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ABSTRACT

Treatment of cancer is associated with challenges such as the development of resistance 
by the tumors. By elucidating intracellular signal transduction pathways elicited by 
therapy it is possible to identify structures and processes crucial for induction of cell 
death. The aim is to exploit this knowledge to further improve treatment strategies.  

In this thesis, evidence is presented that cisplatin treatment of tumor cell lines induces 
separate signal transduction events. Upon cisplatin treatment, calpain, a cytosolic 
protease, is shown to become activated. Activated calpain is demonstrated to cleave the 
BH3 only protein Bid between residues Gly70 and Arg71, generating a fragment with 
the ability to induce release of cytochrome c from the mitochondria. Cisplatin induces 
signals via MEKK1, however, the activation of calpain is shown to be independent of 
overexpression of the dominante negative form of  MEKK1 (dnMEKK1). The 
dominant positive form of  MEKK1 (Dp MEKK1) induces a conformational change in 
the pro-apoptotic protein Bak. This conformational activation was revealed not to 
directly lead to apoptosis. However, cisplatin induces both conformational change of 
Bak as well as Bak oligomerization. Bak complexes of sizes between 80 kDa and 170 
kDa are shown to be associated with apoptosis formation, indicating that in addition to 
activation of MEKK1 another signal is needed. This signal is constituted by JNK, 
shown as a JNK inhibitor blocked cisplatin-induced apoptosis and the formation of Bak 
complexes in the critical size range. These results are further confirmed using cells 
deficient for JNK.  

In addition to the development of tumor resistance to treatment, another problem in 
tumor therapy is the toxicity to normal tissues unaffected by disease. An approach to 
overcome these processes is the use of therapy sensitization, i.e. using low dose of a 
standard treatment in combination with a drug that specifically targets crucial processes 
in the tumor cell to increase the effects of the other drug. In this thesis, the effects of 
sensitizing tumor cells to cisplatin by inhibition of their energy production are 
investigated. Both an inhibitor of glycolysis, 2-deoxyglucose (DG) as well as an 
inhibitor of fatty acid -oxidation, etomoxir, were shown to potentiate the effects of 
cisplatin-induced cell death in several tumor cell lines. These results are further 
confirmed in treatment of xenografted mouse tumors.  
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1 INTRODUCTION 

About one in three persons in the developed countries will contract a cancer related 
disease during their lifetime, making cancer the second most common cause of death 
after cardiovascular disease. Tumor treatment is faced with several challenges; cancer 
is a heterogeneous disease and countless genetic and epigenetic changes can arise in 
different tumors making each individual tumor case unique. In addition, anti-cancer 
drugs are ultimately designed to kill cells, conveying difficulties in avoiding toxicity to 
other tissues. However, by elucidating mechanisms behind cancer development and 
resistance to therapy, possibilities of development of preventative measures against 
tumor formation, of further improvement of existing treatment modalities and of better 
treatment options, arise.  

Development of tumors have been attributed to six essential alterations in cell 
physiology (Hanahan and Weinberg 2000); self-sufficiency in growth signals, 
insensitivity to growth-inhibitory signals, evasion of programmed cell death, limitless 
replicative potential, sustained angiogenesis and tissue evasion and metastasis. These 
traits are considered as common to all human tumors and hence also provide 
possibilities to fight tumor development and means to target sensitive tumor targets for 
treatment. This thesis presents studies on programmed cell death (apoptosis) induced by 
chemotherapy in tumor cells, and crucial signal transduction pathways involved in this 
process. An important theme here is also the concept of interfering with the energy 
supply of tumor cells, in order to render them more susceptible to conventional cancer 
therapy. The overall aim is to gain better understanding of the mechanisms involved in 
cell death and how these can be exploited to render tumors more susceptible to 
therapeutic measures.  

1.1 CELL DEATH 

Cell death is an essential and highly regulated process that is well conserved between 
species. It plays a major role in tissue sculpting during embryo development and is 
necessary for tissue homeostasis, wound healing and elimination of pathogens in 
mature organisms. Defects in the cell death process are associated with numerous 
pathological disorders including diabetes, neurodegenerative disorders and cancer. 
Intense research on cell death has shown that it is not a uniform process but includes 
many different processes distinguished by differences in morphology and cellular 
signaling.  

1.1.1 Apoptosis 

The term apoptosis was first invented by Kerr and colleagues (Kerr, Wyllie et al. 1972) 
based on morphological criteria such as cellular shrinkage, condensation of nuclear 
chromatin, and DNA fragmentation. Studies performed in the nematode C. elegans
have provided important information on the tight genetic control of the apoptosis 
process. Several genes specifically required for induction and execution of apoptosis 
were identified and homologs to many of these genes have been found in mammals and 



2

include both oncogenes and tumor suppressor genes (Liu and Hengartner 1999). The 
apoptotic cell eventually breaks up into membrane-enclosed particles called apoptotic 
bodies. These are quickly recognized and engulfed by immune cells or surrounding 
tissue. In this way, apoptotic cells do not inflict any tissue scarring or inflammation in 
neighboring tissues, making it suitable for normal tissue turnover in the body (Fadeel 
and Orrenius 2005).  

1.1.2 Necrosis 

Necrosis is classically described as an accidental form of cell death, characterized by 
irreversible swelling of the cytoplasm and mitochondria, loss of membrane integrity 
leading to cell rupture and leakage of the cellular compartments into the surrounding 
tissue, causing an inflammatory response (Fadeel and Orrenius 2005). However, recent 
studies indicate that necrosis may be a regulated process that accompanies apoptosis in 
some tissues during development. Also, there seems to be an overlap between apoptosis 
and necrosis in response to certain death inducing stimuli, i.e., many agents induce 
apoptosis at lower doses and necrosis at higher. Features of both apoptosis and necrosis 
may even coexist in the same cell and it has been proposed that necrosis can be seen as 
a different form of execution of programmed cell death (Proskuryakov, 
Konoplyannikov et al. 2003; Zong and Thompson 2006). The inflammatory response 
of necrosis may be associated with systemic toxicity and the activity of immune cells at 
the site may even promote malignancy (Zeh and Lotze 2005). On the other hand, the 
stimulation of the immune response could potentiate the killing of tumor cells (Jin and 
El-Deiry 2005).  

1.1.3 Senescence 

The term replicative senescence was first coined by Hayflick and Moorhead and 
described growth arrested human diploid cells that had gone through a certain number 
of doublings and thereafter were exhausted in their capacity to divide (Hayflick and 
Moorhead 1961). Later, it was discovered that during each cell cycle, 50-100 base pairs 
are lost from the ends of the chromosomes called the telomeres. This causes the 
chromosomes to lose their ability to protect the ends of chromosomal DNA, yielding 
end-to-end chromosomal fusions, and eventually leading to cell death (Counter, 
Avilion et al. 1992). Premature senescence is an inducible form of cellular senescence 
that is morphologically and biochemically related to replicative senescence. It is 
thought to be associated with DNA damage and signaling pathways involving ataxia 
telangiectasia mutated (ATM) and p53 activated by telomere shortening (d'Adda di 
Fagagna, Reaper et al. 2003). 

1.1.4 Autophagy 

Autophagy is a protective response to cellular stresses, e.g., starvation, changes in cell 
volume, oxidative stress, accumulation of misfolded proteins, hormonal signaling and 
irradiation. It is a process of sequestering organelles in vesicles inside the cell, which 
are subsequently delivered to the lysosome for degradation. Under conditions of 
prolonged cell stress the cell compartmentalizes and digests itself. The genetics behind 
autophagy have been characterized in yeast and regulation has been shown to involve 
the TOR and PI3 kinase pathways in response to starvation, suggesting that the same 
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signaling pathways are involved in mammals. Autophagy seems to play a complex role 
in ensuring cell survival during cell starvation and also in removing organelles or 
inducing death in damaged cells (Nelson and White 2004; Jin and El-Deiry 2005).  

1.2 APOPTOTIC SIGNALING 

Two main apoptotic pathways have been identified in mammals; the intrinsic, 
mitochondrial pathway and the extrinsic, death receptor pathway. The latter is triggered 
by ligands that bind to the death receptor members of the TNF receptor family, 
inducing intracellular signaling pathways leading to the execution of apoptosis. This is 
of fundamental importance in the maintenance of tissue homeostasis in the immune 
system. The mitochondrial pathway is triggered by a vast array of stimuli including 
DNA damage caused by chemotherapeutic drugs, by UV- or gamma-radiation, or by 
high levels of reactive oxygen species (ROS), activation of oncogenes or inadequate 
cell-matrix interactions (Fadeel and Orrenius 2005).  

1.2.1 Caspases 

Both the extrinsic and intrinsic pathways induce activation of caspases that constitute 
the executioners of the apotosis response. Caspases are cystein proteases found in the 
cytoplasm in their inactive pro-caspase form and are activated by cleavage at certain 
aspartate residues. Caspases can sequentially process and activate other caspases and 
are classified as initiator (casp-1, -2, -4, -5, -8, -9, -10 and -12) or effector caspases 
(such as casp-3, -6, -7, -11 and -13) (Thornberry and Lazebnik 1998). The signaling of 
caspases starts by activation of one of the initiator caspases, caspase-8 or -10 for the 
extrinsic pathway and caspase-9 for the intrinsic. These caspases can then activate a 
cascade reaction, eventually leading to activation of the main effector caspases -3, -6 or 
-7. The substrates of the effector caspases include nuclear and cytoskeletal components 
that are proteolyzed in order for the cell to develop the phenotypic characteristics of 
apoptosis (Thornberry and Lazebnik 1998; Chowdhury, Tharakan et al. 2006).  

1.2.2 BCL2 family proteins 

The initiation of the apoptotic response is tightly regulated and the B-cell/lymphoma-2 
(Bcl-2) family of proteins play a critical role in this regulation, acting as gatekeepers 
between death signals and caspase activation. Expression of Bcl-2 has been detected 
frequently in human cancers and was first identified in human follicular B-cell 
lymphoma with the translocation t(14;18) (Tsujimoto, Cossman et al. 1985). Since then 
about 20 other members of the family have been characterized and divided into a pro- 
and anti-apoptotic subgroup respectively (Danial and Korsmeyer 2004). The Bcl-2 
family of proteins share several conserved domains called the Bcl-2 homology (BH) 
regions, corresponding to alpha-helical segments. In general, the anti-apoptotic 
members including Bcl-2, Bcl-xL, Bcl-w and Mcl-1, show sequence conservation in all 
four domains, while the pro-apoptotic multi-BH domain members including Bax, Bak 
and Bok, lack the first alpha-helical segment, BH4. The pro-apoptotic members also 
include a subgroup called the BH3-only proteins, including  Bid, Bad and Bim. Based 
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on deletion and mutagenesis studies, the BH3 domain is believed to be the critical death 
domain in all the pro-apoptotic Bcl-2 family members (Borner 2003; Burlacu 2003; 
Chan and Yu 2004).  

The anti-apoptotic Bcl-2 family members exert their effects in numerous ways, e.g., as 
regulators of calcium homeostasis, as antioxidants and by inhibiting release of 
cytochrome c from the mitochondria. Following synthesis, the anti-apoptotic Bcl-2 
family members are targeted to either mitochondrial or endoplasmic reticulum (ER) 
membranes where they integrate by way of a hydrophobic C-terminal domain. 
Furthermore, the BH domains of Bcl-2/Bcl-xL can form hydrophobic pockets with 
ability to hold the BH3 domain of the pro-apoptotic Bcl-2 family members. By this 
mechanism they are believed to sequester the BH3-only proteins, Bak/Bax proteins and 
other pro-apoptotic effectors, thereby inhibiting apoptosis induction. (Borner 2003; 
Burlacu 2003; Chan and Yu 2004; Jin and El-Deiry 2005). 

