sonnenberg 2002). 

2.6 Cell growth control 

2.6.1 Cell cycle checkpoints 

The eukaryotic cell cycle is divided into mitosis and interphase. The timing of 
DNA synthesis divides the cell cycle into four different phases. The M-phase 
corresponds to mitosis. The M-phase is followed by the G1 phase (Gap1), which 
corresponds to the gap between mitosis and onset of DNA replication. During G1, 
the cells are active and grow in size, but do not replicate DNA. The G1 phase is 
followed by the S-phase (synthesis). During the S-phase DNA is replicated. The 
S-phase is followed by the G2 phase (Gap2), in which the cells grow in size, 
synthesize proteins and prepare for a new mitosis. A typical eukaryotic cell cycle 
lasts approximately 24h, M phase ~1h, G1 phase ~11h, S phase ~8h and G2 phase 
~4h. However, the timelines vary considerably (Fig. 9.). Some cells jump out of 
division cycle, from G1 to G0, where the cells are metabolically active, but do not 
proliferate. 

When a cell faces DNA damage as a result of UV-light, ionizing radiation or 
chemical agents, it activates its cell cycle checkpoints. Normal epithelial cells are 
able to activate all checkpoints (G1, S, G2) and cease cell cycle progression to the 
cell cycle phase in which the cell is. When the cell is arrested it may repair the 
DNA damage, or if the damage is too severe, the cell may be killed by apoptosis. 

Transition from the cell cycle phase to another is basically controlled by 
complexes which contain a catalytic CDK subunit and a regulatory cyclin subunit. 
Cancer cells often display non-functional cell cycle checkpoints, which results in 
uncontrolled growth and increased risk for new mutations.  
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Fig. 9. Cell cycle and a typical histogram from cell cycle analysis. 

G1 checkpoint regulation 

The activated G1 checkpoint restricts a cell from entering the S-phase. If a cell 
passes the G1 checkpoint it is committed to cell division. Thus, it is also termed 
the restriction point. Retinoblastoma (Rb) protein is the key player in the G1 to S 
transition. Rb is phosphorylated and thus the G1 to S transition is regulated by 
two types of Cyclin dependent kinase (CDK) complexes; Cyclin D-CDK4/CDK6, 
and Cyclin E-CDK2. Cyclin D-CDK4/CDK6 is repressed by INK 4 CDK 
inhibitor family, and Cyclin E-CDK2 by Cip/Kip CDK inhibitors. When Rb is 
phosphorylated, it inactivates and dissociates from E2F family transcription 
factors. The release of bound E2F transcription factors leads to their activation 
and the transcription of a number of S-phase promoting genes (Chellappan et al. 
1991; Chau and Wang 2003). Tumor suppressor p53 is an important regulator of 
the G1 checkpoint function, since p53 defective cells have been shown to be 
unable to arrest to G1 in response to DNA damage. This is understandable since 
p53 functions as an activator of G1 checkpoint through Cyclin-dependent kinase 
inhibitor p21 (waf1/cip1) and ptprv (ESP) the function of which is still elusive 
(Kastan et al. 1991; Schwartz and Rotter 1998; Eastman 2004; Kawabe 2004; 
Doumont et al. 2005). P21 is known to inhibit CDK2 and CDK4 functions. In 
addition to phosphorylation by Cyclin-CDK complexes, Rb can be regulated by 
ubiquitin based degradation by p53 regulator MDM2 (Wikman and Kettunen 
2006).  
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In many cancers such as small cell lung cancer and bladder cancer, Rb protein 
may show hyperphosphorylation, loss of expression or the gene may be mutated 
(Mitra et al. 2006; Wikman and Kettunen 2006). In addition to Rb, p53 tumor 
suppressor is also altered in many cancers. Mutations of p53 have been associated 
with ~50% of cancers, including bladder cancer (Blanes et al. 2002; Sanchez-
Carbayo et al. 2002). 

S- and G2 checkpoints 

The S-phase checkpoint is activated by DNA damage and subsequent Chk1 
activation. Chk1 phosphorylates Cdc25A which leads to its degradation. 
Degradation of Cdc25A leads to inhibition of CyclinE-CDK2 phosphorylation 
and inhibition of S-phase progression (Mailand et al. 2000). 

Figure 10. summarizes the G2 checkpoint control, including the 
phosphorylations taking place at different levels. The G2 checkpoint is controlled 
by mitosis promoting factor (MPF), composed of activated Cdc2/Cyclin B1 
complex, which promotes transition to the M-phase of the cell cycle. Cdc2 can 
also be termed Cdk1. Activity of Cdc2 is in part adjusted by activating 
dephosphorylation on Tyr15 by active Cdc25C. Phosphorylation and inactivation 
of Cdc25C at Ser216 during interphase depends on active c-TAK1 and in the G2 
checkpoint on activated checkpoint kinase-1 (Chk1) and/or checkpoint kinase-2 
(Chk2). When phosphorylated at Ser216, Cdc25C is inactive in the cytosol in 
complex with 14-3-3 (Peng et al. 1997; Peng et al. 1998). Chk1 and Chk2 are, in 
turn, activated by DNA damage and subsequent Ataxia telangiectasia mutated 
kinase (ATM) and Ataxia telangiectasia RAD3-related kinase (ATR) activation 
(Sancar et al. 2004). In normal mitosis, MPF activity has to be sustained until the 
metaphase, but its degradation is a prerequisite for entry into the anaphase and 
Cyclin B1 must be destroyed before progression of mitosis from this phase (Nigg 
2001; Smits and Medema 2001; Peters 2002).  

As explained above, in contrast to G1 checkpoint activation, DNA damage 
induced G2 checkpoint activation is not p53 dependent. Thus, the cell cycle phase 
in which the cell arrests upon DNA damage depends on its p53 status. Cells with 
wild type p53 arrest predominantly to G1 while p53 mutants arrest to S- or G2-
phases (Eastman 2004). However, p53 even has a role in G2 arrest as a secondary 
mediator. DNA damage kinases ATM, ATR, Chk1 and Ckh2 phosphorylate p53 
and subsequently it accumulates in the nucleus where it regulates transcription of 
a number of target genes involved in the DNA damage response. Tumor 
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suppressor p53 has been called the guardian of the genome. It can promote cell 
survival by regulating cell cycle arrest and DNA repair. However, p53 may 
promote cell death if extensive DNA damage accumulates (Helton and Chen 
2006). 

Fig. 10. Regulation of G2 checkpoint 

2.6.2 Apoptosis  

Apoptosis, also termed programmed cell death, is the most common form of cell 
death (Kerr et al. 1972). It is a well coordinated self-destruction of a cell, and it is 



 

 57 

programmed by a number of genes and proteins. The whole apoptotic process 
from initiation of apoptotic signals to cell death takes just a few hours.  

Apoptotic cell death is operational in all cell types while in many diseases, 
including cancers, apoptotic programs are altered. Different chemotherapeutic 
drugs or radiation therapy that are used in cancer treatments result in diverse 
changes in cellular functions, but eventually induce apoptosis in the cancer cells. 
If cancer cells become resistant to apoptosis, it is understandable that response to 
conventional chemotherapeutic agents may also become poor. Conversely, it has 
been demonstrated that apoptosis is generally increased in malignancies which 
may result from e.g. activation of cancer genes or extrinsic apoptotic pathway 
activation by activated T-cells (Soini et al. 1998). However, it can be speculated 
that chemical manipulation of pathways responsible for apoptosis or for apoptosis 
resistance may provide a tool for better response to conventional 
chemotherapeutic drugs or radiotherapy.  

Apoptosis can be triggered by signals from outside or inside the cell, which 
eventually converge to a common pathway which involves activation of a family 
of cytoplasmic cysteine proteases, caspases, and lead to cell death. The extrinsic 
pathway (death receptor pathway) is activated by cell surface death receptors, 
such as FAS and TRAIL. The intrinsic pathway (mitochondrial pathway) is 
activated by mitochondrial membrane disruption. Death receptors are 
transmembrane proteins which belong to the tumor necrosis factor (TNF) receptor 
family and trigger apoptosis after ligand binding. The receptors contain an 
intracellular death domain which transmits the death signal to initiator caspases. 
FAS is perhaps the best characterized death receptor, and it is altered in many 
cancers including bladder cancer. FAS expression decreases during tumor 
progression, and gene mutations encoding FAS have been reported in a proportion 
of bladder tumors (McKnight et al. 2005; O'Kane et al. 2006). The intrinsic 
pathway can be activated by cellular stress or DNA damage. The variety of 
apoptotic signals induce cytochrome c release from mitochondria to the 
cytoplasm, which initiates the caspase cascade. Extrinsic and intrinsic pathways 
eventually converge on effector caspase 3. 

Caspases are proteolytic effectors that are located in the cytoplasm in their 
inactive form. Thus, when activated they are immediately usable and act rapidly. 
To date, 14 mammalian caspases are known (Jin and El-Deiry 2005). The initiator 
and effector caspases are activated in different ways. The initiator caspases (eg. 
caspases 8 and 9) are activated by intracellular stress signals involving 
mitochondrial cytochrome c, or by interaction with death receptors. Death 
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receptor activation by ligand binding results in caspase 8 and FAS associated 
death domain recruitment. Subsequent caspase-8 autoactivation leads to effector 
caspase (3, 6 and 7) activation. Cytochrome c binds to adaptor protein APAF-1 
and procaspase-9. Caspase-9 is activated, which leads to the processing of 
caspase-3 (Jin and El-Deiry 2005). The effector caspases (eg. caspase 3) are 
downstream of and cleaved and thus activated by initiator caspases. The effector 
caspases are responsible for the proteolytic activity which induces the 
morphological changes seen in apoptosis (Jin and El-Deiry 2005).  

Cancer cells may express molecules that bind to caspases and inhibit them 
(IAPs, inhibitors of apoptosis proteins). The molecules contain BIRs (baculoviral 
inhibitor of apoptosis repeats) (Yang and Li 2000). One type of IAP is survin, 
which has been shown to be expressed in several cancers including bladder cancer 
(McKnight et al. 2005).  

The morphological features of apoptosis include chromatin condensation and 
segregation at the nuclear membrane, cell shrinkage, convolution of cellular 
membrane, and nuclear fragmentation. At the end of apoptosis, the cell 
disintegrates into apoptotic bodies (Soini et al. 1998).  

As mentioned above, in the case of extensive DNA damage, the guardian of 
the genome, p53, is an important apoptosis inducer. A number of proapoptotic 
genes, encoding for the mitochondrial proteins Bax, Noxa, Puma, Apaf-1, or 
proteins that play a role in death receptor-mediated apoptosis, such as Fas, 
KILLER/DR5, and PIDD, are direct p53 targets (el-Deiry 1998). 

2.6.3 Mitotic catastrophe 

Mitotic catastrophe is a distinct form of mammalian cell death, morphologically 
different from apoptosis, necrosis and autophagy. It is characterized with giant 
cells with multiple micronuclei with uncondensed chromosomes. Mitotic 
catastrophe has been shown to occur in two situations. First, chemical agents such 
as paclitaxel, disrupt microtubules and mitotic spindle inhibiting sister chromatin 
segregation. Second, in the case of DNA damage, if the G2 checkpoint is 
defective or inactivated for some reason, a cell may enter aberrant mitosis before 
the DNA damage is repaired or DNA replication is complete (Castedo et al. 2004; 
McKnight et al. 2005).  
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3 Aims of the present study 

Tumor suppressor protein neurofibromin is coded by the NF1 gene, the mutations 
of which cause a hereditary neurofibromatosis syndrome, but its role in sporadic 
cancers is not well known. In addition to NF1 protein, the role of expression and 
activity PKCs in human cancers is not clear. The specific aims of the present 
study were as follows: 

1. To investigate the role of the NF1 tumour suppressor in urinary bladder 
carcinogenesis.  

2. To elucidate the expression and activity of two important PKC isoenzymes in 
urinary bladder carcinoma, and in normal urothelial epithelium. 

3. To investigate the role of different PKC isoenzymes in cell-cell and cell-
matrix junction formation and cellular migration and invasion using different 
isoenzyme inhibitors. 

4. To investigate the role of PKC in the control of carcinoma cell growth using 
PKC α- and βI –isoenzyme inhibitor Go6976. 

5. To study the synergy of the combination of Go6976 and two different 
cytostatic cancer drugs, doxorubicin and paclitaxel, in urinary bladder 
carcinoma growth regulation. 
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4 Materials and Methods 

4.1 Materials 

The materials used are summarized below in the Tables 3, 4, 5 and 6, and they 
have been described in detail in the original publications (I-IV). 

