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1 Introduction 
 

1.1 Cancer 
 

Every minute, ten million cells divide in the human body. Normally, cell division 

accompanied by growth and specialized development, takes place in an orderly pattern. 

Cancer is the name for a group of diseases in which the body’s cells become abnormal and 

divide without control. Beginning with embryonic development and throughout the whole 

lifespan of an organism, cell signaling needs to be precisely coordinated and properly 

regulated, deregulation can lead to cancer. Cancer cells grow in an unscheduled and 

uncontrolled fashion, because the critical balance between their rate of proliferation and 

growth on the one hand and programmed cell death on the other hand is deregulated. The 

causes of cancer are many and various, including environmental influences, infectious 

agents, genetic predisposition and aging. As the average life expectancy in many 

developed countries steadily rises, so do cancer related deaths. Cancer will thus be one of 

the most common causes of death in the 21st century. However, the opinion that cancer and 

aging are unlikely united has at least partially traced back, since recent findings indicate 

that cellular senescence can block tumor formation (Collado and Serrano 2006, Mooi and 

Peeper 2006), although genomic instability links cancer and aging (Finkel et al. 2007).  

Malignant tumors are diverse and heterogeneous, but all share the “six hallmark features” 

of the cancer cell phenotype identified by Hanahan and Weinberg: 1) self sufficiency in 

growth signals, 2) insensitivity to antigrowth signals, 3) evasion of apoptosis, 4) limitless 

replicative potential, 5) sustained angiogenesis, 6) tissue invasion and metastasis (Hanahan 

and Weinberg 2000). Several factors can influence the evolution of a tumor, such as the 

deregulation of signals by somatic mutations. For this event, two classes of genes need to 

be considered: oncogenes and tumor suppressor genes (Ponder 2001). Oncogenes, e.g. Ras, 

PI3K or Akt, are generally mutated forms of normal cellular genes, so called proto 

oncogenes and when activated, are capable of transforming a cell. While proto oncogenes 

have a normal function in the control of normal cell growth or differentiation, their 

inappropriate activation permanently programs a cell for proliferation, which can lead to 

cancer (Hunter 1997). Tumor suppressor genes, e.g. p53 or tumor suppressor phosphatase 

with tensin homology (PTEN), suppress uncontrolled cell division. In contrast to 

oncogenes, loss of function of a tumor suppressor gene is required for tumorigenesis 
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(Weinberg 1991). Apart from mutation, epigenetic silencing is another typical mechanism 

for the loss of suppressor gene function. Epigenetic regulation of gene expression by 

promoter hypermethylation has clearly been demonstrated to play a role in silencing of 

tumor suppressor genes. In fact, between four to seven rate-limiting genetic events are 

needed for the development of the common epithelial cancers (Renan 1993). In addition, 

genetic variation acting within or outside the cancer cell may determine the outcome of 

interaction with exogenous carcinogens, as for example local factors (inflammatory 

cytokines) or systemic factors (hormones or growth factors), show significant association 

with cancer risk (Ponder 2001).  

In humans more than 100 distinct types of cancer and subtypes of malignant tumors exist. 

This complexity has hampered the development of effective and specific cancer therapies. 

At present, there are three main types of cancer therapy available: surgery, radio- or 

chemotherapy, used either individually or in combination. Unfortunately these therapies 

often fail to treat cancer successfully. There are many limitations, in particular to surgery 

of less well-defined tumors and metastasis. In regard to radio- and chemotherapy, most 

tumors become resistant to radiation and/or drugs over time. In addition, these therapies 

are very aggressive due to their toxicity to “healthy” cells. To define the molecular 

background that guides the use of existing therapies for individual patients, thereby 

maximizing benefit and minimizing toxicity, is an essential step in developing new, 

successful cancer therapies. Thus, a deeper understanding of cancer biology is required. 

Before discussing the cancer cells’ imbalance between survival and cell death in further 

detail, I would like to introduce a particular group of malignancies, the neuroectodermal 

tumors.  
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1.2 Neuroectodermal tumors 
 
Neuroectodermal tumors, such as malignant glioblastoma and neuroblastoma, are derived 

from cells of the neuroectodermal crest. While malignant glioblastoma are common tumors 

of the central nervous system (CNS), neuroblastoma usually arise in a paraspinal location 

in the abdomen or chest.  

 

 

1.2.1 Glioblastoma – a brain tumor 
 

Brain tumors are a phenotypically and genotypically heterogeneous group of neoplasms, 

each with its own biology, treatment and prognosis. These tumors are better termed 

“intracranial neoplasms”, since some do not arise from the CNS, but tumor cells travel to 

the brain from another part of the body, e.g. meningiomas and lymphomas (DeAngelis 

2001). CNS tumors are the second most frequent malignancies of childhood and the 

incidence in adults increases with advancing age. Importantly, cancers of the CNS are 

among the most devastating of human malignancies, affecting the organ that defines the 

“self”, often severely compromising the quality of life (Louis et al. 2002). There are many 

different types of CNS neoplasms, as classified by the World Health Organization (WHO). 

Malignant (high-grade) glioma are classified as either grade III anaplastic astrocytoma, 

anaplastic oligodendroma, or anaplastic oligoastrocytoma or as grade IV glioblastoma 

(glioblastoma multiforme) (Maher et al. 2001). Glioblastoma multiforme are histologically 

characterized by necrosis with cells arranged around the edge of necrotic tissue (Figure 1). 

Within this study, glioblastoma multiforme, from now on called glioblastoma, are of 

specific interest, since they are the most common, aggressive, highly invasive and 

neurologically destructive brain tumors.  

Malignant glioma may develop de novo – these have been termed “primary” - or through 

secondary progression from a previously diagnosed low-grade astrocytoma over a longer 

time period (five-ten years) – these have been termed “secondary”. Primary tumors are 

typically present in older patients as an aggressive, highly invasive tumor, whereas 

secondary tumors are found in younger patients initially showing a low-grade astrocytoma. 

Although differences in the genetic profile of primary and secondary glioblastoma have 

been identified, the clinical features are the same: rapid proliferation, diffuse invasion, 

angiogenesis and cellular necrosis (Kleihues and Sobin 2000, Maher et al. 2001). As with 



Introduction   4

other human cancers, the formation and progression of malignant glioma is accompanied 

by activation of oncogenes, inactivation of tumor suppressor genes, abrogation of apoptotic 

genes and deregulation of DNA repair genes. Examples are mutations in p53, which occur 

in about one third of glioblastoma, mutational inactivation of retinoblastoma gene RB1 

which have been described in about 25% of high grade astrocytoma or amplification of 

cyclin dependent kinase (Cdk)-4 gene in about 15% of high grade gliomas (Maher et al. 