Both the Bak/Bax and the BH3 only pro-apoptotic members are required for apoptosis 
induction. The BH3-only members are considered to be damage sensors positioned 
upstream of Bak/Bax, since they cannot induce apoptosis in the absence of Bak or Bax 
(Wei, Zong et al. 2001). In healthy cells the BH3-only proteins are kept in check by 
transcriptional and post-translational mechanisms. For example, Bim is maintained in 
its inactive form by binding to the microtubule-associated dynein motor complex. Upon 
cytokine deprivation or treatment with chemotherapeutic drugs, Bim is released from 
the microtubules and translocate to mitochondria where it binds Bcl-2/Bcl-xL and 
neutralizes their anti-apoptotic activity (Puthalakath, Huang et al. 1999). However, 
other Bim isoforms are not bound to the microtubules but are instead believed to be 
controlled at the transcriptional level since they are not found in healthy tissue (Chan 
and Yu 2004). Bid is another BH3-only protein known to be posttranslationally 
activated. Bid is normally kept in its inactive form in the cytosol via intramolecular 
interactions between it C-terminus and N-terminal BH3 domain. Bid is activated by 
cleavage, which exposes a glycine that can be N-myristolated, allowing Bid to target 
mitochondria and induce cell death (Zha, Weiler et al. 2000). Bid can act both by 
inhibition of Bcl-2/Bcl-xL but also by activation of Bak/Bax (Wei, Lindsten et al. 
2000). Cleavage of Bid has been shown to be executed by caspase-8 (Li, Zhu et al. 
1998), granzyme B (Heibein, Goping et al. 2000), lysozyme (Stoka, Turk et al. 2001) 
and calpain (Chen, He et al. 2001; Mandic, Viktorsson et al. 2002). Bad is another 
target for posttranslational modification, and is in normal cells phosphorylated at 
several serine residues, conveying preferential binding to 14-3-3 scaffold proteins. The 
phosphorylation has been attributed to AKT (Datta, Brunet et al. 1999), Raf (Wang, 
Rapp et al. 1996) and protein kinase A (Harada, Becknell et al. 1999), which all 
function as transducers of survival signaling. Death stimuli, e.g., growth factor 
withdrawal lead to dephosphorylation of Bad by calcineurin (Wang, Pathan et al. 1999) 
or protein phosphatase 2A (Chiang, Harris et al. 2001). Dephosphorylated Bad can then 
translocate to mitochondria and interact with Bcl-xL.  

In healthy cells, the multi-domain pro-apoptotic protein Bax is mainly localized to the 
cytosol or loosely attached to membranes in its inactive form. After apoptotic 
stimulation, Bax undergoes conformational changes and translocates to the 
mitochondria where it inserts into the outer membrane (Wolter, Hsu et al. 1997). The 
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conformational change is associated with exposure of its N-terminal, an activation that 
can be monitored by an N-terminal specific antibody, and which has been shown to be 
induced by Bid (Desagher, Osen-Sand et al. 1999). Bax has been shown to be able to 
oligomerize in the outer mitochondrial membrane, a step that is thought to be critical 
for its pro-apoptotic function, leading to permeabilization of the membrane, possibly 
through formation of pores (Kuwana, Mackey et al. 2002). Unlike Bax, Bak is localized 
in the outer mitochondrial membrane in healthy cells. Analogous to Bax, Bak goes 
through a conformational change upon activation, exposing its N-terminal epitope 
(Griffiths, Dubrez et al. 1999), suggesting that the conformational change seen in Bax 
may not be causing its translocation to the mitochondria. Like Bax, Bak has been 
shown to oligomerize and induce the release of cytochrome c from the mitochondria 
(Wei, Lindsten et al. 2000). 

1.2.3 The role of mitochondria in apoptotic signaling 

Mitochondria play a crucial role in the intrinsic pathway as a target structure for the 
Bcl-2 family proteins, which regulate the release of a number of proapoptotic proteins 
from the mitochondrial intermembrane space, the most prominent being cytochrome c 
(Danial and Korsmeyer 2004). Upon its release, cytochrome c binds the adaptor 
molecule Apaf-1, which oligomerizes and recruits procaspase-9 in the presence of 
ATP, a complex termed the apoptosome. Procaspase-9 will undergo self-processing 
and activation and subsequently activates caspase-3 and the downstream apoptosis 
process. Other proteins released from the mitochondria can also induce apoptosis, albeit 
independently of caspases. Apoptosis-inducing factor (AIF) and the endonuclease 
EndoG can both translocate to the nucleus and induce fragmentation of DNA and 
thereby cell death (Fadeel and Orrenius 2005; Jin and El-Deiry 2005).   

There are several theories on how the outer mitochondrial membrane becomes 
permeabilized to release cytochrome c; one is the mitochondrial permeability transition 
(MPT). MPT was long regarded as the major mechanism for release of cytochrome c 
and was originally defined as an sudden transition in the permeability of the inner 
mitochondrial membrane that occurred when mitochondria were treated with calcium 
and reagents that increased oxidative stress (Zoratti and Szabo 1995). MPT activation 
requires interaction between cyclophilin D, the adenine nucleotide translocator (ANT) 
and the voltage dependent anion channel (VDAC) at specialized contact sites between 
the inner and outer mitochondrial membranes to form a structure spanning both 
membranes. Opening of the MPT pore is followed by osmotic swelling of the 
mitochondrial matrix due to redistribution of water and ions between the cytosol and 
matrix, leading to rupture of the mitochondria. This will induce a subsequent release of 
mitochondrial proteins, including cytochrome c, providing a link between MPT and 
apoptosis (Armstrong 2006; Orrenius, Gogvadze et al. 2006). However, the importance 
of MPT for cytochrome c release during apoptosis has been challenged. These 
experiments were done on isolated mitochondria and it has been questioned whether 
mitochondrial swelling and cytochrome c release are associated in the context of a 
whole cell. For example mitochondrial swelling in HeLa cells has been shown not to 
induce cytochrome c release (Gao, Pu et al. 2001) and mitochondria from nerve growth 
factor (NGF) deprived neurons released cytochrome c into the cytosol but were 
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structurally intact and recovered their cytochrome c content when NGF was added back 
(Martinou, Desagher et al. 1999). Also,  cyclophilin D deficient cells undergo apoptosis 
induced by various apoptotic stimuli whereas they exhibit resistance to necrotic cell 
death induced by excessive ROS and calcium (Nakagawa, Shimizu et al. 2005). In 
agreement with this; overexpression of cyclophilin D was shown to promote NO-
induced necrosis whereas NO- or staurosporine-induced apoptosis was inhibited (Li, 
Johnson et al. 2004). Together these results suggest a role for MPT in necrosis but not 
apoptosis and that cytochrome c can be released from mitochondria by at least two 
distinct mechanisms. 

1.2.4 Calpain 

The calpains are a family of cytosolic calcium-dependent thiol proteases highly 
conserved between species. The calpains are widely expressed in the body with both 
ubiquitous and tissue-specific isoforms. The two most well-characterized calpains are 
expressed ubiquitously; the - and m-calpains, both containing a specific 80-kDa 
subunit and a common regulatory 28-kDa subunit. Calpains have been implicated in 
several important cellular functions including apoptosis, cell cycle regulation and 
cytoskeletal reorganization (Perrin and Huttenlocher 2002; Harwood, Yaqoob et al. 
2005). The importance of calpains in tissue development is illustrated by the embryonic 
death of transgenic mice lacking calpain activity. 

Regulators of calpain activity include cytosolic calcium concentrations, the endogenous 
inhibitor calpastatin, autoproteolytic cleavage, phosphorylation and intracellular 
distribution (Perrin and Huttenlocher 2002). It is clear that both m- and -calpains are 
absolutely dependent on calcium for their proteolytic function whereas they differ in 
dose required for activation in vitro. M-calpain requires millimolar calcium 
concentrations whereas -calpain settles for micromolar concentrations. Calcium 
binding to calpain induces a conformational change that is essential to assemble the 
active site. It has been proposed that calpains undergo autoproteolytic cleavage upon 
activation in order to free its active site. However, this is not completely clarified since 
mutated calpain without ability to undergo autoproteolysis also can cleave its substrates 
(Molinari and Carafoli 1997). Phosphorylation of calpains have been shown, mediated 
by, e.g., ERK signaling, activating calpain to participate in induction of cell migration, 
an important feature of tumor invasion (Shao, Chou et al. 2006). Calpains have been 
shown to translocate to the cellular membranes where they are activated, indicating the 
existence of membrane-bound activators of calpain (Molinari, Anagli et al. 1994). 
Unlike caspases, the calpains do not seem to recognize a specific cleavage site; instead 
the three-dimensional structure surrounding the cleavage site appears to mediate 
specificity. Calpain cleavage sites are often located at the boundaries between subunits 
of the substrate, thereby serving to modulate the function of these substrates rather than 
simply digesting them (Carafoli and Molinari 1998; Suzuki and Sorimachi 1998). 

Calpain has been implicated in numerous pathologies including Parkinson´s disease, 
Alzheimer´s disease, multiple sclerosis, myocardial infarction and ischaemia. High 
levels of intracellular calcium and cell rupture and are both features of necrosis, a 
process that until recently was perceived as an non-regulated process. The fact that 
calpain is associated with both these features has contributed to the fact that, until 
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recently, calpain has not been extensively studied as a mediator of regulated cell death 
(Harwood, Yaqoob et al. 2005). Now, however, the role of calpain in cell death and the 
cross-talk with caspase signal transduction pathways, is attracting considerable interest. 
Calpain crosstalk with caspases includes its ability to cleave  and activate caspase-3 and 
-12 (Nakagawa and Yuan 2000; Blomgren, Zhu et al. 2001). In addition, caspase-3 has 
been shown to cleave and inactivate calpastatin, leading to the activation of calpain and 
the proteolysis of target proteins (Porn-Ares, Samali et al. 1998; Wang, Posmantur et 
al. 1998). Calpain is also reported to interact with the Bcl-2 family of proteins, e.g. by 
inactivating Bcl-2 calpain is believed to trigger the intrinsic apoptotic pathway in lung 
carcinoma cells treated with the calcium ionophore ionomycin (Gil-Parrado, 
Fernandez-Montalvan et al. 2002). Other members of the Bcl-2 family that are reported 
to interact with calpain are: Bax has been shown to be cleaved during in the early stages 
of etoposide and staurosporine treatment rendering it inaccessible for Bcl-2 and thus 
enhancing its proapoptotic effect (Gao and Dou 2000); and Bid the cleavage of which 
increases its ability to induce cytochrome c release from mitochondria (Chen, He et al. 
2001; Gil-Parrado, Fernandez-Montalvan et al. 2002; Mandic, Viktorsson et al. 2002).   

1.2.5 Mitogen activated protein kinases in cellular stress responses 

Regulatory mechanisms controlling proliferation, differentiation and apoptosis of cells 
are intertwined in a complex network of signaling pathways. The mitogen-activated 
protein kinase (MAPK) family constitutes a major network of pathways (Fig 1.), which 
potentially involves all of these crucial cellular events. The MAPK family kinases relay 
signals from the cell surface to the nucleus via sequential phosphorylations of its 
members. MAPKs are evolutionarily conserved in structure and function; in fact, all 
eukaryotic cells possess multiple MAPK pathways. Each MAPK cascade consists of 
three cytoplasmic kinases: a MAPkinase kinase kinase (MAPKKK), a MAP kinase 
kinase (MAPKK) and the MAP kinase itself.  

