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“If we knew what it was we were doing, it would not be called research, would it?” 

-Albert Einstein 
 



ABSTRACT 
In this thesis, IR-induced apoptotic signaling was studied in a panel of lung 

carcinoma cell lines. The goal was not only to achieve a better understanding of 
the process, but also to identify possible targets for pharmacological modulation 
to enhance the efficiency of radiotherapy.  

Lung cancer is the most common malignant disease and the leading cause of 
cancer mortality in the western world. Radiotherapy is a cornerstone in the 
treatment of lung cancer. However, inherent or acquired radioresistance is a 
common clinical problem. Many types of anti-cancer treatment, including 
radiotherapy, work via the induction of apoptosis. The absence of IR-induced 
apoptosis in NSCLC (non-small cell lung carcinoma) cells was previously 
described by our group.  

The expression of pro-caspases, µ-calpain and the Bcl-2 family proteins Bcl-
2, Bcl-XL and Bax, was analyzed in a panel of lung carcinoma cell lines. No 
correlation was observed between the expression of the investigated proteins and 
intrinsic radiosensitivity. Moreover, SCLC (small cell lung carcinoma) cells were 
characterized by a high Bcl-2/Bax ratio and the lack of pro-caspase-8, -10, -4 and 
–1 expression.  

The functionality of the apoptosis signaling pathways was therefore studied 
in more detail. Mitochondrial release of cytochrome c and subsequent caspase 
activation was observed in both SCLC and NSCLC cells after IR-treatment. 
However, only SCLC cells had nuclear localization of active caspase-3 and 
underwent apoptosis. This led us to analyze the importance of possible inhibitors 
of apoptotic signaling at this level. 

Neither the expression level nor the intracellular localization of IAPs 
(inhibitor of apoptosis proteins) correlated with radiosensitivity. Moreover, 
although all cell lines had a strong expression of HSP72 (heat shock protein), 
known to have versatile and potent anti-apoptotic properties, knockdown of this 
protein by RNAi did not sensitize NSCLC cells to IR-induced apoptosis.  

The role of the pro-apoptotic mitochondrial regulators Bax and Bak in IR-
induced apoptosis was investigated in U1810 (NSCLC) and U1285 (SCLC) cells. 
IR-treatment induced pro-apoptotic conformational changes in Bak, followed by 
mitochondrial depolarization, caspase-3 activation and appearance of apoptotic 
nuclear morphology changes, only in the radiosensitive U1285 cells. Moreover, in 
response to IR, an early and sustained activation of stress-activated protein 
kinases p38MAPK and JNK was detected in U1285, but not in U1810 cells. 
Blocking of SAPK activation in U1285 cells by chemical inhibitors totally 
abrogated IR-induced apoptosis.  
The data presented here demonstrate that IR-induced apoptotic signaling in 
radioresistant NSCLC cells is abrogated at several levels. Interestingly, in response 
to other agents, initiation and execution of apoptosis can be activated also in 
radioresistant cells. This suggests that the apoptotic machinery is functional in 
NSCLC cells, but is not activated vigorously enough to trigger apoptosis in 
response to IR. 
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BACKGROUND 
 
1.1 LUNG CANCER 

 
Lung cancer is the most common malignant disease and the leading cause of 

cancer mortality in the western world (Parkin et al., 2001). In Sweden, primary tumors 
of the bronchus and lung are the third and fourth most common cancer diagnose in 
men and women, respectively (statistics for year 2000 from the Swedish National 
Board of Health and Welfare). A decreasing incidence of lung cancer in Swedish men 
was observed around 1980 and this trend is continuing. However, since the 1960’s, 
the lung cancer incidence among Swedish women has steadily increased and is now 
surpassing the male incidence in the age group 0-54 years.  

Up to 15% of the total lung cancer incidence occur among non-smokers. 
Causes/contributing factors other than smoking have been identified and includes 
genetic predisposition, e.g. by allelic variants of genes important for detoxification, 
loss of tumor suppressor genes and exposure to environmental factors such as 
passive smoking, chemicals and exposure to radon (Williams & Sandler, 2001). 
However, it is well established that the major cause of lung cancer is tobacco 
smoking, responsible for approximately 85-90% of bronchogenic carcinoma 
(Williams & Sandler, 2001). Tobacco smoke contains hundreds of known human 
carcinogens and smoking is associated with increased cancer rates in virtually every 
organ of the body including the lung, oral cavity, esophagus, colon, pancreas, bladder, 
bone marrow, cervix and kidney (Shields, 2002). Lung cancer incidence faithfully 
mirrors the socio-geographical and gender differences in smoking habits. In Sweden, 
one million people are daily smokers, and approximately 8000 persons/year will die in 
diseases caused by smoking (source: The Swedish Council for Information on 
Alcohol and other Drugs). The majority of new smokers in Sweden are young 
women in their early adolescence, however, a decrease in the total smoking 
prevalence in Sweden has been observed during the last two decades (source: 
Statistics Sweden). Prevention is the obvious and only measure to take against lung 
cancer. More information together with new legislation is needed to deter people 
from tobacco smoking. 

  
1.1.1 Lung cancer classification  

Lung carcinomas are classified into four histological types: small cell lung 
carcinoma (SCLC), squamous cell lung carcinoma (SCC), adenocarcinoma (AC), and 
the more undifferentiated large cell lung carcinoma (LC). The histological features 
and clinical course makes SCLC a separate entity. The other three types are referred 
to as non-small cell lung cancer (NSCLC, WHO-classification 1977). The 
characteristics of the different histological types of lung cancer are summarized in 
Figure 1. 

It is common to find tumors with mixed histology. The cell of origin in lung 
cancer has not been identified but is thought to be a pluripotent epithelial stem cell 
that would differentiate into the cell types present in the lung, namely the mucus 
producing cylindrical cells, neuroendocrine cells and type I and II pneumocytes. 
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Squamous cell carcinoma (~30%)

* Closely correlated with smoking (dose-
dependent)

* Tends to spread locally

* Highly expressed genes encoding 
proteins with detoxification/antioxidant 
properties 

Adenocarcinoma (~30%)

* Most common type of lung cancer in 
women and non-smokers

* Worldwide incidence increasing

* Highly expressed genes encoding small-
airway-associated and immunologically 
related proteins

 mutations frequently reported * K-RAS

Large cell carcinoma (5-10%)

*Very primitive, undifferentiated cells

* High tendency to metastasize

Small cell lung carcinoma (15-20%)

* Occurs almost exclusively in smokers, 
more prevalent in women than men

*Tendency to disseminate early

* Initially chemo- and radiosensitive, 
becoming resistant

* is  mutated in almost all tumorsTP53 

Figure 1
Histopatological classification of lung carcinoma and some characteristic traits. 

 
 
 
1.1.2 Genetic and molecular changes in lung cancer  

The hallmarks of cancer, as described by Hanahan and Weinberg, include growth 
signal self-sufficiency, insensitivity to growth-inhibitory signals, evasion of 
programmed cell death (apoptosis), limitless replicative potential, sustained 
angiogenesis, and tissue invasion and metastasis (Hanahan & Weinberg, 2000). 
Genetic and molecular alterations in lung cancer are described that enable all these 
features. 
  
1.1.2.1 Growth factor independence 

Overexpression of growth-receptors, excretion of growth factors, and 
dysregulation of the downstream signaling pathways all represent ways to obtain 
independence of growth factor stimulation.  

Insulin-like growth factor I (IGF-I) expression is elevated in more than 95% of 
SCLCs and 80% of NSCLCs (Minuto et al., 1986; Reeve et al., 1990). Moreover, a 
causal role for IGF-II in lung adenocarcinoma was recently demonstrated in a mouse 
model (Moorehead et al., 2003).  

The IGF-I receptor is present in most lung cancers (Kaiser et al., 1993). Up to 
80% of SCCs overexpress EGF-R, and 20% of ACs overexpress Her2/neu (Hirsch et 
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al., 2002). These growth factor receptor tyrosine kinases normally transduce 
proliferative extracellular signals. In addition, they are now therapeutic targets since 
the recent development of tyrosine kinase inhibitors.  

Virtually all SCLC and up to 70% of NSCLC tumors exhibit neuroendocrine 
features with production of neuroendocrine peptides, such as gastrin releasing 
peptide, bradykinin, gastrin, insulin-like growth factor I, and vasopressin, of 
importance for growth stimulation by para- and autocrine loops (Hirsch et al., 2002).  

The small GTPase p21-Ras, encoded by the RAS oncogene, is important for the 
transduction of receptor tyrosine kinase signaling and subsequent activation of the 
mitogen-activated protein kinase (MAPK)-cascade, or the phosphatidylinositol-3-
kinase pathway (Macaluso et al., 2002). Mutated Ras is locked in a permanent active 
state and is thus independent of upstream signals. The main members of the RAS 
gene family are H-RAS, K-RAS and N-RAS. RAS mutations, especially in K-RAS, 
were found in ~30% of NSCLC (Macaluso et al., 2002), mainly ACs, and is a marker 
for poor prognosis (Sekido et al., 1998).  
 
1.1.2.2 Cell cycle dysregulation 

Cell cycle progression is tightly controlled via the family of cyclins and their 
partners, the cyclin-dependent kinases (CDKs). Loss of negative control functions, 
due to mutation of key regulators, is commonly found in cancer and cause 
insensitivity to growth-inhibitory signals. 

The Rb protein, encoded by the retinoblastoma tumor suppressor gene, is 
responsible for the timely release of transcription factors of the E2F-family to initiate 
the entry into the G1-phase of the cell cycle. Inactivating mutations of RB is found in 
>90% of SCLC but only in 15% of NSCLC (Kelley et al., 1995). However, the 
p16INK4A gene, encoding an inhibitor of CDK4 and thus negatively regulating the 
Rb-signaling pathway, is inactivated in >50% of NSCLC (Sekido et al., 1998). 
Moreover, cyclin D1, the partner of CDK4, is overexpressed in NSCLC (Reissmann 
et al., 1999). All these changes contribute to the loss of negative cell cycle regulation.  

MYC is a proto-oncogene encoding a nuclear transcription factor that is essential 
for cell proliferation and prevention of differentiation. The function of Myc is 
regulated through heterodimerization. The Myc/Max heterodimer recognizes the 
consensus sequence with high affinity, resulting in transcription, while formation of 
the Max/Mad complex is thought to antagonize Myc function. Abnormal expression 
of all three members of the Myc family (n-Myc. l-Myc and Myc) is commonly found 
in both SCLC and NSCLC (Richardson & Johnson, 1993). In SCLC, Myc and n-Myc 
overexpression is associated with poor prognosis (Viallet & Minna, 1990).  
 
1.1.2.3 Evasion of apoptosis 

Evasion of cell death can be conferred by mutation of the tumor suppressor gene 
TP53, located at chromosome 17p13.1. This is one of the most conspicuous genetic 
alterations in cancer and was found in >90% of SCLC and >50% of NSCLC 
(Greenblatt et al., 1994). TP53 encodes the “Guardian of the genome”, p53. Upon 
exposure to cellular stress, such as hypoxia or DNA damage, the p53 protein is 
activated by phosphorylation, resulting in accumulation in the cell nucleus. The 
induction of p53 can result in either cell cycle arrest or apoptosis through 
transactivation/transrepression of a number of target genes. An intact p53-response 
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is of paramount importance for the integrity of the genome (Gudkov & Komarova, 
2003).  

Bcl-2 is a potent anti-apoptotic protein that was found highly expressed in 75% 
of SCLC, but not in NSCLC, biopsies (Jiang et al., 1995; Kaiser et al., 1996). 
However, it appears that Bcl-2 expression does not correlate with disease 
progression. The higher sensitivity of SCLC to apoptosis-inducing agents, such as 
most anti-cancer drugs, makes this an apparent paradox. The Bcl-2 family consists of 
both pro- and anti-apoptotic proteins, and the intricate balance between them 
determined the final influence on apoptotic signaling. The mechanisms of apoptosis 
inhibition by Bcl-2 family proteins are discussed in more detail in section 1.2.3.3. 

 
1.1.2.4 Immortalization 

Differentiated cells normally undergo a limited number of possible cell divisions 
before they become senescent. Telomers are structures of repetitive DNA sequences 
that cap the ends of chromosomes and protect against loss of chromosomal 
information, stabilizing chromosomes from degradation and illegitimate 
recombination. Due to the “end replication problem”, the telomers are shortened at 
each mitotic cycle and this telomeric shortening is considered to act like a biological 
clock, ticking towards cellular senescence. The DNA-polymerase telomerase is 
capable of restoring telomeric length and is therefore a potential oncogene. 
Activation of human telomerase and amplification of the telomerase reverse 
transcriptase gene (hTERT), encoding the rate-limiting component of telomerase 
activity, was found in both SCLC and NSCLC (Sekido et al., 1998; Zhang et al., 
2000). 

 
1.1.2.5 Angiogenesis 

Both primary and metastatic tumor growth require blood supply via the 
recruitment of vessels from the surrounding tissue. Vascular endothelial factor 
(VEGF) and basic fibroblast factor (bFGF) are the two most important inducers of 
tumor angiogenesis. VEGF-expression was found to negatively correlate with overall 
survival, and the receptor for VEGF, Flt-1, is frequently expressed in SCC tumors 
(Volm et al., 1997). bFGF expression was detected in ~70% of NSCLCs (Takanami 
et al., 1996) but the prognostic use of this finding is not so clear. 
 
1.1.2.6 Metastasis 

Metastatic potential is determined by several factors; the ability to detach from 
the basal membrane and survive without adhesion-dependent stimulation, the 
expression of proteases necessary for invasion of the blood- or lymphatic circulation 
and other tissues, and finally self sufficiency in growth stimulation and the capability 
of angiogenesis (Hanahan & Weinberg, 2000). For tissue invasion, the tumor needs to 
activate proteolytic enzymes to breech the barrier of the basal membrane and to 
dissolve the extra-cellular matrix. The family of matrix metalloproteinases (MMPs) is 
important for tumor invasion, metastatic potential and tumor-related angiogenesis. 
However, not all lung cancers express the MMPs believed to be most important in 
promoting the neoplastic process, and there are conflicting reports regarding the 
prognostic significance of MMPs in lung cancer (Bonomi, 2002). 
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A possible sequence of transforming events taking place in the development of 
lung cancer is outlined in Figure 2. Smokers were found to have multiple pre-
neoplastic alterations in the mucous membranes outlining the major bronchi. These 
lesions harbored abnormalities identical to some of those found in invasive 
carcinoma, including TP53 mutations, upregulation of Myc and Ras proteins, cyclin 
D1 overexpression, Bcl-2 overexpression, allele loss at several loci (3p, 9p, 8p and 
17p) and aneuploidy (Hirsch et al., 2001).  

The loss of alleles at 3p is observed in more than 90% of SCLC tumors and 
approximately 80% of NSCLC tumors (Kok et al., 1987). The FHIT gene, localized at 
3p14.2, may represent one of several potential tumor-suppressor genes located on 
chromosome 3p. Eighty per cent of SCLC tumors show abnormalities of this gene 
(Sozzi et al., 1996). Loss of the FHIT gene results in the accumulation of diadenosine 
tetraphosphate that could lead to stimulation of DNA synthesis and cell proliferation 
(Croce et al., 1999). 

 
 

Early

Normal
epithelium

Intermediate Late

~80%3p LOH/small telomeric deletions 3p LOH/contiguous deletions

~50%Microsatellite alterations

~70%9p21 LOH

~80%Telomerase dysregulation Telomerase upregulation

~60%Myc overexpression

~80%8p21- 23 LOH

~40%Neoangiogenesis

~40%Loss of Fhit immunostaining

~70%p53 LOH p53 mutations

~80%Aneuploidy

~100%Methylation

~30%5q21 APC -MCC LOH

~20%K -ras mutation

Hyperplasia Dysplasia CIS Invasive carcinoma

Figure 2

Sequential changes during lung cancer pathogenesis. Modified after Hirsch et al. 2001.
Abbreviations; CIS, cancer in situ, LOH, loss of homozygosity; Fhit, fragile histidine 
triad; APC-MCC, adenomatous polyposis coli-mutated in colon cancer.
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1.1.3 Lung cancer therapy - the problem of resistance 

The clinical treatment of lung cancer, summarized in Figure 3, is determined by 
the histological type and tumor stage (source: Swedish National Therapy Guidelines 
for lung cancer, 2001).  

The prognosis for NSCLC correlates closely to the tumor stage. For apparently 
local disease classified as stage IA (i.e. a tumor less than 3 cm in diameter and no 
evidence for local lymph node engagement) the 5-year survival after surgery is ~75% 
thus underscoring the problem of early occult dissemination (Porrello et al., 2002). 
NSCLC is frequently resistant to both drug- and radiotherapy and complete response 
to therapy is rare. Therefore, resistance to treatment presents a major problem. The 
resistance mechanisms are numerous and diverse and depend on the detoxifying 
capacity of the cells, DNA repair capacity, drug uptake/excretion and many other 
factors (reviewed in Volm & Rittgen, 2000). 