Table 3. Tissues and cell lines used are listed below. All tissue samples were collected 
and cultured with appropriate approvals from the ethics committees of the respective 
universities and university hospitals. 
Tissue samples and cell cultures Used in 

Tissue samples 

Human transitional cell carcinoma with different grades I 

Human transitional cell carcinoma including normal epithelium II 

Cell cultures 

Human normal urinary bladder epithelial cells III 

Human transitional cell carcinoma, papillary grade I (RT4) I 

Human transitional cell carcinoma, grade II-III (5637) I, II, III, IV 

Human transitional cell carcinoma, grade III (T24) I, II, III  

Table 4. The analytical tools used for RNA studies. 

Nucleic acid probe 

targets 

Description Used for Reference Used in 

NF1 1.2kb, cDNA Northern blot (Nishi et al. 1991) I 

NF1 303bp cRNA 

 

In situ hybridization 

(anti-sense, sense) 

(Nishi et al. 1991; Yla-

Outinen et al. 1998) 

I 
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Table 5. Primary antibodies  
Antibody Description Source/Reference Used in 

NF1GRP(D)  Rabbit Pab against aa 

2798-2818 within C-

terminus of NF1 protein 

Santa Cruz Biotechnology, 

(Gutmann et al. 1991) 

I 

NF1GRP(N)  Rabbit Pab against aa 

509-528 within N-terminus 

of NF1 protein. 

Santa Cruz Biotechnology, 

(Gutmann et al. 1991)  

I 

PKC-α Mouse Mab Santa Cruz Biotechnology, clone 

H-7  

II 

PKC- βI Mouse Mab Santa Cruz Biotechnology, clone 

E-3 

II 

Ki67 Mouse Mab Zymed Laboratories, clone 7B11 II 

Phospho-serine PKC 

substrate 

Rabbit Pab Cell Signaling Technologies II, III 

β1-integrin Mouse Mab Life Technologies, clone P4C10 III 

β4-Integrin Mouse Mab Life Technologies, clone 3 E1 III 

Desmoplakin I/II Mouse Mab  Roche Biochemicals, clone 

DP2.15 

III 

Pan-cadherin Mouse Mab Sigma , clone CH-19  III 

Phospho-Cdc2 (Tyr15) Rabbit Pab Cell Signaling Technologies IV 

Phospho-Chk1 (Ser345) Rabbit Pab Cell Signaling Technologies IV 

Phospho-Chk2 (Thr68) Rabbit Pab Cell Signaling Tehcnologies IV 

Phospho-Cdc25C (Ser216) Rabbit Pab Cell Signaling Technologies IV 

Cdc2 Rabbit Pab Cell Signaling Technologies IV 

Chk1 Rabbit Pab Cell Signaling Technologies IV 

Chk2 Rabbit Pab Cell Signaling Technologies IV 

Cleaved caspase 3 Rabbit Pab Cell Signaling Technologies IV 

Cyclin B1 Mouse Mab Cell signaling Technologies, 

clone V152 

IV 

Β-actin Rabbit Pab Sigma IV 

Abbreviations: monoclonal antibody (Mab), polyclonal antibody (Pab) 
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Table 6. Secondary antibodies, control antibodies and peptides 

Antibody/Peptide Description Source/Reference Used in 

Secondary antibodies    

Anti-rabbit TRITC Swine Pab Dakopatts I 

Anti-mouse Alexa Fluor 

568 

Goat Pab Molecular Probes II 

Anti-rabbit Alexa Fluor 

488 

Goat Pab  Molecular Probes II, IV 

 Anti-mouse Alexa Fluor 

488 

Goat Pab Molecular Probes III 

Control antibodies 

Normal mouse IgG Used in control 

immunoreactions for 

mouse Pab. 

Santa Cruz Biotechnology II 

Normal rabbit IgG Used in control 

immunoreactions for rabbit

Pab 

Santa Cruz Biotechnology II 

Cre Mouse Mab against cre. 

Used in control 

immunoreactions for 

mouse Mab 

Sigma, clone 7-23 II 

Peptides 

NF1GRP(D) peptide Peptide used to generate 

NF1GRP(D) antibody, aa 

2798-2818 of NF1 protein

Santa Cruz Biotechnology, 

(Gutmann et al. 1991) 

I 

PKC-α peptide Peptide used to generate 

PKCα antibody.  

Santa Cruz Biotechnology II 

PKC-βI peptide Peptide used to generate 

PKCβI antibody  

Santa Cruz Biotechnology II 

Phosphorylated PKC 

substrate peptide 3 

Phosphorylated peptide 

corrspoding to the 

phosphorylation pattern 

and aa sequence that 

Phospho-serine PKC 

substrate antibody detects

AnaSpec  II 

Abbreviations: monoclonal antibody (Mab), polyclonal antibody (Pab) 
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4.2 Methods  

A summary of the methods used in the thesis is shown below (Table 7), and they 
have been described in detail in the original publications (I-IV) except the mouse 
model, which is described here. 

Table 7. The methods used in the original communications (I-IV). 

Methods Used in 

Cell cultures 

Culturing TCC cells I,II,III,IV 

Establishing and culturing normal urothelial cells III 

Cytochemical staining  

Indirect immunofluorescence labelling  I,II,III 

Avidin-biotin immunolabeling I 

Histostain Plus II 

Staining of actin filaments III 

Protein analysis  

Immunoprecipitation I 

Western transfer analysis (Western blot) I,II,III,IV 

Cytoskeletal extractions III 

Nuclear isolation II 

RNA analysis  

Isolation of RNA I 

Northern blot I 

In situ hybridization I 

Reverse transcriptase polymerase chain reaction I 

Microscopic techniques 

Light microscopy I,II,III 

Conventional fluorescence microscopy I,II,III 

Electron microscopy III 

Cell counting I,II,III,IV 

Miscellaneous 

Cell cycle analysis IV 

Analysis of caspase activation IV 

Trypan Blue exclusion IV 

CellTiter Glo assay IV 

Cell migration analysis III 

Invasion assay III 

Haematoxylin-eosin staining II 

Statistical analysis III 

Mouse model See text. 



 

 65 

4.2.1 Mouse model 

In addition to in vitro growth experiments, a mouse model was developed to study 
the anticancer effects of Go6976. One million 5637 urinary bladder TCC cells 
suspended in 100 μl PBS were implanted subcutaneously into the backs of 12 
nude mice on day 1 of the experiment. The tumor was allowed to grow and its 
diameter was monitored weekly. When a tumor reached 3mm in diameter, the 
mouse was treated weekly with intravenous 100μl injections of 0.1 mM (~38 
μg/ml) Go6976 diluted in PBS containing 1% DMSO. The controls were treated 
with the same volume of PBS containing 1% DMSO. The tumor size was 
monitored weekly. Tumor size was calculated using the equation: V=L*W2/2 
(V=volume, L=tumor length, W=tumor width). 

Humane end points of the experiment included the following: 1) tumor size 
reaches 1 cm in diameter, 2) the animal develops an infection, 3) the animal has 
breathing difficulties, 4) the animal shows signs of severe pain.  

Due to the humane end points, the animals were euthanized using CO2 
anaesthesia and cervical dislocation when the tumor reached 1 cm diameter. After 
all control mice had been euthanized, mice that had received Go6976 were also 
killed. After euthanization, the tumors were prepared, fixed in formalin, 
embedded in paraffin, and subsequently processed for immunohistochemistry 
using the Histostain Plus Broad spectrum kit using the same procedures as 
described in detail in the methods of original paper II. The samples were probed 
with primary antibodies against cleaved caspase 3 and phospho-Histone H3, and 
counterstained using haematoxylin. Three fields were photographed using a 20X 
objective, and total cell number as well as cells showing positive immunostaining 
for cleaved caspase 3 or phosphorylated Histone H3 were counted. The statistical 
analysis was performed using ANOVA.  
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5 Results 

5.1 NF1 protein and mRNA expression decreases during TCC 
progression (I)  

5.1.1 NF1 protein and mRNA expression in TCC specimens  

NF1 expression in paraffin-embedded TCC specimens was studied using 
immunohistochemistry and antibody against C-terminus of NF1 protein 
(NF1GRP(D)). Most of the 29 tissue samples studied included both neoplastic 
and normal or non-neoplastic epithelium (I, Table 1). The intensity of the 
immunosignal for NF1 in cancerous tissue was compared to normal epithelium in 
the same sample (17 out of 29), or when the sample lacked normal epithelium the 
immunosignal was compared to normal epithelium included in the other sample 
(12/29). Normal urothelial epithelium showed an intense immunosignal for NF1 
protein. Interestingly, 24 of 29 (83 %) TCC samples showed a reduction of NF1 
immunosignal when compared to normal epithelium. Furthermore, the reduction 
in immunosignal was more pronounced in grade 3 TCC samples than in samples 
that contained grade 1 or grade 2 TCC (I, Table 1; Fig. 1). Positive immunosignal 
for NF1 protein was also detected in fibroblasts, lymphocytes, endothelium and in 
smooth muscle cells, which is in good agreement with previous studies (Boyer et 
al. 1994; Hoffmeyer et al. 1995; Norton et al. 1995; Yla-Outinen et al. 1998).  

The results obtained with immunohistochemistry indicated that 
neurofibromin expression decreases with increasing grades of TCC. To gain 
further evidence and to confirm protein level findings, NF1 mRNA levels were 
studied using in situ hybridization in selected grade 3 TCC samples which 
showed largest differencies in NF1 protein expression when normal and TCC 
tissue were compared. The results showed a marked reduction in mRNA signal in 
grade 3 TCC tissue (I, Fig. 2) when compared to normal epithelium in the same 
specimen. To determine the ratio of expression of type I versus type II NF1 
mRNA in TCC specimens, RT-PCR analysis was performed for TCC tissue 
samples that represented grades 2-3 (I, Fig. 6). The results showed that NF1 type 
II mRNA predominated in all samples and the type I versus type II NF1 mRNA 
ratio was apparently the same in all samples representing different grades of 
malignancy (grades 2-3).  
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5.1.2 NF1 protein and mRNA expression in cultured TCC cells  

NF1 protein expression was studied in three well characterized cell lines 
originally derived from carcinoma tissue corresponding to three different grades 
of TCC. The RT4 cell line representing grade 1 TCC showed an intense 
immunosignal for NF1 protein when indirect immunofluorescence and 
NF1GRP(D) antibody was used (I, Fig. 3A). The immunosignal was markedly 
decreased in the 5637 TCC cell line (grade 2-3) compared with the RT4 cell line 
(I, Fig. 3 A,B). In the T24 TCC cell line (grade 3) the immunosignal for NF1 
protein was only barely detectable (I, Fig. 3C). When the intensities of 
immunosignals for NF1 protein were quantitated, the results showed that RT4, 
5637 and T24 TCC cell lines expressed NF1 protein in a 32:15:1 ratio. These 
results were in line with the results obtained from in vivo immunolabelings. 
Immunopresipitation followed by Western transfer analysis showed similar results 
with indirect immunofluorescence (I, Fig. 4). When the immunosignal was 
quantitated, the results showed that TCC cell lines RT4, 5637 and T24 expressed 
NF1 protein in 15:3:1 ratio.  

To study NF1 mRNA levels in the TCC cell lines, Northern blotting was 
performed (I, Fig. 5). NF1 mRNA expression levels in RT4 and 5637 cell lines 
were essentially the same, whereas T24 cell line showed markedly lower levels of 
NF1 mRNA expression when compared to the two other cell lines studied. As 
seen in the RT-PCR analysis of frozen TCC tissue, all three cell lines also showed 
type II NF1 mRNA predominance. The predominance was, however, more 
prominent in cultured TCC cells (I, Fig. 6).  