2001). Importantly, malignant progression of glioblastoma is associated with inactivation 

of the PTEN tumor suppressor gene on chromosome 10 (Fujisawa et al. 1999). 

Chromosome 10 loss occurs in 60-80% of glioblastoma, with approximately 25% of cases 

having PTEN mutations (Li et al. 1997). A variety of growth factors or their receptors are 

overexpressed in glioblastoma, which provide a growth advantage to neoplastic cells. Of 

these, the platelet-derived growth factor (PDGF) and the epidermal growth factor receptor 

(EGFR) have been most studied. The majority of gene amplification events in high grade 

astrocytomas involve the EGFR gene, being amplified in about 50%. Approximately 40% 

of the tumors harboring EGFR amplification also commonly express a truncated variant of 

EGFR, called EGFRIII, resulting in constitutive autophosphorylation of the receptor 

(Wong et al. 1992).  

To treat glioblastoma the standard-of-care therapy includes surgical resection, radiotherapy 

and chemotherapy using the drug temozolomide (Sathornsumetee et al. 2007). Despite this 

multimodality treatment nearly all patients with high grade astrocytoma develop tumor 

recurrence or progression due to the tumors’ highly infiltrative growth, radio- or 

chemoresistance, and their life expectancy is reduced to less than one year (Maher et al. 

2001). The prognosis in children is even worse: death usually occurs within six month at 

diagnosis (Epstein and McCleary 1986, Stroink et al. 1986). Generally speaking, 

glioblastoma are almost impossible to treat successfully and the survival rate has not 

improved significantly over the last two decades. Consequently, a better understanding at 

the biological pathways leading to malignant glioblastoma is essential in order to find and 

evaluate new therapeutic approaches. 
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Figure 1 Magnet resonance image of a glioblastoma multiforme in the left frontal lobe of the brain  
The irregular enhancing margin with central necrosis is characteristic of the tumor as indicated by the arrow 
heads (from DeAngelis 2001). 
 

 

1.2.2 Neuroblastoma – a neuroblastic tumor 
 

Second to brain tumors, neuroblastoma represent the most common and puzzling 

extracranial solid tumor in childhood, accounting for 7-10% of all pediatric malignancies, 

with a prevalence of about one case per 8000 live births and the highest incidence for 

developing tumors in the first five years (Brodeur 2003). The term neuroblastoma is 

commonly used to refer to a spectrum of neuroblastic tumors that arise from primitive 

sympathetic ganglion cells. The neuroectodermal cells that comprise neuroblastic tumors 

originate from the neural crest during fetal development and are destined for the adrenal 

medulla and the sympathetic nervous system, including the paraspinal sympathetic ganglia 

in the chest and abdomen as well as pelvic ganglia. Tumors of neuroblastic origin are 

classified according to their balance between neural-type cells (e.g. primitive neuroblasts) 

and Schwann-type cells (e.g. Schwannian blasts) into one of three types: neuroblastoma, 

ganglioneuroblastoma or ganglioneuroma. Neuroblastoma are the most undifferentiated-

appearing and aggressive of these tumors and are composed almost entirely of neuroblasts, 

with very few Schwannian cells. Thus, neuroblastoma are heterogeneous, varying in terms 

of location, histopathologic appearance and biological characteristics. On computer 
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tomographies neuroblastoma appears as lobulated soft tissue mass, either homogeneous or 

heterogeneous, due to hemorrhage, necrosis, and/or calcification, as shown in Figure 2.  

Neuroblastoma are most remarkable for their broad spectrum of clinical behavior, which 

can range from spontaneous regression to maturation to a benign ganglioneuroma, or to 

aggressive disease with metastatic dissemination leading to death. For example, most 

infants with disseminated disease have a favorable outcome following treatment with 

chemotherapy and surgery, although the majority of children older than one year of age 

with advanced-stage disease at the time of diagnosis have a very poor overall survival 

chance and die from progressive disease despite intensive multimodal therapy (Brodeur 

2003, Maris et al. 2007).  

 

            
 
Figure 2 Magnet resonance image of a neuroblastoma  
Abdominal computer tomography (CT) scan shows a large soft tissue mass (M) in the left upper abdomen. 
Note three enlarged retrocrural lymph nodes (n) (Visrutaratna 1998).  
 

 

Neuroblastoma are heterogeneous tumors. Original in vitro cultures of neuroblastoma 

consist of three distinct cell types: I-type stem cells, N-type neuroblastic precursors and S-

type Schwannian/melanoblastic precursors. These distinct cell types can differentiate 

predictably along specific neuronal crest lineages (Ross et al. 2003). Various molecular 

and cytogenetic factors have been implicated in the pathogenesis of neuroblastoma, some 

of which have proven useful in predicting clinical behavior (Brodeur 2003). Chromosomal 

deletions (loss of heterozygosity, LOH) are found in approximately 50% of neuroblastoma 

and are consistently localized to chromosomes 1p, 11q and 14q (Westermann and Schwab 
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2002, Guo et al. 2000, Srivatsan et al. 1993, Attiyeh et al. 2005). Deletion of the distal 

short arm of chromosome 1p is one of the most common chromosomal changes observed 

in neuroblastoma and is associated with poor prognosis (Maris et al. 2000). Deletions of 1p 

are highly associated with amplification and overexpression of the oncogene MYCN. 

Amplification of MYCN is frequently found in neuroblastoma (Brodeur et al. 1984) and has 

been shown to associate with rapid progression (Seeger et al. 1985). Amplified MYCN is 

used today as a prognostic marker on which therapy design is based to a large extent 

(Schwab 1999). In addition to structural chromosomal changes, alterations in total DNA 

content, which presumably result from mitototic dysfunction, are important indicators of 

both outcome and response to therapy. Neuroblastoma with higher DNA content 

(hyperdiploid) are associated with lower tumor stage, better response to initial therapy and 

an overall better prognosis than diploid tumors, particularly if they lack MYCN 

amplification (Look et al. 1991, Look et al. 1984). Furthermore, expression of neurotrophic 

factors, such as nerve growth factor (NGF) and brain derived neurotrophic factor (BDNF) 

along with their receptors (tyrosine kinases that are encoded by three Trk genes, TrkA, B 

and C) have been implicated in the pathogenesis of neuroblastoma. For example, 

expression of TrkA is inversely correlated with MYCN amplification, and high TrkA 

expression appears to identify a biologically favorable subgroup of neuroblastoma as well 

as TrkC expression, while expression of TrkB is prognostically unfavorable (Brodeur et al. 

1997). There is growing evidence that other growth factors, including the family of insulin-

like growth factors (IGFs) play a crucial role in the malignant transformation of 

neuroblastoma (Cianfarani and Rossi 1997, Kim et al. 2004). 