SCLC is initially among the most drug- and radiosensitive tumors. If the disease is 
local, i.e. is confined to one side of the thorax and can be covered within an 
irradiation-field, concomitant chemo- and radiotherapy can be curative. The 
probability of complete clinical remission is even higher for patients with limited-
stage SCLC than for patients with stage III NSCLC after combined radio- and 
chemotherapy (Erridge & Murray, 2003). However, only approximately 10% of SCLC 
patients presents with limited disease. SCLC is associated with early metastasis and 
relapse within 2 years is typical. Relapse is associated with a quick development of 
resistance to both drug- and radiotherapy, making the overall long-term prognosis for 
SCLC very poor (less than 10%). 
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Stage IA-B (local disease) and IIA-B 
(local lymph node engagement)
* 

Stage IIIA (local lymph node 
engagement)
* 

Stage IIIB (regional lymph node 
engagement)
* 

Stage IV (distant metastasis)
* 

Surgery
* Curative radiotherapy if surgery is 
contraindicated
* Adjuvant or neo-adjuvant chemo- or 
radiotherapy 

Surgery in selected cases 
* Radiotherapy alone, benefits 5-10% of 
patients
* Chemotherapy + radiotherapy / 
neoadjuvant therapy
* Post-operative adjuvant chemotherapy

Chemo- or radiotherapy alone
* Chemotherapy + radiotherapy

Palliative chemotherapy (platinum-based)
* New chemotherapy agents
* Palliative radiotherapy

Limited disease (i.e within one side of 
the thorax)
* 

Extensive disease
* 

Concomitant platinum-based chemo-
radiotherapy with PCI for responders

Combined chemotherapy +/- PCI
* Palliative radio- or chemotherapy

NSCLC SCLC

Figure 3. 

Treatment options for lung cancer. 
Abbreviations; PCI, prophylactic cranial 
irradiation
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1.2 APOPTOSIS 

 
In the seminal paper by Kerr, Wyllie and Currie, a distinct form of cell death was 

described (Kerr et al., 1972). This cell death was different from necrosis and 
characterized by specific morphological changes including cell shrinkage, chromatin 
condensation and nuclear fragmentation. Moreover, this specific type of cell death 
was found to occur during both physiological and pathological conditions. The term 
apoptosis, put together from the Greek words apo (από =off, from) and ptosis 
(πτώσίσ =falling, drooping), was coined by Kerr et al. to denote this form of cell 
death. Although this finding may be considered the take off point for apoptosis 
research, observations of physiological cell death dates back more than a hundred 
years. One of the first findings consistent with apoptosis was reported in 1885 by 
Walther Fleming who observed a morphologically distinct form of cell death in 
regressing ovarian follicles (Clarke & Clarke, 1996).  

During the last two decades, the genetic and biochemical events responsible for 
the regulation and execution of apoptosis have been studied in detail. Apoptosis is an 
active, energy-demanding process that can be switched towards necrosis should the 
ATP level be insufficient (Leist et al., 1997). What distinguishes apoptotic cell death is 
the intactness of organelles, membranes and overall ultrastructure during the process. 
This is in contrast to necrotic cell death, where the release of intracellular material 
causes an inflammatory response in the surrounding tissue. The resolution of 
apoptosis is that the cell remnants, the apoptotic bodies, are phagocytosed by 
neighboring cells or macrophages (reviewed by Henson et al., 2001).  

Timely regulated cell death is of paramount importance for embryogenesis, tissue 
homeostasis and for the development and functional regulation of the immune 
system (Thompson, 1995). Dysregulation of apoptosis is associated with a number of 
diseases. Excessive triggering of apoptosis occurs in HIV, Parkinson’s disease and the 
secondary cell death triggered in the healthy tissue surrounding a myocardial 
infarction or a stroke (Kam & Ferch, 2000). Failure to induce apoptosis can result in 
lymphoproliferative diseases or cancer (Fadeel et al., 1999). In tumorigenesis, 
dysregulation of apoptosis together with deregulation of the cell cycle are considered 
necessary events for tumor progression (Hanahan & Weinberg, 2000).  

The terms programmed cell death (PCD) and apoptosis are often used 
interchangeably. However, while cell death during development often displays 
apoptotic morphology, other types of programmed cell death, exhibiting only some 
features of apoptosis or even necrotic morphology, have been described (reviewed in 
Kitanaka & Kuchino, 1999). PCD may thus be a more proper term for physiological 
cell death, e.g. during embryogenesis and morphogenesis, with or without apoptotic 
morphology. In the present thesis, apoptosis denotes cell death that exhibits both the 
typical morphology described above as well as the stereotypic biochemical events 
involving caspase activation (Samali et al., 1999b). 
 
1.2.1 Genetic control of cell death 

The genetic regulation of programmed cell death was first elucidated in the 
roundworm Caenorhabditis elegans. In this organism, a set of evolutionary conserved 
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genes is activated that specifically regulate the induction and execution of cell death 
during its development  

(Ellis & Horvitz, 1986; Ellis et al., 1991; Hengartner et al., 1992; Yuan et al., 
1993). The implication of this paradigm was the existence of a limited set of genes 
that are specialized in the regulation of cell death, and that are both necessary and 
sufficient to drive the process. The genes discovered in C. elegans served as a guide in 
the exploration of the mammalian homologues. A schematic comparison of the most 
important gene products of C. elegans and their mammalian homologues is presented 
in Figure 4.  

The CED-3 gene encodes a cysteine protease, in other words a caspase-like 
protease, which needs an adaptor protein, Ced-4, to be auto-catalytically cleaved and 
functional. Ced-9 is a regulatory protein that can bind to Ced-4 and thus abrogates 
the activation of Ced-3. Finally, Egl-1 is a Ced-9 antagonist that promotes Ced-3 
activation by binding to Ced-9 (Conradt & Horvitz, 1998).  
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An overview of the proteins participating in regulation and execution of programmed cell 
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1.2.2 Initiation and execution of apoptosis 

1.2.2.1 Apoptotic signaling pathways  

Two major apoptotic signaling pathways are recognized in mammalian cells. They 
are the extrinsic, receptor-mediated (reviewed in Schmitz et al., 2000), and the 
intrinsic, mitochondria-mediated (reviewed in Debatin et al., 2002) pathways. The 
main participants and their place in these signaling pathways are outlined in Figure 5. 

The extrinsic pathway is activated upon the binding of an appropriate ligand to 
members of the TNF-receptor superfamily that contain an intracellular death domain, 
e.g. Fas-R/CD95, TNF-R and TRAIL-R. This results in receptor trimerization and 
recruitment of intracellular adaptor proteins, TRADD or FADD, necessary for the 
further recruitment of initiator pro-caspases-8 and -10. The assembled 
receptor/adaptor-protein/pro-caspase aggregate forms the so-called death inducing 
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signaling complex  (DISC) in which the initiator pro-caspases can be activated by 
auto-proteolytic cleavage (Medema et al., 1997). The subsequent events are cell type 
specific (Scaffidi et al., 1998). In “type I” cells, the initiator caspases directly activate 
executioner caspases-3 and -7. In “type II” cells, active caspase-8 cleaves the pro-
apoptotic Bcl-2-family member Bid. Truncated Bid (tBid) induces translocation and 
oligomerization of pro-apoptotic Bax-like proteins, resulting in mitochondrial 
permeabilization and subsequent activation of executioner caspases (Li et al., 1998b). 
The mitochondria can also function as amplifiers for the extrinsic pathway since 
caspase-3 can initiate “type II” signaling by cleaving pro-caspase-8 (Kuwana et al., 
1998). 

 
Fas/TNF

FADD/TRADD

capase-8

DISC

Bid Bak

Bak
Bak

Bax

Bax

Bax

Bax

VDAC

VD
A

C

tBid

ANT

m
PT pore

Bcl-2

Bcl-2AIF

AIF

HSP72

HSP27
Apaf-1

dATP
caspase-9

pro-caspase-3

caspase-3

IAPIAP Smac

Figure 5
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The mitochondria are not only the power plant of the cell but also the major 
death signal integrators. Mitochondrial membrane permeabilization, and the 
subsequent release of pro-apoptotic molecules, e.g. cytochrome c, initiates the 
intrinsic pathway. This event is tightly regulated by the Bcl-2 family of proteins. 
Cytosolic cytochrome c induces the assembly of the apoptosome complex, a 
multimeric holoenzyme consisting of Apaf-1, pro-caspase-9, dATP and (reviewed in 
Cain et al., 2002). Binding of cytochrome c to Apaf-1 is necessary for the induction of 
conformational change allowing Apaf-1 to, in the presence of dATP, aggregate and 
form a heptameric platform for pro-caspase-9 assembly (Acehan et al., 2002; Li et al., 
1997; Zou et al., 1997). In contrast to other pro-caspases, pro-caspase-9 can be 
activated by dimerization in the apoptosome complex (Renatus et al., 2001) without 
the need for processing (Stennicke et al., 1999). The active apoptosome complex in 
turn activates downstream executioner pro-caspases-3 and -7. The XIAP protein was 
found to directly interact with the apoptosome complex and can inhibit the activation 
of pro-caspase-9 within the apoptosome, or prevent the release of active caspase-3 
from the complex (Bratton et al., 2001).  

Several pro-apoptotic factors (AIF, endonuclease G, HSP60/10, caspases, ARTS, 
Smac and HtrA2/Omi) reside in the intermembrane space of mitochondria. AIF is a 
flavoprotein that, upon release from the mitochondrial intermembrane space, 
translocates to the nucleus and induces peripheral chromatin condensation through 
an unknown mechanism (Daugas et al., 2000; Susin et al., 1999). The AIF protein was 
recently proposed to have an anti-apoptotic function as long as it is still in the 
mitochondria (Lipton & Bossy-Wetzel, 2002). Endonuclease G also translocates to 
the nucleus and is able to induce nucleosomal DNA fragmentation in CAD-/- mouse 
embryonic fibroblasts (Li et al., 2001). The complex of HSP60/10 promotes the 
activation of executioner caspases (Samali et al., 1999a). ARTS (apoptotic response to 
TGFβ signals) is localized in mitochondria and translocates to the nucleus, especially 
in the model of TGFβ-induced cell death (Larisch et al., 2000). The exact pro-
apoptotic mechanism for ARTS is not clarified, but it was proposed to propagate 
pro-caspase-3 activation. Smac and HtrA2/Omi are both released from the 
mitochondria to cytosol where they can remove XIAP from the apoptosome 
complex or inhibit the effect of IAPs on active caspases (Du et al., 2000; van Loo et 
al., 2002b). 
 
1.2.2.2 Caspases, the executors of apoptosis 

Caspases are a large family (14 mammalian caspases have been discovered so far) 
of cysteine-proteases that cleaves their substrates C-terminal to aspartic residues 
(Thornberry & Lazebnik, 1998). In addition to the rare preference for aspartic 
residues, the three N-terminal neighboring residues add further substrate specificity 
(Thornberry, 1997). Caspases are synthesized as inactive pro-enzymes with regulatory 
N-terminal pro-domains. They can be divided into two groups according to the 
length of the pro-domain. The initiator caspases (pro-caspase-2, -8, -9, -10 and -12) 
and pro-inflammatory caspases involved in activation/maturation of cytokines (pro-
caspase-1, -4, -5, -11 and -13) contain a long pro-domain with protein interaction 
motifs, while executioner caspases (pro-caspase-3, -6 and -7) have a short pro-
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domain. No human homologue has been identified for pro-caspase-11 or -13. 
Moreover, the gene for human pro-caspase-12 harbors a frame shift mutation causing 
a premature stop codon, and humans therefore lack pro-caspase-12 protein 
expression (Fischer et al., 2002).  

Caspases are mainly localized in the cytosol, but have also been reported to reside 
in the mitochondrial intermembrane space (pro-caspase-2, -3 and -9), in the nucleus 
(pro-caspase-2 and -3) and in the Golgi apparatus (pro-caspase-2) (Chandra & Tang, 
2003; O'Reilly et al., 2002; Zhivotovsky et al., 1999). The mitochondrial localization 
could be cell type specific (van Loo et al., 2002a). During both the initiation and 
execution of apoptosis, caspases need to relocalize to get in contact with their 
substrates. For example, nuclear translocation of active caspase-3 is needed for 
caspase-dependent chromatin digestion (Woo et al., 1998). The exact mechanisms 
regulating this translocation are not known. 

Upon initiation of apoptosis, depending on the activated pathway (extrinsic or 
intrinsic), initiator pro-caspases are recruited to adaptor proteins FADD, TRADD or 
Apaf-1 by means of their protein interaction domains, to form the DISC or the 
apoptosome complex. In these complexes, initiator caspases are activated through 
dimerization and autocatalytic processing (Boatright et al., 2003). The active initiator 
caspases process the executioner pro-caspases to form tetramers, consisting of two 
long and two short subunits (Thornberry & Lazebnik, 1998). These tetramers are the 
active, mature form of caspases that can execute apoptosis by cleavage of a multitude 
of cellular substrates. The cleavage and activation of executioner pro-caspases can 
also be initiated by other enzymes such as granzyme B, cathepsins or calpains via 
direct and indirect mechanisms (Mathiasen & Jäättelä, 2002). 

The caspases are indispensable for normal embryonic development, especially in 
the nervous and immune systems. In mice with defect or missing alleles for CASP3, 
CASP9 or APAF1, embryonic or perinatal mortality was observed together with 
severe malformation and gross enlargement of the cerebrum (Kuida et al., 1998; 
Kuida et al., 1996; Yoshida et al., 1998). Mice lacking CASP6 develops normally, 
while CASP7, -8 and -9 knockout mice die at early gestation (Zheng et al., 1999). 
Although caspases are important for the execution of apoptosis, there are several 
examples on CASP3-, CASP9- or APAF1-deficient mammalian cells that can 
undergo apoptosis-like cell death after a variety of stimuli, although at a reduced rate 
and with prolonged kinetics. Thus, there is a certain amount of redundancy in the 
caspase signaling pathways (Borner & Monney, 1999).  

The long list of known caspase substrates was recently extensively reviewed 
(Fischer et al., 2003). The inactivation of DNA repair proteins (e.g. DNA-PKcs, 
PARP), activation of CAD and disruption of cytoskeletal components (e.g. 
cytokeratins, actin, fodrin, lamin) are consequences of caspase cleavage that 
contribute to the apoptotic morphology and cell death. However, proteins involved 
in cell cycle control, cell adhesion, transcription, RNA synthesis, translation, signal 
transduction and regulation are also on the long list of known caspase substrates, 
strongly indicating a wider repertoire of functions for caspases than mere apoptosis 
execution. Caspases-1, -4 and -5 are involved in the maturation of pro-inflammatory 
cytokines (Fadeel et al., 2000). The necessity of caspase-3 activity has been implied 
for normal skeletal muscle differentiation (Fernando et al., 2002). Caspase activity was 
also detected in the terminal differentiation of keratinocytes (Weil et al., 1999) and the 
lens fiber cells of the eye (Ishizaki et al., 1998). Moreover, the activity of caspases 
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seems to be necessary for T-cell maturation and proliferation (Kennedy et al., 1999), 
erythropoiesis (Zermati et al., 2001), thrombopoiesis and platelet formation (De 
Botton et al., 2002). Further research is necessary to fully understand the non-
apoptotic role of caspases. 

 
1.2.3 Regulation of apoptosis 

1.2.3.1 Receptor-mediated apoptosis 

In order to be executed, receptor-mediated apoptosis requires several criteria to 
be fulfilled. First, the receptor needs to be present at the cell surface. Second, an 
appropriate ligand must be able to bind to the receptor. Third, receptor 
oligomerization and the recruitment of intracellular adaptor proteins are needed for 
receptor activation and transduction of the signal. Regulation of receptor-mediated 
apoptosis has been described that interfere with each of these levels. There are also 
additional players of importance for regulation of receptor-mediated apoptosis. 

FLIP (FLICE-inhibitory protein) was originally discovered as a protein involved 
in the viral inhibition of receptor-mediated apoptosis (Thome et al., 1997). Cellular 
FLIP was soon discovered and was shown to be a caspase-8-like protein that lacks 
both the catalytic active site and the residues that form the substrate binding pocket, 
and is therefore inactive (Irmler et al., 1997). The FLIP protein contains a death 
domain (DD) and competes with initiator caspases for binding to the death-
receptor/FADD or TRADD complex (Hu et al., 1997), thereby abrogating caspase 
activation. FLIP expression prevents receptor-mediated apoptosis but not cell death 
induced by perforin/granzyme, chemotherapeutic drugs or ionizing radiation 
(Kataoka et al., 1998). Another anti-apoptotic mechanism of FLIP has been 
described, giving it a more active role than merely inhibiting signal transduction. In T-
cells, FLIP was observed to interact with TNF-receptor associated factors (TRAF)-1 
and -2 resulting in activation of NF-κB and pro-survival signaling (Kataoka et al., 
2000). FLIP could therefore possibly act as a switch between pro- and anti-apoptotic 
receptor-mediated signaling.  