At least 20 MAPKKK proteins have been identified in mammalian cells, and the 
possibility for these to be activated by different upstream stimuli allows the cell to 
respond coordinately, leading to a variety of possible responses. Stimuli shown to 
activate MAPKKKs are numerous and include hormones and growth factors that act 
through receptor tyrosine kinases, vasoactive peptides acting through G-protein coupled 
transmembrane receptors, transforming growth factor (TGF)-  related polypeptides 
acting through serine-threonine kinase receptors and inflammatory cytokines of the 
tumor necrosis factor (TNF) family. Also, environmental stresses such as osmotic 
shock or genotoxic agents, ionizing radiation, ischemic injury, phosphorylation by 
other kinases, oligomerization and subsequent autophosphorylation are known to 
activate the MAPKKKs (Kyriakis and Avruch 2001; Uhlik, Abell et al. 2004).   

Seven MAPKKs have been characterized (MEK1 and 2, MKK3–7) and are activated 
by the MAPKKKs through phosphorylation in conserved Ser/Thr motifs in the kinase 
domain (Kyriakis and Avruch 2001; Uhlik, Abell et al. 2004).  

The MAPKs are activated by the MAPKKs through phosphorylation within a 
conserved Thr-X-Tyr motif in the activation loop of the kinase domain. There are three 
different MAPK classes; the extracellular signal-regulated kinase (ERK), c-Jun NH2- 
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terminal protein kinase (JNK) and p38-MAPK, all functioning as Ser/Thr kinases that 
can both phosphorylate other cytoplasmic targets but also have the ability to translocate 
to the nucleus and control gene expression via regulation of transcription factors. 
Mitogenic signaling induces activation and nuclear translocation of ERK, which results 
in proliferation, cell survival or differentiation whereas stress such as DNA-damaging 
chemotheraputic agents or irradiation activate JNK and p38 (Kyriakis and Avruch 
2001; Uhlik, Abell et al. 2004; Viktorsson, Lewensohn et al. 2005).

Figure 1.  MAPK signaling cascades 

1.2.5.1 MEKK1 

MEKK1 is a 196 kDa MAPKKK with a C-terminal catalytic domain and an N-terminal 
regulatory domain. MEKK1 was first named for its ability to phosphorylate the 
MAPKK MEK1, earlier known to be activated by Raf only. However, phosphorylation 
of MEK by MEKK1 induces only modest ERK activation whereas Raf-induced MEK 
activation effectively activates ERK, this despite the fact that the kinases phosphorylate 
the same amino acid residues. Furthermore, MEKK1 but not Raf, leads to activation of 
the JNK and p38 MAPKs, something that Raf is unable to accomplish.   

MEKK1 contains both proline-rich sequences and pleckstrin homology (PH) domains 
at the N-terminus. Proline-rich sequences are involved in binding of proteins containing 
Src-homology 3 (SH3) domains such as tyrosine kinases, phospholipases, Ras GTPase 
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activating protein, PI3 kinase and adaptor proteins, suggesting that MEKK1 can be 
regulated through these proteins. PH domains have been shown to associate with 
polyphosphoinositides and may mediate MEKK1 localization to cellular membranes 
(Hagemann and Blank 2001).  

MEKK1 knockout mice are viable and fertile but are born with defective eyelids, a 
result of deficient migration of epithelial cells, and when aging, exhibit defects in 
wound healing and tissue homeostasis (Yujiri, Ware et al. 2000). The mechanism by 
which MEKK1 influences cell migration is unclear but has been shown to be sensitive 
to JNK inhibition (Xia, Makris et al. 2000).  

MEKK1 has been implied as being both anti- and proapoptotic and it has been shown 
that that kinase-inactive MEKK1 is unable to induce apoptosis (Johnson, Gardner et al. 
1996).  This is further explained by a model in which full-length MEKK1 promotes 
survival through activation of NFkB and transient JNK activation. By contrast cleavage 
of MEKK1 is coupled to apoptosis by the subsequent sustained activation of JNK and 
activation of caspases. Cleavage of mouse MEKK1, yielding a 91 kDa proapoptotic 
kinase domain has been shown to be due to caspase-3 and the constitutively active 
kinase fragment then serves to amplify the caspase activation (Widmann, Gerwins et al. 
1998).  This is supported by a study showing that cells resistant to the 
chemotherapeutic drug cisplatin are deficient in proteolytic cleavage of MEKK1 
suggesting that this defect can lead to a drug-resistant phenotype, (Gebauer, Mirakhur 
et al. 2000).   

Subcellular localization of MEKK1 appears to be critical in the regulation of its 
survival promoting, contra apoptosis-inducing effects. Full-length MEKK1 is 
associated with cellular membranes but upon caspase activation, the 91 kDa cleavage 
product localizes to the cytoplasm (Deak, Cross et al. 1998). When the 91 kDa kinase 
fragment was tethered to the cell membrane, prevention of the apoptosis-inducing 
properties of MEKK1 was seen (Schlesinger, Bonvin et al. 2002). The membrane 
association of full-length MEKK1 may be mediated by the N-terminal PH domains. 
Another possibility is that association with 14-3-3 proteins, shown to bind 
phosphorylated serine motifs at the MEKK1 N-terminus, contributes to the membrane 
localization of full-length MEKK1 (Schlesinger, Fanger et al. 1998).   

1.2.5.2 JNK 

JNK exists in three isoforms; JNK 1 – 3, with the Jnk1 and Jnk2 genes expressed 
ubiquitously whereas Jnk3 gene-expression is mainly restricted to brain, heart and testis 
tissues. JNK is activated through phosphorylation by the MAPKKs MKK4 and MKK7. 
The first and most potent MAPKKK shown to induce JNK activation was MEKK1 
(Minden, Lin et al. 1994) but many others have upon overexpression been shown to 
activate JNK. These include MEKK2 – 4 (Blank, Gerwins et al. 1996),  Mixed lineage 
kinases 2 and 3 (MLK2 and 3) (Hirai, Izawa et al. 1996; Tibbles, Ing et al. 1996), 
TGF  activated kinase (TAK1) (Yamaguchi, Shirakabe et al. 1995) and apoptosis 
signal regulating kinases 1 and 2 (ASK 1 and 2) (Ichijo, Nishida et al. 1997; Wang, 
Diener et al. 1998). The fact that so many different MAPKKKs can activate JNK, and 
that they may have overlapping effects, makes it difficult to determine which are the 
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most important for JNK activation by certain stimuli, such as UV radiation or a certain 
genotoxin.  

Protein-protein interactions are critical for signaling via the JNK pathway and signaling 
specificity may be mediated through the formation of protein complexes. Modulation 
of these complexes can be executed by scaffold proteins, which in response to specific 
stimuli appear to organize these complexes and thereby direct the signal. Thus, the JNK 
interacting protein (JIP) group of putative scaffolds has been identified. The assembly 
of a JNK complex by a scaffold protein in response to a certain stimulus may lead to 
efficient activation of JNK within a restricted region of the cell, notably the cytosol. 
The scaffold thus regulates the subcellular localization of JNK. In addition, the 
scaffold-bound signaling molecules may interact more efficiently because of their 
proximity and increased local concentration (Whitmarsh, Cavanagh et al. 1998; Davis 
2000).   

Regulatory inactivation of JNK may be executed by a specialized group of 
phosphatases called MAPK kinase phosphatases (MKPs), with phosphatase specificity 
to phosphotyrosine and phosphothreonine residues in the MAPK activation loop. 
MKPs are regulated through a highly reactive cystein, a subject for oxidation-mediated 
inhibition, which thus provides a means for activation of MAPKs in response to 
reactive oxygen species (ROS) or thiol-reactive compounds (Karin and Gallagher 
2005).  

JNK has been implicated in the apoptotic response to cellular stress, as exemplified by 
mouse embryo fibroblasts deficient for JNK, which exhibit resistance to UV-radiation 
treatment. The resistance mechanism is associated with failure to release cytchrome c 
from the mitochondria (Tournier, Hess et al. 2000). Also, chemotherapeutic drugs have 
been shown to require JNK for its apoptotic effects (Zanke, Boudreau et al. 1996; 
Sanchez-Perez and Perona 1999). However, the role of JNK in apoptosis is 
controversial in that JNK activation upon cellular stress may act either as a mediator of 
the stress response or alternatively provide a protective response. Possibly, this depends 
on cell type, the death stimulus, the duration of its activation and activity of other 
signaling pathways (Davis 2000; Jin and El-Deiry 2005). Most forms of environmental 
stress do not cause apoptosis under conditions sufficient for JNK activation. This may 
partly be because of survival signaling through pathways including NFkB, Akt and 
ERK, implying that JNK functions in a context of other signaling pathways (Davis 
2000). Also, the time course of JNK activation appears to be of importance for JNK 
function (Chen and Tan 2000). This is exemplified by cytokines such as TNF that cause 
a transient activation of JNK that is not associated with apoptosis (Liu, Hsu et al. 1996). 
However when NFkB-deficient cells are stimulated with TNF, large amounts of ROS 
accumulate due to deficient expression of anti-oxidant enzymes, causing inhibition of 
the MKPs, and resulting in a prolonged JNK activation and subsequent apoptosis 
induction (Kamata, Honda et al. 2005). 

JNK was first shown to exert its effects through phosphorylation of the transcription 
factor c-Jun, thereby increasing its transcriptional activity (Pulverer, Kyriakis et al. 
1991), but also other proteins of the AP-1 transcription factor family such as JunB, 
JunD and ATF-2 can be activated.  One proapoptotic protein that can be upregulated by 
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AP-1 is the Bcl-2 family member Bim (Ley, Ewings et al. 2005),  providing an 
interesting link between JNK activation and proapoptotic signaling through the Bcl-2 
family. The proapoptotic effects induced by AP-1 activation are further demonstrated 
as mutations of JNK phosphorylation sites on c-Jun, lead to partial protection against 
UV-induced cell death (Behrens, Sibilia et al. 1999).  

However, UV-induced cell death has been shown not to require gene expression 
(Tournier, Hess et al. 2000) suggesting that JNK has other functions besides its 
transactivating effects. Indeed, JNK has been shown to also have post-translational 
effects on Bim, including phosphorylation of the Bim motif involved in binding to 
dynein motor complexes of microtubules. JNK-mediated phosphorylation would thus 
release Bim into the cytosol to exert its proapoptotic effects (Lei and Davis 2003). JNK 
may also phosphorylate Bcl-2 and Bcl-xL, thereby inhibiting their anti-apoptotic 
effects, e.g. sequestering Bim, PUMA, and Hrk (Basu and Haldar 2003; Brichese, 
Cazettes et al. 2004).  It has also been reported that JNK can promote Bax proapoptotic 
activities by phosphorylation of 14-3-3 proteins, thereby releasing the 14-3-3 anchorage 
of Bax, which then can translocate to mitochondria and induce cytochrome c release 
(Tsuruta, Sunayama et al. 2004). Together, this confirms the complex role of JNK as a 
mediator of both pro- and antiapoptotic effects, and both through nuclear 
transactivating activities and cytosolic direct phosphorylations.  