Currently, most neuroblastoma are treated by conventional therapeutic approaches, 

including surgery, radiation- and chemotherapy. Patients with localized neuroblastoma can 

be cured by surgery alone or by surgery and additional chemotherapy. However, the 

prognosis of metastatic neuroblastoma is very poor. Even very intensive, multimodal 

therapy has resulted in only modest improvement in the cure rate of the more aggressive 

neuroblastoma (Berthold and Hero 2000, Berthold et al. 2003). A better understanding of 

the tumor biology of neuroblastoma will provide prospects into the development of new 

therapies which are more effective and less toxic. Among others, the induction of apoptosis 

is an approach increasingly used to treat neuroblastoma. 
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1.3 Apoptosis 
 

Apoptosis is a normal physiological cell death program that controls cell numbers during 

embryonic development and maintenance of tissue homeostasis. The term “apoptosis”, 

from the Greek word for “falling off” of leaves from a tree, is used to describe a 

phenomenon in which a cell actively participates in its own destructive processes.  

Within each lineage, the control of cell number is determined by a balance between cell 

proliferation and cell death. Both, cell death and proliferation are highly regulated 

processes with numerous checks and balances. Therefore it is not surprising that alterations 

in homeostasis of any particular cell population or lineage can contribute to the 

pathogenesis of a number of human diseases, including cancer, viral infections, 

autoimmune diseases, neurodegenerative disorders, and acquired immunodeficiency 

syndrome (AIDS) (Thompson 1995).  

Kerr et al. were the first describing the morphological changes of a cell undergoing 

apoptosis in detail (Kerr et al. 1972). The cell death process of apoptosis is 

morphologically characterized by chromatin condensation, nuclear fragmentation, 

cytoplasmic shrinkage, plasma membrane blebbing and loss of adhesion and rounding-up 

(in adherent cells) as well as formation of “apoptotic bodies”, which are cleared by 

phagocytes prior to release of intracellular contents and without induction of the 

inflammatory system (Kerr et al. 1972). Molecular changes induced during apoptosis 

include internucleosomal cleavage of DNA, leading to an oligonucleosomal “ladder”, and 

randomization of the distribution of phosphatidyl serine (PS) between the inner and the 

outer leaflets of the plasma membrane (Fadok et al. 1998). Techniques based on detecting 

some of these changes, such as staining of cells with surface-exposed PS with annexin V 

and detection of cells with apparent subdiploid DNA content by staining with DNA 

intercalating dyes are standard tools for demonstrating apoptosis (Koopman et al. 1994, 

Nicoletti et al. 1991). 

Early work, which led to the identification of the genes involved in apoptosis regulation 

were discovered in the nematode C. elegans. Later human homologues were found and it 

was suggested that the molecular mechanism of programmed cell death is conserved 

(Hengartner and Horvitz 1994, Conradt and Horvitz 1998). 
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1.3.1 Apoptosis signaling  
 
In principle, there are two overlapping pathways that initiate apoptosis: one is mediated by 

death receptors on the cell surface (so called extrinsic pathway), the other is mediated by 

mitochondria (so called intrinsic pathway), as shown in Figure 3. In both pathways, 

cysteine-dependent aspartate-specific proteases (caspases) are activated that cleave cellular 

substrates, and this leads to the biochemical and morphological changes that are 

characteristic for apoptosis (Hengartner 2000). A total of twelve caspases which are 

synthesized as inactive proenzymes have been identified in mammals: caspase-1 to 10, 

caspase-12 and -14. Stimulation of death receptors of the tumor necrosis factor (TNF) 

receptor superfamily, such as CD95 (APO-1/Fas) or tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL) receptor, at the cell surface by their cognate ligands or 

agonistic antibodies results in trimerization and recruitment of adaptor proteins, e.g. Fas-

associating death domain protein (FADD), forming a “death-inducing signaling complex” 

(DISC), leading to caspase-8 activation which initiates direct cleavage of downstream 

effector caspases (Ashkenazi 2002). Importantly, the novel ligand TRAIL was identified to 

induce apoptosis in a wide range of tumor cells, but not in most normal, untransformed 

cells in tissue culture (Wang and El-Deiry 2003). 

Death at the mitochondrial level is initiated by cellular stress, for example growth factor 

deprivation, oxidants, Ca2+ overload and DNA-damage. Stimulation of the mitochondrial 

pathway leads to migration of Bcl-2 homology domain-3- (BH3)-only proteins to the 

mitochondria to either antagonize their antiapoptotic relatives of the Bcl-2 family or 

activate the multi-domain proapoptotic proteins Bax and Bak. In turn, the external 

membrane of the mitochondria is permeabilized and soluble molecules are released from 

the mitochondrial intermembrane space into the cytosol. These molecules include 

apoptogenic factors, such as cytochrome c, apoptosis inducing factor (AIF) and second 

mitochondrial activator of caspases (Smac)/DIABLO, triggering caspase-3 activation as a 

result of formation of the cytochrome c/Apaf-1/caspase-9-containing apoptosome complex 

(Saelens et al. 2004). Signals originating from death receptors may be linked to the 

mitochondria via Bcl-2 family proteins, such as Bid, which triggers cytochrome c release 

upon cleavage by caspase-8, thereby initiating a mitochondrial amplification loop, as 

illustrated in Figure 3 (Cory and Adams 2002). It has also been described that cleavage of 

caspase-6 downstream of the mitochondria may feed back to the extrinsic pathway by 

cleaving caspase-8 (Cowling and Downward 2002).  
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In addition, caspase-independent apoptosis and non-apoptotic modes of cell death have 

also been described, including necrosis, autophagy and mitotic catastrophy (Leist and 

Jaattela 2001, Okada and Mak 2004, Kroemer and Martin 2005).  

 

 

1.3.2 Apoptosis regulation 
 

Various proteins regulate the apoptotic process at different levels. The most important 

groups of which are briefly discussed here are, as they were already mentioned above, for 

example the members of the Bcl-2 family, which regulate apoptosis at the mitochondrial 

level and can be divided into antiapoptotic proteins, such as Bcl-2 and Bcl-XL, and 

proapoptotic proteins, e.g. Bax, Bak and Bid. Proapoptotic Bcl-2 family proteins are 

required for initiation of apoptosis by acting as antagonists of antiapoptotic proteins or by 

permeabilization of the inner and/or outer mitochondrial membrane, leading to release of 

cytochrome c. Bcl-2 and several antiapoptotic relatives associate with the mitochondrial 

outer membrane and maintain its integrity, which prevents cytochrome c release and 

caspase-9 activation. Bcl-2 proteins can interact directly with each other, forming 

homodimers and heterodimers, and thus function as agonists or antagonists to each other 

(Cory and Adams 2002). As a sensor of cellular or “intrinsic” stress, p53 is a critical 

initiator of the mitochondrial apoptotic pathway. P53 regulates apoptosis by transcriptional 

activating proapoptotic Bcl-2 family members or by repressing antiapoptotic Bcl-2 proteins 

(Ryan et al. 2001, Wu et al. 2001).  