The FAP-1 (Fas-associated protein) is under normal conditions primarily 
associated with the Golgi complex and peripheral vesicles. FAP-1 protein can bind to 
the regulatory domain of Fas-R (Sato et al., 1995) and was shown to co-localize with 
Fas-R in the Golgi complex upon Fas-stimulation of pancreatic tumor cells 
(Ungefroren et al., 2001). Moreover, the expression of FAP-1 correlated with the 
sensitivity to Fas-mediated death. The association of FAP-1 to Fas-R was proposed 
to prevent the translocation of Fas-R from intracellular stores to the cell surface, 
thereby decreasing the amount of Fas-R on the cell surface.  

DAXX is an adaptor protein that can bind to the death domain of the Fas-R 
(Yang et al., 1997), especially in UV- and TGFβ-induced apoptosis. DAXX is mainly 
believed to activate the MAPK/SAPK pathway via ASK-1 (Chang et al., 1998). The 
majority of studies on DAXX-function are based on overexpression, making it 
difficult to certify its physiologic importance. However, the anti-apoptotic effect of 
DAXX was recently demonstrated by the use of RNAi to knockdown endogenous 
DAXX-expression (Michaelson & Leder, 2003). Thus, the recruitment of FADD or 
DAXX to Fas-R can determine weather the subsequent signaling will be pro-
apoptotic or pro-survival, respectively. 
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In order for the receptor-mediated signals to be transduced, they need to 

overcome a certain “threshold level”. The amount of receptor and ligand molecules 
present on/at the cell surface determines the achievable amplitude of the signal. The 
expression of decoy receptors, lacking the intracellular death domain, or even soluble 
Fas-R has been described (Cheng et al., 1994; Pan et al., 1997; Sheridan et al., 1997). 
These decoy receptors  “dilute” the extra-cellular signal and attenuate the cellular 
response.  

 
1.2.3.2 The Bcl-2 family 

The BCL-2 oncogene is located at a gene locus on chromosome 18 (band q21) 
that is involved in a certain type of translocation, t(14:18), found in approximately 60 
percent of B-cell lymphomas, hence the name Bcl-2 (Tsujimoto et al., 1984). The Bcl-
2 protein family now consists of more than 20 pro- and anti-apoptotic Bcl-2 
homologues. An overview of the Bcl-2 family protein members is presented in 
Figure 6.  
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Figure 6. 

The main protein members of the Bcl-2 protein family. BH, Bcl-2 
homology domain; TM, trans-membrane domain.
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The regulation of apoptotic signaling by Bcl-2 family members is exerted in 
several ways (reviewed in Cory & Adams, 2002). Bcl-2 family members are the major 
regulators of the mitochondrial events that activate the intrinsic pathway. They also 
govern ER-mediated regulation of the intracellular Ca2+ level.  

Most Bcl-2 family members possess a C-terminal trans-membrane (TM) domain 
allowing them to insert into membranes such as the mitochondrial outer membrane, 
the endoplasmic reticulum and the nuclear envelope. The anti-apoptotic members all 
have four Bcl-2 homology (BH1-4) domains. The BH4 domain is responsible for 
specific anti-apoptotic effects and the pro-apoptotic Bcl-2 members all lack this 
domain except Bcl-XS that hide its BH4 domain due to the tertiary structure of Bcl-
XS. The BH3 domain is crucial for the interaction between Bcl-2 family members. 
Caspases (Cheng et al., 1997) and calpains (Gil-Parrado et al., 2002) can cleave Bcl-2 
and Bcl-XL, thereby exposing their BH3 domain and convert them into pro-apoptotic 
actors. Pro-apoptotic members can be divided into Bax-like proteins (Bak, Bax and 
Bok) lacking the BH4 domain, Bcl-XS, and the “BH3-only” proteins (Bim, Bik, 
Hrk/DP5, Blk, Bid, Bad, Bmf, Noxa, Puma and Bcl-Gs) also lacking the BH1 and -2 
domains. 

 
1.2.3.2.1 Bcl-2 

Bcl-2 resides as an integral protein in the ER, nuclear envelope and the outer 
mitochondrial membrane (Krajewski et al., 1993; Lithgow et al., 1994). Its potent 
antagonistic effect on caspase-dependent as well as caspase-independent and even 
necrotic cell death is well documented, but do not include “type I” receptor-mediated 
signaling (Cory & Adams, 2002). Bcl-2 can exert its anti-apoptotic effect by regulation 
of the calcium homeostasis (Marin et al., 1996), modulation of the cellular redox state 
(Hockenbery et al., 1993) and stabilization of the mitochondrial membrane. Bcl-2 can 
also bind active Raf-1, tethering it at the mitochondria where it can phosphorylate 
pro-apoptotic Bad (Wang et al., 1996). Raf-phosphorylated Bad cannot 
heterodimerize with anti-apoptotic Bcl-2 or Bcl-XL, and is dislocated from the 
mitochondria (Zha et al., 1996). Bad can also be phosphorylated by JNK. This 
phosphorylation hinders the inactivating phosphorylation of Bad by Raf, thereby 
resulting in a pro-apoptotic effect. JNK signaling via Bad connects SAPK-signaling to 
apoptotic regulation (Donovan et al., 2002).  
 
1.2.3.2.2 Bcl-XL  

Bcl-XL is associated with the outer mitochondrial membrane (Cory & Adams, 
2002). The anti-apoptotic activity of Bcl-XL was proposed to be due to sequestering 
of BH3-only proteins, thus preventing their interaction with Bax-like proteins (Cheng 
et al., 2001). DNA damage induces deamidation of Bcl-XL, disrupting its ability to 
block the BH3-only proteins (Deverman et al., 2002).  
 
1.2.3.2.3 Bid 

Bid is a cytosolic protein that is cleavage-activated to form truncated Bid, tBid. 
The translocation of tBid to mitochondria induces conformational changes and/or 
aggregation of Bak and Bax (Gross et al., 1999; Desagher et al., 1999; Wei et al., 
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2000). Upon activation, tBid is modified by N-myristoylation, probably important for 
the targeting of tBid to membranes (Zha et al., 2000). The specific targeting to 
mitochondrial contact sites is due to a proposed preference for tBid to interact with 
cardiolipin (Lutter et al., 2000). Casein kinase-1 and -2 can phosphorylate Bid, 
rendering it immune against cleavage by caspase-8 (Desagher et al., 2001). In addition 
to caspase-8, Bid can be cleaved by calpain (Chen et al., 2001), cathepsin L (Stoka et 
al., 2001) or granzyme B (Barry et al., 2000), and may possibly serve as a mediator for 
caspase-independent induction of apoptosis. 

Several other BH3-only members were reported to translocate to mitochondria 
(e.g. Bim, Bmf, Noxa and Puma) where they may stimulate activation of Bak/Bax or 
form heterodimers with the anti-apoptotic Bcl-2 members and neutralize their effect.  

 
1.2.3.2.4 Multi-domain proteins Bak and Bax 

Bak is normally associated to the mitochondria (Griffiths et al., 1999). Upon 
apoptosis induction, Bak undergoes a conformational change in its N-terminal, 
probably allowing it to fully insert into the outer mitochondrial membrane where it 
can oligomerize (Griffiths et al., 1999; Korsmeyer et al., 2000; Wei et al., 2000).  

In contrast to Bak, Bax is mainly cytosolic (Wolter et al., 1997). Upon apoptosis 
induction, Bax translocates to the nuclear envelope, the Golgi apparatus, ER and the 
mitochondria (Gajkowska et al., 2001; Godlewski et al., 2001). This event is 
associated with conformational changes of the C- and N-terminal domains 
(Nechushtan et al., 1999; Godlewski et al., 2001). Bax oligomerization is crucial for its 
capacity to release cytochrome c (Wieckowski et al., 2001). Oligomeric Bax can form 
pores in artificial lipid bilayers (Antonsson et al., 2000). Cleavage of Bax by calpain 
has been shown to generate a fragment with even more potent cytochrome c releasing 
properties that was not inhibited by either Bcl-2 or Bcl-XL (Gao & Dou, 2000; Wood 
& Newcomb, 2000). The importance for Bak and Bax in apoptosis signaling was fully 
revealed in Bak -/- Bax -/- mouse embryo fibroblasts that were resistant to apoptosis 
induced by a number of stimuli including tBid, staurosporine, ultraviolet radiation, 
growth factor deprivation, etoposide, and the ER stressors thapsigargin and 
tunicamycin (Wei et al., 2001). However, the functions of Bak and Bax seem to be 
partially overlapping, as Bak -/- Bax +/+ and Bak +/+ Bax -/- cells in general were 
more sensitive to the same agents than were the double knockout cells. 
 
1.2.3.3 Regulation of the mitochondrial membrane permeabilization 

Membrane permeabilization is considered the pivotal mitochondrial event in 
apoptosis. This can occur over the inner and/or outer mitochondrial membrane and 
is typically followed by loss of ∆ψm (Zamzami & Kroemer, 2001). Disruption of ∆ψm 
is not necessarily a direct consequence of OMP but probably reflects secondary 
respiratory and metabolic disturbances (Bossy-Wetzel et al., 1998). The mechanisms 
of mitochondrial membrane permeabilization remain under debate, but several 
hypothetical models have presently emerged.  

In the “pore formation” model, cleavage-activated BH3-only proteins translocate 
to the mitochondria. This induces the oligomerization and full insertion of Bak/Bax 
proteins into the outer mitochondrial membrane to form cytochrome c permeable 
pores. Cytochrome c normally resides on the outer surface of the inner mitochondrial 
membrane where it is bound to anionic phospholipids, mainly cardiolipin. The release 
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of cytochrome c from mitochondria requires its detachment from cardiolipin as well 
as OMP (Ott et al., 2002). The mitochondrial contact sites, where the outer and inner 
membranes are in close contact with each other, are proposed to be rich in 
cardiolipin and tBid preferentially translocates to these contact sites, probably 
targeted by the interaction between a three-helix domain in the tBid protein and 
cardiolipin (Lutter et al., 2000; Lutter et al., 2001). Homo-oligomerization of tBid may 
induce mitochondrial dysfunction on its own without the need for Bax or Bak 
(Grinberg et al., 2002). Moreover, also oligomeric Bax seems to require mitochondrial 
contact site-like structures to be able to release cytochrome c (Wieckowski et al., 
2001).  

Instead of forming new pores in the mitochondrial membrane, Bcl-2 family 
members may interact with the existing channels. The VDAC (voltage-dependent 
anion channel) is a channel-forming protein residing in the outer membrane where it 
is normally responsible for the transport of metabolites. The anti-apoptotic proteins 
Bcl-2 and Bcl-XL can interact with VDAC, possibly keeping the channel in a normal 
conformation, and the BH4 domain seems to be crucial for this interaction (Shimizu 
et al., 2000b). Forced opening of VDAC was proposed as a mechanism of OMP and 
cytochrome c release (Shimizu et al., 1999). This could be caused by antagonists of 
Bcl-2/Bcl-XL, e.g. tBid and/or Bak/Bax. Moreover, the formation of a “novel” large 
pore by VDAC and Bax was proposed since this was observed to occur under in vitro 
conditions (Shimizu et al., 2000a). 

The ANT (adenine nucleotide translocator) is an antiporter protein responsible 
for ATP/ADP exchange over the inner mitochondrial membrane. It was recently 
shown that ANT interacts with either Bax or Bcl-2. Bcl-2 was proposed to support 
the translocase activity of ANT at high levels, whereas Bax would inhibit the 
translocase activity (Belzacq et al., 2003).  Moreover, ANT is able to form a non-
specific pore, at least in isolated mitochondria. ANT pore formation can be induced 
by a variety of different agents (e.g. Ca2+, atractyloside, thiol oxidation) and is 
enhanced by Bax and inhibited by Bcl-2 as well as by ADP (Vieira et al., 2000). 
Dysfunction of ANT is proposed to cause dissipation of ∆ψm, matrix swelling and 
secondary OMP.  

The PT pore is a high-conductance channel localized at the contact sites between 
the outer and inner mitochondrial membranes. It is believed to consist of a complex 
of inner and outer mitochondrial membrane proteins, including the channel proteins 
VDAC and ANT, the matrix protein cyclophilin D, the peripheral benzodiazepine 
receptor (PBR) and Bcl-2 family members. Opening of the PT pore causes MPT 
(mitochondrial permeability transition) that includes permeabilization over the inner 
and outer membrane, release of cytochrome c and loss of ∆ψm (Scarlett & Murphy, 
1997).  

The primary trigger for opening of the PT pore is a rise in intracellular Ca2+. 
Several factors are known to enhance the sensitivity of the PT pore to Ca2+ including 
oxidative stress, adenine nucleotide depletion and increased inorganic phosphate 
concentrations (Halestrap et al., 2002). MPT is suggested to involve a conformational 
change of ANT. The importance of ANT disruption for PT pore opening is 
illustrated by the effect of MPT inhibitors/inducers. Cyclophilin D binding causes 
ANT to undergo conformational changes, resulting in ANT pore formation. Well-
known MPT inhibitors, cyclosporin A and bongkrekic acid, inhibit the interaction of 
cyclophilin D with ANT while atractyloside, a plant derived pro-apoptotic ANT 
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ligand, can induce PT pore opening (Crompton et al., 1988; Vieira et al., 2000; 
Woodfield et al., 1998).  

The involvement of Bax has been implicated in both ANT and PT pore 
regulation. Immunodepletion of Bax from PT pore complexes made them insensitive 
to atractyloside. Moreover, PT pore complexes from Bax-deficient mice were also 
insensitive to atractyloside. Recombinant Bax and purified ANT together, but neither 
of them alone, efficiently formed atractyloside-responsive channels in artificial 
membranes (Marzo et al., 1998).   

Taken together, there are many possible ways to release cytochrome c and/or to 
disrupt the mitochondrial integrity, as discussed above. The participation of the 
separate mechanisms may be dependent on both the nature of the stimuli and the 
particular cell type.  
  
1.2.3.4 The Inhibitor of Apoptosis Protein family 

The IAPs are an evolutionary conserved family of proteins. They all contain one 
to three domains of the zinc-binding baculovirus inhibitor of apoptosis repeats (BIR), 
crucial for the direct binding of IAPs to active caspases (Deveraux & Reed, 1999). 
The binding of IAPs creates a steric block for caspases to interact with their 
substrates (Shiozaki et al., 2003; Sun et al., 1999). Eight members of the mammalian 
IAP family have been identified so far, cIAP-1, cIAP-2, XIAP (X-linked IAP), 
Survivin, Livin/ML-IAP, ILP2 and the neuron-specific members NAIP and Apollon 
(for review see Verhagen et al., 2001). The most potent caspase inhibitors of the IAP 
family members are XIAP, cIAP-1 and cIAP-2 (Roy et al., 1997). 

XIAP directly binds caspase-3, -7 and -9, and inhibits their activity in vitro and in 
vivo. This interaction occurs via the binding of the BIR3-domain of XIAP to the small 
(p10 or p12) subunit of processed caspase-9. Active caspase-9 is thus kept in an 
inactive, monomeric state (Deveraux et al., 1999; Shiozaki et al., 2003). XIAP can 
inhibit active caspase-3 or -7 via binding of the BIR1-BIR2 linker region to the 
catalytic site of the caspase (Deveraux et al., 1999; Suzuki et al., 2001b). XIAP can 
also interact with oligomerized Apaf-1 and regulate the activity of the apoptosome 
complex, either by binding to active caspase-9, or by sequestration of activated 
caspase-3 within the apoptosome complex (Bratton et al., 2002).  

cIAP-1 and -2 were originally identified as TRAF-binding proteins (Rothe et al., 
1995) and participate in the ubiquitination of TRAF-2 (Li et al., 2002). Both cIAPs 
can inhibit the enzymatic activity of caspase-3, -7 and -9 in vitro, but they are less 
potent than XIAP (Deveraux et al., 1998; Roy et al., 1997).  

cIAP-1, cIAP-2 and XIAP possess ubiquitin ligase activity that promotes their 
own degradation in the proteasome, along with bound caspases (Deveraux et al., 
1997; Huang et al., 2000; Suzuki et al., 2001c). Moreover, cleavage/degradation and 
inactivation of XIAP by proteases has been reported (Deveraux et al., 1999). 

Survivin is the smallest IAP containing only one BIR-domain (Ambrosini et al., 
1997). The expression pattern of Survivin is cell cycle dependent with maximal 
expression in mitosis (Kobayashi et al., 1999) when it co-localizes with components 
of the mitotic apparatus (Li et al., 1998a). The necessity for Survivin in development 
was revealed by mitotic defects and embryonic lethality in knockout mice (Uren et al., 
2000). Another, more direct, anti-apoptotic role was demonstrated by Survivin 
downregulation that resulted in caspase-dependent apoptosis (Ambrosini et al., 1998; 
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Grossman et al., 2001; Li et al., 1998a). However, the exact anti-apoptotic mechanism 
of Survivin remains elusive.  

Overexpression of IAPs has been observed in several types of cancer, but the 
relation to prognosis and treatment response is not clear (LaCasse et al., 1998; Tamm 
et al., 2000).  