1.2.6 Methods to study cell death 

There are many methods available for assessment of cell death, particularly apoptosis. 
The criteria for apoptosis proposed by Kerr and Wyllie are still valid for investigation 
of apoptosis but as the genetic background of apoptosis was clarified, additional 
possible approaches to study cell death were elaborated. These include more or less 
quantitative assays of, e.g., cytochrome c release, caspase activation and DNA 
cleavage. However, as the understanding of cell death processes evolves, problems 
with interpreting several assays have appeared. For example, caspase-independent cell 
death is put forward as a possible outcome, and there are in addition to cytochrome c 
other death-inducing factors that can be released from mitochondria (Hail, Carter et al. 
2006). Also, the cell death response may not be exclusively apoptotic or necrotic, and 
mixed responses to a death stimulus are often the case. In addition one agent may 
induce different forms of cell death at different concentrations used, and at different 
time points. 

Here, we have used caspase-specific cleavage of the epithelial cytoskeletal protein 
cytokeratin-18 (CK18) as method for apoptosis assessment. Caspase-mediated cleavage 
of CK18 leads to exposure of a neo-epitope in the resulting fragment and this stable 
fragment thus represents a specific marker of caspase-dependent apoptosis in epithelial 
cells (Hagg, Biven et al. 2002). Also, an antibody detecting total soluble CK18 has 
been used to measure both cleaved and uncleaved soluble CK18 released from dying 
cells, thus recognizing cell death due to both apoptosis and necrosis. Comparison of the 
levels of caspase-cleaved and total soluble CK18 will reflect the proportion of total cell 
death that ca be attributed to apoptosis (Kramer, Erdal et al. 2004). To assess and 
distinguish between apoptosis and necrosis, the annexin V protein, which has strong 
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specific affinity for phosphatidylserine (PS) was also used. Upon apoptosis induction, 
PS is translocated from the inner cytoplasmic leaflet of the plasma membrane to the cell 
surface, where it is recognized by the annexin V protein conjugated with e.g. FITC, 
which allows quantitation using flow cytometry. Annexin V can also be used in 
combination with fluorescent propidium iodide (PI), which intercalates with DNA. 
Because PI can only enter cells with compromised membrane integrity, i.e., necrotic or 
post-apoptotic cells, this method allows identification and quantitation of apoptotic and 
necrotic cells respectively. In time-course and dose-response experiments, it is thus 
possible to follow how chemotherapy-induced apoptosis may give way to necrosis over 
time and with increased dosage.  

The MTT assay is generally used to measure cell viability. It is based on the reduction 
of tetrazolium salts from colorless to brightly colored insoluble derivatives called 
formazans. However, it has been shown that the MTT assay reflects levels of reducing 
equivalents NAD(P)H, produced mainly in the cytosol via glycolytic activity but also in 
the mitochondrial citric acid cycle. Thus, the MTT assay does not necessarily reflect 
the number of viable cells or their growth in a culture but instead reflects an integrated 
assembly of enzyme activities related to cell metabolism (Berridge, Herst et al. 2005). 
Here, we have used the MTT assay to study early effects on glycolysis/citric acid cycle 
activities after drug treatment.  

1.3 ENERGY METABOLISM 

1.3.1 ATP production by oxidative and non-oxidative processes 

Glucose makes up a considerable part of the daily diet and is actively transported into 
mammalian cells, where it is converted by glycolysis into pyruvate, which in turn can 
be further metabolized by the citric acid cycle in the mitochondria. Glycolysis occurs 
both in the presence or absence of oxygen. Numerous prokaryotes and lower 
eukaryotes rely on anaerobic glycolysis to survive under non-oxygenated conditions, as 
shown already in the 19th century by Pasteur. However, higher organisms have found 
ways to more efficiently utilize glucose: by metabolizing the glycolysis product 
pyruvate in the citric acid cycle, followed by oxidative phosphorylation, 14 –fold more 
energy (ATP) can be obtained. However, this is at the price of oxygen dependence. 
Consequently, increased glycolysis confers the advantage of oxygen independence, 
whereas the concomitant major disadvantage is the low amount of energy produced 
(Ristow 2006).  
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1.3.2 Energy metabolism in tumors 
1.3.2.1 Glucose metabolism

Otto Warburg discovered in the 1920s that tumor tissues exhibit a low respiratory rate 
compared to healthy non-malignant tissues, i.e., the malignant tissues mainly utilize 
glycolysis instead of mitochondrial oxidative phosphorylation, also in the presence of 
oxygen. This phenomenon was later termed the Warburg effect. The Warburg effect 
can be illustrated by the clinical use of [18F] fluoro-2-deoxyglucose (FDG) positron 
emission tomography (PET) in visualization of tumors. FDG, a glucose analog, is taken 
up by glucose transporters into the cell, where it is phosphorylated by hexokinase, the 
first enzyme of glycolysis. The FDG-6-phosphate formed cannot be further 
metabolized by glycolysis and can be eliminated by the renal system. However, 
because of the high glycolytic rate and the overexpression of glucose transporters in 
tumor cells, FDG accumulates in the tumor and can thus be imaged by PET (Gambhir 
2002; Shaw 2006).  

In accordance with their lower respiratory rate, it has been shown that high-proliferative 
tumors have fewer mitochondria compared to normal tissues and that these 
mitochondria are in general smaller (Pedersen 1978). Also, mitochondrial enzymes 
involved in oxidative phosphorylation such as the -F1 subunit of ATPsynthase, have 
been shown to be downregulated in human tumors of different origins (Cuezva, 
Krajewska et al. 2002; Isidoro, Martinez et al. 2004; Isidoro, Casado et al. 2005). In 
addition, uncoupling proteins, e.g., uncoupling protein 2 (UCP2), have been shown to 
be upregulated in tumor cells. UCP2 is a mitochondrial inner membrane anion carrier, 
which decreases the mitochondrial membrane potential and is considered a negative 
regulator of ROS production. Upregulation of UCP2 conveys cytoprotection by 
limiting oxidative injury and may be involved in mediating the switch from oxidative 
phosphorylation to glycosis as primary energy source in tumor cells (Harper, Antoniou 
et al. 2002; Horimoto, Resnick et al. 2004). 

Several oncogenes have been implicated in the Warburg effect. The AKT oncogene is 
associated with enhanced glucose uptake and aerobic glycolysis. Akt is believed to 
increase the glucose transporters at the cell surface and to further stimulate hexokinase 
(Elstrom, Bauer et al. 2004). Also, the RAS, SRC and MYC oncogenes have been 
shown to be involved in induction of elevated levels of glucose transporters in the 
plasma membrane and to activate a wide array of glycolytic enzyme genes, such as 
those coding for phospho-fructokinase, lactate dehydrogenase and enolase (Flier, 
Mueckler et al. 1987; Osthus, Shim et al. 2000).   

The tumor suppressor gene p53 has been shown to promote oxidative phosphorylation 
by transactivating the SCO2 gene required for assembly of the cytochrome c oxidase 
complex, a key component of the respiratory chain. Loss of SCO2 by loss of p53, 
results in defective oxidative phosphorylation, resulting in a switch to glycolysis for 
ATP production (Matoba, Kang et al. 2006). Another gene controlled by p53, which 
has recently been identified, is p53-induced glycolysis and apoptosis regulator 
(TIGAR). TIGAR expression lowers the levels of glycolysis and induces upregulation 
of the pentose phosphate pathway. This is involved in the synthesis of glutathione 
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(GSH), which provides protection against increased ROS levels. Consequently, p53-
induced expression of TIGAR lowers glycolysis and protects cells from ROS-mediated 
apoptosis. In tumor cells with mutated p53, TIGAR-mediated inhibition of glycolysis 
does not occur, allowing for the higher glycolytic rate of tumor tissues (Bensaad, 
Tsuruta et al. 2006).    

In support of the fact that oncogenes and tumor supressors play a role in tumor cell 
energy metabolism are observations that cells with activated Akt, Ras or Her2, or cells 
lacking tumor suppressor genes such as LKB1 and p53, undergo apoptosis under low-
glucose circumstances. Interestingly, many of these cells are resistant to other forms of 
apoptotic stimuli, such as irradiation and chemotherapeutics (Shaw 2006).  

1.3.2.1.1 AMP-activated protein kinase

An important enzyme in the control of the energy metabolism in the cell is the AMP-
activated protein kinase (AMPK). It consists of an alpha catalytic subunit, containing a 
Ser/Thr protein kinase catalytic domain, and regulatory beta and gamma subunits, all 
highly conserved between species. The alpha subunit also contains a number of 
phosphorylatable residues, notably Thr-172, the phosphorylation of which is essential 
for AMPK activity (Carling 2005).  

AMPK is activated allosterically by increased levels of 5´-AMP and is inhibited by 
ATP and glycogen. It is therefore regarded as an energy sensor. When a drop in the 
ATP:AMP ratio occurs, AMPK activates compensatory catabolic pathways such as 
glycolysis and fatty acid oxidation and induces increased glucose uptake through 
upregulation of the glucose transporters GLUT1 and -4. Energy-requiring processes 
such as fatty acid synthesis, protein synthesis and cell growth are switched off through 
effects on the mammalian target of rapamycin (mTOR) via the tumor suppressor 
tuberous sclerosis complex 2 (TSC2). Also, AMPK integrates signals from adipokines 
such as leptin and adiponectin to upregulate food intake, body weight and glucose-lipid 
homeostasis (Ashrafian 2006).  

AMPK has been shown to be phosphorylated by LKB1 (Shaw, Kosmatka et al. 2004), 
a protein encoded by a tumor suppressor gene inactivated in cancer patients with Peutz-
Jeghers syndrome (Hemminki, Markie et al. 1998; Jenne, Reimann et al. 1998). The 
role of AMPK in cancer is complex. Since mutated LKB1 is associated with cancer, the 
effects of AMPK would be associated with antitumor effects. This is in agreement with 
reports that AMPK phosphorylates and consequently activates p53, leading to 
replicative senescence (Jones, Plas et al. 2005) and as mentioned above, that AMPK 
can be involved in decreased proliferation by its effect on mTOR. On the other hand, 
the effects of AMPK to facilitate glucose and fatty acid metabolism would be 
associated with pro-survival effects, favoring tumor proliferation. An attempt to explain 
this paradox is proposed by Ashrafian (Ashrafian 2006), who suggests that AMPK has 
negative effects on tumor formation in the early stages but favor advanced tumors. 
Premalignant lesions with sufficient blood supply allow the tumor cells to produce ATP 
by oxidative phosphorylation rather than glycolysis. In such a setting, there is no 
advantage in importing excess glucose, and any AMPK activation would slow down 
cellular proliferation in these cells that may retain intact p53, TSC2 and mTOR. By 
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contrast, advanced tumors often have mutations in the tumor suppressors downstream 
of AMPK, allowing it to upregulate glycolysis and fatty acid metabolism without 
inducing any growth limiting effects.  

1.3.3 Fatty acid metabolism 

It has long been known that fatty acid synthesis occurs at very high rates in tumor 
tissues. Thus, fatty acid synthase (FASn), a lipogenic enzyme catalyzing the terminal 
steps in the de novo biogenesis of long-chain fatty acids, has been shown to be 
overexpressed and hyperactive in tumors (Kuhajda 2006). FASn exists in the cytoplasm 
of cells and consists of two identical polypeptides of 260 kDa that each contains several 
catalytical domains. Using acetyl-CoA and malonyl-CoA as two-carbon donors and 
NADPH as reducing equivalent, FASn can synthesize long-chain fatty acids. The 
principal product of FASn is the fatty acid palmitate, a 16-carbon molecule, but other 
shorter chains can also be formed. Fatty acids are important constituents of all 
biological membrane lipids but FASn activity is mostly used for energy storage since in 
well-nourished individuals, mainly circulating lipids from dietary intake are used for 
synthesis of biomembranes, even in tissues with high cellular turnover. FASn is 
therefore expressed at low or undetectable levels in most normal human tissues (Baron, 
Migita et al. 2004; Menendez, Vellon et al. 2005). 