5.2 PKC α- and βI isoenzyme expression and activity is increased 
in rapidly proliferating compartments of TCC tumors (II) 

5.2.1 PKC α- and βI isoenzyme expression in TCC specimens  

A total of 18 TCC samples that contained both the normal urothelial epithelium 
and TCC areas were studied using immunohistochemistry and monoclonal 
antibodies against PKCα and βI isoenzymes. The material included samples 
representing different grades (grades 1-3) and different degrees of invasion (no 
invasion, lamina propria, muscularis propria, serosa) (II, Table 1). The results 
showed that both normal urothelial cells and TCC cells have cytoplasmic 
expression of PKCα (ΙΙ, Fig. 1. A-F), but βI expression was predominantly 
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nuclear (II, Fig. 1. G-L). The tumor samples were separated into two distinct 
compartments, supreficial and deep, when possible. The tumor cells in invasive 
carcinomas were labeled to belong to a superficial compartment when located 
above the muscularis mucosa, and to a deep compartment when located below the 
muscularis mucosa. Muscularis mucosa was detected in samples histologically by 
the presence of muscle fibres and its ectatic vascular plexus (Ro et al. 1987; 
Aydin et al. 2002). Expression of each studied protein within each TCC 
compartment was always compared to that of normal epithelium within the same 
sample. PKCα expression was increased in superficial compartments of 13 out of 
18 (13/18) samples when compared with normal urothelium in the same 
specimens. Furthermore, PKCβI expression was increased in superficial 
compartments in 11/18 TCC samples (II, Table 1.). In general, increased 
expression of PKCα, or βI, or both was detected in 14/18 samples. PKCα/βI 
immunoreactivity did not, however, correlate with tumor grade, even though two 
of the grade 1 samples displayed non-altered PKC expression. 

Interestingly, PKCα and/or βI were expressed in a non-uniform manner in 
11/18 samples: these samples clearly contained delineated areas of increased 
PKCα/βI immunoreactivity, and areas of non-altered, or even decreased 
expression when compared to normal urothelium (II, Fig. 1. and 2.; Table 1). In 
samples that were invasive to lamina propria or deeper, two distinctive 
compartments could be separated: 8/9 tumors invading to the muscularis propria 
showed heterogeneous expression of the PKC isoenzymes (II, Table 1). 
Immunohistological analysis of the invasive samples revealed a superficial 
compartment above the muscularis mucosa with increased expression of 
PKCα (9/9 tumors) (II, Fig. 1. C, D) and/or PKCβI (7/9 tumors) (II, Fig. 1. I, J) 
when compared to the expression of the PKC isoenzymes in normal epithelium in 
the same specimen (II, Fig. A, B, G, H). In contrast, the deep compartment below 
the muscularis mucosa displayed nonaltered (6/8) (II, Fig. 1. E, F) or decreased 
(2/8) PKCα expression, and nonaltered (3/8) or decreased (5/8) (II, Fig. 1. K, L) 
PKCβI expression when compared to the normal epithelium within the same 
specimen (Fig. 1. A, B, G, H; Table 1.). The material also included three samples 
in which there was heterogeneous expression of the isoenzymes and which did 
not invade through the muscularis mucosa.  

It is of interest that our results showed that α and -βI isoenzymes are variably 
expressed in single cells within the small compartments of a tumor (II, Fig. 2). 
Furthermore, cells that are in close proximity to the extracellular matrix (ECM), 
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show less PKCα expression (Figure 2A), suggesting a regulatory role for ECM 
contacts.  

5.2.2 PKC α- and βI substrate phosphorylation in TCC specimens  

The activity of classical PKCs was studied using immunohistochemistry and a 
novel antibody that detects endogenous levels of cellular proteins only when 
phosphorylated at serine residues surrounded by arginine or lysine at the –2 and 
+2 positions and a hydrophobic residue at the +1 position. Thus, it binds 
specifically to phosphorylated substrates of classical PKC isoenzymes (α, 
βΙ, βΙΙ and γ) but not to those of novel or atypical isoenzymes (Nishikawa et al. 
1997). The results demonstrated that increased classical PKC activity is located in 
the same areas where increased PKCα or -βI expression was detected (II, Fig. 1. 
O,P; Fig. 2.; Table 1.). In addition, the results show that the antibody detects 
phosphorylated PKC substrates both in the nucleus and in the cytoplasm, which is 
in good agreement with current knowledge of possible PKC substrate subcellular 
localization.  

5.2.3 Correlation of cellular proliferation with expression and activity 
of PKC α- and βI in TCC specimens  

Since PKC has been linked to cell growth control, Ki67 expression was studied in 
the same tissue samples using immunohistochemistry (II, Fig. 1. S-X; Fig. 2., 
Table 1.). Nuclear antigen Ki67 is present in proliferating cells, since its 
expression takes place during G1, S, G2 and M phases of the cell cycle, but not 
during G0. An elevated number of Ki67 positive cells (II, Fig. 1. U, V) was 
observed in the same TCC locations which displayed the highest expression of 
PKCα (II, Fig. 1. C, D) and βI (II, Fig. 1. I, J), and phosphorylated PKC 
substrates (II, Fig. 1. O, P). Specifically, the expression of PKCα was increased in 
12/13, PKCβI in 10/13, and phosphorylated PKC substrates in 10/13 areas 
harbouring a markedly increased number of Ki67 positive cells (II, Table 1).  

In contrast, when the number of Ki67 positive cells was only moderately 
increased, the level of immunosignals for PKCα and βI, and their substrates were 
low. Specifically, out of 16 evaluated areas that showed only a moderate number 
of Ki67 positive cells, expression of PKCα remained unchanged in 13/16 and 
decreased in 1/16 areas, expression of PKCβI remained unchanged in 7/16 and 
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decreased in 7/16 areas, and expression of phosphorylated PKC substrates 
remained unchanged in 9/16 and decreased in 5/16 areas of the evaluated areas.  

In all samples, normal urothelium showed no Ki67 positive cells (II, Fig. 1. S, 
T), which is in good agreement with previous reports (Limas et al. 1993). 

5.2.4 Expression and activity of PKC α- and βI in cultured TCC cells  

Localization and expression levels of PKCα− and βI isoenzymes were further 
studied in cultured T24 and 5637 TCC cells. TCC cell lines showed similar, but 
not identical results. In general, PKCα and PKCβI expression levels varied 
markedly between individual cells in both TCC line cultures. To study whether 
the PKC isoenzyme expression level correlates with PKC enzyme activity within 
individual cells, double immunolabelings were performed using anti-phospho-
PKC substrate antibodies with antibodies to PKCα (II, Fig. 4. A), or to PKCβI (II, 
Fig. 4. B). Cells from double labeled samples were counted and graded to have 
either increased or baseline expression of PKCα, PKCβI or phosphorylated PKC 
substrates. The results showed that increased PKCα and PKCβI immunoreactivity 
correlated with increased phosphorylation of PKC substrates in the same cells.  

More specifically, when samples from the 5637 cell line were counted, the 
results showed that within the double labeled samples ~18.5 % had increased 
expression of PKCα, and ~21.2 % of phosphorylated PKC substrates. 
Furthermore, ~12.9% of the cell population displayed elevated expression of both 
PKCα and phosphorylated PKC substrates. The estimation for expression of 
PKCβI and phosphorylated PKC substrates in 5637 cells showed that ~11.5 % of 
cells showed increased expression of PKCβI and ~21.1 % of phosphorylated PKC 
substrates, and ~9.3 % had increased expression of both.  

T24 TCC cell counting revealed that ~36.8 % of the double labeled cells had 
increased expression of PKCα and ~37.5 % of phosphorylated PKC substrates. 
Furthermore, ~27.4 % of cells showed an increase in expression of both PKCα 
and phosphorylated PKC substrates. The results also showed that ~13.0 % of the 
double labeled T24 cells had increased expression of PKCβI, ∼30.6 % of 
phosphorylated PKC substrates, and ~11.9% of both. 

Taken together, increased PKC substrate phosphorylation seemed to result 
primarily from PKCα activity, and to a lesser extent from PKCβI activity. 
Furthermore, it is of interest to note that the subcellular localization of PKCα and 
PKCβI were markedly different: Indirect immunofluorescence studies showed 
that PKCα was localized in cytoplasm (II, Fig. 4. A). In contrast, PKCβI 
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localization was predominantly nuclear (II, Fig. 4. B). Western blotting for 
cytoplasmic and nuclear extracts showed the same differences as seen in 
immunofluorescence analysis (II, Fig. 4. C). Western blots also showed that 
PKCα levels were higher in T24 cells than in 5637 cells. In addition, cytoplasmic 
full size PKCβI was more abundant in T24 cells than in 5637 cells. However, a 65 
kDa PKCβI fragment was found in nuclear extracts, and its expression was more 
abundant in 5637 cells. 

5.3 PKC inhibitors induce changes in TCC cell junctions, 
morphology and movement (III) 

5.3.1 Inhibition of classical PKC isoenzymes by Go6976  

Previous results showed in vivo that rapidly proliferating TCC cells express high 
levels of PKCα- and βI isoenzymes and additionally classical PKC activity is 
increased. Thus, the effect of Go6976, an inhibitor of PKCα- and βI isoenzymes, 
was tested on cultured TCC cells. In addition to Go6976, the effect of other PKC 
inhibitors Rottlerin (PKCδ inhibitor), Safingol (PKCα inhibitor) and 
Bisindolylmaleimide I (broad spectrum PKC inhibitor) were were tested on the 
same cells.  

In order to confirm the inactivation of PKCα/βI by Go6976 and to show that 
Rottlerin has no effect on PKCα/βI inactivation, a Western transfer analysis using 
anti-phospho PKC substrate antibody was performed (III, Fig. 9.). As described 
above, this antibody binds specifically to phosphorylated substrates of classical 
PKC isoenzymes (α, βI, βII and γ), but not to those of novel isoenzymes, such as 
δ. Previous studies have shown that in urothelium, α, β and δ are the predominant 
PKC isoenzymes (Koren et al. 2000; Langzam et al. 2001). The results showed 
that Go6976 inhibits PMA stimulated activity of classical PKC isoenzymes in a 
concentration dependent manner (III, Fig. 9. A). After treatment with 10μM 
Rottlerin, classical PKC activity was not decreased, suggesting that Rottlerin does 
not inhibit classical isoenzymes in this concentration. In contrast, classical PKC 
activity showed a minor increase. Furthermore, when the cells were treated with a 
combination of 10 μM Rottlerin and 1μM Go6976, a slightly increased classical 
PKC activity was observed compared to 1μM Go6976 treatment alone (III, Fig. 9. 
B). 
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5.3.2 The effect of PKC α- and βI isoenzyme inhibitor Go6976 on 
morphology of cultured TCC cells  

When analyzed by phase contrast microscopy, cultures of 5637 and T24 TCC cell 
lines displayed a loosely organized morphology. Exposure to Go6976, a PKCα/βI 
inhibitor, resulted in rapid clustering of the cells (III, Fig. 1.). Specifically, 
prominent intercellular contacts were formed and the cells displayed a flattened 
phenotype. Clustering of the cells was seen as early as two hours after application 
of Go6976 and development of clustering continued for a further 24h. The effect 
of Go6976 was concentration dependent; the maximal effect was achieved with 1 
µM concentration (III, Fig. 1.). Other PKC inhibitors were also tested for their 
ability to induce cell clustering. Bisindolylmaleimide I, a broad-spectrum PKC 
inhibitor, or Safingol, a PKCα inhibitor, had no apparent effect on cell clustering 
in concentrations up to 10 µM (not shown). Rottlerin, a PKCδ inhibitor, had an 
opposite effect on cell clustering causing dissociation of cells (not shown). 
Furthermore, Rottlerin was able to inhibit morphological changes induced by 
Go6976 when these substances were applied together (not shown). 

5.3.3 The effect of Go6976 on cell-cell junctions  

Since Go6976 induced cell clustering, the TCC cell lines were analyzed for the 
most important cell-cell junction proteins. Immunofluorescence studies with 
antibodies to cadherin (marker for adherens junctions) and to desmoplakin I/II 
(marker for desmosomes) demonstrated that untreated cells had abundant 
adherens junctions but only a low number of desmosomes, particularly in the T24 
cell line (III, Fig. 2. A). Cells treated with 1 µM Go6976 for 4h displayed an 
increased number of both adherens junctions and desmosomes. The number of 
desmosomes seemed to increase more than the number of adherens junctions (III, 
Fig. 2. A). Electron microscopy showed that both cell lines had an extensive 
number of filopodia and adherens junctions in the tip of the filopodia. A low 
number desmosomes was detected in the 5637 cell line but T24 cells were devoid 
of desmosomes (III, Fig. 2. B). When the two cell lines were treated with 1 µM 
Go6976 for 4h, the cells appeared to make closer contact and formed abundant 
cell-cell junctions. Furthermore, both cell lines displayed an extensive number of 
desmosomes after treatment with Go6976 (III, Fig. 2. B).  