 
1.2.3.5 Inhibitors of IAPs 

The function of IAPs is negatively regulated by the mitochondrial proteins Smac 
and HtrA2/Omi. Both Smac and HtrA2/Omi each contain a conserved IAP-binding 
motif, which is exposed after processing of the N-terminal mitochondrial targeting 
sequence upon import into the mitochondria (Hegde et al., 2002). The mechanism 
for mitochondrial release of Smac and HtrA2/Omi is unclear. It can be due to OMP 
(Hegde et al., 2002) but at least Smac release was shown to be separate from the 
release of cytochrome c (Springs et al., 2002).  

Smac competes with active caspase-9, -3 and -7 for the BIR3 or BIR2 linker 
domain of XIAP (Liu et al., 2000; Wu et al., 2000). Smac can also bind to Survivin, 
cIAP-1 and -2 (Du et al., 2000; Song et al., 2003). However, recent findings suggest 
that IAP binding is dispensable for the pro-apoptotic function of Smac (Roberts et 
al., 2001).  

The mitochondrial serine protease HtrA2/Omi can inhibit the function of XIAP 
by binding in a Smac-like manner (Suzuki et al., 2001a; van Loo et al., 2002b). The 
pro-apoptotic activity of HtrA2/Omi in vivo also involves its serine protease activity. 
Mutation of either the N-terminus of mature HtrA2/Omi, essential for interaction 
with IAPs, or its catalytic serine residue reduces its ability to promote cell death. A 
complete loss of pro-apoptotic activity was observed when both sites were mutated 
(Verhagen et al., 2002). 
 
1.2.3.6 The Heat Shock Protein family 

The family of heat shock proteins consists of five sub-families, HSP100, HSP90, 
HSP70, HSP60 and the small HSP (Garrido et al., 2001). HSPs are cellular 
chaperones responsible for the proper folding of native and denatured proteins, 
facilitation of inter-organellar transport, promotion of degradation of denatured 
proteins, and dissolving of protein aggregates. HSPs can interfere with apoptosis 
signaling both up- and downstream of the mitochondria and have been shown to 
even rescue cells with activated caspase-3 (Jäättelä et al., 1998). Moreover, HSPs have 
been implicated in the inhibition of caspase-independent cell death. 

The HSP110/105 proteins have been suggested to participate in both induction 
and inhibition of apoptosis (Oh et al., 1997; Yamagishi et al., 2002). However, the 
mechanisms by which these proteins regulate apoptosis are not fully understood. 

HSP10 and HSP60 normally reside as a complex in the mitochondria from where 
they are released upon initiation of apoptosis. These HSPs have been shown to 
promote the activation of executioner caspases (Samali et al., 1999a).  Addition of 
recombinant HSP60 and HSP10 accelerated the activation of pro-caspase-3 by 
cytochrome c and dATP or different upstream caspases in vitro (Samali et al., 1999a; 
Xanthoudakis et al., 1999). HSP60 and HSP10 could therefore be considered as pro-
apoptotic regulators of apoptosis signaling.  
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The expression of some HSP family members is inducible upon cellular stress 

such as hyperthermia, oxidative stress and exposure to anti-cancer drugs. HSP90, 
HSP72 and HSP27 are the main stress-inducible HSPs, and their anti-apoptotic 
properties are well documented.  

HSP90 and HSP72 are ATP-dependent chaperones, but HSP72 can also assert its 
anti-apoptotic effects in an ATP-independent manner depending on the stimuli 
(Ravagnan et al., 2001). HSP90 is normally abundantly expressed, but can be further 
upregulated by cellular stress. The role of HSP90 in apoptosis is stimuli-dependent 
(Garrido et al., 2001). HSP90 and HSP72 can interfere with formation of the 
apoptosome complex by binding to Apaf-1 (Pandey et al., 2000b; Saleh et al., 2000). 
However, HSP72 is also able to prevent apoptosis in Apaf-1-deficient cells, indicating 
additional anti-apoptotic properties (Ravagnan et al., 2001). The findings that HSP72 
can bind and sequester AIF in the cytosol (Ravagnan et al., 2001) and interfere with 
cathepsin B-mediated cell death (Mathiasen & Jäättelä, 2002) provide an explanation 
to how HSP72 can abrogate caspase-independent apoptosis. 

HSP27 is an ATP-independent chaperone whose main function is to protect 
against protein aggregation. It is present in the cytoplasm as oligomeric structures, up 
to 800 kDa in size, made up by tetrameric subunits (Lavoie et al., 1995; Zantema et 
al., 1992). Phosphorylation of HSP27 by p38MAPK results in re-organization of the 
oligomeric structures, however, the significance of this event is not fully understood 
(Stokoe et al., 1992). HSP27 can mediate protection against stress-induced apoptotic 
signaling by several mechanisms. For example, it can increase the cellular glutathione 
pool, resulting in an increased ability to deal with elevated intracellular levels of ROS 
(Mehlen et al., 1996), or aid the refolding of denatured proteins in co-operation with 
ATP-dependent chaperones (Ehrnsperger et al., 1997). Phosphorylated HSP27 can 
interfere with receptor-mediated signaling by interaction with DAXX and thereby 
inhibit Fas-R-induced activation of JNK (Charette et al., 2000). Furthermore, HSP27 
has been proposed to interfere with caspase-dependent apoptosis signaling either by 
binding to cytochrome c, which inhibits the formation of the apoptosome complex, 
or by direct binding to pro-caspase-3, thereby abrogating its activation (Garrido et al., 
1999; Pandey et al., 2000a). 

Increased expression of HSPs, especially the stress-inducible members, has been 
observed in many types of tumors, including lung cancer. However, the significance 
of this elevated expression for tumorigenesis or treatment-resistance is not clarified. 
Increased expression of HSPs could allow cells to adapt to changes in their 
environment and to survive under otherwise lethal conditions.  
 
1.2.4 Apoptosis and cancer 

Many of the anti-cancer treatments used in the clinic works via induction of 
apoptosis. However, inherent or acquired resistance to anti-cancer treatment is a 
common clinical problem. This could result from impaired induction or execution of 
apoptosis. Moreover, dysregulation of apoptosis is considered a necessary event for 
tumorigenesis. Once understood, this dysregulation can be exploited as a therapeutic 
target to restore or even induce apoptotic signaling.  

A number of compounds tailored to interfere with apoptotic signaling in tumor 
cells are already in clinical trials, including Bcl-2 antisense, TRAIL and oncolytic 
viruses that selectively replicates in p53-deficient cells (reviewed by Reed, 2002). 

 24 



 
Other possible targets include mitochondria (reviewed by Debatin et al., 2002), HSPs, 
IAPs and their antagonists, and several interesting compounds have been developed 
for interaction with these targets.  

HSP90 is presently attracting clinical interest since chemical inhibitors have the 
potential to provide a simultaneous, combinatorial attack on oncogenic signaling 
pathways that depend on the chaperoning function of HSP90 (Neckers, 2002).  

IAP expression is related to resistance to treatment, at least in some types of 
tumors (Cheng et al., 2002; Holcik et al., 2001), and could therefore be of interest as a 
therapeutic target. Survivin is specifically expressed during embryogenesis, in some 
stem cells and in tumor cells, making it a highly interesting target for anti-cancer 
treatment (Altieri, 2001). Promising results for Survivin targeting were shown in a 
xenotransplant melanoma model (Grossman et al., 2001). Survivin could also serve as 
an antigen for cancer vaccines (Andersen & Thor, 2002). The IAP inhibitors, mainly 
Smac, are of clinical interest because of the possibility to enhance the apoptotic 
signaling with mimetic compounds. In vitro studies have showed increased sensitivity 
to anti-cancer treatment for tumor cells when treated with a Smac-like agonistic 
peptide (Arnt et al., 2002; Fulda et al., 2002; Yang et al., 2003).  

Increased understanding of the signals governing induction and regulation of 
apoptosis could reveal new ways to overcome resistance to anti-cancer treatment.  
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1.3 BIOCHEMICAL AND BIOLOGICAL EFFECTS OF IONIZING 

RADIATION  

 
Radiotherapy is one of the oldest weapons in the anti-cancer arsenal and the first 

report on its use for successful tumor treatment is actually from Stockholm when Dr. 
Stenbeck in 1899 cured a woman with a basal cell carcinoma by X-ray therapy 
(Berven, 1962). Today, 50% of patients with cancer are given radiotherapy (source: 
The Swedish Council on Technology Assessment in Health Care, “Radiotherapy in 
cancer”, 2003). Approximately half of these patients are treated with a curative intent. 
Treatment can be by radiotherapy alone, for certain types of tumors or when surgery 
is not applicable, or as combination treatment together with surgery and/or 
chemotherapy. Radiotherapy is also useful for palliative treatment, especially for pain 
relief from skeletal metastases. 
 
1.3.1 The physics and chemistry of radiation absorption 

Ionizing radiation (IR) used for therapeutic purposes is mainly of the X- or γ-type 
consisting of electromagnetic energy (photons). The quantity of radiation is expressed 
in Grays [Gy] and this unit denotes the energy absorption of 1 J /kg. Energy 
absorption of radiation occurs by interaction of the photon with atoms in the 
material. This interaction causes the photon to give up some of its energy to produce 
a fast-moving charged particle. The most common absorption event for high energy 
X- and γ-rays is the dislocation of an electron from the outer shell of an atom, also 
known as the Compton process. This interaction causes deflection and energy loss (0-
80%) for the photon, which may then participate in further reactions. The knocked-
out, fast-moving electrons in turn interact with other atoms, causing ionizations or 
breaking chemical bonds (Hall, 2000d). The ionization pattern caused by X- and γ-
radiation is of low density compared to that of accelerated particles (e.g. nitrogen or 
carbon ions) that cause dense ionizations along their particle-tracks.  

Because of their abundance, water molecules are the main cellular targets for low-
density IR. Water molecules are ionized to form ion radicals: 
H2O →  H2O+ + e-  
The ion radical H2O+ reacts with another water molecule to form a highly reactive 
hydroxyl radical (OH•): 
H2O+ + H2O →  H3O+ + OH• 
The hydroxyl radical can then interact with cellular targets, such as DNA, causing 
damage to the DNA sugar-phosphate backbone, damage the bases of DNA and 
induce protein-DNA and DNA-DNA cross-links. For the X- and γ-ray type used for 
radiotherapy, it is estimated that two thirds of the induced DNA damage in a cell is 
caused by the indirect action of hydroxyl radicals, while one third is induced by direct 
ionization of DNA.  

The initial DNA damage can be restored by a rapid “chemical repair”, in which 
scavenger molecules can donate hydrogen to the ionized molecule to restore its 
structure. However, molecular oxygen can react with and “fixate” the initial damage, 
thus preventing the chemical repair (Hall, 2000c). Therefore, the oxygenation status 
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of the tissue is of importance for the biological effect of IR. Clonogenic survival can 
differ two- to three-fold due to oxygenation status. From this follows that cellular 
scavengers (e.g. glutathione, cysteine) play an important role in radiosensitivity due to 
their ability to take care of free radicals and contribute to chemical repair. Hypoxia is 
a problem in the clinical reality since most tumors are hypoxic due to fast 
proliferation and capillary dysfunction. 
 
1.3.2 Ionizing radiation-induced cell death 

IR-induced cell death is generally divided into cell cycle-independent (pre-
mitotic/interphase) death, and mitotic (reproductive/clonogenic) cell death induced 
by residual genomic damage. In both cases, morphological features of cell death can 
resemble apoptosis (Hall, 2000a). The main intrinsic factors governing radiosensitivity 
include the ability to detect and repair DNA damage and the activation of cellular 
responses such as cell cycle arrest and induction of apoptosis. The response to IR is 
also cell type dependent. For example, thymocytes, splenocytes, hematopoietic 
progenitor cells and intestinal crypt cells undergo apoptosis in response to IR, while 
fibroblasts undergo irreversible growth arrest. IR-induced apoptosis is not so 
common in other cell types than the ones mentioned above (Allan, 1992).  

IR can also induce cell death by mitotic catastrophe (MC), as observed in many 
solid tumors (Hendry & West, 1997). In MC, cells fail to undergo successful division 
due to persistent DNA damage, resulting in giant, multi-nucleated cells. MC may in 
turn resolve in either necrosis or cell death with apoptotic features (Ianzini & Mackey, 
1998).  
 
1.3.2.1 Radiosensitivity, definition and quantification 

Radioresistance/Radiosensitivity are relative terms. Radioresistance denotes the 
preservation of functional integrity at the tissue level, and the ability to maintain 
viability or clonogenicity at the cellular level. The classic assay for radiosensitivity is 
the clonogenic assay, in which the clonogenic potential of a cell type is described as a 
function of the given dose (Hall, 2000a). The surviving fraction for a certain dose, 
SF(D), is used as a measurement for radiosensitivity. SF(D) is a quotient between the 
surviving fractions of cells irradiated with the dose (D) and untreated cells. Thus, 
“SF2 0.25” should be interpreted as “25% of the cells treated with 2 Gy retained 
clonogenic capacity, as compared to untreated cells”. Clonogenic assay is not possible 
to perform for most primary tumor material due to the poor growth under in vitro 
conditions. However, the intrinsic radiosensitivity, assessed by clonogenic assay, in 
established tumor cell lines generally reflect the responsiveness of the corresponding 
tumor (Fertil & Malaise, 1985).  

According to radiobiological principles, all cell types and tumors can be 
eradicated by irradiation, it is just a matter of dose. However, in the clinical situation 
the dose delivered to the normal tissue surrounding the tumor determines the 
maximal tolerable dose. SF2 generally correlates with the curability of a tumor by 
radiotherapy (Fertil & Malaise, 1981). If the SF2 is used for calculation of the total 
dose needed for cure, tumors with SF2 0.4 or less, which corresponds to 90% of all 
SCLC tumors, would need a total dose of 60 Gy. This is clinically feasible, and the 
main problem with SCLC is rather its fast dissemination. The median SF2 for a 
number of NSCLC cell lines was 0.56, implicating a total dose of at least 85 Gy to 
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accomplish local control. With modern dose planning techniques, these doses are 
possible to achieve for small tumors (i.e. stage I) and was shown to be beneficial for 
local control. However, the majority of patients (~75%) with NSCLC are classified as 
stage III or more advanced at diagnosis (source: Swedish National Therapy 
Guidelines for lung cancer, 2001). Toxicity in adjacent tissue/organs limits the 
achievable dose when the target volume increases. A better understanding of the 
mechanisms governing intrinsic radiosensitivity could provide ways to specifically 
enhance tumor radiosensitivity. This would be of great clinical impact since it would 
allow efficient treatment also of a larger target volume.  
 
1.3.3 Detection and repair of DNA damage 

For sparsely ionizing qualities of radiation, such as X- and γ-rays, the majority of 
DNA breaks are single strand breaks (SSBs) (Hall, 2000b). SSBs are thought to occur 
frequently in the cell due to replication, transcription and metabolic production of 
reactive oxygen species. Cells can quickly and efficiently deal with SSBs by utilizing 
components of the base-excision repair system (Hoeijmakers, 2001). The DNA 
double-strand break (DSB) is considered the most deleterious DNA damage and the 
frequency of induced DSBs directly correlates with the manifestation of 
chromosomal aberrations and loss of clonogenicity (Iliakis, 1991; Radford, 1986). 
Detection and correct repair of DSBs is of outmost importance for the survival of the 
cell. In addition, the cellular response to genotoxic stress is coupled to cell cycle arrest 
at certain checkpoints to allow more time for DNA repair before entry into mitosis.  
The major IR-induced signaling pathways are presented in Figure 7. 

 
1.3.3.1 Detection of DNA double-strand breaks 

The main sensors of IR-induced DSBs, or associated changes in chromatin 
topography, are ATM, ATR and DNA-PKcs, all belonging to the highly conserved 
PI3-kinase-like family. They are important for the detection of DNA damage and 
coordination of the cellular response. 

ATM is the gene mutated in the ataxia telangiectasia syndrome, a rare recessive 
disorder characterized by cerebellar degeneration causing ataxia (dysfunctional 
coordination), telangiectasias (blood vessel dilations) in the eye, immunodeficiency 
and genomic instability resulting in cancer predisposition and radiation 
hypersensitivity (Savitsky et al., 1995). The ATM protein was recently discovered to 
reside in the cell as an inactive dimer or higher-order multimer (Bakkenist & Kastan, 
2003). Upon detection of a DSB, ATM is crosswise phosphorylated and released 
from the dimeric state. This finding explains the extremely rapid activation of ATM. 
The signal for ATM activation may be alterations the chromatin topography, but 
ATM may also bind directly to the DSB and possibly function as a scaffold for other 
enzymes (Bakkenist & Kastan, 2003; Andegeko et al., 2001). p53 and Chk2 are targets 
of ATM, and activation of these proteins mediates the cellular response to DNA 
damage including cell cycle-checkpoint arrest, DNA repair and stress response. 
Moreover, ATM was shown to phosphorylate histone H2AX (Burma et al., 2001), 
and event associated with induction of “nuclear foci” to which repair and checkpoint 
protein complexes are recruited (Paull et al., 2000). The exact role of H2AX 
phosphorylation is not well understood, but it was found necessary for IR-induced 
cell cycle arrest, as recently demonstrated (Fernandez-Capetillo et al., 2002).  
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Figure 7. 