In contrast, in a wide array of human cancers FASn is overexpressed, also under 
circumstances of high levels of fatty acids in the circulation. FASn overexpression is 
mainly seen in epithelial carcinomas such as prostate, breast, colorectum, bladder, 
ovary, eosophagus, stomach, lung, thyroid and head and neck cancers. FASn 
overexpression can be coupled to poor prognosis and thus can serve as a prognostic 
indicator (Kuhajda 2000; Menendez and Lupu 2004). The fact that FAS is 
overexpressed in so many tumor types suggests that de novo synthesis of fatty acids is 
an important process required for growth and survival of transformed cells. It is 
possible that this is due to the greater need for energy of tumor cells.  

It has indeed been shown that increased FAS activity provides substrates for energy 
extraction via -oxidation of fatty acids (Kuhajda 2000; Thupari, Landree et al. 2002). 
Studies of cancer patients, indeed show an increase in fatty acid turnover, oxidation and 
clearance (Legaspi, Jeevanandam et al. 1987; Hyltander, Drott et al. 1991). Another 
indication of enhanced -oxidation in tumors is that overexpression of -methylacyl 
CoA racemase (AMACR), an enzyme that converts fatty acids to isomers prior to -
oxidation is expressed at high levels in most prostate cancers but not in normal prostate 
epithelium, indicative of an enhanced -oxidation in these tumors (Adley and Yang 
2006). Pharmacological FASn inhibitors such as C75 and cerulenin as well as RNA 
interference of FASn lead to apoptosis of cancer cells. How this happens is not clear 
but one explanation may be that accumulation of malonyl-CoA is cytotoxic (Kuhajda 
2000; Pizer, Thupari et al. 2000; De Schrijver, Brusselmans et al. 2003), possibly due 
malonyl-CoA inhibition of carnitine palmitoyltransferase-1 (CPT-1), the enzyme 
responsible for the uptake of fatty acids into the mitochondria where -oxidation takes 
place (Bandyopadhyay, Zhan et al. 2006). Thus, -oxidation of fatty acids may play an 
important role in fatty metabolism. 
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1.4 TREATMENT OF CANCER 

The major treatment approaches for cancer consist of surgery, radiation, systemic 
chemotherapy, hormonal therapy and immunotherapy. Surgery and radiation are still 
the most successful means of treating cancer localized to the primary site, but neither is 
usually considered curative once the tumor has metastasized beyond regional lymph 
nodes. Instead, the systemic therapies can kill tumor cells that have metastasized to 
distant sites and these treatment modalities have a greater chance of curing patients 
with minimal tumor burden. Consequently, surgery and radiation may be useful in 
decreasing the tumor burden and thereby maximizing the impact of subsequent 
systemic approaches. Chemotherapeutic drugs must be given when the number of 
tumor cells is low enough to permit their destruction at doses that can be tolerated by 
the patient. Thus, the opportunity for cure is most likely during the early stage of 
disease or immediately after surgery when the tumor burden is minimized. 

1.4.1 Chemotherapy 

There are different classes of chemotherapeutic drugs, divided according to their 
mechanisms of action: alkylating and platinum agents – highly reactive agents that can 
form strong chemical bonds with thiol sulfurs and amino nitrogens in proteins and 
nucleic acids, e.g., cyclophosphamide and cisplatin; antimetabolites – agents that by 
mimicking the structure of a cellular reagent can interfere with its normal biochemical 
function such as DNA or folate synthesis, e.g., 5-fluorouracil and metohrexate; 
topoisomerase inhibitors – agents that inhibit the supercoiling of DNA by 
toposiomerases, thereby interfering with transcription and replication of DNA, e.g., 
camptothecin and etoposide; microtubular-targeting agents – which prevent cell 
division by inhibiting microtubule function, e.g. vincristine; and finally others – e.g., 
new target-specific agents such as tyrosine kinase inhibitors.  

1.4.1.1 Cisplatin

Cisplatin is a platinum agent with a central role in cancer chemotherapy, and is one of 
the few chemotherapeutic drugs with ability to completely cure a tumor form, namely 
testicular cancer, for which the overall cure rate exceeds 90%. Other cancer forms 
treated with cisplatin include ovarian, cervical, head and neck and non-small cell lung 
cancer. The treatment is limited by side effects such as nephro- and neurotoxicity, of 
which neurotoxicity is dose-limiting and can result in peripheral neuropathy, tinnitus 
and hearing loss (Wang and Lippard 2005).The first platinum antitumor compounds 
were discovered as a result of studying effects of electrical currents on bacterial growth. 
Growth inhibition was found to occur but was caused by a platinum complex of 
ammonia and chloride produced in the medium at the platinum electrode. Several 
compounds were found to have antitumor effects against murine tumors and the most 
active was cisplatin (Rosenberg, Vancamp et al. 1965).  
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When cisplain has entered the cell it undergoes aquation where two chloride ligands are 
replaced by water molecules, facilitated by the low cellular concentration of chloride 
ions. The aquated molecule is positively charged and highly reactive towards DNA, 
RNA and proteins. Classically, DNA has been considered the main target structure of 
cisplatin, where it forms covalent bonds with purine bases to induce mainly intrastrand, 
but also interstrand, crosslinks (Wang and Lippard 2005). However, only about 1 % of 
the cisplatin that has entered the cell forms DNA adducts (Eastman 1991). It has been 
shown that cisplatin induces apoptosis also in the absence of nucleus (Mandic, Hansson 
et al. 2003), indicating that, in addition to its DNA-damaging effects, cisplatin also 
affects other cellular targets 

1.4.2 Tumor resistance to treatment 

Treatment of tumors is often faced with development of multidrug resistance (MDR). 
This is a phenomenon where tumor cells that have been exposed to one cytotoxic agent 
develop cross-resistance to a range of structurally and functionally unrelated 
compounds. In addition, MDR can also occur in a tumor without earlier exposure to 
any chemotherapeutic agent. There are three major mechanisms for drug resistance of 
tumor cells: 1) decreased uptake of drugs that require transporters to enter cells, 2)

changes that affect the capability of the drug to kill the tumor cell such as alterations of 
the cell cycle, increased repair of DNA damage, reduced apoptosis and alterations in 
the metabolism of drugs, and 3) increased energy dependent efflux of drugs (Longley 
and Johnston 2005).  

There are numerous transporters in the cell membrane that have been proposed to be 
responsible for the uptake of different chemotherapeutic drugs. Cisplatin, for example, 
was long considered to enter the cell by passive diffusion but has now been reported to 
be actively transported by Ctr1, a high-affinity copper transporter (Ishida, Lee et al. 
2002). Mutation or deletion of this gene results in increased cisplatin resistance and 
reduction of platinum levels inside the tumor cell (Wang and Lippard 2005).  

Inactivating mutations or loss of the p53 tumor suppressor are the most common 
genetic alterations in human cancer, resulting in resistance to both radiation and 
cytotoxic drugs. Overexpression of Bcl-2 leading to downregulation of the intrinsic 
pathway is seen in many tumors, particularly B-cell lymphomas. Bax has been reported 
to be inactivated by mutations in colorectal cancers, and defective caspase activation 
has been observed in, e.g., ovarian cancer, leukemia and melanoma. Akt is another 
important resistance factor and has been shown to suppress apoptosis, e.g., by 
phosphorylating and inhibiting Bad and caspase-9 (Hersey, Zhuang et al. 2006; Meiler 
and Schuler 2006). A classic resistance mechanism is the increased efflux of cytotoxic 
drugs from the cell, mediated by the ATP-binding cassette (ABC) family of 
transporters. This family has many members but only about ten are involved in drug 
resistance, the most well-known being P-glycoprotein (P-gp), also known as MDR1. 
Expression of P-gp is usually highest in tumors derived from tissues that normally 
express some P-gp such as epithelial cells of the colon, kidney, adrenal, pancreas and 
liver, resulting in potential resistance to chemotherapeutic drugs even before therapy is 
initiated. In other tumors P-gp expression may be low at the start of treatment but 



18

increase after exposure to chemotherapy. (Fardel, Lecureur et al. 1996; Gottesman, 
Fojo et al. 2002; Szakacs, Paterson et al. 2006). 

1.4.3 The concept of sensitization 

The fact that tumors develop resistance to cancer treatments has stimulated the pursuit 
of agents that can sensitize tumor cells to the treatment, e.g., drugs which target 
resistance mechanisms. The goal of treatment sensitization is to increase the efficacy of 
the therapy, in addition to decreasing the drug doses needed and thereby reducing toxic 
side effects of the treatment.   

Inhibition of P-gp as a means to reverse MDR has been extensively studied and many 
agents that modulate the P-gp transporter, including verapamil, cyclosporine A and 
several calmodulin antagonists were identified already in the 1980s. Many of these are 
themselves substrates for P-gp and thus act by competing with the cytotoxic drug for 
efflux by the P-gp pump. High concentrations of the sensitizers were therefore required, 
resulting in high toxicity. However, further development has now led to drugs that 
specifically bind the P-gp pump, some of which are currently undergoing clinical trials 
(Thomas and Coley 2003).  

There are many examples of attempts to potentiate apoptotic responses in tumor cells 
during treatment. The basic idea is to activate additional apoptotic signaling pathways, 
or to inhibit anti-apoptotic pathways. One approach is to induce the extrinsic pathway 
in order to add to the effects of the intrinsic pathway activated by chemotherapeutic 
drugs or radiation. The TNF family of proteins binds cell surface receptors whose 
activation will induce the extrinsic apoptosis pathway. One such member, the TNF-
related apoptosis inducing ligand (TRAIL), has been shown to induce apotosis in a 
wide range of tumor cells. TRAIL binds the receptors DR4 and DR5, thereby recruiting 
adaptor proteins which lead to activation of caspase-8 and trigger apoptosis. Synergistic 
effects have been seen between TRAIL and ionizing radiation in breast cancer cells, 
leukaemias, colon carcinoma and gliomas. These effects seem to be p53 dependent and 
may involve radiation-induced upregulation of DR5. Also, DR5 deficient mice have 
exhibited resistance to ionizing radiation treatment indicating that endogenous TRAIL 
is a mediator of radiation-induced tissue damage. TRAIL in combination with several 
chemotherapeutic drugs has also resulted in synergistic apoptosis induction. This may 
be due to upregulation of DR4 and -5 in addition to downregulation of Bcl-2/Bcl-xL or 
upregulation of Bak or caspases (Cretney, Shanker et al. 2006).  