Further examples of apoptosis regulators are cellular FLICE-inhibitory proteins (c-FLIP), 

which interfere with the initiation of apoptosis directly at the level of death receptors and 

are therefore the most important regulators of apoptosis induced by the engagement of 

death receptors. Three variants of c-FLIP are expressed: short FLIP (c-FLIPS), long FLIP 

(c-FLIPL) and a recently described form c-FLIPR (Djerbi et al. 2001, Golks et al. 2005). All 

three share structural homology with procaspase-8, but lack its catalytical site. This 

homology allows them to bind directly to the DISC, thereby inhibiting the activation of 

caspase-8. 

Inhibitor of apoptosis proteins (IAPs) negatively regulate apoptosis at a postmitochondrial 

level. IAPs bind to and inhibit caspases. They also function as ubiquitin ligases, promoting 

the degradation of the caspases they bind. IAPs are in turn inhibited by Smac/DIABLO, 

which is released from the mitochondria along with cytochrome c during apoptosis and 
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promotes caspase activation by interacting with IAPs (Igney&Krammer2002). Apoptosis 

regulating molecules are illustrated in Figure 3.  

 

 

 
 
Figure 3 Two major apoptotic pathways in mammalian cells  
Apoptosis can be induced by triggering death receptors at the cell’s surface or by activation of mitochondria 
upon cellular stress, such as DNA damage. Mitochondrial activation leads to release of apoptogenic factors, 
such as cytochrome c and AIF and the IAP antagonist Smac/DIABLO from the mitochondrial intermembrane 
space into the cytosol, forming the apoptosome complex, which can activate caspase-3. Cross-talk between 
the death receptor and the mitochondrial pathway is provided by tBid. Both apoptotic pathways converge at 
the level of effector caspase activation, which is inhibited by IAPs. Once effector caspases are activated, they 
cleave apoptotic substrates causing apoptosis. 
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1.3.3 Apoptosis resistance mechanisms  
 

Targeting the apoptotic machinery for cancer therapy is very attractive, since most 

cytotoxic agents and irradiation cause cellular stress and kill target cells primarily by the 

induction of apoptosis and since the efficiency with which apoptosis can eliminate tumor 

cells is massive. Given the importance of apoptosis regulating molecules to control cell 

death it is not surprising that these proteins are altered in tumors, as apoptosis represents a 

major barrier to cancer cells that must be circumvented. A number of genes that encode 

regulators or components of the apoptotic machinery are directly targeted by activating or 

inactivating genetic lesions in cancer cells. For example, Bcl-2 and its relatives are 

responsible for relaying the apoptotic signal. The bcl-2 gene was originally isolated as a 

proto oncogene (Tsujimoto et al. 1984). On its own, bcl-2 is a relatively weak transforming 

oncogene, but synergizes potently in tumorigenesis with growth-promoting oncogenes, 

such as c-myc (Strasser et al. 1990). Bcl-2 is overexpressed in most human cancers (Reed 

1999), including neuroblastoma, where Bcl-2 expression is associated with unfavorable 

histology and MYCN amplification while it is inversely related to the proportion of 

neuroblastoma cells undergoing apoptosis (Castle et al. 1993, Oue et al. 1996). In addition, 

mutations or altered expression of upstream regulators of Bcl-2 proteins are associated 

with cancer, including Akt and PTEN (Datta et al. 1999, Di Cristofano and Pandolfi 2000). 

Growing evidence indicates that c-FLIP expression dysregulation might be involved in 

cancer, since upregulation of c-FLIP has been reported to cause apoptosis resistance in 

various cancer cells (Dutton et al. 2004, Ryu et al. 2001, Zhou et al. 2004, Mezzanzanica et 

al. 2004). 

IAPs are also overexpressed in cancers and are associated with resistance to apoptosis 

(Duckett et al. 1996, Liston et al. 1996, Ambrosini et al. 1997, Li et al. 1998). Among 

these, survivin is expressed in most human cancers but not in normal adult tissue, thus 

making survivin an excellent tumor marker (Ambrosini et al. 1997). In glioblastoma and 

neuroblastoma expression of survivin correlates with aggressive disease, unfavorable 

prognostic features and worse clinical outcome (Xie et al. 2006, Adida et al. 1998).  

Besides overexpression of antiapoptotic genes, tumors can develop resistance towards 

apoptosis by inactivation of proapoptotic genes. Recent studies have provided evidence 

that proapoptotic Bcl-2 family members act as tumor suppressors. For example, 

inactivation of bax through somatic frameshift mutation has been found in colon cancer 

(Rampino et al. 1997) and leads to protection from apoptosis (McCurrach et al. 1997). 
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Also, disruption of the intrinsic apoptotic pathway, through mutation or loss of function of 

p53 and its downstream effectors or upstream regulators is extremely common in cancer 

cells. Since p53 represents a key molecule in the monitoring of DNA damage, and since 

DNA damage can induce apoptosis, loss of p53 results in resistance to apoptosis upon 

DNA damage (Harris 1996).  

Resistance to apoptosis is often associated with a loss of function of caspase-8 in a variety 

of tumors, including neuroblastoma (Eggert et al. 2001). Especially neuroblastoma with 

MYCN amplification evade apoptosis through deleted or silenced caspase-8 (Teitz et al. 

2000). Reexpression of caspase-8 has been shown to restore the sensitivity of 

neuroblastoma cells for death receptor- or drug-induced apoptosis (Fulda et al. 2001). 

It is necessary to find new approaches to overcome apoptosis resistance. For example, 

antisense oligonucleotides for bcl-2 can induce apoptosis in cancer cells or sensitize them 

for chemotherapy (Galderisi et al. 1999). Also, the death ligand TRAIL is a newly 

described prime candidate for cancer therapy, since TRAIL has been shown to 

predominantly kill cancer cells, while sparing normal cells (LeBlanc and Ashkenazi 2003). 

However, many tumors continue to remain resistant to TRAIL, often due to aberrant 

survival signaling (Fulda and Debatin 2004). 
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1.4 Survival signaling 
 

1.4.1 PI3K/Akt signaling 
 

1.4.1.1 Activation and function of PI3K  
 

The lipid kinase family of phosphoinositide-3-kinases (PI3Ks) are responsible for 

generating phospholipid secondary messengers, by phosphorylating the inositol ring 3’OH 

group of inositol phospholipids in the membrane resulting in activation of signal 

transduction pathways driving cell proliferation, cell growth and cell survival, most 

notably in cells that are responding to growth factor receptor engagement (Cantley 2002, 

Rameh and Cantley 1999, Vivanco and Sawyers 2002). PI3Ks can be activated by 

receptors with protein tyrosine kinase activity, such as the IGF receptor (IGFR), cell 

adhesion molecules such as integrins, G-protein-coupled receptors or by Ras 

(Vanhaesebroeck and Alessi 2000). There exist three classes of these lipid kinases: PI3Ks 

class I, II and III divided on the basis of their structure, binding partners, mode of 

activation and substrate specificity. The class IA enzymes are the most well characterized 

of the PI3Ks to date. Among these enzymes, the three class IA PI3Ks: p110α, p110β and 

p110δ have been identified as the most critical for cell growth and survival. Class 1A 

PI3Ks consist of a catalytical p110 lipid kinase subunit and a regulatory p85 subunit that 

recruits to tyrosine phosphorylated membrane docking sites (Vivanco and Sawyers 2002).  