Triton X-100 insolubility of adherens junctional and desmosomal proteins are 
known to increase when cells form stable cell junctions. Consequently, Triton X-
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100 solubility of cadherin and desmoplakin was studied in Go6976 treated cells 
with two different methods: immunofluorescence labeling and western analysis. 
The immunofluorescence studies on cells extracted with Triton X-100 containing 
buffer prior fixation revealed an enhanced immunosignal for cadherin and 
desmoplakin at the cell-cell border zones following Go6976 treatment (III, Fig. 3. 
A). It is feasible to assume that this finding may be explained by redistribution of 
proteins within the insoluble protein pool and by an increased level of this pool. 
This notion is also supported by western transfer analyses which demonstrated a 
moderate increase of the insoluble pool of cadherin and desmoplakin in 5637 cells 
and an increase of insoluble cadherin in T24 cells. In the T24 cell line, 
desmoplakin was undetectable in both fractions, which is likely to reflect low 
levels of desmoplakin expression in the cells (III, Fig. 3. B). 

Immunofluorescence studies suggested that Go6976 had a particularly 
marked effect on the formation of desmosomes (III, Fig. 2. A). Consequently, the 
actin cytoskeleton was disrupted with Cytochalasin D, which is known to disturb 
the formation of adherens junctions (Vasioukhin et al. 2000). Adherens junctions 
attach to the actin cytoskeleton and disruption of actin cytoskeleton is known to 
inhibit formation of stable adherens junctions. Desmosomes attach to the 
intermediate filament network and disruption of the actin cytoskeleton should not 
have a direct effect on desmosomal junctions. When the cells were treated with 
Cytochalasin D for 4h, they lost most of their cell-cell junctions (III, Fig. 4. A). 
The effect was most pronounced in the T24 cell line, which was previously shown 
to be almost completely devoid of desmosomes (III, Fig. 2. A). When cells were 
treated with a combination of Cytochalasin D and Go6976 for 4h, the cells 
retained their contacts and increased desmoplakin positive dots were observed at 
cell-cell junction sites (III, Fig. 4. A). As expected, the number of adherens 
junctions between cells treated with Cytochalasin D was the same as in cultures 
treated with Cytochalasin D in combination with Go6976 (III, Fig. 4. A). These 
findings strongly suggest that the effects of Go6976 are targeted on desmosomes. 
Complete disruption of the actin cytoskeleton was confirmed by staining of the 
actin cytoskeleton with fluorescence labeled phalloidin (III, Fig. 4. B). 

5.3.4  The effect of different PKC inhibitors on desmosomes  

Since Go6976 proved to be a potent inducer of desmosome formation, the effects 
of other PKC inhibitors on desmosomes were studied. The cells were exposed to 
the inhibitors for a longer time period (24h) to gain the maximal effect. 
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Bisindolylmaleimide I (a broad spectrum PKC inhibitor) did not have any 
apparent effect on the number of desmosomes as estimated by 
immunofluorescence labeling (III, Fig. 5.). Safingol (PKCα inhibitor) increased 
the number of desmosomes but the effect was less marked compared to Go6976. 
Treatment with Rottlerin (PKCδ inhibitor) resulted in partial loss of desmosomes 
in both cell lines. The effect of Rottlerin was more pronounced in 5637 cells, 
which display more prominent desmosomes. When Go6976 was applied to cells 
in combination with Rottlerin, the effect of Go6976 was partially reversed, 
resulting in a decreased number of desmosomes compared to Go6976 treatment 
alone. 

5.3.5 The effect of Go6976 on cell-matrix junctions  

Since Go6976 proved to be a potent inducer of cell-cell junctions, the effect of 
this PKC inhibitor on cell-matrix junctions was studied. Untreated cells of both 
TCC cell lines displayed an intense signal for β1-integrin at focal adhesion sites, 
lamellopodia, filopodia, and retraction fibers, and also at the cell-cell contact zone 
(III, Fig. 6. A). Treatment of cells with Go6976 for 4h had a marked effect on β1-
integrin localization. Specifically, β1-integrin appeared to translocate away from 
the cell-matrix contact sites (Fig. 6A).  

Expression of β4-integrin, a component of hemidesmosomes, was detected 
only in the 5637 cell line. Untreated cells displayed β4-integrin in filopodia and 
retraction fibers (III, Fig. 6. B). Treatment with Go6976 resulted in pronounced 
translocation of the β4-integrin to the bottom surface of the cells. Specifically, 
cells appeared to form β4-integrin positive cell-matrix junctions, which 
apparently represented hemidesmosomes (III, Fig. 6. B). 

Calcium induced differentiation of normal human urothelial cells resulted in 
markedly similar localization of β1- and β4-integrins as in TCC cells treated with 
Go6976. Specifically, increased calcium concentration resulted in transient 
translocation of β1-integrin to the cell-cell contact zone within 4 hours, and 
subsequent fading of the immunosignal within 24 hours. In addition, β4-integrin 
translocated to the bottom surface of the cells within 24 hours (III, Fig. 6. C). 

5.3.6 The effect of Go6976 on cell migration and invasion  

Invasive behaviour of cancer cells is accompanied with increased cell movement. 
Furthermore, normal epithelial type cell junctions are known to inhibit the 



 

 76 

invasive behavior of cancer cells. Since Go6976 appeared to promote the 
formation of cell-cell and cell-matrix junctions, the effect of the inhibitor was 
tested on TCC cell migration and invasion. When the cells were not exposed to 
Go6976, the 5637 and T24 cells migrated rapidly towards FCS, which operated as 
a chemoattractant (III, Fig. 7.). When exposed to Go6976, 5637 and T24 cells 
markedly slowed their migration and tended to form clusters. Statistical analysis 
revealed a significant difference in the motility of the cells when different 
concentrations of Go6976 were used (control, 100nM, and 1μM Go6976) in 5637 
and T24 cells (p<0.01 and p<0.001, respectively).  

Furthermore, statistical analysis of three separate repeats revealed that the 
results were reproducible, with no statistically significant difference (p>0.05). 
Subsequently, post hoc tests between different concentration groups were 
performed. Treatment with 100nM Go6976 caused a statistically significant 
decrease in T24 cell motility (p<0.01), but not in 5637 cell motility (p=0.078). A 
statistically significant decrease in cell movement was observed when 5637 and 
T24 cells were treated with 1μM Go6976 (p<0.01 and p<0.01, respectively). In 
addition, no significant difference was found between three repeats in any of the 
concentration groups (p>0.05). 

To examine the effect of Go6976 on the invasive phenotype of cells, the 
ability of TCC cells to invade through a reconstituted basement membrane was 
analyzed. The invasion assay showed that Go6976 inhibited cell invasion. In 5637 
cells, invasion was almost completely blocked in 100nM and 1μM concentrations 
(by ~97 %) (III, Fig. 8. A, B). In T24 cells, cell invasion was also inhibited using 
Go6976 in 100nM and 1μM concentrations (by ~ 75 %) (III, Fig. 8. A, B).  

5.4 PKC α- and βI isoenzyme inhibitor Go6976 induces cell death 
and mitosis and in non-synchronized TCC cells (IV and 
unpublished results) 

5.4.1 The effect of Go6976 on growth of cultured TCC cells (IV) 

 Cell growth was analyzed using trypan blue exclusion and cell counting, and 
with a CellTiter Glo growth assay. Low concentrations (10nM - 100nM) of 
Go6976 had no marked effect on the growth of 5637 cells. However, a 100nM 
concentration seemed to increase cell number slightly (by ~ 6-8 %) within 48h, 
which was evident in both growth assays (IV, Fig. 1. A). In contrast, 1000nM 
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Go6976 induced a major growth inhibition within 48h (by ~35-41 %) (IV, Fig. 1. 
A).  

To test if cell death Go6976 resulted from apoptosis, the cells were cultured 
for 24 h or 48h under the influence of 100 nM or 1000 nM Go6976 or the vehicle 
alone, labeled with propidium iodide or with anti-cleaved caspase-3 antibodies 
and studied with flow cytometry. The results showed that treatment of the cells 
with 1000 nM Go6976 induced an increase in the sub-G1 population in the cell 
cycle distribution analysis (IV, Fig. 1. C) and increased cleavage (activation) of 
Caspase-3 within 24h (IV, Fig. 1. B) when compared to the cells treated with 100 
nM Go6976 or the vehicle alone. At the 24h time point, 2.3% and at 48h 5.1 % of 
the cells were positive for cleaved Caspase-3, indicating increased apoptosis in 
response to 1000nM Go6976 treatment (IV, Fig. 1. B). In contrast, cells treated 
with 100 nM Go6976 or the vehicle alone, showed a markedly smaller number of 
apoptotic cells (~0.5-0.7 %) (IV, Fig. 1. B). The cell cycle analysis showed an 
increase in the sub-G1 population when the cells were treated with 1000nM 
Go6976 for 24h ( ~2.9 %) or 48h (~3.1 %), which also indirectly suggests that 
apoptosis may be increased in response to the treatment.  

5.4.2 The effect of Go6976 on cell cycle of cultured TCC cells (IV) 

Flow cytometry analysis of propidium iodide stained 5637 cells was performed to 
test possible changes in the cell cycle distribution in response to Go6976 
treatment (IV, Fig. 1. C). Treatment of the cells with 1000 nM Go6976 induced a 
prominent change in the cell cycle distribution within 24 h. During the first 24h, 
the cells appeared to concentrate on the G0/1 phase of the cell cycle. Specifically, 
the percentage of the cells in G0/1 phase increased dose-dependently from 35.9 % 
to 54.0 % (IV, Fig. 1. C) The percentage of the cells in S and G2/M phases 
decreased in the same proportion as a result of treatment with 1000 nM Go6976. 
Subsequently, during the next 24h a G2/M phase accumulation was seen in 
samples treated with 1000nM Go6976. These findings suggest that treatment with 
Go6976 affects the G2-M transition in non-synchronized cells. 

To study changes in mitosis promoting factor (MPF) activation in response to 
Go6976 treatment, Western transfer analysis using antibodies against 
phosphorylated Cdc2 (Tyr15) was performed (IV, Fig. 1. D). The results showed 
that after treatment with 100 nM or 1000 nM Go6976 for 12 h, Cdc2 was 
dephosphorylated concentration-dependently at Tyr15, suggesting activation of 
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MPF. This dephosphorylation continued until 48 h, suggesting persisting 
activation of MPF.  

Changes in the activity of controllers of Cdc2 were studied using western 
transfer analysis. The results showed a slight but detectable and concentration 
dependent Cdc25C dephosphorylation in response to 100-1000 nM Go6976 
treatment in time points 12-48 h, which suggests activation of Cdc25C. 
Phosphorylation (activation) in Chk1 was detected in 100-1000 nM Go6976 
treated samples especially at the 24h time point, but it was also present in 48 h 
samples. The changes in Chk2 phosphorylation were minor, since barely 
detectable phosphorylation was detected only in the sample that was treated with 
1000 nM Go6976 for 24 h. 

5.4.3 The effect of Go6976 on TCC tumor growth in nude mice 

Since Go6976 was effective in inhibiting growth in cell culture, the substance was 
also tested in a mouse model. Nude mice (n=12) were injected with 1 million 
5637 cells. After a tumor had formed into the backs of the mice and reached 3mm 
diameter, the mice were treated intravenously with 100 μl of 0.1mM Go6976 
(~38 μg/ml) weekly. The results showed that after onset of the treatment, the 
tumor growth was rapid in control mice (n=4) that received only vehicle (Fig. 11). 
The mice that received Go6976 (n=3), tumor growth ceased. The treatment did 
not significantly reduce the size of the tumor, however. The treatments were 
ceased due to humane end points after 24 days since at this time point the first 
control mouse had developed a 1cm diameter tumor. The tumor size at this point 
was 191+/-42 mm3 in control mice, and 28+/-6 mm3 in Go6976 treated mice (6,8-
fold difference).  

During the experiment, 2 mice were euthanized due to humane end points 
since one mouse developed a skin infection and one mouse lost weight. Three 
mice did not develop a tumor. The dissection of mice after euthanization revealed 
that all mice had developed some exudate within the tumors, which must be 
considered when the growth results are interpreted. 
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Fig. 11. Upper panels show two mice (control and Go6976-treated) at different time 
points. The tumors are located between the arrows. Day 1 is the day when the mice 
were injected with tumor cells. Treatment day 1 is the day when the mice received the 
first intravenous dose of Go6976. Lower bar diagram shows tumor volume in the y-
axis, and measurement days in the x-axis. Black bars represent controls (n=4), and 
white bars Go6976 treated mice (n=3). +/-SD are shown.  
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5.4.4 Immunohistochemical evaluation of growth and apoptosis 
markers in TCC tumors of nude mice 

To study mitosis frequency in mouse tumors, an immunolabeling using anti-
phospho Histone H3 was performed. This antibody specifically detects the cells in 
mitosis. The mitotic index was counted, and the results showed that the mitotic 
index of tumors of control mice was 3.1+/-0.2 % while mitotic index of tumors of 
Go6976 treated mice was 1.78+/-0.2%. The difference was statistically significant 
(P<0.001).  