COX-2 is a key enzyme required for conversion of arachidonic acid to prostaglandins 
and mainly mediates a pro-inflammatory role. COX-2 is often overexpressed in 
malignant tissue. Inhibition of COX-2 has been shown to increase the effects of 
irradiation in a number of cell systems. The mechanism behind this is not clear but 
increased apoptosis has been seen, perhaps elicited by inhibition of DNA damage 
repair. Another mechanism of the radiosensitizing effects of COX-2 is demonstrated by 
experimental rodent models where COX-2 inhibition is associated with decreased 
angiogenesis (Sminia, Kuipers et al. 2005). 
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Many cancer treatments induce cell death via DNA-damage, wherefore the DNA 
damage response is an interesting target for enhancing sensitivity. One approach to this 
is the development of small-molecule inhibitors of poly(ADP-ribose) polymerase 
(PARP) and the checkpoint kinase (Chk)1, both involved in the DNA damage response. 
PARP recognizes single-strand breaks caused by oxidative stress, radiation, 
topoisomerase inhibitors and alkyating agents. Inhibition of PARP activation during the 
DNA damage response may delay DNA repair and thus enhance the cytotoxicity. Mice 
deficient for PARP, exhibit hypersensitivity to alkylating agents and radiation, and 
display increased genomic instability after DNA damage (de Murcia, Niedergang et al. 
1997; Trucco, Oliver et al. 1998; Masutani, Nozaki et al. 2000). Chk1 inactivates 
important cell cycle proteins and arrests the cell in G2/M transition, making time for 
DNA repair. Tumors are often defective in the G1 DNA damage checkpoint because of 
mutations in, e.g., p53 and pRb, rendering these cells more dependent on the G2

checkpoint. This implies abrogation of the G2 checkpoint as means to enhance DNA 
damaging therapies. Chk1 is thus a potential target for inhibition of G2 arrest and a 
number of drugs directed against Chk1 have shown promising effects as potentiators of 
a variety of tumor therapies including radiation, cisplatin, 5-fluorouracil, doxorubicin 
and gemcitabine (Luo and Leverson 2005). Normal cells are expected to be able to 
cope with a temporary loss of G2 checkpoint when subjected to chemotherapy whereas 
the tumor cells undergo cell death.  

Another method for sensitization is the use of antisense oligonucleotides directed 
against gene products overexpressed in tumor cells, in addition to sublethal doses of 
chemotherapy. The antisense molecules are short stretches of 16-18 chemically 
modified nucleotides, designed to hybridize with specific complementary mRNA to 
block production of proteins encoded by these mRNA transcripts. This approach 
provides possibilities to downregulate anti-apoptotic proteins such as Bcl-2 and Bcl-xL 
(Yang, Feng et al. 2004; Yamanaka, Rocchi et al. 2005), MDM-2 (Bianco, Ciardiello et 
al. 2005) Raf-1 (Mewani, Tang et al. 2004) and xIAP (Lima, Martins et al. 2004). 

Photodynamic therapy involves the administration of a photosensitizer, followed by 
local illumination of the tumor with light of the appropriate wavelength to activate the 
specific drug. Upon light absorption the drug is activated by excitation and can in the 
presence of oxygen react directly with oxygen or with a substrate leading to formation 
of reactive radicals. The effects of photodynamic therapy include induction of apoptosis 
and necrosis as well as damaging the vasculature of the tumor resulting in hypoxia and 
starvation of the tumor tissue. Photodynamic therapy has shown promising results as a 
chemosensitizer in experimental settings in combination with for example methotrexate 
(Sinha, Anand et al. 2006) and a COX-2 inhibitor (Ferrario, Fisher et al. 2005).  
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2 RESULTS AND DISCUSSION 

2.1 PAPERS I AND II 

A major goal of studying cellular signaling in tumor cells induced by chemotherapy 
treatment is to elucidate various basal and drug-induced signaling circuits and their 
interactions. Through a greater understanding of these pathways, efforts to increase 
sensitivity of tumor cells to treatment and to decrease resistance mechanisms can be 
made. Here, we have studied cisplatin in order to further elucidate the complex 
pathways it induces in tumor cells.   

2.1.1 Cisplatin induces calpain activation 

Earlier studies by the group on cisplatin-induced apoptosis has shown that it involves 
signaling via the pro-apoptotic Bcl-2 family member Bak. Activation of Bak is 
accompanied by a conformational change and this modulation was shown to be almost 
completely inhibited by a dominant negative form of MEKK1, dnMEKK1. However, 
this inhibition did not completely block apoptosis, suggesting that other pathways 
besides Bak activation are present after cisplatin treatment (Mandic, Viktorsson et al. 
2001). This prompted the first study of this thesis, regarding the protease calpain and its 
role in cisplatin-induced apoptosis.  

Calpain had at the time been implicated in radiation-induced apoptosis (Waterhouse, 
Finucane et al. 1998) and Paper I shows that two different calpain inhibitors with 
different modes of action, calpeptin and PD150606, both inhibited cisplatin-induced 
apoptosis by approximately half. Addition of calpeptin at 8 h after cisplatin did not 
inhibit apoptosis, showing that calpain activation leading to apoptosis is an early event. 

Using fluorogenic calpain substrates, calpain was shown to be activated already after  
3 h of cisplatin treatment in the melanoma cell line 224. Activation of calpain was seen 
also after treatment with camptothecin or etoposide. Furthermore, cisplatin-induced 
calpain activation could also be seen in lung- and breast cancer cell lines, suggesting 
that calpain activation is a process that can be induced in different tumor types in 
response to different death stimuli. 

Calpain requires calcium for its activation and by using a cell-permeable calcium 
indicator, intracellular calcium was shown to be increased by 50% after 1 h of cisplatin 
treatment. As expected, calcium accumulation could be inhibited by treatment with the 
calcium chelator BAPTA-AM, which also inhibited cisplatin-induced apoptosis. 

2.1.2 Calpain cleaves Bid 

Calpain was shown to cleave the BH3-only protein Bid into its active form. This 
cleavage was blocked in cell culture by calpain inhibitors but not caspase- or cathepsin 
inhibitors. Classically, Bid has been implicated in the extrinsic, death receptor mediated 
pathway, where it is cleaved and activated by caspase-8 (Suzuki, Takahashi-Niki et al. 
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2004). We report that in cisplatin-induced apoptosis, cleavage of Bid is induced by 
calpain, but of course the possibility of a role for caspase-8 in this process could not be 
ruled out. Thus, a caspase-8 inhibitor was tested, and was found to inhibit neither 
cisplatin-induced Bid cleavage nor apoptosis induction. Similar results were seen with 
inhibitors of caspases -3 and -7. These results, in addition to Bid cleavage in caspase-3 
deficient MCF-7 breast cancer cells, support a calpain-specific activation of Bid 
without involvement of caspases.  

Importantly, calpain was shown to cleave recombinant Bid in vitro at a site between 
Gly70 and Arg71, generating a 14 kDa fragment with ability to induce release of 
cytochrome c from mitochondria. This truncated form of Bid is similar in size to 
caspase cleaved Bid, making them difficult to separate on a Western blot. This, in turn, 
implies that calpain-cleaved Bid may have been overlooked in earlier studies. 

2.1.3 Calpain regulation 

Calcium plays important roles for essential processes of the cell, e.g., proliferation, 
differentiation and apoptosis. Release of calcium from intracellular pools, mainly the 
endoplasmic reticulum (ER) is considered to trigger and modulate apoptotic signal 
transduction pathways in response to cellular stress. ER stress can be the result of both 
calcium depletion and overload, leading to disturbances in ER protein folding and 
induction of the unfolded protein response (UPR) pathway. The UPR serves to remove 
incorrectly folded proteins but may also, upon severe stress, contribute to apoptosis 
induction (Kaufman 2002; Orrenius, Zhivotovsky et al. 2003). Prolonged ER stress has 
been shown to activate caspase-12 by the action of calpain. Caspase-12 can then further 
activate downstream caspases, constituting a link between the calpain and caspase 
protease families (Nakagawa and Yuan 2000). Cytotoxic drugs has long been known to 
cause calcium influx into cells (Trump and Berezesky 1995) and it is possible that 
calpain can be differentially regulated by different mechanisms of calcium 
accumulation. Thus, some drugs may induce prolonged UPR with a late and indirect 
calcium release, whereas other drugs, e.g. cisplatin, induce an early and direct calcium 
influx into the cytoplasm. Hägg et al have further studied drug-induced calcium 
signaling in apoptosis and found correlations between late (7 h after treatment) calcium 
requirement, calpain activation and sustained JNK signaling. In contrast to what Paper I 
reports for cisplatin-induced apoptosis, late calcium release and calpain activation by 
several other drugs did not induce calpain cleavage of Bid or Bax (Hägg, Li et al. 
manuscript in preparation). This is in agreement with the possibility that there are 
different modes of activation of calpain, which in turn can activate different signaling 
processes. This is further illustrated by the fact that MEFs deficient for Bid did not 
exhibit resistance to cisplatin, i.e., indicating that calpain activation and calcium release 
in these cells induce other signaling events leading to apoptosis. 

Another conclusion of the paper is that calpain and MEKK1 do not act via the same 
pathway. This is demonstrated as dnMEKK1 did not affect cisplatin-induced Bid 
cleavage but did inhibit Bak conformational activation, as earlier shown (Mandic, 
Viktorsson et al. 2001). Conversely, the calpain inhibitor calpeptin did not affect Bak 
modulation but inhibited cisplatin-induced calpain activation and apoptosis by 
approximately half. Finally, dnMEKK1 and calpeptin had additive effects on inhibition 
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of apoptosis, suggesting that cisplatin treatment induces at least two separate signal 
transduction pathways involving Bcl-2 family members.  

2.1.4 Bak conformational activation 

The importance of Bak for cisplatin-induced apoptosis, as exemplified by antisense 
Bak that rendered melanoma cells partially resistant to cisplatin (Mandic, Viktorsson et 
al. 2001), motivated further studies of the regulation of Bak in Paper II of this thesis. 
Bak activation can be demonstrated using an antibody directed against an N-terminal 
epitope that is exposed as Bak undergoes a conformational change associated with its 
apoptosis-inducing qualities (Griffiths, Dubrez et al. 1999). Here, Bak conformational 
activation was induced within 18 h by adenovirally mediated overexpression of a 
dominant positive mutant of MEKK1 (dpMEKK1). However, this activation of Bak is 
not necessarily coupled to apoptosis, since dpMEKK1 did not induce apoptosis until 
after 40 h, whereas cisplatin induced Bak conformational activation within16 h and 
massive apoptosis within 24 h.  

Bak activation was also studied using the crosslinker 1,6-bis- maleimidohexane 
(BMH). BMH is a 16 Å, membrane permeable, homobifunctional maleimide that 
covalently cross-links sulfhydryl groups, i.e. that can intramolecularily crosslink the 
two cysteines of Bak. In SDS-PAGE, native Bak migrates as a 21 kDa species and loss 
of this form is associated with Bak activation (Wei, Lindsten et al. 2000). In kinetics 
experiments exposure of the N-terminal epitope in Bak was detected by flow cytometry 
already at 9h after cisplatin treatment, whereas loss of the 21 kDa species occurred after 
13 h. It is problematical to compare time course experiments performed with different 
methods, but with these disparate time points of activation we can at least reflect on the 
possibility that Bak conformational activation takes place in two separate steps; one in 
the N-terminal exposing the N-terminal epitope, followed by a further deconvolution of 
the protein making its cysteines inaccessible for the BMH cross linker.  

2.1.5 Bak complex formation 

The mechanism(s) for cytochrome c release remain partially unclear (see section 1.2.3). 
However, the Bcl-2 family members Bak and Bax provide an attractive alternative of 
pore formation since they by numerous studies have been confirmed as regulators of 
cytochrome c release from mitochondria. For example, Bax has been shown to form 
pores in lipid membranes (Antonsson, Conti et al. 1997) and cleaved Bid has been 
shown to induce cytochrome c release from mitochondria by inducing Bak 
oligomerization (Wei, Lindsten et al. 2000). 