The mammalian cellular response to ionizing radiation. Ionizing radiation leads to 
formation of free radicals that can cause DNA damage and trigger the cellular stress 
response. The cellular survival depends on the ability to arrest the cell cycle, repair 
DNA, neutralize radicals, deal with cellular stress and inhibit apoptosis signaling. 
Please see text for further details.
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1.3.3.2 Repair of DNA double-strand breaks  

Two main pathways have been identified for DNA DSB repair, namely, 
homologous recombination (HR) and non-homologous end joining (NHEJ).   

If the genome is already replicated, during late S and G2-phase, the HR process 
can utilize the sister chromatide to repair DSBs with high fidelity. After end trimming 
of the DSB by the Rad50/Mre11/NBS1 complex and binding of Rad52 to the single 
stranded ends, the Rad51-BRCA2 complex initiates the formation of Rad51 
nucleoprotein filaments necessary for strand inversion. This is followed by DNA 
synthesis, strand displacement and religation (Hoeijmakers, 2001).  

However, in mammalian cells, the fast but error-prone process known as NHEJ 
is the predominant mode of DSB repair (Takata et al., 1998). NHEJ is thought to 
predominantly function during the G0 to early S-phase of the cell cycle (Lee et al., 
1997) where most of the mature cells normally reside. NHEJ serves to quickly seal 
DSB breaks at the expense of sometimes creating local microdeletions. DNA-PKcs is 
a serine-threonine kinase crucial for DSB ligation by the NHEJ process. The exposed 
ends of double stranded DNA are recognized in a sequence-independent manner by 

   29 



 
the DNA-binding Ku86/70-dimer (Mimori & Hardin, 1986; Walker et al., 2001) that 
in turn recruits DNA-PKcs. The DNA-PK complex is believed to keep the DNA 
ends of a DSB in a juxtaposed position so that the XRCC4/DNA ligase IV complex 
can join them. The murine SCID phenotype is caused by decreased activity of DNA-
PKcs. SCID mice are immunodeficient due to defect V(D)J recombination that is 
normally mediated by DNA-PK, but also hypersensitive to IR, illustrating the 
importance of DNA-PK for the repair of IR-induced DNA damage. 

Downstream targets of the DNA-PK complex include p53, XRCC4, the Werner 
protein and interferon regulatory factor 3 (Karmakar et al., 2002; Karpova et al., 2002; 
Leber et al., 1998). However, the in vivo importance of these phosphorylations is not 
clarified. One of the most interesting targets for DNA-PKcs is Artemis, a protein that 
possesses exonuclease activity (Moshous et al., 2001). DNA-PKcs regulates Artemis 
by both phosphorylation and complex formation, which results in the hairpin-
opening step during V(D)J recombination and the 5' and 3' overhang processing 
during NHEJ (Ma et al., 2002). Moreover, a recent report identified Ku70 as a new 
Bax suppressor. Interaction between cytosolic Ku70 and Bax was reported to block 
the mitochondrial translocation of Bax, suggesting that Ku70 also have important 
non-nuclear functions (Sawada et al., 2003).  

The efficacy of DNA repair varies during the cell cycle (Sinclair, 1968), probably 
because of the different topography of the DNA in different cell cycle phases. Cells 
are normally the most radioresistant in S-phase and the most radiosensitive at mitosis. 
In S-phase, high-fidelity homologous repair or transcription-coupled repair is possible 
and the intra S and G2/M checkpoints should ensure the detection of erroneous 
repair. In the G2/M phase, the chromatin is put under mechanical stress as it is 
compacted into chromosomes, possibly causing more complex DSBs. Moreover, the 
DNA repair machinery has little time to act before the chromosome segregation.  
 
1.3.4 The cellular stress response to IR 

1.3.4.1 The p53 response 

A key molecule in the cellular response to DNA damage is the tumor suppressor 
p53. Activation of p53 can cause cell cycle arrest or trigger apoptosis. Upon DNA 
damage, p53 can be phosphorylated via the ATM-Chk2 pathway, or by DNA-PKcs 
(Shieh et al., 1997; Tominaga et al., 1999). Phosphorylation of p53 inhibits its Mdm-
2-dependent degradation, resulting in p53 accumulation (Chen et al., 1995). Mdm-2 is 
a transcriptional target of p53 and this negative feedback loop regulates the level of 
p53 (Wu et al., 1993). Mdm-2 can also be phosphorylated by ATM or DNA-PK and 
this inhibits its binding to p53 (Mayo et al., 1997; Shieh et al., 2000). Furthermore, 
ARF targets Mdm-2 for destruction in the proteasome (Zhang et al., 1998).  

p53 has diverse functions (Vousden & Lu, 2002 and references therein). It is a 
stimulatory transcription factor for the expression of genes encoding pro-apoptotic 
proteins, e.g. Fas, TNF, TRAIL, Bax, Puma and Noxa, while at the same time being a 
repressor for expression of anti-apoptotic proteins such as Bcl-2 and IAPs. 
Moreover, p53 induces cell cycle arrest via upregulation of the cyclin-dependent 
kinase inhibitor p21WAF1. Some data also point to the existence of p53-mediated 
transcription-independent apoptosis. This could possibly involve activation of pro-
caspase-8 (Ding et al., 2000) or initiation of apoptosis via the mitochondria-mediated 
pathway by direct interaction between p53 and Bcl-XL (Mihara et al., 2003). 
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It is not exactly understood how the p53 response is differentially directed 

towards cell cycle arrest, repair and survival, or induction of apoptosis. Two models 
have been proposed for the direction of p53-induced transcription (Vousden, 2000). 
In the first model (“p53 dumb”), the initial response to p53 induction is the same 
under all conditions. The outcome of p53-induced transcription is instead regulated 
by p53-independent factors. The availability of regulatory factors would depend on 
the cell type, stage of differentiation and phase in the cell cycle. In the second model 
(“p53 smart”), p53 is itself responsible for the differential expression of genes. This 
could be determined by the p53 level in the cell or by modifications of p53 that affect 
its ability to bind DNA or interact with transcriptional co-activators.  

In the majority of tumors, the p53 response is inactivated either by direct 
mutation of p53 or by interference with its regulation of signal transduction. This 
may be clinically exploited, for example by preferential transcription of oncolytic 
viruses like the ONYX-015 (Heise et al., 1997). The restoration of p53-function is a 
wish that have come true, at least for some forms of p53 mutations, with the 
discovery of small p53 reactivating compounds like PRIMA-1 (Bykov et al., 2002). 
p53 reactivation by PRIMA-1 was shown to kill tumors cells on its own. However, it 
is very plausible that p53 reactivation would also sensitize cells to DNA-damaging 
agents. 
 
1.3.4.2 Stress-activated protein kinase signaling 

MAPK-mediated signaling is a key regulator of cell survival and cell death. This 
pathway transduces signals from the cell surface to the nucleus via the 
phosphorylation of a triad of cytoplasmic kinases. Typically, stimulation of receptor-
mediated signaling activates the MAPKKKs, a group of serine-threonine kinases, to 
phosphorylate their targets, the MAPKKs. The dual-specificity MAPKKs 
phosphorylate tyrosine- and threonine-residues in their targets, the MAPKs. MAPKs 
are serine-threonine kinases that can phosphorylate cytosolic proteins or translocate 
to the nucleus and regulate transcription (Hagemann & Blank, 2001). Signaling via the 
MAPK pathways can promote survival or death depending on the stimulus. The most 
well characterized MAPK signaling pathway is the Raf-MEK-ERK pro-survival 
pathway that transduces mitogenic extracellular growth signals to the cell nucleus.  

In response to cytotoxic drugs, UV irradiation, γ-irradiation, oxidative stress and 
pro-inflammatory cytokines, a MAPK pathway also known as the stress-induced 
protein kinase (SAPK) pathway, is activated. SAPK signaling is transduced via 
JNK/SAPK and p38MAPK (Davis, 2000). Frequent reports can be found 
documenting IR-induced SAPK signaling in many cell types (Verheij et al., 1998). The 
major outline of the MAPK/SAPK-cascade is presented in Figure 8. 

MEKK1 is the major activator of SAPK-signaling and preferentially activates 
JNK over ERK (Ellinger-Ziegelbauer et al., 1997; Xia et al., 1998). However, 
MEKK1 also has a direct pro-apoptotic effect. MEKK1 is normally associated with 
cellular membranes (Xu et al., 1996), but can be cleaved by caspase-3-like proteases to 
release a pro-apoptotic 91 kDa fragment containing the C-terminal catalytic domain 
(∆MEKK1) (Cardone et al., 1997; Widmann et al., 1998). The exact mechanism by 
which the ∆MEKK1 fragment promotes apoptosis is not known, but expression of a 
constitutively active MEKK1 fragment induced Bak activation (Mandic et al., 2001) 
and PT pore opening (Gibson et al., 2002). Mutation of the caspase-cleavage site in 
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MEKK1 or inhibition of caspase-9 or caspase-8 activity abrogated MEKK1-mediated 
apoptosis and induction of MPT (Widmann et al., 1998; Schlesinger et al., 2002).  

The cytoplasmic tyrosine-kinase c-Abl can activate MEKK1-JNK signaling in vitro 
and in vivo in response to IR-induced DNA damage (Kharbanda et al., 2000) and c-
Abl-deficient cells fail to activate SAPKs and are resistant to IR (Yuan et al., 1997), 
implicating an important role for SAPK-signaling in response to DNA damage and 
induction of apoptosis. 

The p38MAPKs exist in four isoforms, α, β, δ and γ. The upstream activators 
include MKK3 and -6, which in turn are activated by MEKK2 and -3, ASK1 or PAK. 
The activation of p38MAPK by IR has been reported to vary from no detectible 
activation to a strong activation (Lee et al., 2002; Taher et al., 2000). The role of 
p38MAPK signaling depends on the cell type and stimulus. Both growth- as well as 
cell death-promoting effects have been observed (Dent et al., 2003). Activation of 
p38 may stimulate the translocation of Bax to mitochondria (Ghatan et al., 2000) or 
activate transcription of the CHOP/GADD153 gene, resulting in increased levels of 
pro-apoptotic Gadd-family proteins (Wang & Ron, 1996).  

 
 

Figure 8.

The MAPK signaling pathways. For explanation of acronyms and 
abbreviations, please see abbreviation list.
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c-Jun N-terminal kinase (JNK) signaling has been implicated in various cellular 
responses including proliferation, differentiation and stress-induced apoptosis. JNK is 
predominantly activated by stress signals but the necessity of JNK-signaling for 
apoptosis induction seems to be cell type- and stimuli-dependent (Verheij et al., 
1998). In addition, the duration of JNK signaling can differentiate the outcome. 
Sustained JNK-signaling was found to correlate to the toxicity of platinum 
compounds (Sanchez-Perez et al., 1998). Activation of JNK is best characterized for 
the MEKK1 and ASK1 pathways (Davis, 2000).  

The mechanisms by which JNK induces apoptosis are not fully elucidated but 
several possibilities are revealed in the downstream targets of JNK-phosphorylation.  

Nuclear translocation of JNK is observed after UV irradiation, but this does not 
seem to be necessary for all genotoxic agents to induce apoptosis (Sanchez-Perez et 
al., 1998). The nuclear JNK targets are the transcription factors c-Jun, ATF-2 and 
Elk-2 of the AP-1 family (Davis, 2000). Fas-R and TNFα-R are transcriptional targets 
of c-Jun, and there is extensive evidence for the involvement of c-Jun in apoptosis 
(Bossy-Wetzel et al., 1997; Ham et al., 1995).  

Non-nuclear targets of JNK include Bcl-2 and Bcl-XL, Bad and Bax. JNK-
mediated phosphorylation of Bcl-2 and Bcl-XL inhibits their anti-apoptotic effect 
(Fan et al., 2000). Phosphorylation of Bad by JNK antagonizes Akt-mediated 
inhibition of Bad thus protecting its pro-apoptotic effect (Donovan et al., 2002). 
Recently, the requirement for Bax-like proteins in JNK-mediated apoptosis signaling 
was implicated. Activated JNK was sufficient to induce rapid cytochrome c release 
and apoptosis, but failed to do so in cells deficient for members of the Bax subfamily. 
Furthermore, exposure to stress failed to activate Bax, cause cytochrome c release or 
induce apoptosis in JNK-deficient cells (Lei et al., 2002).  A novel link between JNK 
and mitochondrial dysfunction was recently reported. The BH3-only protein Bim is 
normally associated with the dynein filaments. Upon phosphorylation by JNK, Bim 
translocates to mitochondria and can induce the activation of Bax/Bak and 
subsequent mitochondrial permeabilization. Taken together, these findings suggest 
that that the involvement of mitochondria is important for pro-apoptotic signal 
transduction through the JNK pathway. 
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THE PRESENT STUDY 

 
1.4 AIMS 

The general aim of this thesis was to investigate the mechanisms of apoptotic 
signaling induced by ionizing radiation in lung cancer cells. This aim is based on the 
hypothesis that tumor cell radioresistance could be caused by failure to initiate or 
execute apoptosis.  

There were several reasons for choosing lung carcinoma as an experimental 
model. Lung cancer is a common and lethal disease and radiotherapy is a cornerstone 
in both curative and palliative treatment. Due to few symptoms and early 
dissemination of lung cancer, the majority of patients have loco-regional lymph node 
metastases upon diagnosis. To obtain local control, a  prerequisite for cure, high dose 
radiotherapy is required. However, these doses are not always possible to achieve in a 
target volume that covers both the main tumor and the loco-regional lymph nodes. 
We believe that an increased understanding of the mechanisms of resistance to IR-
induced apoptosis could open new possibilities for pharmacological modulation of 
this process, serving to improve the efficacy of radiotherapy. Moreover, the clinical 
difference in responsiveness to radiotherapy between NSCLC and SCLC is mirrored 
in lung cancer cell lines cultured in vitro. Previous studies, in our and other 
laboratories, have resulted in characterization of molecular changes and 
radiosensitivity of many of the lung carcinoma cell lines used in the present work. 
These data enables the search for parameters in apoptotic signaling or regulation that 
correlate with radiosensitivity. 

 
The specific aims were as follows: 
 
To investigate the expression of proteins participating in activation and regulation of 
the apoptotic process in a panel of SCLC and NSCLC cell lines displaying various 
degrees of radiosensitivity.  
 
To assess the functionality of the major apoptotic signaling pathways in a subset of 
lung cancer cell lines by using agents with different mechanisms of action. 
 
To investigate the expression of anti-apoptotic proteins in the panel of lung cancer 
cell lines and evaluate their importance for IR-induced apoptosis. 
 
To identify the level(s) at which IR-induced apoptotic signaling in resistant lung 
cancer cells is abrogated. 
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1.5 MATERIALS AND METHODS 

 
The techniques used in this thesis are described in detail in Papers I-V. Here, 

materials and methods will be listed and briefly commented upon. 
 
1.5.1 Cell lines 

In this study, a panel of SCLC and NSCLC cell lines was utilized. All cell lines 
were cultured in humidified air at 37°C, 5% CO2, in RPMI1640 medium 
supplemented with 10% heat-inactivated fetal bovine serum, 100 IU/ml penicillin 
and 100 ng/ml streptomycin. Cells were seeded in fresh medium 24 hrs before 
treatment. 

Since tumor cell lines are genetically instable, the DNA content was regularly 
monitored by flow cytometry according to the method developed by Castro et al., 
(1993) and compared to a lymphocyte standard to exclude a split population. Viability 
was routinely monitored by exclusion of trypan blue. All cell lines were tested 
negative for mycoplasma.  

The characteristics of the individual cell lines are summarized in Table 1. SCLC 
cell lines are usually derived from metastatic lesions thus representing the most 
advanced form of the disease. They are further subclassified as “variant” or “classic” 
according to in vitro growth characteristics and neuroendocrine profiles. The “variant” 
cell lines have shorter doubling time and are usually less radiosensitive, however, this 
division is not absolute. 

Mutated p53 is found in almost 100% of SCLC and 50% of NSCLC cells. The 
p53 status in U1285, U1906 and U1810 cell lines was previously characterized by 
sequencing of all exons in the TP53 gene (Sirzén et al., 1998b). In U1285 cells, a 26 
base pair deletion starting from codon 126 was found. U1906 cells had a CGG → 
CTG point mutation at codon 248 and U1810 cells harbored a single base pair 
deletion at codon 172.  

Although an in vitro system in many ways differs from the conditions in vivo, the 
intrinsic radiosensitivity still correlates in general between cell lines and the 
corresponding tissue (Fertil & Malaise, 1985). The in vivo influence of blood supply, 
hypoxia, etc. can of course not be mimicked, however, an in vitro system may better 
suite the detailed study and manipulation of intrinsic radiosensitivity. 