The tumor samples were immunolabeled using anti-cleaved caspase 3 
antibody to study the frequency of apoptosis within the tumors. The results 
showed that the apoptotic index of tumors of control mice was 3.5+/-0.5 %, and 
the apoptotic index of Go6976 treated mice was 5.1+/-0.6 %. The difference in 
apoptotic index between two groups was statistically different (P=0.011). 

5.5  PKC α and βI isoenzyme inhibitor Go6976 enhances paclitaxel 
cytotoxicity for TCC cells after small dose doxorubicin 
treatment (IV) 

5.5.1 Cytotoxicity and molecular changes induced by doxorubicin-
Go6976 sequence  

5637 TCC cells were incubated with 0, 10, 100, and 1000 ng/ml doxorubicin to 
analyze the cytotoxic profile of the agent. The results showed concentration 
dependent cell death (IV, Fig. 2. A). Our results suggested that 100ng/ml 
doxorubicin does not induce significant cell death, but instead arrests these cells 
to the G2 phase of the cell cycle within 48h (IV, Fig. 2. B, C). Furthermore, the 
results showed that after removal of the doxorubicin from culture medium, the G2 
arrest persisted up to 48 h, with only moderate cell death (Fig. 2B and C).  

Since Go6976 proved to be a potent activator of mitosis in non-synchronized 
cells, we wanted to test if it could function similarly in cells arrested at the G2 
phase of the cell cycle. Flow cytometry analysis of 5637 cells showed that 
treatment with 100nM or 1000nM Go6976 induced a concentration dependent 
abrogation of the doxorubicin induced G2 arrest within 24h (IV, Fig. 2. C). This 
was accompanied with a moderate increase in cytotoxicity, suggesting an additive 
effect of these agents (IV, Fig. 2. B). Western transfer analysis showed 
phosphorylation of Cdc2 at Tyr15 (inactivation) in response to doxorubicin 
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treatment, simultaneously with the G2 arrest seen in the cell cycle analysis (IV, 
Fig. 2. C, D). When the cells were treated with Go6976, Cdc2 Tyr15 became 
dephosphorylated (activated), indicating onset of mitosis in cultures (IV, Fig. 2. 
D). Go6976 induced Cdc2 activation occurred in a concentration dependent 
manner. Furthermore, cultures displayed an increase of Cyclin B1 expression in 
response to doxorubicin treatment, suggesting G2 or M arrest. Interestingly, 
Go6976 treatment decreased expression of Cyclin B1 indicating G2 arrest 
abrogation, and suggesting further that the cells are not arrested at the metaphase 
of mitosis even though they may contain severe DNA damage. This is supported 
by findings in cell cycle analysis, which displayed a concentration dependent 
increase in the G0/1 population after treatment of the G2 arrested cells with 100-
1000 nM Go6976. 

Chk1 and Chk2 regulate the phosphorylation of Cdc2 through Cdc25C and 
their activity was studied following doxorubicin and Go6976 induced G2 
checkpoint abrogation. Western transfer analysis showed that in response to 48 h 
cytostatic doxorubicin treatment, Chk1, Chk2 and Cdc25C became 
phosphorylated (IV, Fig. 2. D). This indicates Chk1/2 activation, Cdc25C 
inactivation and activation of G2 checkpoint. After removal of doxorubicin from 
culture medium, Chk1 and Chk2 remained active and Cdc25C inactive. However, 
when the cells were treated with 100nM-1000 nM Go6976, Chk2 became 
dephosphorylated (inactive) concentration dependently while Chk1 
dephosphorylation was only minor. These results suggest that in the presence of 
externally induced DNA damage and Chk1/2 activation, Go6976 induced G2 
checkpoint abrogation is in part mediated by inactivation of Chk2 and to a lesser 
extent by inactivation of Chk1.  

5.5.2  Doxorubicin-paclitaxel sequence cytotoxicity 

Since small concentrations of doxorubicin induced G2 arrest, one could speculate 
that this would inhibit the cytotoxic effect of mitosis specific, microtubule 
stabilizing drug paclitaxel. When 5637 TCC cells were incubated with 0, 1, 5, 10, 
100 and 1000 ng/ml paclitaxel as a single agent for 48h, the cells showed 
concentration-dependent cell death (IV, Fig. 2. A). To study the simultaneous 
cytotoxic effects of doxorubicin and paclitaxel, 5637 TCC cells were incubated 
with cytostatic (100ng/ml) concentration of doxorubicin for 48h to induce G2 
arrest. After treatment, the cell culture medium was replaced with medium 
containing paclitaxel in concentrations of 5ng/ml or 100ng/ml which were earlier 
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shown to display major cytotoxicity (IV, Fig. 2. A). The results showed that 
pretreatment with cytostatic concentrations of doxorubicin strongly inhibited the 
cytotoxic effect of paclitaxel, with only minor increase in cytotoxicity when 
compared to the untreated cells (IV, Fig. 2. B). As a single agent, 100 ng/ml 
paclitaxel reduced the amount of living cells in the cultures by ~78 %, but when 
the same concentration was used after cytostatic doxorubicin treatment the 
amount of living cells decreased only by ~14 %. 

5.5.3 Molecular changes and cytotoxicity of the doxorubicin-
paclitaxel+Go6976 sequence 

The results had indicated that doxorubicin pretreatment counteracts paclitaxel 
cytotoxicity and that Go6976 effectively abrogates doxorubicin induced G2 arrest. 
Thus, it would be reasonable to speculate that Go6976 treatment could enhance 
paclitaxel cytotoxicity after doxorubicin pretreatment. The 5637 TCC cells were 
pretreated with 100 ng/ml doxorubicin, and subsequently with 100nM or 1000nM 
Go6976 combined with 5 ng/ml or 100 ng/ml paclitaxel for 48 h. The results 
showed a marked increase in cytotoxicity when compared to vehicle, 5 ng/ml 
paclitaxel, 100ng/ml paclitaxel, 100 nM Go6976 or 1000 nM Go6976 treatments 
(IV, Fig. 2. B). 

Flow cytometry analysis of propidium iodide stained cells showed that 
treatment with a combination of Go6976 and paclitaxel arrested the doxorubicin 
pretreated cells to the M-phase before cell death since the G2/M phase fraction 
increased when compared to treatment with Go6976 alone (IV, Fig. 2. C). In 
addition, there was no increase in the G0/1 population when paclitaxel was 
combined with Go6976, which was, however, seen in cells treated with Go6976 
alone. This indicates that paclitaxel treatment arrests the cells in mitosis very 
effectively. This was further supported by findings in Western transfer analyses 
using phospho-Cdc2 (Tyr15) and Cyclin B1 –antibodies (IV, Fig. 2. D). The 
results showed that treatment of 5637 TCC cells with cytostatic concentrations of 
doxorubicin induced Cdc2 phosphorylation, apparently as a result of DNA 
damage to the cells. This phosphorylation of Cdc2 persisted after removal of 
doxorubicin from culture medium, and replacement of doxorubicin with 5ng/ml 
paclitaxel did not affect the phosphorylation status. When doxorubicin was 
replaced with a combination of 100 nM or 1000 nM Go6976 with 5ng/ml 
paclitaxel, a dephosphorylation of Cdc2 on Tyr15 was seen. Furthermore, 
combining Go6976 to paclitaxel was still able to induce Chk1, Chk2 and Cdc25C 
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dephosphorylation. However, western transfer analysis using Cyclin B1 
antibodies showed that treatment of the cells with 100 nM or 1000 nM Go6976 in 
combination with 5ng/ml paclitaxel did not reduce the amount of Cyclin B1 in the 
cultures, indicating metaphase arrest. This further supports the findings obtained 
from cell cycle analysis which suggested that combining paclitaxel to Go6976 
treatment restrains the cells into mitosis, specifically to the metaphase, and 
inhibits cell cycle progression from this phase after G2 checkpoint abrogation. 
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6 Discussion 

6.1 Discussion of the methods 

6.1.1 Immunochemistry 

Immunochemistry (the chemistry of antibody-antigen reactions) can be exploited 
by variety of methods to study protein expression in cells and tissues. In this study, 
immunochemistry has been used to study protein expression in western transfer 
analysis, indirect immunofluorescence, immunohistochemistry and fluorescence 
activated cell sorting experiments. All these methods are valuable tools to study 
protein expression but only if the methodological controls are adequate. The 
antibodies have to be carefully selected and tested to perform as expected in the 
chosen method. The appropriate working dilution for an antibody has to be 
addressed using series of dilutions with tissue or cell preparations in which the 
antigen is supposed to be expressed. In this study, such tests were performed for 
all antibodies used, whenever possible. To ensure that the antibody detects the 
wanted antigen, several negative controls have to be included into the experiment. 
Many immunohistochemical studies only rely on a negative control in which the 
primary antibody is replaced with bovine serum albumin, or simply omit the 
primary antibody. This is not adequate, since immunoglobulins may show non-
specific binding to proteins in the sample material and false positive reactions, 
especially in epithelia. Thus, negative controls should also include reactions 
where 1) the primary antibody is replaced with the same antibodies which have 
been preincubated with a peptide which the antibody detects (peptide competition) 
2) the primary antibody is replaced with normal immunoglobulins of the same 
species. In these reactions, no immunosignal should be detected. In original 
publication I, BSA and peptide competition were used as negative controls. In II, 
BSA, peptide competition and normal IgGs were used. In III, only BSA was used, 
since the used antibodies had previously been proven to work properly in the 
laboratory. In IV, BSA and normal IgGs were used as negative controls.  

The human urinary bladder samples were partially the same in original 
publications I and II. In publication I there was no sample selection, whereas the 
samples for II were selected from available samples with two criteria; the sample 
had to include both TCC and normal urinary bladder epithelium. This selection 
was made to avoid intensity comparisons between individual samples. 
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Immunohistochemistry is not a quantitative method, thus comparison of the 
intensity of the immunosignal between two individual samples is not reliable. 
Thus, when it was possible, internal control (normal epithelium) was included in 
samples when intensities of the immunosignal were estimated, and the the 
intensity of immunosignal in TCC was compared to that of normal epithelium. 

6.1.2 Measuring the PKC activity 

Anti-phospho-PKC substrate antibody was used in two different original 
publications. The antibody is suggested to function in western transfer analysis 
and ELISA by the manufacturer. However, in original paper II the antibody was 
used successfully to detect phosphorylated PKC substrates in indirect 
immunofluorescence and immunohistochemistry. This is the first time that PKC 
activity is measured directly in the tissue section using antibody specific to PKC 
substrate phosphorylation. Measuring PKC activity in vivo is extremely difficult 
due to a number of reasons. First, levels of PKC proteins do not necessarily 
correlate with the overall enzyme activity. Second, PKC phosphorylation does not 
correlate to its enzyme activity. Third, PKC localization by the cell membranes do 
not necessarily correlate to the enzyme activity. Despite PKCs 
autophosphorylation, which is considered as a sign that PKC has been in contact 
with its ligand, the enzyme can be in its latent form. However, in the literature, 
the activity of PKC is commonly “measured” using antibodies that detect whole 
PKC isoenzyme or different phospho-spesific PKC antibodies.  

The phopho-PKC substrate antibody also has certain disadvantages. The 
antibody detects a pattern (phosphorylated serine with arginine or lysine at the -3, 
-2 and +2 positions, and hydrophobic amino acids at position +1) which is 
specific for substrates of cPKC. Thus, it detects all substrates that are 
phosphorylated by one or all cPKCs (α, βI, βII, γ) but leaves other possible 
substrates undetected. However, when a cell shows intense phosphorylation, it 
should be certain that some or all PKCs are active, this can not be shown by any 
other known method. It may be that even better accuracy in measuring PKC 
activity could be achieved by combining phospho-PKC substrate antibody to 
other methods, such as an antibody that detects the phosphorylated 
autophosphorylation site of a specific PKC isoenzyme.  