The serine/threonine kinase Akt also known as protein kinase B (PKB) is the primary 

mediator of PI3K-initiated signaling. Three isoforms, Akt 1, Akt 2 and Akt 3, sharing high 

sequence homology have been described (Datta et al. 1999). Akt interacts directly with 

phospholipids produced by PI3K through binding of phosphoinositides via its pleckstrin 

homology (PH) domain, which results in translocation of Akt from the cytoplasm to the 

inner membrane, where 3-phosphoinositide-dependent protein kinase 1 (PDK-1) is located 

(Stokoe et al. 1997). In addition, the interaction of the PH-domain with phosphoinositides 

causes a conformational change in Akt, exposing its two main phosphorylation sites, 

threonine (Thr) 308 and serine (Ser) 473. PDK-1 phosphorylates Akt at Thr 308, which is 

necessary and sufficient for activation of Akt. However, full activation of Akt requires 

phosphorylation at Ser 473 (Alessi et al. 1997). Many different kinases have been reported 

to mediate this event, including PDK-1 (Balendran et al. 1999) or intergrin-linked kinase 
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(ILK) (Lynch et al. 1999). In the later phase of Akt activation, Akt translocates into the 

nucleus by still unknown mechanisms, where several of its substrates reside. Once 

activated, Akt regulates multiple downstream signaling targets regulating cell survival, 

proliferation, apoptosis and glucose metabolism (Vivanco and Sawyers 2002). 

 

 

1.4.1.2 Akt signaling and apoptosis  
 

It has been demonstrated that Akt negatively regulates apoptosis at multiple sites. 

Examples for Akt targets involved in apoptosis regulation are Bad, the family of Forkhead 

transcription factors (FKHRs) and the NF-kB regulator IKK, each of which plays a critical 

role in mediating cell death. The BH3-only protein Bad was the first component of the 

apoptotic machinery found to be phosphorylated by Akt downstream of growth factor 

activation in several cell lines. Its phosphorylation disrupts its ability to bind to and 

inactivate Bcl-XL promoting cell survival (Del Peso et al. 1997, Datta et al. 1997). 

Caspase-9 is another apoptotic regulator described to be phosphorylated directly by Akt 

(Cardone et al. 1998) preventing cleavage of downstream substrates and thereby 

preventing apoptosis. Akt phosphorylation of Forkhead family members, such as FOXO1, 

FOXO3a, FOXO4 and FOXO6 modulates their function primarily through regulation of 

their subcellular localization (Brunet et al. 1999). Under conditions during which Akt is 

activated FKHRs are phosphorylated and are retained in the cytoplasm, hereby preventing 

them from regulating the expression of potential death genes (Brunet et al. 1999, Van Der 

Heide et al. 2004). NFκB is a transcription factor that induces antiapoptotic genes, such as 

Bcl-2 family members and caspase inhibitors c-IAP1 and c-IAP2. NFκB is sequestered to 

the cytoplasm by an inhibitory protein named IκB. Pro-inflammatory cytokines activate 

NFκB by inducing phosphorylation of IκB, resulting in enhanced degradation of IκB, 

which in turn frees NFκB to move into the nucleus where it can activate its target genes. 

IKK is the kinase which is responsible for IκB phopshorylation. Akt has been found to 

phosphorylate IKK resulting in increased activity (Ozes et al. 1999, Romashkova and 

Makarov 1999). Further antiapoptotic or survival functions of Akt include the 

phosphorylation of checkpoint kinase 1 (Chk1) and the phosphorylation of MDM2, 

controlling cell cycle progression (Puc et al. 2005, Mayo and Donner 2002). 
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1.4.1.3 Regulation of PI3K/Akt signaling 
 

While the production of phosphoinositol-lipids by PI3K positively stimulates PI3K 

signaling, the most important form of negatively regulating PI3K is by the activity of 

PTEN. PTEN is a dual phosphatase and has been implicated in the regulation of several 

cellular functions, including cell cycle progression (Ramaswamy et al. 1999), survival 

(Stambolic et al. 1998) and motility (Tamura et al. 1999). Many of its biological effects 

occur through its lipid phosphatase activity. Through dephosphorylation of the 

phosphoinositol lipids, PTEN decreases Akt activity resulting in increased levels of 

apoptosis (Cantley and Neel 1999, Wu et al. 1998). By opposing the effects of PI3K 

activation, PTEN functions as tumor suppressor. In addition a very interesting new 

function of nuclear PTEN has been described, namely maintenance of chromosomal 

stability through physical interaction with centromers (Shen et al. 2007). The SH2-

containing inositol-5-phosphatase (SHIP) also dephosphorylates phospholipids in the 

membrane thereby antagonizing PI3K activity. However, the significance of SHIP in 

regulating PI3K signaling in vivo is still uncertain because, unlike PTEN heterozygous 

knock-out mice, SHIP knock-out mice do not develop tumors (Liu et al. 1999, Helgason et 

al. 1998). Also, a novel protein called PI3K interacting protein 1 (PI3KIP1) that shares 

homology with the p85 regulatory PI3K subunit has been discovered last year. PIK3IP1 

directly binds to the p110 catalytic subunit and down regulates PI3K activity (Zhu et al. 

2007). Furthermore, a protein termed Carboxy-Terminal Modulator Protein (CTMP) has 

recently been dsecribed to directly inhibit Akt by binding to its C-terminus, encompassing 

the hydrophobic motif and the Ser 473 residue (Maira et al. 2001). Another recently 

identified phosphatase that inactivates Akt is the PH domain leucine-rich repeat protein 

phosphatase (PHLPP), which dephosphorylates Akt at Ser473 and has been shown to cause 

apoptosis in cell lines (Gao et al. 2005).  