 
1.5.2 Treatments 

 
1.5.2.1 Irradiation procedure 

Irradiation was from a Co60 source and cells were irradiated at ambient room 
temperature. Adherent cells were irradiated while attached. The dose rate for the 
given geometry was calculated by a staff physicist, and the treatment time for 
administration of a certain dose was monthly adjusted to the second decimal for 
decay. A 4 mm thick sheet of Plexiglas was placed on top of the cell culturing vessels 
for maximum dose-build-up. The dose-rate was ~1 Gy/min at the end of this study. 
The dose 8 Gy was chosen since it overcomes the “shoulder-region” in the cell 
survival curve for U1810 cells and was expected to induce approximately a one-log 
killing.  
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1.5.2.2 DNA damaging drugs 

In addition to IR, cisplatin (CP, Platinol, CDDP) and VP16 (etoposide, 
Vepeside) were used. Both drugs are cornerstones in combined chemotherapy of 
both NSCLC and SCLC. 

The chemical structure of cisplatin is a platinum molecule surrounded by two 
chloride atoms and two amino groups in cis-conformation. Upon entering the cell, 
the decrease in chloride concentration causes hydration of cisplatin to its monoaqua 
form, which is positively charged and highly reactive with nucleophilic sites e.g. SH2-
containing proteins, RNA and DNA. The monoaqua form is then hydrated to the 
diaqua form which is responsible for adduct formation in DNA or between DNA 
and proteins. The vast majority (90%) of the DNA crosslinks are intra-strand (Perez, 
1998 and references therein). The toxic effect of cisplatin is not limited to the 
induction of DNA damage, but can also cause ER stress followed by the release of 
calcium (Mandic et al., 2003).  

The nuclear enzyme topoisomerase II generates a transient DNA DSB, enabling 
one DNA helix to pass through another and thus prevents intertwining of DNA 
during replication, transcription and mitosis. VP16 causes DNA damage by inhibiting 
the ATP-dependent topoisomerase II re-ligation of DNA, resulting in a multitude of 
DNA DSB/topoisomerase II complexes that eventually trigger apoptosis or mitotic 
catastrophe (Sorensen et al., 1999; Wang et al., 2001). VP16 have also been shown to 
have a direct toxic effect on mitochondria at high doses (50 µM) (Robertson et al., 
2000).  

 
1.5.3 Western blot analysis  

Western blotting is a standard method for immunodetection of proteins. It was 
used in Papers I-V to detect proteins involved in apoptosis signaling and the specific 
cleavage products of caspase target proteins. Proteins are size-separated by SDS-
polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. 
Detection of a specific protein is made by the use of a specific antibody. This 
antibody is in turn bound by a horseradish peroxidase-conjugated secondary 
antibody. The horseradish peroxidase serves as substrate for the enhanced 
chemiluminescence (ECL), and the light emission from the chemical reaction is 
captured on film. The sensitivity and specificity of this method is mainly determined 
by the quality of the antibody. Densitometric analysis of the bands on the film was 
used for quantification of protein content.  
 
1.5.4 Detection of gene expression 

RT-PCR (reversed-transcription PCR) is a technique for the enzymatic 
amplification of RNA by the polymerase chain reaction (PCR) method. An 
oligonucleotide primer, specific for the mRNA of interest, is used to guide the 
synthesis of the corresponding cDNA using reverse transcriptase (RT). Enzymatic 
amplification of the cDNA is then performed by PCR and the product is subjected to 
gel electrophoresis followed by staining of the gel and densitometric quantification of 
the band. The sensitivity and specificity of this method is determined by the probe 
specificity and the conditions for transcription. The RT-PCR method was used in 
Paper III for the detection of a subset of IAP transcripts. 
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Another method for the detection and quantification of specific mRNA is the 

RNase protection assay (RPA), used in Papers I and III. This assay allows the 
simultaneous detection of several transcripts by radiolabeled probes that hybridize to 
and protect the specific mRNAs from degradation by RNase (added after the 
hybridization step). The protected probe/mRNA complexes are then size-separated 
by gel electrophoresis and visualized by autoradiography of the radiolabeled probe.  

In these experiments, total RNA was isolated from cells by RNAzol B. The RT-
PCR and RPA methods indirectly detect the level of transcription of a gene, however, 
post-transcriptional regulation of a protein occurs and differences between RNA and 
protein expression is quite common (Chen et al., 2002). Therefore, these results were 
compared with data obtained from western blot analysis. 
 
1.5.5 Apoptosis assays 

The original definition of apoptosis was based on morphological features of the 
cell. With the discovery of stereotypic biochemical events taking place during 
apoptosis execution, caspase activation and the subsequent cleavage of target proteins 
together with the appearance of characteristic DNA fragmentation (laddering) were 
considered hallmarks of apoptosis. In the present work, several methods for 
detection of events associated with apoptosis were used.  
 
1.5.5.1 Morphological analysis 

Morphological assessment of apoptotic cells was used in Papers II-V. For 
evaluation of nuclear morphology, cells were fixed in phosphate buffered 4% 
formaldehyde (PFA) and stained with 4',6-diamidino-2-phenylindole dihydrochloride 
(DAPI) or propidium iodide (PI) and observed by fluorescence microscopy. For 
visualization of the whole cell, May-Grünwald-Giemsa staining was performed and 
evaluated by light microscopy.  
 
1.5.5.2 TUNEL-assay 

The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling 
(TUNEL) technique was used for detection of DNA fragmentation in Paper II. Cells 
were fixed in 1% PFA and permeabilized with Triton-X 100. The terminal 
deoxynucleotidyl transferase is used to introduce fluorescein-labeled dUTP in nicked 
or broken DNA. Cells were then co-stained with DAPI or PI and observed by 
fluorescence microscopy. Fluorescent cells with apoptotic nuclear morphology were 
scored as apoptotic. 
 
1.5.5.3 Cell cycle analysis 

Cells were fixed by 4% PFA for more than 6 hrs, washed in 70% ethanol and 
incubated with subtilisin Carlsberg (0.1% Sigma protease XXIV, 0.1 M Tris, 7.0 mM 
NaCl, pH 7.2) at 30°C for 30 minutes to release nuclei. Nuclei were stained with 
DAPI and analyzed using a Partec Flow Cytometer PASII (Castro et al., 1993). The 
Phoenix Flow Systems multicycle software was used for calculation of the cell cycle 
composition (Papers II, IV and V, data not shown). DNA fragmentation was 
assessed as the sub-G1 content of the cell cycle (Paper II). 
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1.5.5.4 Caspase activity assays 

Caspase activity can be monitored by several methods (reviewed in Köhler et al., 
2002). One of the most commonly used assays is measurement of the cleavage-release 
of indicators (e.g. fluorochromes) coupled to a caspase substrate (e.g. a tetrapeptide). 
The sensitivity allows detection of 5-10% apoptosis in the lysate of one million cells. 
The specificity is determined by the substrate. Caspases can be divided into groups 
according to their preferred substrates. Caspases-3 and-7 preferentially cleave after 
the DEXD motif, while caspases-6, -8 and -9 prefer (I/L/V)EXD. Only caspase-2 
preferentially cleaves after the pentapeptide sequence VDVAD. In the substrate-assay 
method used in the present work, the maximum linear rate of the cleavage-release of 
the fluorochrome 7-amino-4-methylcoumarin (AMC) was calculated from multiple 
measurements in a microtiter plate reader (Paper II and IV). This protocol describes 
the rate of activity, in contrast to protocols where only one time point is used that 
assesses the total conversion of substrate.  

The active form of caspase-3 can be detected by a specific antibody in fixed, 
permeabilized intact cells. The intracellular localization of active caspase-3 was 
investigated by immunocytochemistry in Paper II. Cells were grown on coverslips or 
prepared by cytospin preparation, fixed in acetone, permeabilized with 0.1% Triton 
X-100 and incubated with a polyclonal biotinylated anti-active caspase-3 antibody. 
The localization of this antibody was detected by the addition of FITC-conjugated 
streptavidin and observation by confocal fluorescence microscopy. In Paper V, the 
use of a FITC-conjugated monoclonal anti-active caspase-3 antibody allowed 
quantification by FACS analysis. Prior to staining, cells were fixed and permeabilized 
in a 4% PFA/saponin solution (Cytofix/Cytoperm solution) for 20 minutes.  
 
1.5.5.5 Mitochondrial integrity 

The release of cytochrome c and other proteins from the mitochondria into 
cytosol can be detected by western blotting of cytosolic extracts (S100), or by 
immunocytochemistry (both used in Paper II). For immunocytochemistry, cells were 
grown on coverslips or prepared by cytospin, fixed in 4% PFA and 0,19% piric acid, 
and permeabilized by 0.1% SDS. A mouse monoclonal antibody against cytochrome c 
was used and visualized by using a FITC-conjugated secondary antibody. The 
intracellular localization of cytochrome c was observed by confocal fluorescence 
microscopy. 

The mitochondrial membrane potential (∆ψm) can be indirectly assessed by cell 
permeable cationic fluorochrome dyes, e.g. tetramethylrhodamine ethyl ester (TMRE) 
used in Paper V. TMRE accumulates in mitochondria with intact ∆ψm and this cause 
a red shift in the fluorescence emission spectra of TMRE that can be quantified by 
FACS analysis. Upon depolarization of mitochondria, TMRE is released, resulting in 
a decrease in the red fluorescence. An increased TMRE staining was observed in 
U1810 cells after IR (Paper V). Treatment–induced arrest at the G2/M checkpoint 
or failure to undergo cell division can cause an increased number of mitochondria per 
cell. This may increase the fluorescence signal from cells with intact mitochondria.  
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1.5.6 Assessment of Bak and Bax activation 

These pro-apoptotic Bcl-2 family members undergo at least one conformational 
change during their activation. The conformational changes of both Bak and Bax 
expose a neo-epitope in the N-terminal that can be recognized by a monoclonal 
antibody and quantified by FACS analysis (Paper V). Cells were fixed in 0.25% PFA 
for 5 min and permeabilized with digitonin (100 µg/ml) prior to staining. 
 
1.5.7 SAPK-activity assays 

The activation of p38MAPK was assessed by western blotting using a phospho-
specific antibody (Paper V).  

An immunokinase assay was used to assess JNK activity. JNK-immunocomplexes 
were precipitated from cell lysates and incubated with recombinant GST-Jun together 
with P32-labeled ATP. The phosphorylation of GST-Jun was quantified by gel 
electrophoresis of GST-Jun and densitometry of autoradiographs (Paper V). 
 
1.5.8 Transfection methods 

1.5.8.1 Adenoviral transfer and expression of MEKK1 fragments 

The pro-apoptotic conformational change in Bak can be induced via the 
expression of a constitutively active MEKK1 fragment (Mandic et al., 2001). 
Adenoviral vectors were used for the inducible expression of a kinase-dead 
(dnMEKK1) or a constitutively active (dpMEKK1) fragment of MEKK1 (Paper V). 
A co-infected vector encodes the transactivating protein, Adeno-rtTa, that in the 
presence of doxycycline undergo a conformational change allowing it to bind to and 
activate the promotor region for the protein of interest. The adenoviral transfer 
system is a very efficient way of gene transfer. Some non-specific effects of adeno-
rtTA alone were noticed, like a slight change in cell morphology and very low-grade 
toxicity, but there were no remarkable effects on cell proliferation or cell cycle 
composition. 

 
1.5.8.2 Transfection of cDNA 

For the downregulation of HSP72, U1810 cells were transfected with a cDNA 
plasmid encoding HSP72 antisense (Paper IV). Co-transfection (1/10) with a 
plasmid coding for green-fluorescent protein was made to allow the detection of 
transfected cells by fluorescence microscopy or FACS analysis. The transfection 
reagents used in this work (Lipofectamine PLUS and Lipofectamine 2000) complex 
the plasmid DNA into lipsomes that will be taken up by the cells. The transfection 
efficiency varies between cell lines. For U1810 cells, transfection efficiency was 
approximately 30%, with efficient down regulation of the target protein. However, 
~20% unspecific cell death, also in GFP-negative cells, was induced at 24 hrs. 
Therefore, this method was not used for evaluating the effect of HSP72 down 
regulation on treatment-induced apoptosis.  

 
1.5.8.3 Transfection of siRNA 

RNAi (RNA-interference) is a recently developed method for mammalian cells to 
specifically and efficiently knockdown gene expression. This is done by the 
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introduction of a siRNA (short interfering RNA), a 19-21-mer double-stranded RNA, 
which will bind to the specific transcript and induce its degradation by nucleases. 
RNAi was used for specific and efficient knockdown of HSP72 protein expression in 
U1810 cells (Paper IV). Transfection with siRNA induced non-specific effects, such 
as growth retardation and even cell death at late time point (more than 72 hrs), 
despite careful optimization.  
 
1.5.9 Cellular fractionation 

Isolation of nuclei, mitochondria and cytosol was used in Paper III. To isolate 
cell nuclei, cells were incubated in hypotonic buffer containing cytochalasine B (to 
inhibit actin polymerization), 0.01% Triton X-100 and PMSF (to inhibit serine and 
cysteine proteases) for 30 min and then homogenized on ice to break the plasma 
membrane. Nuclei were separated from intact cells and debris by centrifugation using 
a 50% sucrose cushion. 

To isolate the heavy membrane fraction containing mitochondria, cells were 
homogenized on ice in a buffer containing 0.01% digitonin (to permeabilize the 
plasma membrane but not mitochondria) and protease inhibitors. Intact cells and 
nuclei were pelleted by centrifugation, and the supernatant was centrifuged at 15.000 
x g to pellet the heavy membrane fraction containing mitochondria. This supernatant 
was cleared by further centrifugation at 100.000 x g to obtain the cytosolic fraction. 

The purity of fractions was analyzed using western blot and immunodetection of 
compartment-specific proteins. 
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1.6 SUMMARY OF THE PAPERS 

 
Paper I 

The absence of spontaneous and IR-induced apoptosis in NSCLC cells was 
previously described by our group (Sirzén et al., 1998a; Sirzén et al., 1998b). It was 
hypothesized that the radioresistance of NSCLC cells might relate to the deficiency of 
one or more proteins important for the activation and/or execution of the apoptotic 
process. Therefore, the expression of pro-caspases, µ-calpain and the Bcl-2 family 
proteins Bcl-2, Bcl-XL and Bax, was analyzed in a panel of 10 SCLC and 6 NSCLC 
cell lines by RPA and western blotting.  

Bcl-XL and Bax protein were present in all cell lines at equal levels. Bcl-2 was only 
strongly expressed in 1/5 NSCLC (H157), but in 5/5 SCLC cell lines investigated. 
SCLC cells were thus characterized by a high ratio Bcl-2/Bax.  

While protein expression of µ-calpain and pro-caspases-2, -3, -7 and -9 was 
observed in all NSCLC and SCLC cell lines investigated, pro-caspase-8 was not 
detected in 8/10 SCLC cell lines. The only SCLC cell lines in which pro-caspase-8 
was detected was U1285 and its doxorubicin resistant daughter line, U1285DOX900. 
All NSCLC cell lines expressed pro-caspase-8. 

Lack of pro-caspase-8 mRNA was found in the same SCLC cell lines that were 
missing pro-caspase-8 protein expression, indicating silencing of the gene as a 
probable cause. In addition, pro-caspases-10, -4 and -1 mRNA was not detected in 
the majority of the five SCLC cell lines, and in half of the NSCLC cell lines.  

These findings were unexpected since SCLC cells in general are more apoptosis 
prone than NSCLC cells, but here were shown to lack the expression of several pro-
caspases and have a high level of Bcl-2 protein. There results suggest that the 
resistance of NSCLC cells to undergo IR-induced apoptosis cannot simply be 
explained by the absence of executioner caspases or by the ratio of Bcl-2 family 
members. 

 
Paper II  

In this study, the functionality of the major apoptosis signaling pathways in lung 
cancer  cells  was  studied  in  more detail.  Three different  apoptosis-inducing agents 
were used to investigate if dysfunctional signaling could explain the resistance of 
NSCLC to anti-cancer treatment. VP16 (1.5 µg/ml) and IR are both DNA-damaging 
agents, but generate different types of lesions, while agonistic Fas-antibodies (αFas) 
activate the receptor-mediated apoptotic pathway. A subset of cell lines from the 
panel, representing differences in radiosensitivity and expression of pro-caspase-8, 
was chosen for this study. U1285 was the only SCLC cell line with intact pro-caspase-
8 expression. It is also one of the most radiosensitive cell lines in the panel.  H82 is an 
intermediate radiosensitive SCLC cell  line that lack expression of pro-caspase-8. 
U1810 is the most radioresistant of the NSCLC cell lines. Several apoptotic 
parameters were analyzed including pro-caspase processing, caspase activity, 
cytochrome c release, DNA fragmentation and nuclear morphology. 

U1810 cells were found to be resistant, i.e. did not undergo apoptotic nuclear 
morphological changes, to either of the three treatments, whereas H82 cells were only 
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resistant to αFas-induced apoptosis. U1285 cells underwent apoptosis in response to 
all three treatments.  