Using gel filtration under native conditions, we studied cisplatin-induced Bak 
oligomers, and found that in non-apoptotic cells Bak occurs as mono- and dimers 
whereas apoptotic cells display Bak complexes in the size range of 80 - 170 kDa. We 
speculate that these complexes are Bak homo-oligomers and the size range would then 
correspond to trimers and up to hexamers, which would be able to form pore structures 
able to release cytochrome c. The timepoint of appearance of complexes a few hours 
before the execution of apoptosis is in agreement with pore formation leading to 
cytochrome c release. The possibility of other proteins being involved in the Bak 
complexes was of course considered, but no co-elution with any other Bcl-2 family 
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member was observed. We have particularly looked into the possibility of Bax-Bak 
complexes since such have been previously reported (Sundararajan, Cuconati et al. 
2001). However, in our cell systems, translocation of Bax to mitochondria and Bax 
activation, as seen by a widely used antibody recognizing only the active Bax 
conformation, occurs much later than Bak activation and complex formation. Thus, 
Bax activation is seen when cells already have fragmented nuclei, i.e. after cytochrome 
c release and caspase activation. This makes Bax an unlikely candidate to be part of 
Bak complexes associated with apoptosis in our system. The results might indicate a 
possible drug-specificity in the mechanisms of cytochrome c release from mitochondria 
regarding choice of pore-forming protein. Bak and Bax have been shown to have 
overlapping activities, i.e., apoptosis can take place if one of these proteins is knocked 
out, but cells become unable to release cytochrome c from mitochondria if both are 
missing (Lindsten, Ross et al. 2000; Wei, Zong et al. 2001) Here, MEFs deficient for 
Bak were found to be twice as resistant to cisplatin as Bax deficient cells, suggesting 
that Bak is the preferred pore forming protein in cisplatin-induced apoptotic signaling. 
This is also supported by the absence of Bax in the Bak complexes. However, it is 
possible that in the complete absence of Bak, this role can be taken over by Bax.   

Both Bak and Bax have been shown to release cytochrome c in interaction with VDAC 
independently of MPT (Shimizu, Narita et al. 1999), whereas other have not found any 
interactions (Wei, Lindsten et al. 2000). We did not observe co-elution of VDAC and 
Bak complexes. Interestingly, VDAC-2 has been reported to be associated with Bak in 
non-apoptotic cells, where it keeps Bak in its inactive form. After apoptotic stimuli, 
BH3-only proteins would displace VDAC-2 and induce Bak oligomerization (Cheng, 
Sheiko et al. 2003). Possibly, VDAC-2 might explain the presence of high molecular 
weight complexes, more than 170 kDa, in the non-apoptotic cells in our system. 

2.1.6 Requirement for JNK in Bak complex formation 

The role of JNK in apoptosis has long been unclear and its regulation appears to be 
quite complex. Paper II demonstrates that JNK activation is a prerequisite for the 
formation of the Bak complexes associated with apoptosis. Overexpression of 
dominant-positive MEKK1 induces Bak conformational activation but not the 
formation of Bak complexes and thus no apoptosis. The role of JNK was first shown 
using the JNK inhibitor SP600125, which blocked cisplatin induced complex formation 
and was confirmed by the finding that no Bak complexes appeared in MEFs deficient 
for JNK1. These cells were accordingly also resistant to cisplatin. Generally, JNK is 
believed to lie downstream of MEKK1 in the signal cascade. Paper II shows that 
dpMEKK1 was unable to induce Bak complexes, and apoptosis was induced only when 
an extraneously induced JNK signal was added. This is in agreement with studies 
showing that MEKK-induced apoptosis is independent of its role as regulator of JNK, 
and that the potentiating effects on irradiation-induced apoptosis by MEKK1 are not 
dependent on JNK activation (Muhlenbeck, Haas et al. 1998; Bild, Mendoza et al. 
2002).  

There have been no reports on a direct phosphorylation of Bak, which suggests that 
there must be a mediator of the JNK signal to Bak. Many studies report associations 
between JNK and other Bcl-2 family members. JNK has been shown to directly 
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phosphorylate Bcl-xL and Bcl-2 and to thereby block their inhibitory effect on 
apoptosis (Yamamoto, Ichijo et al. 1999; Basu and Haldar 2003). The BH3-only 
proteins Bid and Bim that have been reported to regulate the actions Bak and Bax 
(Letai, Bassik et al. 2002) are of course interesting as possible targets of JNK. Bid has 
been reported to induce oligomerization of Bak (Wei, Lindsten et al. 2000) but no 
phosphorylation of Bid by JNK has been shown. Importantly, we found that MEFs 
deficient for Bid were not resistant to cisplatin. Bim, on the other hand has been 
reported to be both phosphorylated by JNK and to induce activation of Bak and Bax 
leading to cytochrome c release (Lei and Davis 2003). In agreement with this, we report 
that Bim deficient MEFs were resistant to cisplatin induced apoptosis. Furthermore, 
unpublished results indicated that Bim was phosphorylated after 14 h of cisplatin 
treatment and that this effect was sensitive to the JNK inhibitor SP600125. These 
results indicate a role for Bim as mediator of JNK effects on Bak oligomerization, 
warranting further studies. 

Together, Papers I and II demonstrate the complicated signaling circuits induced by 
cisplatin, a feature which this drug likely shares with many other highly reactive 
molecules that show high cytotoxicity. In summary, cisplatin induces three separate 
signals to MEKK1, calpain and JNK, respectively (Fig. 2). The relative importance of 
these signaling pathways may differ between tumor types and treatment modalities. 
Further studies may enable targeting of specific pathways crucial for a specific tumor 
type or treatment regimen.  

Figure 2.  Cisplatin-induced signaling patways 
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2.2 PAPERS III AND IV 

Here, we have investigated the possibility of sensitizing tumors to chemotherapy by 
way of exploiting the fact that tumor cells have altered energy metabolism, notably 
increased dependence on upregulated glucose transporters, aerobic glycolysis and on 
fatty acid -oxidation.  

2.2.1 Different modes of action for DG and BP 

Paper III focuses on 2-deoxyglucose (DG) and 3-bromopyruvate (BP), both reported to 
inhibit glycolysis by targeting its first enzyme; hexokinase II (HXK). These drugs were 
used at doses that per se induced low level apoptosis (DG) and some necrosis (BP). In 
HCT 116 colon carcinoma cells, both DG and BP reduced cellular ATP by 
approximately half, showing that these drugs indeed influence energy production of the 
cells. Next, the MTT assay, which reflects cellular levels of NAD(P)H, derived from 
glycolysis and the citric acid cycle (Berridge, Herst et al. 2005) was used. A 3h 
incubation with DG or BP led to a DG-mediated decrease in MTT signal of 
approximately 40%, whereas BP had no effect. BP and DG have both been presented as 
direct inhibitors of HXK (Ko, Pedersen et al. 2001). The above results, however, 
indicate different modes of action of BP and DG. Since disturbance of oxidative 
phosphorylation/mitochondrial respiration would be expected to influence the 
mitochondrial membrane potential ( m), the effects of DG and BP on m were 
examined by assessing exclusion of the fluorescent probe TMRE from mitochondria. 
DG treatment at a dose that decreased both ATP and NADH levels did not have any 
effect on m, in agreement with its role as a glycolysis inhibitor. By contrast, BP, 
which had no effects in the MTT assay, inhibited m considerably at a dose that 
decreased ATP levels.  

BP is an alkylating agent and can thus be expected to be highly reactive, have multiple 
modes of action and possibly interfere with many structures of the cell. The effects on 

m  shown here are in agreement with an earlier published observation that BP can 
inhibit succinate dehydrogenase (Sanborn, Felberg et al. 1971), a member of the 
electron transport chain. Loss of m has been associated with necrosis (Li, Johnson et 
al. 2004; Nakagawa, Shimizu et al. 2005). When BP was here combined with low doses 
of cisplatin or oxaliplatin, massive cell death was induced, as seen by an assay 
reflecting the release of lactate dehydrogenase (LDH) from cells. However, no 
potentiation of chemotherapy-induced apoptosis could be seen, indicating that the cell 
death is mainly due to induction of necrosis. Also, BP has recently been shown to 
induce inactivation of H+-vacuolar ATPase (Dell'Antone 2006), an enzyme responsible 
for acidification of many internal compartments in the cell, which is reported to 
participate in many important physiological processes as well as in pathological 
conditions e.g., diabetes, Alzheimer´s disease, cardiovascular diseases, osteoporosis 
and cancer (Bowman and Bowman 2005). Importantly, by affecting the H+-vacuolar 
ATPase, BP was shown to elicit severe deterioration of intracellular pH gradients, both 
in normal and tumor cells, implying that systemic use of BP may be associated with 
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severe toxicity (Dell'Antone 2006). Altogether, these observations, in combination with 
the fact that apoptosis may possibly be a more advantageous outcome of cancer therapy 
than necrosis (Zeh and Lotze 2005) led us to continue working with DG only. This 
since DG appears to be a specific glycolysis inhibitor and earlier has been shown to 
induce apoptosis in tumor cells (Aft, Zhang et al. 2002). In Paper III the combination of 
DG with a low dose of cisplatin did indeed lead to a significant potentiation of 
apoptosis. This potentiation could be inhibited by addition of pyruvate, also in support 
of DG effects via specific inhibition of glycolysis.  

2.2.2 DG potentiates DNA-damaging agents 

In Paper III, twenty agents selected to represent different modes of action were assessed 
at low doses for apoptosis induction in combination with DG. DG increased 24 h and 
48 h apoptosis levels induced by some drugs, mainly DNA-damaging agents such as 
cisplatin, ellipticine and camptothecin. To study DG sensitization in a more 
physiological setting, MDA-MB-231 breast cancer tumor cells, xenografted to nude 
mice, were cut into 200 µM slices and treated for up to 72 h. Here, potentiation of 
apoptosis was seen with all three drugs tested. This is interesting since the MDA-MB-
231 cells are highly resistant to chemotherapy treatment, due to P-gp expression and 
mutant Ras and p53. In addition, they were resistant to these drug combinations when 
assayed in standard tissue culture. This demonstrates that monolayer cultures differ 
greatly from the complex environmental conditions and differential gene expression 
(Erlichman and Vidgen 1984; Kobayashi, Man et al. 1993). That DNA-damaging drugs 
may be potentiatied by DG is in agreement with reports on DG as a potent 
radiosensitizer (Jain, Kalia et al. 1985; Varshney, Dwarakanath et al. 2005). Repair of 
DNA breaks is an ATP requiring process (Durante, Grossi et al. 1991). Thus, the 
mechanism for DG-induced sensitization of DNA damaging agents may involve 
attenuated DNA repair. Indeed, the radiosensitizing effects of DG have been attributed 
to inhibition of energy dependent processes involved in the repair of irradiation-
induced DNA damage, leading to fixation of these DNA lesions (Jain, Kalia et al. 
1985).  

In a study of p53 and its effects on mitochondrial respiration, it was shown that p53 
induces expression of the transporter synthesis of cytochrome c oxidase 2 (SCO2), a 
protein necessary for the assembly of cytochrome c oxidase in mitochondria (Matoba, 
Kang et al. 2006). Cytochrome c oxidase is involved in the fourth complex of the 
electron transport chain and is thus necessary for oxidative phosphorylation. Disruption 
of the p53 pathway will therefore, via reduced levels of SCO2, lead to attenuated 
oxidative phosphorylation which in turn causes cellular ATP production to switch to 
increased aerobic glycolysis. Indeed, cisplatin-induced apoptosis was potentiated also 
in p53 deficient cells.  