 

 

1.4.1.4 PI3K/Akt signaling and its role in glioblastoma and neuroblastoma  
 
Deregulated PI3K/Akt signaling often plays a central role in tumor formation or 

progression and is frequently observed in a variety of human cancers as the result of 

genetic alterations or deregulated growth factor signaling (Blume-Jensen and Hunter 2001, 

Vivanco and Sawyers 2002). Glioblastoma commonly contain mutations and deletions of 
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the PTEN tumor suppressor gene, which negatively regulates PI3K/Akt signaling (Newton 

2004). Consequently, inactivating PTEN mutations lead to increased levels of 

phosphoinositides in the membrane, causing abnormally high levels of PI3K/Akt activity 

and cellular transformation. There is a strong predilection for PTEN mutations to occur in 

high grade tumors with a reported frequency of 15-40% in primary glioblastoma, whereas 

secondary glioblastoma harbor much less PTEN mutations (<10%). Loss of PTEN also 

occurs in glioblastoma through epigenetic features such as methylation of the promoter of 

PTEN, which has recently been shown to correlate with functional activation of PI3K 

(Wiencke et al. 2007). Importantly, PTEN expression has been shown to have prognostic 

significance for glioblastoma patients, as reduced PTEN expression is correlated with 

shorter survival times (Ermoian et al. 2002). Recently, it has been described in an in vivo 

model of glioblastoma that loss of PTEN correlates highly with the activation of Akt and 

with phosphorylation of its downstream effectors, including the mammalian target of 

rapamycin (mTOR) and S6 ribosomal protein (Choe et al. 2003). Next to loss of PTEN, 

activating mutations of the PIK3CA gene encoding the catalytical subunit p110α, have 

been identified in a variety of cancers, including glioblastoma, (Samuels et al. 2004) 

leading to upregulated PI3K activity and cellular transformation. Recently published data 

support the importance of p110α as the major PI3K class IA isoform driving malignant 

progression in glioblastoma (Fan and Weiss 2006). Another common event observed in 

glioblastoma leading to enhanced PI3K signaling is EGFR amplification, causing 

constitutive tyrosine kinase activation. A mutant, ligand-independent variant of the EGFR, 

EGFRvIII is coexpressed in approximately one-half of EGFR-amplified glioblastoma 

(Maher et al. 2001) and has been shown to potentially activate PI3K in glioblastoma 

without loss of PTEN (Choe et al. 2003). Interestingly, in human glioblastoma cells PTEN 

mutation and EGFR activation can cooperate to increase VEGF mRNA levels via PI3K 

signaling (Pore et al. 2003). Currently there is much interest in PI3K signaling concerning 

glioblastoma treatment, as activation of PI3K signaling has been shown to significantly 

correlate with increased tumor grade, decreased levels of apoptosis and with adverse 

clinical outcome in vivo (Chakravarti et al. 2004). 

There is growing evidence that PI3K mediated growth factor signaling has potent effects in 

neuroblastoma tumorigenesis. To this notion IGF receptor expression and activation have 

been shown to regulate neuroblastoma cell proliferation, motility, invasion and survival 

(Kim et al. 2004, Meyer et al. 2001). Next to IGF there is evidence that the TrkB-BDNF 

pathway stimulated in a PI3K-dependent manner is associated with enhanced survival and 
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apoptosis resistance of neuroblastoma (Jaboin et al. 2002, Ho et al. 2002). By use of 

pharmacological and genetic tools Akt was identified as key component of BDNF/TrkB- 

mediated survival signaling and chemoresistance in neuroblastoma cells (Li et al. 2005). 

EGFR induced proliferation of human neuroblastoma is also mediated by PI3K signaling 

(Ho et al. 2005). PI3K signaling and neuroblastoma are also linked to each other by the 

fact that MYCN protein is stabilized through PI3K signaling (Chesler et al. 2006, Johnsen 

et al. 2007). Thus, PI3K signaling appears to be a promising target in the clinical 

management of glioblastoma and neuroblastoma patients. 

 

 

1.4.2 mTOR signaling 
 

The mammalian target of rapamycin (mTOR) is a recently characterized signal 

transduction mediator, intimately linked to PI3K and the regulation of protein synthesis 

and cell growth (Newton 2004, Wullschleger et al. 2006). mTOR controls the initiation of 

protein translation and recent results indicate that mTOR is a central controller, integrating 

a plethora of signaling pathways that respond to growth factors and nutritional status 

(Bjornsti and Houghton 2004). In mammalians two distinct mTOR complexes, mTORC1 

(also called raptor) and mTORC2 (also called rictor) exist. Most of the research done 

focused on the mTORC1, since this complex is strongly inhibited by rapamycin, while 

mTORC2 is not affected by this inhibitor. Two well characterized downstream targets of 

mTORC1 are two families of proteins that control protein translation, the p70 ribosomal S6 

kinase (p70 S6K) which in turn activates S6 ribosomal protein (S6) and the eukaryotic 

initiation factor 4E (elF4E)-binding proteins (4E-BPs) (Fingar and Blenis 2004). 

Activation of S6K and inhibition of 4E-BP regulates the protein synthesis machinery 

(Newton 2004). mTORC1 and S6K can phosphorylate the insulin receptor substrate (IRS), 

an adaptor protein at the IGF receptor, which targets IRS for degradation leading to a 

negative feedback loop to attenuate PI3K (Um et al. 2004, Manning and Cantley 2007). 

Upstream components regulating the mTORC1 pathway include the tuberous sclerosis 

complex (TSC), formed by hamartin (TSC1) and tuberin (TSC2) (Bjornsti and Houghton 

2004, Shaw and Cantley 2006). Signals that inhibit TSC2, and thus activate mTORC1, 

include Akt and extracellular regulated kinase (ERK), both of which directly phosphorylate 

TSC2 (Ma et al. 2005, Inoki et al. 2002, Potter et al. 2002). Loss of TSC2 has been shown 

to activate the small Ras-like GTPase Rheb, which associates and activates mTORC1 
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(Long et al. 2005). TSC2 is also a substrate of 90-kDa ribosomal protein S6 kinases (Rsks). 

Rsk dependent phosphorylation of TSC2 turns on Rheb (Roux et al. 2004). Akt has also 

been shown to directly phosphorylate mTORC1, although the functional significance of 

this remains to be determined (Bjornsti and Houghton 2004). Growth factor signaling 

through Raf/mitogen-activated protein kinase(MAPK)/ERK kinase (MEK)/ERK or PI3K 

signaling activates mTORC1, whereas low nutrient availability indicated by low glucose or 

ATP levels inhibit mTORC1 by signaling independently of Raf/MEK/ERK or PI3K/Akt 

signaling (Shaw and Cantley 2006). The rapamycin-insensitive mTORC2 has recently 

been identified to be required for the phosphorylation of the second critical site in Akt, Ser 

473 (Sarbassov et al. 2005, Hresko and Mueckler 2005), which suggests a complex 

interplay between the two different mTOR complexes during growth factor-mediated 

proliferation. Within this work the term mTOR is used as synonym of the rapamycin 

sensitive complex mTORC1.  