Since phospho-PKC substrate antibody has no prior references for its use in 
immunohistochemistry or indirect immunofluorescence, further analyzes of its 
performance in these applications were essential in this study. To evaluate 
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phospho-PKC substrate antibody performance in indirect immunofluorescence, 
5637 and T24 TCC cells were stimulated with PKC activator PMA and subjected 
to immunofluorescence labeling using phospho-PKC substrate antibody. The 
results showed a prominent increase in immunofluorescence for phosphorylated-
PKC substrates, and the increase in immunosignal could be blocked by 2h 
treatment with PKCα/βI inhibitor Go6976 prior to and during PMA stimulation 
(II, Fig. 3. C). In negative control immunoreactions, in addition to BSA and 
normal IgG,, this antibody also needed a phosphorylated peptide for peptide 
competitions. All data strongly suggested that phospho-PKC substrate antibody 
specifically detects phosphorylated substrates of classical PKCs in indirect 
immunofluorescence.  

6.1.3 Limitations and strengths in the use of human tissue, cell lines 
and mouse models 

In this study, sample material included human urinary bladder specimens and 
cultured cells originating from human urothelium and urinary bladder cancer. 
Additionally, a mouse model was used in which human bladder cancer cells were 
implanted subcutaneously into the backs of nude mice.  

Tissue samples are valuable tools for studying gene expression in mRNA and 
the protein level in single cells or tissue compartments in their natural 
multidimensional environment. These types of samples are the most reliable when 
expression of a protein or its expressional changes within a sample are studied. 
The samples can be used in immunohistochemistry, in situ hybridization, and 
Western blotting. The samples used in this study were formalin fixed surgical 
diagnostic specimens. It must be considered that the patient may use a variety of 
drugs and may have been subjected to different chemical treatments in the past 
and this may affect the protein expression and enzyme activity results presented 
in this study.  

Cell culture is a common research tool to study cancer. It is a relatively easy 
and practical way to study changes in cellular biochemistry and behavior. A single 
cell type culture can not mimic cell behaviour in multicellular and 
multidimensional organisms such as urinary bladder epithelium. The epithelial 
cells are cultured as a monolayer in an isolated environment lacking practically all 
extracellular factors that affect gene expression in normal or pathological tissue. It 
is possible that passage in culture has affected the molecular phenotype of the cell 
line during the years. Furthermore, it has been shown that cell lines are easily 
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contaminated by faster growing cell lines such as T24 (Christensen et al. 1993). 
Infections in cell cultures are a general problem, and it has been estimated that 
15-80% of all cell lines are infected by mycoplasma (Jung et al. 2003). Cell 
culture has, however, many advantages. Cancer cell culture is relatively easy. 
Cultured cells can be exposed to different substances such as drugs and their 
effects on cell behaviour is easy to monitor using different methods of molecular 
biology. While the results indicate certain changes in cancer cell behavior, which 
may be favorable considering cancer therapy, one must keep in mind that the 
results may be significantly different in multicellular organisms. This was one of 
the reasons for conducting the study using nude mice and implanted tumors.  

In this study, cultured cancer cells were implanted subcutaneously into the 
backs of the mice. Thus, it was possible to grow a three-dimensional tumor from a 
well documented cancer cell line which is subjected to all factors of a 
multicellular organism and can be subjected to different drugs. Drug delivery was 
performed intravenously. This type of mouse model has some disadvantages. The 
location of the TCC tumor is not natural, since it is not located in the urinary 
bladder. Implantation of tumors into the urinary bladder of a mouse is possible, 
though very laborious. The follow up of the tumor size during the treatments 
would be very difficult. In the model which was used in this study, the tumor 
consists of clonal TCC cells, which is not necessarily the case in naturally 
occurring bladder tumors. In addition to these xenograft models, it is possible to 
produce urinary bladder tumors simply by adding tumor initiators and tumor 
promoters into the animal’s diet which eventually result in a bladder tumor. 
However, this method does not necessarily represent molecular mechanisms that 
are involved in human urinary bladder cancer. When human cancer cell lines are 
used, there is certainty that the cancer cell has gone through a normal 
carcinogenesis. 

6.1.4 Evolution of the methods during the past years 

Since the beginning of this study, research methods have developed significantly. 
At the time this project was started, for instance in situ hybridization was a 
relatively new technique. Northern blotting was performed routinely, as well as 
PCR and different types of immunochemistry. Antibodies were commercially 
available, but many laboratories produced their own antibodies. Phosphorylation-
specific commercial antibodies were coming into use. Since those years, new 
excellent techniques have evolved, such as siRNA techniques and gene chip 
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technology among many others. In addition, commercially produced analysis kits 
have been developed for a wide variety of purposes. Many pre-prepared items, 
such as solutions and gels are now produced commercially. However, old 
techniques and laboratory skills are in daily use and often are the standard to 
which many newer techniques are compared. 

It is interesting to speculate which of these new techniques could have been 
used in this study, if they would have been in the standard use or available in the 
laboratory. As an example, in I, it would have been helpful to use Ras activation 
analysis or to study MAPK pathway activity using phospho-specific antibodies in 
the same samples where neurofibromin expression was shown to be decreased. 
Both these systems are available today. Furthermore, mutation analysis for the 
NF1 gene would have been very helpful in determining the reason for the 
decrease of expression of neurofibromin in the high grade TCCs. If normal cells 
and the siRNA technique would have been available, it would have been 
interesting to study the effect of NF1 silencing in normal urothelial cells, or in 
RT4 cells which express neurofibromin. Furthermore, the effect of NF1 silencing 
could have been studied using techniques such as DNA microarrays. 

In I-IV, the use of siRNAs for PKCα and βI would have been helpful as a 
control for the PKC inhibiting effects of Go6976. In I and II, the use of tissue 
microarrays would probably have made the laboratory work faster and more 
efficient and a larger number of samples possible. Furthermore, in II, a wider 
range of PKC isoenzyme antibodies could have been used and comparison 
between expression levels of different detected antigens would have been easier if 
tissue microarrays would have been available.  

6.2 Discussion of the results 

6.2.1 NF1 tumor suppressor in urinary bladder TCC 

Expressional changes of neurofibromin and genetic alterations of the 
corresponding gene are found in several proliferative conditions unrelated to type 
1 neurofibromatosis. Alterations of chromosome 17 in urinary bladder neoplasia 
have previously been documented to be predominantly confined to regions p12–
13, q22–11, and q24–25 (Chaturvedi et al. 1997). These facts led to the study 
concerning the potential role of NF1 gene expression in urinary bladder 
transitional cell carcinogenesis. There are only few studies that have considered 



 

 90 

NF1 gene involvement in urinary bladder cancer. One study proposed that NF1 
mutations are rare in TCC, since no point mutations could be found in the 31 
tumor samples that were analyzed in the study (Uchida et al. 1995). However, 
after publication of the results in the original paper I, another paper was published 
by a different group which demonstrated that NF1 gene mutations are very 
frequent in TCC. Specifically, 63,3% of muscle-invasive TCCs show NF1 gene 
abnormalities. These findings make the NF1 gene one of the most frequently 
altered tumor suppressor genes in TCC (Diaz-Cano et al. 2000; Blanes et al. 
2002).  

The level of neurofibromin expression in surgical TCC tumor samples was 
evaluated using immunohistochemistry. The results showed that neurofibromin 
was expressed at a readily detectable level in non-neoplastic or normal urothelial 
epithelium (later referred as normal urothelium). In contrast, TCC tumor tissue 
showed marked reduction in neurofibromin expression especially in grade 2-3 
samples. Furthermore, in situ hybridization analysis of grade 3 TCC samples 
revealed that NF1 mRNA levels are decreased when compared to the adjacent 
normal urothelium. Thus, TCC carcinogenesis associates with the loss of NF1 
gene expression, since NF1 mRNA and neurofibromin expression is decreased in 
TCC compared to normal urothelium.  

In additional studies, neurofibromin levels were evaluated in three cell lines 
using immunohistochemical and Western transfer analyses. The results showed 
that neurofibromin expression was readily detectable in RT4 (grade 1) and 5637 
(grade 2) cells, while it was almost undetectable in T24 cells representing grade 3 
TCC. Image analysis showed that the intensity of the NF1 immunosignal in RT4 
cells was 32-fold compared to that of T24 cells. Immunoprecipitation followed by 
Western blotting and subsequent quantitation of the chemiluminescence reaction 
showed a 15-fold difference in the same cells. Thus, both techniques 
demonstrated manifold levels of neurofibromin expression in RT4 cells than in 
T24 cells, even though the results were not identical between these two 
techniques. Northern transfer analysis of RNAs isolated from the three different 
TCC cell lines showed that the steady-state levels of NF1 mRNA in RT4 cells 
were also higher than in T24 cells. However, one must take a critical view in the 
interpretation of the data obtained from Northern transfer analysis of cultured 
TCC cells. Previous results with keraticytes have shown that NF1 mRNA levels 
may oscillate significantly within hours depending on cell culture conditions 
(Pummi et al. 2000). Even though only three cell lines were studied, this further 
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supports the results obtained from immunohistochemical analysis of the surgical 
specimens.  

Previous studies have shown that alterations in the type I versus type II NF1 
mRNA ratio can be associated with the development of certain malignancies. 
Generally, increase in type I expression has been associated with carcinogenesis 
(Burchill et al. 1994; Koh et al. 1995; Iyengar et al. 1999; Cacev et al. 2005). In 
this study, RT-PCR was used to study three different TCC cell lines and five 
surgical patient samples for possible alterations in the type I versus type II NF1 
mRNA ratio. All samples showed type II predominance, and there was no 
significant difference in the ratio between the cell lines studied. The 
predominance was also observed in patient samples, but it was not as pronounced 
as that seen in vitro. These data may indicate that changes in NF1 mRNA types 
are not important with respect to TCC carcinogenesis. However, it must be 
considered that the material of the present study did not include normal 
epithelium of the urinary bladder.  

The best characterized role of neurofibromin is its GTPase-activating 
function, which leads to inactivation of Ras. Thus, the reduction of NF1 gene 
expression reported here may lead to increased activity of Ras. The most 
important downstream target of Ras-GTP signalling is the Raf-MEK-ERK 
cascade, which leads to increased cell growth and proliferation in most tissues 
(Kolch 2000). NF1 deficiency may lead to increased Ras pathway activity in 
various tissues (Bollag et al. 1996; Sherman et al. 2000; Gitler et al. 2003). 
However, NF1 deficiency does not necessarily lead to increased Ras-GTP in all 
tissues (Johnson et al. 1994; Boddrich et al. 1995; Griesser et al. 1995; Sherman 
et al. 2000) but the NF1 gene may carry out its function, such as the regulation of 
cell growth, independently of Ras signalling (Johnson et al. 1994; Li and White 
1996; Guo et al. 1997; The et al. 1997). NF1 is a large gene and neurofibromin is 
a giant protein of which the Ras-GAP region is only a small part. Many 
researchers believe that all functions of neurofibromin have not yet been found. 
To confirm whether depletion of neurofibromin from urinary bladder epithelial 
cells leads to increased Ras activity and tumor promotion requires additional 
studies. 

 It is of interest that NF1 patients do not have an elevated incidence of TCC 
since there are only two published case reports of NF1 patients with TCC (Jimbo 
et al. 1995; Yonemura et al. 1997). In fact, NF1 patients do have 2.7 times higher 
risk for malignancies than the general population, but the increased risk applies 
only to brain tumors and connective tissue cancers. For example, colon cancer 



 

 92 

and myelodysplasias are not more frequent in NF1 patients than in the control 
population, even though mutations and expressional changes of the NF1 gene 
have been demonstrated to be frequent in these diseases (Li et al. 1992; Cacev et 
al. 2005). In this issue, there are analogies to the NF1 gene among other tumor 
suppressor genes. Mutations of the retinoblastoma gene are frequently seen in 
sporadic small-cell lung cancers (SCLCs), although SCLC does not have a higher 
incidence among hereditary retinoblastoma patients (Harbour et al. 1988; Yokota 
et al. 1988; Mori et al. 1990).On the other hand, sporadic astrocytomas harbor an 
inactivating NF1 mutation, and these tumors are found in NF1 patients with a 
higher frequency than in the general population (Li et al. 1992). Thus, it is 
possible that the NF1 gene and its protein product may play a different role in 
tumors which originate from neural-crest-derived tissues in contrast to other 
tumor types. It has recently been demonstrated that loss of neurofibromin can 
induce entirely different phenotypes in different cell types. In mouse embryonic 
fibroblasts the result is sustained Ras activation and immortalization of the cells. 
In normal human fibroblasts, loss of neurofibromin results in transient activation 
of Ras followed by its suppression and cellular senescence by a complex negative 
feedback involving a number of pathways (Courtois-Cox et al. 2006). 
Furthermore, even though NF1 gene or protein alterations would not play a direct 
role in tumor initiation or promotion in carcinomas, they may favour cancer 
progression in other ways since an activated Ras-MAPK pathway plays a role in a 
wide variety of cellular functions. Neurofibromin has been shown to also have 
other functions apart from its Ras-MAPK association. It has been shown to be 
linked to intercellular calcium signalling in epithelial cells (Korkiamaki et al. 
2002). Associations with adenylate cyclase, AKT-mTOR and protein kinase C 
pathways have also been demonstrated (Lee and Stephenson 2007). It has also 
been shown that neurofibromin associates with intermediate filaments and it has 
been suggested to control the organization of the cytoskeleton during formation of 
cellular contacts (Koivunen et al. 2000). The association with cellular filaments 
can also be seen in TCC cells (I, Fig. 3), which appears to be lost simultaneously 
with loss of expression. This finding may contribute to the disruption of cell 
junctions often seen in cancer.  