In HCT 116 cells, cisplatin at 5 M induces premature senescence/cell cycle arrest 
rather than apoptosis (Berndtsson, Hagg et al. 2007). In the presence of DG, this dose 
of cisplatin induced significant levels of apoptosis. The second-generation platinum 
drug oxaliplatin was also used at 5 M but somewhat unexpectedly the apoptotic 
response was no potentiated by DG. Cisplatin induces an early (within 1 h) production 
of ROS, and superoxide scavengers can inhibit cisplatin-induced apoptosis 



  27 

(Berndtsson, Hagg et al. 2007). Oxaliplatin does not require superoxide for execution 
of apoptosis (Hernlund, Panaretakis et al. manuscript submitted), suggesting that 
superoxide generation is a factor in DG sensitization. Production of superoxide and 
other ROS has been shown to influence and compromise important cellular processes 
such as DNA repair, cell proliferation and differentiation, thereby leading to induction 
of cell death (Orrenius, Gogvadze et al. 2006). The idea that ROS may play a part in 
DG sensitized apoptosis is supported by a study where DG-mediated potention of 
radiation-induced apoptosis was further potentiated by co-treatment with 6-
aminonicotinamide (6-AN). 6-AN inhibits the pentose phosphate pathway, thereby 
downregulating cellular production of NADPH required for the maintenance of 
glutathione levels. Glutathione is a reducing agent fundamental for cellular redox 
regulation, i.e., reduced glutathione levels allows for increased cellular levels of ROS 
(Varshney, Dwarakanath et al. 2005). Also DG has in combination with radiation been 
shown to decrease glutathione levels in some cells (Varshney, Dwarakanath et al. 
2005), i.e., this effect of DG may result in cells becoming more susceptible to radiation-
induced ROS. ROS may induce apoptosis in cells that have undergone premature 
senescence in a p53-dependent manner (Macip, Igarashi et al. 2003). In agreement with 
this, DG did not potentiatie the effect of 5 µM cisplatin on HCT 116 cells deficient in 
p53. 

2.2.3 Etmoxir as a potentiator of DG and of cisplatin 

Etomoxir is not a DNA damaging agent, but was nevertheless potentiated by DG. 
Etomoxir obstructs mitochondrial fatty acid -oxidation by inhibiting carnitine-
palmitoyl-transferase I (CPT-1), thereby impeding the uptake of long-chain fatty acids 
into mitochondria. The effects of etomoxir treatment, in combination with both DG and 
cisplatin, were further examined in Paper IV.  

Assessment of intracellular ATP levels showed that compared to etomoxir, DG was 
more efficient in inhibiting ATP production. This can be explained by the fact that fatty 
acid oxidation provides substrates for the citric acid cycle, which in turn delivers 
electron transporters required for oxidative phosphorylation to generate ATP. This 
means that etomoxir only has indirect effects on ATP production. DG, on the other 
hand, inhibits ATP production both from the glycolysis itself in addition to limiting the 
supply of substrates for the citric acid cycle and subsequent oxidative phosphorylation 
(Fig 3).  

In spite of this limited effect on ATP, etomoxir strongly potentiated cell death induction 
by cisplatin, indicating that etomoxir has additional effects. One clue to these effects 
may lie in the fact that etomoxir-mediated potentiation of cisplatin was inhibited by the 
superoxide scavenger Tiron®. Indeed, etomoxir has been reported to induce ROS 
(Cabrero, Alegret et al. 2002). Here, cisplatin was used at 12 M, a dose which induces 
both low-level apoptosis and premature senescence (Berndtsson, Hagg et al. 2007). 
Both effects may be sensitized by ROS (Macip, Igarashi et al. 2003; Sharma, Sen et al. 
2005; Sato, Suzuki et al. 2006). However, paper IV shows that also p53-deficient cells 
are sensitized by etomoxir. One explanation may be that inhibition of -oxidation leads 
to accumulation of fatty acids and accumulation of saturated fatty acids has been 
associated with apoptosis (Paumen, Ishida et al. 1997). Saturated fatty acids are also 
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precursors of ceramide, a sphingolipid known to induce apoptosis (Lin, Chen et al. 
2006). To explain why the combination of etomoxir and DG was not as efficient in 
inducing apoptosis as cisplatin in combination with either of these drugs, we propose 
that DG treatment results in reduced levels of acetyl-CoA and hence less substrate for 
fatty acid synthesis, thereby decreasing -oxidation. Thus, etomoxir will not have any 
pronounced impact via this pathway. The additive effect obtained with etomoxir and 
DG combination is therefore suggested to be due to fatty acid accumulation.  

Figure 3.  Overview of the cellular ATP-producing processes and the points of inhibition by DG 
                  and etomoxir. 

The increased levels of fatty acid synthesis as well as increased -oxidation that are 
characteristic for many tumor cells (Kuhajda 2000; Luo, Zha et al. 2002; Rubin, Zhou 
et al. 2002; Menendez and Lupu 2004) may appear rather inefficient in terms of energy 
production and conservation. However, in tumor cells with up-regulated glycolysis, an 
excess of pyruvate and lactate is expected, thus providing high levels of acetyl-CoA. 
This means that increased synthesis of fatty acids would confer some protection against 
lactic acidosis as well as provide fatty acids for energy extraction.  
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2.2.4 Future perspectives for DG and etomoxir 

Resistant tumor cells often exhibit lower mitochondrial membrane potential and a 
higher rate of aerobic glycolysis in combination with higher usage of fat for fuel in the 
mitochondria (Harper, Antoniou et al. 2002). This provides the appealing hypothesis 
that DG and etomoxir treatment may be tumor specific in that they should affect mainly 
cells with with this profile of energy production. 

Interestingly, when DG was used to sensitize mouse tumors to irradiation treatment, 
DG was simultaneously shown to protect against radiation induced cytogenetic damage 
in the bone marrow (Singh, Singh et al. 1990). In normal tissues where oxidative 
phosphorylation is the main source of energy, DG-induced attenuation of glucose 
transport and glycolysis only has a small impact on energy supply. Nevertheless, this is 
proposed to be enough to inhibit cell progression and thus allows time for repair of 
DNA damage caused by irradiation. By contrast, in the tumor cells, ATP is drastically 
reduced, completely inhibiting DNA repair leading to increased radiation damage 
(Singh, Singh et al. 1990). This mechanism would apply also for chemotherapy-
induced cell death and may be illustrated in our study by the fact that camptothecin-
induced cell death in normal liver tissue was shown to be protected by both etomoxir 
and DG. A few studies have been undertaken where DG has been administered orally 
to patients in order to potentiate radiation treatment responses (Mohanti, Rath et al. 
1996; Singh, Banerji et al. 2005). These studies showed promising results of DG as 
radiosensitizer and no severe toxic effects were reported. As can be expected from a 
drug that inhibits the cellular uptake of glucose, hypoglycemia was reported but not to 
any great extent, implying DG as a promising sensitizer of anti-tumoral therapy 

The liver is the predominant site of fatty acid oxidation in the body and inhibition of 
this process can thus be expected to induce liver toxicity. This is indeed shown both in 
rat models and in humans (Fromenty and Pessayre 1995; Pessayre, Mansouri et al. 
1999). However, in a clinical trial where patients received 80 mg of etomoxir daily for 
three months, no severe toxicity could be seen (Schmidt-Schweda and Holubarsch 
2000), suggesting that also etomoxir is a good candidate for sensitization treatment.

Future perspectives for development of the proposed strategy for sensitization include 
an approach loosely termed metabolic profiling. This is a method for elucidating 
differences in metabolic signaling between tumors, and is in principle based on 
simultaneously assessing substrate flux within and among major metabolic pathways 
under various physiological conditions, growth phases and substrate environments. 
Data are generated using mass spectrometry (MS) or nuclear magnetic resonance 
spectroscopy (NMR) in combination with glucose molecules labeled with stable 
isotope (13C). The distribution of labeled carbons in different intermediates provides a 
measure of carbon flow towards the pentose phosphate cycle, glycolysis, direct glucose 
oxidation, the citric acid cycle and fatty acid synthesis. The results can be presented as 
flow charts in different settings, e.g, in different stages of the cell cycle, comparison of 
different cell lines, or comparison of processes activated before and after drug treatment 
(Boros, Cascante et al. 2002; Miccheli, Tomassini et al. 2006). Metabolic profiling can 
be used as a complement to genetic profiling in the drug discovery process by revealing 
metabolic adaptive changes that occur as a consequence of, e.g., gene expression and 
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changes in the microenvironment. Results obtained before and after drug treatment can 
thus be used to identify crucial targets for an anti-tumoral drug and to characterize its 
efficacy. It might also turn out to be useful for characterizing or identifying tumors 
susceptible to drugs such as DG and etomoxir that interfere with these and similar 
metabolic processes in the cell.  
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3 CONCLUDING REMARKS 

The following conclusions are based on the work presented in this thesis: 
∗ Cisplatin treatment of tumor cells can induce at least three separate signals to 
   MEKK1, calpain and JNK respectively. 
∗ Calpain cleaves Bid at Gly70/Arg71, generating a truncated Bid that can induce 
   cytochrome c release from mitochondria, and which is close in size to caspase-8  
   cleaved and –activated Bid. 
∗ Dominant-positive MEKK1 induces conformational activation of Bak, which is not 
   sufficient to induce apoptosis. 
∗ Formation of Bak complexes of 80-170 kDa, but not of greater molecular size, is 
   associated with apoptosis. 
∗ JNK is required for cisplatin-induced Bak complex formation from activated Bak 
   molecules and for subsequent apoptosis, but is not required for Bak conformational 
   activation.  
∗ 2-deoxyglucose and 3-bromopyruvate, two drugs earlier reported to be glycolysis 
   inhibitors, have different modes of action 
∗ Single-dose treatment with 2-deoxyglucose can sensitize tumor cells, including cell 
   lines wih mutant p53, to apoptosis induction by several chemotherapeutic agents, 
   notably DNA-damaging drugs. 
∗The carnitine-palmitoyl-transferase I inhibitor etomoxir sensitizes tumor cells to 
   cisplatin-induced cell death, likely via at least two mechanisms. 

Together, these studies have shed some light on the complexity of the signal 
transduction pathways elicited by cisplatin treatment. There are at least a hundred 
clinically used chemotherapeutic drugs, and it is quite plausible that many of these also 
induce differential signaling events. Thus, further studies of drug-induced signal 
transduction are undoubtedly needed. This would bring new insights into processes 
crucial for tumor survival and thus contribute to development of new treatment 
strategies, both by combinations of existing drugs, as well as by development of new 
ones.  

Cisplatin is widely used clinically as therapy for a number of different tumor types. 
Although it is regarded as a DNA-damaging drug, it induces, as exemplified in this 
thesis, several different cellular signaling pathways. Some of them may in addition to 
executing cell death in tumors, also be involved in the side effects of cisplatin (nephro- 
and neuro/ototoxicity. To avoid the side effects of chemotherapy, much effort is being 
put into designing target-specific drugs. However, many of these new drugs have not 
been as efficient as standard chemotherapy, possibly reflecting the need to induce 
multiple signaling pathways in the tumor cell for induction of efficient execution. 
Combination therapies represent the current solution to decreasing side effects, i.e., 
combining lower doses of several different drugs. Combination of low-dose 
chemotherapy and pharmacological sensitizers is another possible option. Several 
different strategies for this are currently under investigation. Both DG etomoxir were 
here shown by different methods to potentiate cisplatin-induced cell death. These drugs 
have been tested clinically with no severe toxicity reported. We therefore believe that 
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the approach examined here, i.e., interfering with the altered mechanisms of energy 
production in the tumor cell, may be fairly easy to bring to the clinic 
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