 

 

1.4.3 Raf/MEK/ERK signaling  
 

The Raf/MEK/ERK pathway is a central signal transduction pathway, which transmits 

signals from multiple cell surface receptors to transcription factors in the nucleus and can 

be activated by many of the growth factors that activate PI3K, including IGF-1. Binding of 

IGF-1 to the IGF receptor results in autophosphorylation of the receptor, stimulation of 

intrinsic tyrosine kinase activity and activation of Ras, a small GTP-binding protein. Upon 

recruitment and activation via receptor tyrosine kinases Ras activates Raf, resulting in 

membrane translocation of Raf which leads to a phosphorylation signaling cascade 

involving the activation of MEKs, which in turn activate ERK1 and ERK2 MAPKs. 

Downstream targets of ERK include the family of Rsks, CREB, c-myc and other 

transcription factors mediating cell growth, cell cycle entry and progression. 

In the past, the cancer research community has focused on the central importance of Ras, 

as it was the first identified oncogene (Weinberg 1991). Amplification of Ras proto 

oncogene that leads to the expression of constitutively active Ras, is observed in 

approximately 30% of all human cancers, resulting in proliferation and tumorigenesis 

(Steelman et al. 2004). Genetic mutations of Raf, MEK or ERK were thought to be 

relatively rare in human cancer. Researchers believed that the activation of the 

Raf/MEK/ERK cascade was mainly due to Ras mutations. However, mutations at the Raf 
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gene and aberrant expression of MEK have been detected in many human cancers. As Raf 

functions directly or indirectly on the mitochondrial mechanism of apoptosis regulation, 

the development of Raf or MEK inhibitors may prove useful in human cancer therapy. 

Raf-1 (also C-Raf), a member of the Raf family, has been shown to have important roles in 

apoptosis, as it binds to Bcl-2. The Raf-1/Bcl-2 interaction has been shown to protect cells 

from growth factor withdrawal-induced apoptosis (Wang et al. 1994). Raf-1 targeted to the 

mitochondria by Bcl-2 has been shown to phosphorylate and thereby inactivate the 

proapoptotic protein Bad (Wang et al. 1996). Rsk, a phosphorylation target of ERK, also 

has been implicated in cancer, since Rsk activity protects cells from apoptosis also through 

phosphorylation of Bad (Talapatra and Thompson 2001). Similar to Akt it is described that 

ERK directly phosphorylates and thereby blocks caspase-9 (Allan et al. 2003). Ras has 

been shown not only to activate the Raf/MEK/ERK cascade, but also to trigger PI3K 

activity (Shaw and Cantley 2006). In fact, PI3K- and Raf/MEK/ERK signaling are 

interacting. The first implication of their cross-talk was the finding that pharmaceutical 

inhibitors of the PI3K/Akt pathway are potent inhibitors of MAPK signaling (Schmidt et 

al. 2004, Conway et al. 1999).  

 

 

1.4.4 Inhibitors targeting survival pathways for cancer therapy 
 

It is now evident that PI3K signaling has significant therapeutic implications for tumor 

patients, including neuroectodermal tumor patients. Because tumor cells are often 

dependent on hyperactive PI3K signaling, restoring normal levels of PI3K signaling to 

these cells might be sufficient to slow tumor progression. Currently, inhibitors of PI3K 

signaling are under preclinical investigation in a wide range of tumors (Workman 2004, 

Gills and Dennis 2004, Lopiccolo et al. 2007).  

Early generation inhibitors of the pathway are the PI3K inhibitors wortmannin and 

LY294002. Both wortmannin and LY294002, target the p110 catalytical subunit of PI3K 

and have been extensively used as research tools. While the flavonoid derivate LY294002 

is a competitive and reversible inhibitor of the ATP binding site of PI3K, the fungal 

metabolite wortmannin covalently binds to the ATP-binding site of PI3K (Djordjevic and 

Driscoll 2002). Although wortmannin and LY294002 have demonstrated activity in 

preclinical testing, they are not applicable to clinical trials, because of instability, 

insolubility and high toxicity (Lopiccolo et al. 2007). This has led to development of water 
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soluble conjugates of these compounds and to research into new and more specific 

inhibitors of PI3K. For example PI103 is a newly described highly specific ATP-

competitive inhibitor of PI3K with selectivity towards p110α and mTOR (Knight and 

Shokat 2007, Fan and Weiss 2006).  

Akt is the key player of PI3K signaling pointing to a strong rational to target Akt in cancer 

treatment. Of the various approaches to inhibit Akt, lipid-based Akt inhibitors, like 

phosphatidylinositol ether lipid analogues show efficiency and tolerability in early clinical 

trials (Lopiccolo et al. 2007). As PI3K and its key mediator Akt are involved in regulating 

mTOR activity, much attention has been focused on targeting mTOR kinase in cancer 

treatment. Rapamycin is a macrolide antibiotic and the prototypic inhibitor of mTORC1, 

whereas its ester analogues CCI-779, developed for intravenous injection and RAD001 

(everolimus) designed for oral administration, show improved solubility and stability. 

Rapamycin, CCI-779 and RAD001 have potent activity as single agents, in combination 

with chemotherapy or radiation in vitro (Lopiccolo et al. 2007). Phase I and II clinical 

trials have shown that mTOR inhibition by CCI-779 and RAD001 is generally well 

tolerated and induces prolonged stable disease or even tumor regression in some patients 

(Dancey 2005, Vignot et al. 2005).  

In the preceding section it was discussed, that PI3K is also a target of the GTPase Ras. 

Disruption of Ras activity may also be effective for inhibition of PI3K activity. Several 

highly effective farnesyltransferase inhibitors have been identified to inhibit Ras by 

preventing it from localizing to the cell membrane and are undergoing clinical trials 

(Fresno Vara et al. 2004). Also, certain Raf inhibitors were developed that inhibit the Raf 

kinase activity. But inhibition of Raf activity is difficult, since Raf has several regulatory 

phosphorylation residues. The successful development of MEK inhibitors may be due to 

the relatively few phosphorylation sites on MEK. The two most widely used MEK 

inhibitors are PD98059 and U0126. Both PD98059 and U0126 are small molecule 

inhibitors that noncompetitively inhibit ERK1/2 to interrupt Raf/MEK/ERK signaling 

(Steelman et al. 2004, Favata et al. 1998). While PD98059 is inefficient in inhibiting 

MEK2, U0126 inhibits both kinases, MEK1 and MEK2 (Alessi et al. 1995, Favata et al. 

1998). The proximal involvement of Ras in the activation of the Raf/MEK/ERK cascade 

suggests that MEK inhibition might show efficiency in cancers where oncogenic Ras is a 

determinant in the cancer phenotype. 



Introduction   22

An overview of PI3K- mTOR- and Raf/MEK/ERK signaling and potential inhibitors are 

illustrated in Figure 4.  