To conclude, neurofibromin appears to play a role in TCC carcinogenesis, but 
the results of this study do not elucidate whether the changes in the NF1 gene 
expression in TCC are causal or consequential with respect to the pathogenesis of 
TCC. Mutations in the gene control regions, down-regulation of the gene for 
some reason, and possible post-transcriptional regulation of neurofibromin can 
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not be ruled out. A previous study on bladder cancer reported no mutations in the 
NF1 gene in a region around codon 1423 in which somatic mutations have been 
found in colon adenocarcinoma, myelodysplastic syndrome, and anaplastic 
astrocytoma (Li et al. 1992; Uchida et al. 1995). However, more recent studies 
have demonstrated that NF1 gene mutations are very frequent in TCC (Diaz-Cano 
et al. 2000; Blanes et al. 2002). Earlier studies on other malignancies have 
reported mutations of the NF1 gene leading to loss of gene expression (Andersen 
et al. 1993; Johnson et al. 1993; The et al. 1993), and this may also be the case in 
urinary bladder cancer. In Type I neurofibromatosis, the mutations may range 
from single nucleotide substitutions to large deletions all over the gene(Lee and 
Stephenson 2007). Considering the size of the neurofibromin gene and protein, 
and its associations with multiple cellular pathways different mutations of the 
gene may result in a wide variety of changes in cellular functions.  

6.2.2 PKC α- and βI isoenzymes in urinary bladder TCC 

The expression and activity of Protein kinase C α and βI isoenzymes were studied 
in surgical TCC specimens using immunohistochemistry. The especial interest in 
PKC α and βI in this study arose from the knowledge of the existence of an 
inhibitor that is capable of blocking both of these enzymes at the same time. The 
inhibitor, Go6976, had earlier shown interesting anti-cancer properties.  

The results showed for the first time that PKCα and βI expression and cPKC 
activity are increased in TCC tumors, particularly in the most-proliferative areas 
of the tumor, as demonstrated by immunolocalization of Ki67. Superficial 
compartments above the muscularis mucosa displayed the highest PKCα/βI 
expression and kinase activity and, in addition, the highest proliferative activity. 
The muscularis mucosa is located in the lamina propria of the bladder wall, and 
invasion through this layer has been suggested to be a prognostic factor in TCC 
(Ro et al. 1987; Smits et al. 1998). Topographic evaluation of proliferation 
markers has shown that superficial compartments above the muscularis mucosa 
layer of muscle-invasive tumors have significantly higher proliferative activity 
than the deep compartments (Blanes et al. 2002), which is in good agreement with 
the results of the present study that were obtained with Ki67 immunolabeling. 

Previous reports have suggested that PKCα- expression is either non-altered or 
increased and that βI expression is decreased in TCCs (Koren et al. 2000; Varga et 
al. 2004; Kong et al. 2005). The findings of the present study are consistent with 
previously reported results, because it is shown that in low-proliferation areas of 
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the tumors, comprising most of the tumor volume, PKCα expression generally 
remains non-altered when compared with normal epithelium and βI expression is 
decreased. However, the results may explain why earlier studies have reported 
contradictory expression patterns of different PKC isoenzymes: the results of the 
present study depict restricted areas of high expression of selected PKC 
isoenzymes that apparently are not detected in tumor homogenates.  

PKCα and βI have previously been linked to increased cell growth. 
Introduction of PKCα to cancer cells increases proliferation, and inhibition of 
PKCα and βI decreases cancer cell growth (Mandil et al. 2001; Biswas et al. 2003; 
Jiang et al. 2004). In addition, several studies have shown upregulation of 
different PKC isoenzymes in cancerous tissue. It is thus feasible to speculate that 
increased expression and activity of PKCα and βI play a role in the higher 
proliferation activity seen in superficial areas of TCC samples. Possible reasons 
for PKCα/βI down- or upregulation include varying tissue oxygenation status, 
because sustained anoxia has been shown to result in downregulation of PKCα 
and βI in the brain and, in contrast, hypoxia has been shown to activate PKCα in 

muscle tissue (Libien et al. 2005). In addition, PKC isoenzymes have been linked 
to cell cycle control, and it is possible that changes in PKC expression reflect 
changed activity of other cell signaling pathways affecting cell cycle progression. 
As an example, oncogenic Ras has been shown to upregulate PKCα, c-myc 
oncogene induces increased PKCβ expression, and wild-type p53 has been shown 
to suppress PKCα expression (Barr et al. 1991; Delage et al. 1993; Zhan et al. 
2005). TCCs have previously been shown to be clonal, although different 

compartments may display distinct alterations in cell cycle–associated tumor 
suppressor status, such as type 1 neurofibromatosis gene defects in the superficial 
compartment and p53 in the deep compartment (Diaz-Cano et al. 2000). Thus, it 
is possible that variable PKC expression arises from differences in local growth 
environments, such as growth factors or oxygenation, or from tumor suppressor 

status that varies between compartments. 
The results demonstrate that cellular localization in normal urothelial and 

TCC cells for PKCα is cytoplasmic and that PKCβI localizes either to the nucleus 
or to the cytoplasm. Furthermore, the expression levels of PKCα in the cytoplasm 
or membranes positively correlate with the levels of classical PKC substrate 

phosphorylation, both in tumor samples and in TCC cultures. In addition, 
increased PKC substrate phosphorylation correlates with increased expression and 
nuclear localization of PKCβI in tumor samples and in cultures with an increased 
PKCβI immunosignal. In normal epithelium, a significant number of cells were 
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negative for PKCβI nuclear localization, whereas in cancerous tissue, particularly 
in highly proliferative areas, nearly all nuclei were positive for immunosignal. In 

TCC cultures, nuclear PKCβI appeared as a ~65-kDa fragment, whereas in the 
cytoplasm, it was present as a full-size 79-kDa form, as demonstrated by Western 
blotting. There are earlier reports locating PKCβI in the nucleus (La Porta et al. 
1997; Svensson et al. 2000; Raghunath et al. 2003; Cogram et al. 2004), and it 
has been demonstrated that PKCβI is transported to the nucleus and fragmented 
(Bastiaens and Jovin 1996). Others have shown a 65-kDa fragment for PKCβI in 
the membrane fraction of the cells (al-Mazidi et al. 1998) and in whole-cell 
lysates (Pfaff et al. 1999; Redling et al. 2004). It is thus possible that PKCβI is 
fragmented for a specific reason and that localization of the 65-kDa fragment in 
membranes (possibly nuclear membrane) indicates activation.  

The evidence suggests that PKCα and βI expression in TCC is under control, 
perhaps of some external or internal stimulus, and suggests that PKCα and βI 
expression and activity take part in the increased growth of TCC.  

6.2.3 The effects of inhibition of PKC α- and βI isoenzymes by 
Go6976 on urinary bladder TCC cell junctions, invasion and 
migration 

The expression and activity PKCα and βI proved to be increased in highly 
proliferating TCC tumor areas. Thus, the effect of inhibition of these isoenzymes 
was studied in TCC cells. The study investigated the link between PKC and cell 

junctions using cultured high-grade bladder carcinoma cells. The results showed 
that PKCα/βI inhibitor Go6976 induced prominent changes in both cell-cell and 
cell-matrix contacts. Specifically, Go6976 induced formation of adherens 
junctions and particularly desmosomal cell-cell junctions. Cell-matrix contacts 
underwent changes with a decreased number of β1-integrin-positive junctions and 
an increased number of β4-integrin-positive junctions. PKCδ inhibition with 
rottlerin had an opposite effect to Go6976 with disruption of cell-cell junctions 
and partial reversion of the effect of Go6976. In addition to changes in cell 
junctions, Go6976 proved to be a very potent inhibitor of cell migration and 
invasion.  

High-grade carcinomas, including TCCs, display changes in cell adhesion. 
Specifically, disruption of E-cadherin-mediated junctions and desmosomes have 
been linked to invasive TCCs but not to superficial TCCs (Alroy et al. 1981; 
Bringuier et al. 1993; Byrne et al. 2001). In cell-matrix junctions, depolarization 
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of β4-integrin-dependent junctions (hemidesmosomes) is frequently seen in 
invasive TCCs (Liebert et al. 1994), and β1-integrins (focal adhesions) are 
commonly linked to invasive behavior of carcinomas (Weaver et al. 1997; Lochter 
et al. 1999). The results of the present study showed that high-grade TCC cells 
display similar alterations in cell junctions in vitro. It has been previously shown 
that activation of PKCα and β has a cancer-promoting effect. In contrast, PKCδ 

has been suggested to be a cancer suppressor by promoting apoptosis. Thus, 
changes in PKC balance (activity of PKCα and βI versus PKCδ) have been linked 
to cancer development and progression. Interestingly, the results of the present 
study show that PKCα/βI inhibitor Go6976 induced very rapid changes toward 
restoration of normal epithelial cell-cell and cell-matrix junctions. The changes 
occurred rapidly (<2 h), making it likely that they were caused by changes in 
protein phosphorylation rather than in gene expression. PKCδ inhibition disrupted 
cell-cell contacts and reversed the Go6976-induced phenotype. This may suggest 

that increased proportional activity of PKCδ promoted by PKCα/βI inhibition 
leads to stable cell adhesions. The results of the present study link together the 
two events—a change in PKC balance and alterations in cell junctions—occurring 

during cancer progression.  
As estimated by immunolabelings and electron microscopy, Go6976 seemed 

to have a more pronounced effect on desmosomal cell-cell junctions than on 
adherens junctions. This was further enlightened by experiments in which the 
actin cytoskeleton was disrupted. The results showed that disruption of the actin 
cytoskeleton could not reverse the effect of Go6976 on desmosomes but resulted 
in an almost complete inhibition of adherens junction formation. Adherens 

junctions are attached to the actin cytoskeleton, making it likely that disruption of 
actin filaments has a more pronounced effect on adherens junctions than on 
desmosomes. Previous studies have also linked inhibition of PKC  to 
calcium independency of desmosomes (Wallis et al. 2000). It is feasible to 
speculate that PKC balance has a central role in the function of the adhesion 
zipper, which works toward stable cell-cell adhesion during cell differentiation. 

Based on the present study, one could speculate that high-grade carcinomas are 
able to construct the first phase of the adhesion zipper, in which the formation of 
filopodia and clustering of adherens junctional proteins in the tip of the filopodia 
occurs, but the cells are not able to proceed to the second phase of the zipper 
formation. In the second phase, desmosomes clamp the opposing cell surfaces 
together, which may be disrupted by changes in PKC activation balance. Previous 
studies have shown the importance of adherens junctions and desmosomes to 
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stable cell-cell adhesion seen in normal epithelium (Vasioukhin et al. 2000; 
Vasioukhin et al. 2001; Vasioukhin et al. 2001).  

The results of the current study showed that Go6976 efficiently inhibits the 
activity of classical PKCs. Rottlerin (PKCδ-inhibitor) did not inhibit classical 
PKC activity but, in contrast, caused a minor increase in its activity when used 
alone and in combination with Go6976. This finding may partially explain the 
disruption of PKC balance commonly seen in cancers. One can speculate that 

inhibition of certain isoenzymes could result in activation of other isoenzymes 
through several pathways. The mechanism of rottlerin-induced activation of 
classical PKCs remains to be elucidated.  