Apoptotic processing of pro-caspase-8, as well as increased caspase-8 activity, 
occurred in both U1285 and U1810 cells after either of the three treatments. 
However, this was not enough to drive U1810 cells into apoptosis.  

Cytosolic cytochrome c was detected by western blotting of cytosolic extracts 
from all cell lines after IR and VP16 treatment, although to a lesser degree in U1810 
compared with U1285 cells. Immunocytochemistry of cytochrome c in U1285 and 
U1810 cells  revealed a change from the punctate pattern, indicating  
mitochondrial localization, to a more diffuse one after IR-treatment. This coincided 
with apoptotic nuclear morphology in U1285, but not in U1810 cells. 

Increased caspase-9 activity was detected in both SCLC and NSCLC cells after 
treatment with IR, but not to the same extent after VP16 or αFas treatment. 
Disappearance of the band corresponding to pro-caspase-9 was observed in western 
blots of irradiated U1285 and U1810 cells. 

A substantial increase in caspase-3-like activity was detected in both SCLC and 
NSCLC cells after all treatments, with the exception of H82 cells treated with αFas 
(since they lack pro-caspase-8 protein). This was accompanied by the detection of a 
fragment corresponding to processed caspase-3 in both U1285 and U1810 cells by 
western blot analysis. The cleavage of nuclear targets for caspase-3 (PARP and 
ICAD/DFF45) was detected only in SCLC cells. Moreover, relocalization of active 
caspase-3 from the cytosol into the nucleus was observed in the SCLC cell line, but 
not in three NSCLC cell lines, after IR-treatment. 

 Taken together,  these  data demonstrate  activation of  apoptotic signaling after 
IR in both NSCLC and SCLC cells. However, nuclear translocation of active caspase-
3, DNA fragmentation and nuclear apoptotic morphology was only induced in SCLC 
cells. Thus, inhibition of apoptosis signaling in NSCLC cells might occur downstream 
of mitochondrial changes and caspase activation, but upstream of nuclear apoptotic 
events.  
 
Paper III  

Members of the inhibitor of apoptosis family of proteins are able to bind and 
inhibit active caspases, thus keeping caspase activation below the critical threshold. 
The absence of nuclear apoptotic morphology in NSCLC cells in spite of IR-induced 
apoptotic signaling, including caspase activity, was observed in Paper II. This 
phenomenon could possibly be explained by the intervention of IAPs. Therefore, the 
expression of IAPs was determined in the panel of lung cancer cells. The levels of 
cIAP-1, cIAP-2 and XIAP, the most potent caspase inhibitors, were further 
investigated in three cell lines after VP16- or IR-treatment.  

An RNase Protection Assay (RPA) kit, including probes for Survivin, cIAP-1, 
cIAP-2, XIAP and NAIP, was used for detection of IAP mRNAs. The expression of 
cIAP-2 mRNA was higher in the NSCLC cell lines compared with the SCLC cell 
lines. cIAP-1 and XIAP mRNAs were expressed by almost all lung cancer cell lines, 
however, no general difference was observed between the NSCLC and the SCLC 
group. Survivin mRNA was detected at high levels in both SCLC and NSCLC cells. 
No NAIP mRNA was detected in any of the cell lines, as expected, since NAIP is a 
neuronal-specific IAP. The RPA findings were confirmed by RT-PCR using primers 
for cIAP-1, cIAP-2 and XIAP. 
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The expression of cIAP-1, cIAP-2 and XIAP proteins was determined in the 

panel of lung cancer cell lines by western blot analysis. cIAP-1 was present in all cell 
lines at different level but with no significant difference between the NSCLC and 
SCLC groups. cIAP-2 was detected at a significantly higher level in the NSCLC 
compared to the SCLC group of cell lines. XIAP was expressed more than four-fold 
in the SCLC group compared to the NSCLC group. 

To investigate if treatment would change the expression of IAPs, mRNA and 
protein levels of cIAP-1, cIAP-2 and XIAP were analyzed after treatment with VP16 
or IR in U1810, H82 and U1285 cells together with Jurkat cells. XIAP protein 
decreased after treatment in Jurkat and U1285 cells, especially in response to VP16, 
but no change in XIAP mRNA level was detected indicating degradation of the 
protein. An increase in XIAP transcripts after VP16 treatment was observed in 
U1810 cells, but there was no change in the protein level.   

Moreover, the intracellular localization of IAPs was investigated using subcellular 
fractionation of untreated, VP16- or IR-treated cells (U1810 and U1285) followed by 
western blot analysis. cIAP-1 and XIAP were present in the cytosolic fraction, but 
XIAP was also found in the heavy membrane and nuclear fractions. Surprisingly, 
cIAP-2 was mainly detected in the heavy membrane fraction containing 
mitochondria. In response to treatment, the IAPs did not change their sub-cellular 
localization.  

In summary, when comparing IAP expression in the two types of lung cancer 
cells, NSCLC cell lines had a stronger cIAP-2 expression, while the SCLC cell lines 
were characterized by higher level of XIAP protein. Although differences in IAP 
expression were observed between the groups of NSCLC and SCLC cells, no 
correlation could be made between the level of IAP expression and the 
radiosensitivity of individual cell lines. Neither the expression level nor the 
intracellular localization of IAPs pre- and post-treatment changed in a way to explain 
the radioresistance of U1810 cells. These results indicate that IAPs alone are not the 
main factor responsible for the resistance of NSCLC cells to treatment. 
 
Paper IV 

The heat shock protein family members (HSPs), some of which can be 
upregulated by stress, are cellular chaperones. HSP27 and HSP72 are the most well 
known stress-induced proteins with anti-apoptotic properties and their expression 
and influence on IR-induced apoptosis was investigated. 

HSP72 protein was detected at high levels in all cell lines. HSP27 was also 
abundantly expressed in all NSCLC and a majority (6/9) of the SCLC cell lines. While 
mild heat shock further increased the HSP expression, treatment with IR or VP16 did 
not cause HSP upregulation. Pre-treatment with heat shock did not protect 
radiosensitive cells from IR-induced apoptosis nor did it attenuate IR-induced 
caspase activity.  

It was suggested that HSP72 is required for the viability of tumor cells, and down- 
regulation, by antisense HSP72, was shown to induce apoptosis and tumor 
regression in vivo (Nylandsted et al., 2002). Therefore, the effect of HSP72 
downregulation in U1810 cells, the most IR-resistant NSCLC cell line, was 
investigated in the present work. HSP72 protein expression was knocked down by 
both cDNA antisense and RNAi. cDNA transfection of U1810 cells induced non-
specific cell death at 24 hrs. Instead, the RNAi method was used for specific and 
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efficient knockdown of HSP72 protein expression. Interestingly, downregulation of 
HSP72 by siRNA did not sensitize U1810 cells to either CP-, VP16- or IR-induced 
apoptosis. Non-specific  side effects, such as morphologic changes, slight growth 
retardation and (after four days) increasing  cell death with apoptotic morphology, 
were observed also with this method.  It was therefore not  possible to  make any 
conclusions concerning the requirement of retained HSP72 expression for U1810 cell 
survival.  In summary, these results do not support an important contribution of HSP72  
to the IR-resistance of U8110 cells.  
 
Paper V 

Loss of mitochondrial integrity is a key event in apoptosis. Bax and Bak are pro-
apoptotic Bcl-2 protein family members that can induce MPT, and their role in IR-
induced apoptosis was investigated in U1810 and U1285 cells. Furthermore, the IR-
induced activation of SAPK signaling was studied. In these experiments, IR was 
compared with cisplatin (CP) that induces caspase-dependent apoptosis. CP has also 
been shown to induce activation of Bak and SAPKs in tumor cells (Mandic et al.
2001). 

In U1285 cells, both CP- and IR-treatment induced pro-apoptotic conformational 
changes in Bak and, to a lesser extent Bax. This was followed by a drop in ∆ψm, 
detection of active caspase-3 and apoptotic nuclear morphological changes, in a time 
dependent manner. These changes were observed in U1810 cells after treatment with 
CP, but not IR. 

The upstream signaling leading to Bak activation is not well elucidated, but 
MEKK1 has been shown to regulate Bak activation. Expression of dnMEKK1 in 
U1285 cells partially blocked IR-induced apoptosis, pointing to the involvement of 
other upstream signaling pathways. In U1810 cells, dpMEKK1 expression or CP-
treatment induced Bak activation, mitochondrial depolarization, caspase-3 activation 
and nuclear apoptotic morphology, demonstrating a functional Bak signaling 
pathway. 

An early and sustained activation of SAPKs p38MAPK and JNK was detected in 
U1285, but not in U1810 cells, in response to IR. However, CP treatment 
substantially induced SAPK activation also in U1810 cells. The blocking of SAPK 
activation in U1285 cells by chemical inhibitors totally abrogated IR-induced 
apoptosis.  

These results point to a failure of IR to initiate apoptotic mitochondrial events in 
U1810 cells. The upstream events leading to activation of the mitochondrial 
apoptotic pathway could be associated with SAPK signaling.  
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1.7 DISCUSSION 

 
In this thesis, the IR-induced apoptotic signaling in lung cancer cells was studied. 

The goal was not only to achieve a better understanding of the process, but also to 
identify possible targets for pharmacological modulation. Several differences in the 
apoptotic signaling of NSCLC and SCLC cells were identified, and their possible 
importance for radioresistance will be the subject of this discussion. 
 
1.7.1 Prologue. IR-induced cell death, not only apoptosis? 

IR-induced cell death is a complicated process that can involve several types of 
cell death, such as mitotic catastrophe, apoptosis and necrosis, evolving with different 
kinetics. Thus, the fundamental question of the actual role of apoptosis in IR-induced 
cell death immediately arises. To assess the contribution of apoptosis to the total cell 
death induced by IR in the cell lines used in the present study, a subset of lung cancer 
cell lines with known SF2 were irradiated with 8 Gy. Loss of plasma membrane 
integrity, indicating necrosis or late-stage apoptosis, was assessed by trypan blue 
exclusion. Apoptosis was assessed by evaluation of nuclear morphology (Figure 9). 
In the SCLC cell lines, a fraction of spontaneous apoptotic and trypan blue positive 
cells were present in the untreated cells, as previously described (Sirzén et al., 1998a). 
A time-dependent increase in the fraction of trypan blue positive cells was observed 
in the radiosensitive U1285 cells (two-fold) after IR, but only to a very small extent in 
the intermediately radiosensitive H82 and the radioresistant U1810 cells. Apoptosis 
was induced by IR in both SCLC cell lines in a time dependent manner and was most 
pronounced in U1285 cells. Only a few percent cells with apoptotic nuclear 
morphology  was observed in U1810 cells after IR.  

Thus, the amount of IR-induced apoptosis correlated with radiosensitivity for 
these three lung cancer cell lines. Moreover, the increase in trypan blue positive cells 
reflects the kinetics and magnitude of apoptosis induction. This indicates that IR-
induced apoptosis is an important contributor to cell death in the radiosensitive lung 
cancer cells, and that early necrosis is not a predominant form of cell death in these 
cells.  
  
1.7.2 Act I. The works of apoptotic signaling 

1.7.2.1 Setting the scene 

Earlier studies in our group showed that IR does not induce apoptosis in NSCLC 
cells (Sirzén et al., 1998b). We asked whether this could be due to a lack of proteins 
important for the induction and/or execution of the apoptotic process. The 
expression of several pro-caspases, µ-calpain, Bcl-2, Bcl-XL and Bax was analyzed in 
Paper I to investigate the possible connection between radioresistance and the 
presence of these proteins. 

The most striking observation was the lack of pro-caspase-8 protein and mRNA 
expression in 8/10 SCLC cell lines. This was the first published observation of 
CASP8 silencing and was later confirmed for SCLC cell lines and tumor biopsies 
(Shivapurkar et al., 2002). Lack of pro-caspase-8 expression was also found in 
neuroblastoma cells (Teitz et al., 2000) as well as in many types of pediatric tumors 
and their corresponding cell lines (Harada et al., 2002). The silencing was 
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demonstrated to be due to promoter methylation, gene deletion or mutation, and is 
now considered a characteristic feature of neuroendocrine tumors, like SCLC and 
neuroblastoma, and a possible oncogene.  
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It would be interesting to see if restoration of pro-caspase-8 expression would 

help to amplify IR-induced apoptotic signaling in SCLC cells, as was shown for the 
response to drug- and receptor-induced apoptosis in other tumor types (Fulda et al., 
2001). Demethylation of promoter regions can be chemically induced. However, the 
recent findings that general hypomethylation contributes to genomic instability and 
tumor development in mice (Gaudet et al., 2003) point to a need for specific tumor 
targeting of the demethylating effect before this mechanism can be utilized in a 
clinical setting. More interesting is the finding that interferon-γ, that is already utilized 
in the clinic, was shown to increase the level of pro-caspase-8 protein in cells with 
low or no expression, even when the CASP8 promotor was methylated (Fulda & 
Debatin, 2002).  

A strong Bcl-2 protein expression was observed in SCLC compared to NSCLC 
cells (Paper I). Since Bax and Bcl-XL were equally expressed in both types of lung 
cancers, SCLC cells were characterized by a higher Bcl-2/Bax ratio. This reflects the 
clinical situation where 75-80% of primary SCLC tumor specimens have a strong Bcl-
2 immunostaining (Ben-Ezra et al., 1994; Kaiser et al., 1996). The high level of Bcl-2 
in SCLC is paradoxical since they are usually more sensitive to treatment. However, a 
recent study on SCLC cell lines found a correlation between acquired drug resistance 
and strong upregulation of Bcl-2 (Sartorius & Krammer, 2002). So far, no strong 
prognostic value has been demonstrated for Bcl-2 expression in lung cancer (Sekido 
et al., 1998). Bcl-2 expression is associated with neuroendocrine features of lung 
cancer, suggesting a role for Bcl-2 during malignant transformation (Jiang et al., 
1996). This is further supported by the findings of strong Bcl-2 expression in dys- or 
metaplasia in situ (Kikuchi et al., 1997; Tesfaigzi et al., 1998). Although of unclear 
prognostic value, a high level of Bcl-2 in SCLC can still be of clinical use. Down 
regulation of Bcl-2 inhibits tumor growth in vitro and in xenotransplanted tumors 
(Cotter et al., 1994; Jansen et al., 1998). In addition, the simultaneous downregulation 
of Bcl-2 and Bcl-XL was successful in inducing apoptosis in both NSCLC and SCLC 
cells in vitro (Zangemeister-Wittke et al., 2000).  

Several clinical trials on Bcl-2 antisense therapy, alone or in combination with 
chemotherapy, are ongoing for a variety of cancers including NSCLC and SCLC 
(Ciardiello & Tortora, 2002). The treatment is well tolerated and clinically feasible. A 
recent pilot study on patients with chemo-refractory SCLC treated with Bcl-2 
antisense in combination with paclitaxel reports on disease stabilization in two of 
twelve patients, one of which lasted for 30 weeks (Rudin et al., 2002). This may not 
sound impressive, but considering the bad prognosis for this category of patients, 
these results are promising.  

 
1.7.2.2 The role of mitochondria in IR-induced apoptosis 

Mitochondrial disturbance seems to be pivotal for IR-induced damage to initiate 
apoptosis. To study the importance of mitochondrial apoptotic events for IR-induced 
apoptosis in lung cancer cells, cytochrome c release, activation of pro-apoptotic Bcl-2 
proteins Bak and Bax, and loss of ∆ψm were investigated.  

Cytosolic cytochrome c was observed already at 8 hrs post-IR in U1810 cells as 
well as in U1285 and H82 cells (Paper II). Loss of ∆ψm was assessed by TMRE 
staining in Paper V. At 16 hours post-treatment, a small increase in U1285 cells with 
depolarized mitochondria was observed that could explain the cytosolic appearance 
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of cytochrome c. ∆ψm was stable in U1810 cells after IR at least up to 48 hrs (Paper 
V and (Joseph et al., 2002) in agreement with the absence of apoptotic cells. 
However, an early and transient drop in ∆ψm, allowing the release of cytochrome c, 
cannot be excluded.   

Persistent loss of ∆ψm was always observed together with the appearance of 
nuclear apoptotic morphology, indicating this to be the crucial event for the induction 
of apoptosis in U1810 cells (Paper V). The pro-apoptotic Bcl-2 family members Bak 
and Bax are able to induce MPT and release of cytochrome c. No substantial Bax 
activation was observed in any of the cell lines up to 20 and 30 hrs post-IR in U1285 
and U1810 cells, respectively. In a recent study, Ku70 was found to suppress the 
apoptotic translocation of Bax to mitochondria. However, Ku70 expression was 
earlier demonstrated to be at similar levels in U1285 and U1810 cells (Sirzén et al., 
1999). 

IR induced Bak activation in U1285, but not in U1810 cells, prior to the drop in 
∆ψm. Moreover, treatment with CP or dpMEKK1 caused Bak activation, loss of 
∆ψm, caspase activation and apoptosis in U1810 cells, further underlining the 
importance of mitochondrial dysfunction for apoptosis to take place in these cells.  
 