The findings of the present study with aggressive TCC lines and Go6976 
suggest that Go6976 can differentiate cells by inducing the formation of cell 
junctions and partially reversing the invasive phenotype. Go6976-induced 
differentiation in TCC cells occurs in a highly similar manner as in cultured 
keratinocytes, a well-characterized model for epithelial cell differentiation. In 
keratinocytes, an increase of the extracellular calcium levels causes rapid 
formation of adherens junctions and desmosomes (Green et al. 1987; O'Keefe et 
al. 1987) and formation of β4-integrin-containing hemidesmosomal structures and 
translocation of β1 integrin from the cell-matrix adhesions sites (Ryynanen et al. 
1991). The results with normal urothelial cells showed that they behave similarly 
to cultured keratinocytes when induced to differentiate by increasing the 
extracellular calcium concentration. Specifically, a transient translocation of β1 
integrin to the cell-cell contact zone and subsequent fading of the immunosignal 
was observed. Furthermore, β4-integrin-positive cell-matrix junctions were 
observed after elevation of extracellular calcium concentration.  

To conclude, the results further elucidate the molecular mechanisms through 
which Go6976 acts as a chemotherapeutic agent. Go6976 is a potent inducer of 
cell-cell and cell-matrix junctions, which play a pivotal role in cancer progression, 

invasion, and metastasis but also cell signaling and tumor suppression. 

Restoration of prominent cell junctions by Go6976 can induce a less invasive 
phenotype of bladder cancer cells. The results encouraged additional 
investigations on Go6976 as a chemotherapeutic agent. 
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6.2.4 The effects of inhibition of PKC α- and βI isoenzymes by 
Go6976 on urinary bladder TCC cell growth 

Since the expression and activity PKC α- and βI was found to be increased in 
highly proliferating TCC tumor areas, the effect of inhibition of these isoenzymes 
on cell growth was studied in vitro and in vivo. TCC cell line 5637 was subjected 
to different concentrations of Go6976 for 48h. The results showed that only 
1000nM Go6976 inhibited growth of these cells, while a 100nM concentration 
induced minor growth acceleration. These findings were evident in two different 
growth assays; thus, methodological errors are not likely. Subsequently the same 
cells were subjected to FACS assays using propidium iodide and antibodies 
against cleaved caspase 3. The results showed that a 1000nM concentration of 
Go6976, but not 100nM, induces apoptosis as estimated from the amount of 
cleaved caspase 3 positive cells and an increase in the sub-G1 fraction in cell 
cycle analysis. The minor increase in cell numbers after treatment of the cells 
with 100nM Go6976 is worth notice since, as discussed below, Go6976 induces 
mitosis.  

Go6976 treatment was also tested in a mouse model. 5637 cells were 
implanted into the backs of mice, and after tumor formation, the mice were 
treated weekly with intravenous injections of Go6976. The results showed that 
while the tumors of control mice enlarged rapidly, the tumors of mice that 
received Go6976 ceased growing. Furthermore, the mitotic index was lower and 
the apoptotic index higher in tumors of Go6976 treated mice. Thus, the growth 
arrest seen in the tumors may by due to increased apoptosis within the tumors. 
The growth inhibiting effect of Go6976 on cancer cell growth has also earlier 
been shown by Arthur B. Pardee’s group (Biswas et al. 2001; Biswas et al. 2003). 
Taken together, these results indicate that Go6976 as a single agent is capable of 
inducing growth arrest and apoptosis in vitro and also in vivo.  

6.2.5 The effect of combining PKC α- and βI isoenzyme inhibitor 
Go6976 to doxorubicin and paclitaxel 

Go6976 proved to be an effective substance for inducing apoptotic cell death and 
growth retardation of TCC cells both in vitro and in vivo. Furthermore, previous 
studies have suggested that the combination of PKC inhibitors and classical 
chemotherapeutic agents may have additive effects. Thus, Go6976 was tested in a 
combination of doxorubicin and paclitaxel. The results demonstrate that the 
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cytotoxicity of DNA damaging agent doxorubicin can be increased by PKC 
inhibitor Go6976. Specifically, cytostatic concentrations of doxorubicin induced 
G2 checkpoint activation and subsequent Go6976 treatment resulted in 
checkpoint abrogation and cell death. Reaching cytotoxic concentrations of 
chemotherapeutic drugs in tumors is a major problem in cancer therapy. Since 
low concentrations of DNA damaging agents may lead to cell cycle arrest instead 
of cell death, checkpoint abrogators may provide an advantage by enhancing cell 
death. However, we showed that checkpoint abrogation could have adverse 
effects since part of the DNA damaged cells continue in the cell cycle after they 
are forced into mitosis from G2 arrest. This may increase the genomic instability 
of the cell population. Our results suggest that introducing a mitosis specific drug, 
paclitaxel, to the doxorubicin-Go6976 sequence may provide a solution to the 
problem described above. Paclitaxel induced marked mitotic arrest and increased 
cell death. Previously, the doxorubicin-UCN-01+paclitaxel sequence has been 
shown to result in augmented cytotoxicity (Blagosklonny 2002).  

Cancer therapies frequently include combinations of drugs, such as 
doxorubicin and paclitaxel which affect different phases of the cell cycle. Relapse 
of the disease is often caused by a subpopulation of drug resistant cancer cells. 
Drug resistance may arise from e.g. drug induced cell cycle arrest which protects 
the cancer cells from other phase specific drugs. Our results showed that when 
used alone, mitosis specific drug paclitaxel resulted in major cytotoxicity to the 
5637 TCC cell line. Pre-treatment with cytostatic concentration of DNA 
damaging agent doxorubicin induced G2 arrest and almost completely inhibited 
the paclitaxel associated cytotoxicity. Adding a checkpoint abrogator, such as 
Go6976, to a combination therapy which involves a DNA damaging agent and 
mitosis specific drug may inhibit drug resistance in the case of cell cycle arrest 
mediated drug resistance, as shown in the present study. 

Normal cells arrest to the G1, S or G2 phases of the cell cycle in response to 
DNA damage since G1 arrest is p53 dependent. In contrast, p53 deficient cells 
arrest to S or G2 phases making cancer cells more dependent on the G2 
checkpoint than normal cells (Eastman 2004; Kawabe 2004). Therefore, 
manipulating the G2 checkpoint may not have as much effect on normal cells as 
on cancer cells. The drug combination used in the current study could provide a 
tool to target cytotoxicity more selectively to the cancer cells. However, further 
studies are needed to analyze if combining these three substances increases or 
decreases toxicity in normal cells. 
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6.2.6 The effects of PKC α- and βI isoenzyme inhibition by Go6976 
on cell cycle control 

Previous studies have suggested that low, 10-30nM, concentrations of Go6976 
directly inhibit Chk1 and perhaps Chk2 in DNA damaged cells. It should be noted 
that these low concentrations of Go6976 are below those needed for PKC 
inhibition. Go6976’s inhibitory effect on Chk1 would explain its ability to 
abrogate the G2 checkpoint (Kohn et al. 2003). In the present study, cell cultures 
were subjected to combinations of doxorubicin, paclitaxel and different 
concentrations of Go6976 and further analyzed using western transfer analysis. 
More specifically, selected key players controlling entry to mitosis were analyzed 
in cells with and without DNA damage. The results prompted the following 
suggestions and speculations as outlined in Figure 3 of original paper IV.  

The results imply that molecular changes leading to G2 checkpoint 
abrogation in DNA damaged cells take place upstream of Chk1 and Chk2 when 
high, PKC inhibiting concentrations of Go6976 (>100nM) are used. This notion is 
based on the finding that these kinases undergo inactivating dephosphorylation in 
response to Go6976 treatment after DNA damage. Thus, ATR-Chk1 and/or ATM-
Chk2 pathways may be inhibited by Go6976 either directly or indirectly. 
However, the results on non-synchronized cells representing cells at different 
phases of cell cycle revealed that DNA damage is not required for Go6976 
induced activation of mitosis. Furthermore, Go6976 concentrations above 100nM 
are needed for Cdc2 activation and subsequent mitosis of non-synchronized cells.  

Interestingly, non-synchronized cells that were forced to mitosis using 
Go6976, showed moderate Chk1 activation, while changes in Chk2 
phosphorylation were only minor. This result is seemingly conflicting since the 
results obtained from cells treated with the doxorubicin-Go6976 sequence 
suggested that Go6976 inhibits ATR-Chk1 and/or ATM-Chk2 pathways. It should 
be noted, however, that ATM and ATR kinases react to different types of DNA 
damage, ATM responds to DNA double-strand breaks, while ATR also reacts to 
stalled replication.(Abraham 2001; Canman 2001). Furthermore, there is limited 
crosstalk between ATM-Chk2 and ATR-Chk1 pathways (Wang et al. 2006). It can 
be speculated that non-synchronized cells that are forced to premature mitosis 
contain incompletely replicated DNA. Stalled replication would then activate 
ATR and subsequently Chk1, while Chk2 activation would be only minor. In the 
case of doxorubicin induced DNA double strand breaks, ATM and ATR, and 
subsequently Chk2 and Chk1 will be activated. This data allows us to speculate 
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that Go6976 inhibits ATM either directly or indirectly, since i) Go6976 induced 
Chk2 targeted inhibition in DNA damaged cells, suggesting ATM inhibition by 
Go6976, see Figure 3B of original paper IV, box 1; ii) Go6976 treatment of non-
synchronized cells preferably induced activation of Chk1. This suggests ATR 
activation as a result of premature mitosis and incompletely replicated DNA, see 
Figure 3A of original paper IV, box 3; iii) Chk1 activation was possible in non-
synchronized cells, thus Go6976 is likely to inhibit a pathway other than ATR-
Chk1, such as ATM-Chk2. See Figure 3A of original paper IV, box 3 and 3B, box 
1.  

The results suggest that Go6976 also inhibits c-TAK1, the action of which is 
to phosphorylate and inactivate Cdc25C during interphase (see Figure 3A, box 1). 
This notion is based on the following findings: Exposure to Go6976 resulted in 
activation of Cdc25C and Cdc2 in non-synchronized cells as demonstrated by 
western transfer analysis. Furthermore, the same cells showed some Chk1 
activation but only minor Chk2 activity. There are three potential Go6976 targets 
whose inhibition results in activation of Cdc25C and Cdc2; namely Chk1 or Chk2 
and c-TAK1. Previous data showed full inhibition of Chk1 and Chk2 with 10-
30nM concentrations but here we show a concentration dependent activation of 
Cdc25C and Cdc2 with Go6976 when concentrations of 100-1000nM were used. 
Furthermore, non-synchronized cells were not affected by any cellular stress prior 
to mitosis induction by Go6976, ruling out primary Chk1/2 activation and its 
inhibition by Go6976. In addition, Go6976 shares a significant homology with 
UCN-01 which has been previously reported to inhibit c-TAK1 at high 
concentrations (Kohn et al. 2002). Based on these considerations, c-TAK1 is a 
likely target of Go6976. 

These results would suggest that Go6976 is a superior G2 checkpoint 
abrogator since: i) it affects the G2 checkpoint control at three levels (ATM, 
Chk1/2 and C-TAK1), and ii) it does not show significant binding to plasma 
proteins as does UCN-01 (Kohn et al. 2003). 
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7 Conclusions 

The present study investigated the role of the NF1 gene product neurofibromin 
and PKC in the malignant behaviour of TCC. The following conclusions were 
made on the basis of the current study: 

– The NF1 gene is likely to have a function in the carcinogenesis of TCC 
because the expression of neurofibromin was shown to be decreased and 
associated with the poor differentiation of TCC tumors.  

– Increased PKC α- and βI expression and activity is associated with the high 
proliferation rate of TCC cells within tumors. Most likely the changes in 
expression are not genetic, since variable expression was detected in 
neighbouring tumor cells.  

– PKC α- and βI isoenzyme activity takes part in the formation and/or 
degradation of cell-cell junctions either directly or indirectly, since inhibition 
of the isoenzymes by Go6976 resulted in an increase in desmosomes and 
adherens junctions. 

– PKC α- and βI isoenzyme activity takes part in the formation and/or 
degradation of cell-matrix junctions, since inhibition of the isoenzymes by 
Go6976 resulted in an increase in hemidesmosomes and changes in focal 
adhesions. 

– Inhibition of PKC α- and βI isoenzyme activity by Go6976 inhibits 
carcinoma cell migration, invasion and growth, and induces apoptosis. 

– PKC α- and βI inhibitor Go6976 induces mitosis in non-synchronous cells 
and in G2 arrested DNA damaged cells. This happens likely by inhibition of 
ATM, Chk1 and Chk2 kinases and C-TAK1 either directly or through PKC 
inhibition.  

– Doxorubicin pre-treatment induces paclitaxel resistance. A combination of 
Go6976 and paclitaxel disables the resistance.  

– Go6976 may be a candidate drug for future cancer treatment research. 
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