1.7.2.3 IR-induced caspase activity 

Treatment with αFas or IR caused pro-caspase-8 activation in both U1285 and 
U1810 cells (Paper II). However, αFas-induced caspase-8 activation was not 
followed by the release of cytochrome c or apoptosis in U1810 cells, demonstrating 
that the activation of pro-caspase-8 is not enough to trigger fulminant apoptosis in 
U1810 cells.   

The appearance of cytosolic cytochrome c enables formation of the apoptosome 
complex in which pro-caspase-9 is activated. Processing of pro-caspase-9 and 
increased caspase-9 activity was observed after IR in all lung cancer cell lines 
investigated, including U1810 cells (Papers II and IV).  

Caspase-9 in turn activates executioner caspases-3 and –7. Activation of caspase-3 
was observed after IR treatment in all cell lines investigated (Papers II and IV). 
However, despite apparent caspase activation in U1810 cells, no apoptosis was 
detected.  
 
1.7.3 Intermission I 

As was demonstrated by the use of cytotoxic drugs, such as VP16 and CP 
(Papers IV and V) as well as staurosporine (Joseph et al., 2002), the radioresistant 
U1810 cells can undergo apoptosis in response to these agents. However, the 
apoptotic signaling is indeed activated after IR but apparently not sufficient to trigger 
the actual execution of apoptosis in U1810 cells. One of the major differences 
observed between SCLC and NSCLC cells is that NSCLC cells were able to maintain 
∆ψm after IR. The loss of ∆ψm strongly correlates with the ability of an agent to 
induce apoptosis in U1810 cells.  

IR-induced cytochrome c release and caspase activation were detected in both 
NSCLC and SCLC cells, implying that apoptotic inhibition also could occur at or 
downstream of the level of executioner caspases in NSCLC cells. In the next section, 
possible mechanisms for this inhibition will be discussed. 
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1.7.4 Act II. The cellular bag of anti-apoptotic tricks 

1.7.4.1 Inhibitor of Apoptosis Proteins, pouring oil on the waves 

IAP overexpression can make cells more radioresistant, as shown for H661 
NSCLC cells (Holcik et al., 2000). The IAP family of proteins can inhibit active 
caspases. IAPs interfere with apoptosis signaling by suppressing the caspase activity 
below a certain “critical threshold”. However, the “threshold level” for caspase 
activity to be deleterious is not known and is in addition probably cell type and 
stimuli dependent.  

The expression of IAPs in the panel of lung cancer cell line was investigated in 
Paper III. Although differences in the level of IAP expression were found when 
comparing the groups of NSCLC and SCLC cells, a detailed analysis did not reveal a 
correlation between the level of expression of these proteins and the radiosensitivity 
of individual cell lines. The SCLC cell lines had a strong protein expression of XIAP. 
This is in parallel to the “Bcl-2 paradox”, and makes XIAP an interesting therapeutic 
target in lung cancer. XIAP can interact with the apoptosome by binding to the small 
subunit of caspase-9, inhibiting downstream caspase activation, or sequester active 
caspase-3 (Bratton et al., 2002). The apoptosome activity can be restored by a Smac-
like peptide that disrupts the XIAP/caspase-9 binding. Such a peptide was shown to 
potentiate chemotherapy in xenotransplanted tumors (Arnt et al., 2002; Fulda et al., 
2002). The requirement of IAP-antagonism for the execution of apoptosis was also 
demonstrated in a study where mutant XIAP that could bind Smac, but not caspase-9 
or caspase –3 and thus only sequestered Smac, was able to inhibit UV-induced 
apoptosis (Silke et al., 2002). The high XIAP expression in SCLC could indicate a 
dependence of IAP-antagonists for the propagation of apoptosis. It would therefore 
be very interesting to see what effect Smac-mimetic peptides would have on IR-
induced death in SCLC as well as in NSCLC cells.  
 
1.7.4.2 HSP72, Jack of all trades  

The strong expression of constitutive and stress-inducible HSPs in tumors and 
tumor cell line is a well-known phenomenon. Stress-inducible HSPs have been shown 
to inhibit cell death in caspase-dependent and -independent manners. The therapeutic 
use for HSPs has so far mainly been as an antigen to raise an immune response 
against the tumor.  However, recent studies point to a  direct requirement of 
HSP72 for tumor cell survival (Nylandsted et al., 2000a). Downregulation of HSP72 
expression caused caspase-independent cell death with apoptotic morphology 
(Nylandsted et al., 2000b). Furthermore, downregulation of HSP72 sensitized 
prostate cancer cells to IR-induced apoptosis (Gibbons et al., 2000). This makes 
HSP72 a therapeutic target of great interest, especially for treatment-resistant tumors 
like NSCLC.  

We investigated the role of HSP72 in IR-induced apoptosis in lung cancer cells in 
Paper IV. The constitutive expression of HSP72 was high in all lung cancer cell lines 
and was not increased by IR-treatment in any of the cell lines investigated. Further 
upregulation of the stress-inducible HSP27 and HSP72 by heat shock did not protect 
cells against IR-induced apoptosis. Surprisingly, knockdown of HSP72 expression by 
siRNA did not sensitize U1810 cells either to IR-, CP- or VP16-induced apoptosis. 
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This strongly argues against the importance of HSP72 for radioresistance, at least in 
U1810 cells.  

 
1.7.4.3 The nucleus, the cellular sanctum  

The typical nuclear morphological changes in apoptosis are caused by the action 
of executioner caspases in conjunction with nucleases and possibly other factors. To 
execute this function, caspases must enter the nucleus. After IR, relocalization of 
active caspase-3 from cytosol into the nucleus was observed by 
immunocytochemistry in radiosensitive the U1285 cells, but not in three NSCLC cell 
lines (Paper II). This indicates a maintained nuclear integrity in NSCLC cells. Further 
supporting this assumption was the disappearance of the band representing the 
nuclear caspase target ICAD/DFF45 on western blots in U1285 but not in U1810 
cells after IR-treatment. Moreover, the cleavage of DFF45 would release the nuclease 
DFF40, and no DNA fragmentation was observed in NSCLC cells after IR (Paper 
II).  

Nuclear transport is conducted via the nuclear pores, i.e. large protein complexes 
that form conduits through the nuclear envelope, by soluble transporter molecules, 
e.g. importins and Ran. The small GTPase Ran binds to the importin and, depending 
on its association with GTP or GDP, determines in which direction the transport will 
go (reviewed by Adam, 2001). To use this transport system, proteins must display a 
special nuclear localization signal (NLS) to enter, or a nuclear exit signal (NES) to exit 
the nucleus. Neither NLS nor NES has been found in caspase-3, arguing for its 
nuclear transport either to be in complex with another protein possessing an NLS, or 
by passive diffusion. During apoptosis, the nuclear transport process is disrupted, 
possibly in a caspase-dependent manner (Faleiro & Lazebnik, 2000; Ferrando-May et 
al., 2001) and the diffusion limit of the nuclear pores increases. This would allow the 
passive diffusion of active caspases into the nucleus. Microinjection of wheat germ 
agglutinin, a nuclear pore “plugger”, rescued cells from Fas-R-mediated apoptosis 
(Yasuhara et al., 1997) and prevented the nuclear condensation of chromatin induced 
by AIF (Susin et al., 1999) and Acinus (Sahara et al., 1999).  

Taken together, the nuclear entry for caspases is probably via the nuclear pores. 
The exclusion of active caspase-3 from the nucleus in NSCLC cells could be 
interpreted either as a failure of caspase-3 to actively enter the nucleus, or that the IR-
induced apoptosis signaling is insufficient to trigger the nuclear transport dysfunction 
observed in apoptotic cells. Since irradiated U1810 cells display caspase activation but 
do not undergo apoptosis, the nuclear pore relaxation is probably not caspase-
dependent in these cells.  

 
1.7.5 Intermission II 

The signal(s) connecting IR-induced cellular damage to the induction of apoptosis 
are not well understood. Since IR-induced apoptosis in lung cancer cells seems to be 
connected to loss of mitochondrial function, possible upstream signals linking the IR-
induced damage to mitochondrial apoptotic events will be discussed in the last part.  
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1.7.6 Act III. In search for the missing link 

1.7.6.1 Is it a caspase? 

Pro-caspase-2 was pointed out as a possible candidate for the nuclear signaling of 
apoptosis via mitochondria (Robertson et al., 2002). Pro-caspase-2 is present in 
several intracellular compartments but is the only pro-caspase constitutively located in 
the nucleus (Zhivotovsky et al., 1999). Moreover, a cell specific requirement for 
caspase-2-dependent cytochrome c release and apoptosis in response to VP16, CP 
and UV-irradiation was demonstrated in several cell lines, including NSCLC A549 
cells (Lassus et al., 2002). The effect of caspase-2 on mitochondria was not dependent 
on other cytosolic factors, as was demonstrated in a cell-free system (Robertson et al., 
2002). The event responsible for the activation of pro-caspase-2 upon DNA damage 
is not clear, nor is the mechanism. Nothing is known about the importance of pro-
caspase-2 for IR-induced apoptosis and this could be further investigated.   
 
1.7.6.2 Is it a kinase? 

The activation of JNK after IR is well documented, but the exact mechanism of 
JNK-induced apoptosis remains elusive. Translocation of JNK to mitochondria is 
associated with the release of Smac (Chauhan et al., 2003) and induction of OMP 
(Aoki et al., 2002; Ito et al., 2001). A novel link between JNK and mitochondrial 
dysfunction was recently reported. The BH3-only proteins Bim and Bmf are normally 
sequestered by binding to dynein and myosin V motor complexes. Upon 
phosphorylation by JNK, these BH3-only proteins can translocate to mitochondria 
and induce the activation of Bax/Bak and subsequent mitochondrial permeabilization 
(Lei & Davis, 2003).  

Induction of sustained SAPK activation correlated with loss of ∆ψm and 
induction of apoptosis (Paper V). Chemical inhibitors of JNK and p38MAPK 
efficiently abrogated IR-induced apoptosis in U1285. CP, but not IR, induced both 
SAPK activation and apoptosis in U1810 cells. These findings point to another 
difference between radioresistant and radiosensitive cells that demands further 
investigation of the upstream regulation of SAPK activation. The possible upstream 
kinases implicated in DNA damage are c-Abl, MEKK1 and ASK1. 

The non-receptor tyrosine kinase c-Abl is a plausible link between DNA damage 
and apoptosis. c-Abl is activated by phosphorylation of ATM and/or DNA-PKcs in 
response to DNA damage (Baskaran et al., 1997; Kharbanda et al., 1997). c-Abl has 
been shown to activate JNK (Raitano et al., 1995) and MEKK1 (Kharbanda et al., 
2000) in response to IR, while c-Abl-deficient cells failed to activate JNK (Kharbanda 
et al., 1995). Since an inactive fragment of MEKK1 only partially blocked IR-induced 
apoptosis in U1285 cells, additional pathways are probably involved in JNK 
activation in these cells. Another pathway to SAPK signaling could be via the 
apoptosis signaling kinase 1 (ASK1). ASK1 is activated by oxidative stress (Saitoh et 
al., 1998), and have been shown to induce SAPK signaling (Ichijo et al., 1997) and to 
initiate apoptosis via the mitochondrial pathway (Hatai et al., 2000).  

The importance of kinase signaling in IR-induced apoptosis needs further 
investigation and future research will be directed to this matter. 
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1.7.6.3 Is it stress? 

The pivotal event for IR-induced apoptosis seems to be the loss of ∆ψm (Papers 
II and V). PT pore opening can be triggered by a rise in intracellular Ca2+. The 
intracellular Ca2+ level is mainly governed by the ER that is the major Ca2+ storing 
organelle. Cellular stress and chemical compounds can cause disruption of the ATP-
dependent Ca2+ pump residing in the ER membrane, or opening of Ca2+ channels, 
resulting in an increased intracellular level of Ca2+ (Berridge et al., 2000). Bcl-2 is 
believed to modulate intracellular Ca2+ levels and ER-targeted Bcl-2 has been shown 
to inhibit IR-induced MPT as efficiently as mitochondria-targeted Bcl-2 (Rudner et 
al., 2001). In addition, oxidation of ANT thiol groups can cause ANT dysfunction 
and subsequent MPT, but can also enhance the sensitivity of the PT pore to Ca2+ 
(and thus indirectly to ER stress). It is possible that U1810 cells are more efficient in 
handling the ER stress and elevated intracellular Ca2+ than are SCLC cells, however 
this probably not by the action of Bcl-2 since it was expressed at very low levels in 
most NSCLC cell lines. The change in intracellular Ca2+ after IR and the 
mitochondrial capacity to buffer Ca2+ could be investigated. This would elucidate the 
involvement of ER stress in IR-induced apoptosis. 

Reactive oxygen species (ROS) is directly induced by IR, but could also arise from 
mitochondrial dysfunction. The role of oxidative stress for induction of apoptosis 
was demonstrated in studies where addition of ROS induced apoptosis, while various 
antioxidants inhibited cell death (for review, see Curtin et al., 2002). Moreover, the 
radioprotective effect of pharmacological antioxidants is well documented. IR-
induced ROS can oxidize phospholipids in the cellular membranes. The oxidized 
lipids are hydrolyzed by lipases, producing lipid “second messengers” that can 
activate further signaling. One of these second messengers is ceramide that has been 
implicated in IR-induced apoptosis, especially of the interphase type (Chmura et al., 
1997; Michael et al., 1997), although its importance may be cell type specific (Burek et 
al., 2001). Ceramide, or rather its degradation product sphingosine, can activate the 
SAPK pathway (Verheij et al., 1996) and induce apoptosis via the mitochondrial 
pathway (Rodriguez-Lafrasse et al., 2002; Tepper et al., 1999). Ceramide is produced 
either by de novo synthesis or by degradation of the membrane lipid sphingomyelin by 
the sphingomyelinase lipase. There are two variants of sphingomyelinase with 
different pH optima (acid and neutral). Lymphocytes from patients with an inherited 
deficiency in sphingomyelinase activity (Niemann-Pick syndrome) do not respond to 
IR with SAPK activation and apoptosis (Santana et al., 1996). Restoration of acid 
sphingomyelinase activity reverses this resistance. Moreover, mice deficient in acid 
sphingomyelinase are also defective in  IR-induced ceramide generation and 
apoptosis in vivo, further arguing that sphingomyelinase activity rather that de novo 
synthesis is of importance in IR-induced ceramide signaling. Further investigation of 
the role of ceramide in IR-induced apoptotic signaling in lung cancer cells is needed 
to elucidate its importance for apoptosis induction. 

Since ROS generation occurs during the normal metabolism, the cellular defense 
to oxidative stress is well developed. There are several molecules that can act as 
hydrogen-donors e.g. thioredoxin (Trx), glutathione (GSH) and superoxide 
dismutases (SOD).  Manganese SOD (MnSOD) is normally present in the 
mitochondrial matrix at high concentrations. Overexpression of MnSOD, but not 
CuZnSOD or glutathione peroxidase, was shown to protect CHO cells from IR (Sun 
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et al., 1998). Overexpression of MnSOD was also shown to delay early translocation 
of Bax and SAPKs (p38MAPK and JNK1) to the mitochondria and significantly 
decrease the induction of MPT, cytochrome c release and apoptosis in hematopoietic 
cells (Epperly et al., 2002). The importance of the cellular antioxidants, especially 
MnSOD, could be a determinant for IR-induced apoptosis and should be further 
investigated.  
 
1.7.7 Epilogue. General conclusions and future directions 

In this thesis, the hypothesis that failure of induction or execution of apoptosis is 
responsible for the radioresistance observed in NSCLC cells was investigated. The 
data presented here demonstrate that IR-induced apoptotic signaling in radioresistant 
cells is abrogated at several levels, including SAPK activation, Bak activation, 
mitochondrial depolarization and nuclear relocalization of active caspase-3. 
Interestingly, in response to other agents initiation and execution of apoptosis can be 
activated also in radioresistant cells. This suggests that the apoptotic machinery is 
functional in NSCLC cells, but is not activated vigorously enough to trigger apoptosis 
in response to IR. Mitochondrial dysfunction was always observed in cells undergoing 
apoptosis, suggesting that this is the pivotal event for apoptosis induction in lung 
carcinoma cells. The mitochondrial changes might be under the control of SAPK 
activation, but the upstream signaling conveying the IR-induced damage to the 
mitochondria is still unclear. The search for this “missing link” is the most important 
task ahead. Specifically, the roles for intracellular antioxidants,  c-Abl,  ASK1  and   
JNK, need to be investigated in IR-induced apoptosis. 

The enhancement of IR-induced apoptosis could drastically improve the effect of 
radiotherapy. To be able to eradicate radioresistant cells, one could either try to 
amplify the induced pro-apoptotic signaling to overcome the “execution threshold”, 
or to modulate the threshold itself. Compounds acting on mitochondria could lower 
the “apoptotic threshold”, or even induce apoptosis on their own, and should be 
evaluated in combination with IR in NSCLC cells. However, more knowledge of the 
signaling linking IR-induced damage to the pivotal mitochondrial events is needed to 
be able to identify additional therapeutic targets.  
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