 

 

 
 

 
Figure 4 Overview of PI3K- mTOR and Raf/MEK/ERK signaling  
Growth factors (GF) such as IGF-1 activate RTK receptors at the cell surface. Those signal to PI3K, which 
generates PIP3 secondary messengers. Via their pleckstrin homology domain Akt and PDK-1 bind to PIP3 
and translocate to the plasma membrane, where Akt becomes phosphorylated in the catalytical domain at 
threonine 308 (T) by PDK-1. Phosphorylation of Akt at Ser 473 (S) by mTOR-rictor fully activates Akt. 
Active Akt phosphorylates multiple substrates resulting in the regulation of several cellular processes. 
Negative regulation of PI3K signaling is mediated by PTEN (depleting PIP3 levels) and reduced expression 
of IRS at the IGF receptor mediated by p70 S6K. Akt phosphorylates and inhibits TSC2 and thus by 
activation of Rheb activates mTORC1. mTORC1 directly phosphorylates and thereby inactivates 4E-BP1 or 
activates p70 S6K to control protein biosynthesis. The key downstream network of RTKs stimulated by 
growth factors also include the Raf/MEK/ERK signaling cascade, which gets activated through Ras binding 
GTP (after various adapter proteins such as SOS or Grb2 stimulate the exchange of Ras-GDP to Ras-GTP). 
Ras-GTP activates Raf, which in turn activates MEK kinases leading to ERK activation, which 
phosphorylates a wide spectrum of substrates, including Rsk, that contributes to cell growth. Ras activates 
PI3K through binding of the p110 catalytical subunit of PI3K, whereas Ras can be activated in a PI3K-
dependent manner through binding of several of its RTK adaptor proteins to PIP3. Akt negatively regulates 
Raf/MEK/ERK signaling at the level of Raf, while ERK and Rsks negatively regulate TSC2 and thereby 
activate mTOR.  
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1.5 Aim of the study 
 

In this study the role of PI3K/Akt signaling in apoptosis regulation was investigated in two 

different, but related systems: glioblastoma and neuroblastoma. Inhibitors targeting 

specific signaling molecules including LY294002 and wortmannin to block PI3K, 

everolimus and rapamycin to block mTOR and U0126 to inhibit ERK were used, in the 

first part of this thesis to address the question whether combinational treatment with 

cytotoxic agents, such as Doxorubicin, Etoposide and Vincristin to trigger the 

mitochondrial apoptotic cascade and TRAIL or CD95 to induce the death receptor 

pathway, is a promising strategy for treatment of glioblastoma.  

While deregulated signaling via the PI3K/Akt pathway has been associated with poor 

prognosis in several human cancers its prognostic relevance in neuroblastoma has 

remained obscure. Therefore, in the second part of this study, the activation status of key 

elements of the PI3K/Akt signaling cascade and its correlation with established prognostic 

markers and survival outcome in primary neuroblastoma tumor samples were investigated 

using tissue microarray. In order to elucidate the role of PI3K/Akt signaling in resistance 

of neuroblastoma cells toward apoptosis, IGF-1 was used to stimulate PI3K/Akt signaling 

in neuroblastoma cells and the effect of activation of PI3K/Akt signaling by IGF-1 on 

drug- or death receptor-induced apoptosis was investigated.  
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2 Materials and Methods 
 

2.1 Materials 
 

All chemicals and reagents were pursued from Sigma, except listed below. 

 

2.1.1 Cell culture reagents 
 

RPMI 1640 medium       Life Technologies, Inc. 

Dulbecco´s modified eagle medium    Life Technologies, Inc. 

Trypsin/EDTA solution       Biochrom 

HEPES buffer        Biochrom 

PBS           Biochrom 

Penicilline/Streptomycin      Biochrom 

L-Glutamine         Biochrom 

Fetal Calf Serum         Biochrom 

Trypan blue         invitrogene 

 

 

2.1.2 Protein electrophoresis and Western blot analysis 
 

Polyacrylamid Rotiphorese 30     Merck 

2-Mercaptoethanol       Merck 

Bovines Serum Albumin BSA     Serva 

ProSieve color protein markers      BMA 

Milk Powder         Roth 

Enhanced Chemiluminescence     Amersham Bioscience 

Nitrocellulose membrane      Amersham Bioscience 

Hyperfilm ECL        Amersham Bioscience 

BCA Protein Assay Reagent Kit      PIERCE 
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2.1.3 RT-PCR and related material 
 

RNeasy Mini Kit         Qiagen 

PCR-Mastermix        Promega 

ImPro-II Reverse Transcription system   Promega 

6xLoading Dye Solution      Fermentas 

100 bp DNA ladder       invitrogene 

 

 

2.1.4 siRNA duplex oligoribonucleotides  
 

PI3K p110α  PIK3CA StealthTMRNAi (PIK3CAHSS10800 4-6)  invitrogene 

PI3K p110β  PIK3CB StealthTMRNAi (PIK3CBHSS10800 7-9)  invitrogene 

FRAP1   mTOR1 SMARTpool RNAi (M-003008-01)   Dharmacon 

control RNAi  non-targeting control RNAi (D001206-13-20)   Dharmacon 

TransMessenger transfection reagent Kit        Qiagen 

 

 

2.1.5 Protein and caspase inhibitors and related material 
 

LY 294002        Calbiochem 

U0126         Calbiochem 

everolimus        Novartis Pharma AG 

DMSO         Merck 

DTT         Calbiochem  

zVAD.fmk        Bachem 

Mito Tracker Red CMXRos     Molecular Probes 

IETD-AFC        BioCat Inc. 

DEVD-D2R        Roche 

LEHD-AFC        Bachem 

VDAVD-AFC       Bachem 
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2.1.6 Other material 
 

TRAIL          R&D Systems, Inc. 

y-32P-ATP        Amersham Bioscience 

Printed Filtermat A      Wallac 

Vectashield mounting medium    Vector Laboratories 

Formaldehyde (37%)      J.T. Baker 

 

 

2.1.7 Plasticware 
 

All plastic material was supplied by BD Falcon, except:  

 

Safe-lock tubes       Eppendorf  

Combitipps        Eppendorf  

 

 

2.1.8 Hardware 
 

Agarose Gel Apparatur      Appligene 

Cell Harvester       Inotech 

Confocal: Leica TCS NT     Leica Microsystems 

Developer Kodak M1000     Kodak  

Electrophoresis Power Supply EPS 300  Pharmacia Biotech  

ELISA ELx 800       BioTek Instruments Inc. 

FACScan        BD Biosciences 

Finnpipette        ThemoLabsystems  

Gel Imager Intas UV-Systeme    Intas 

Incubator BBD 6220      Heraeus Instruments 

Mastercycler gradient      Eppendorf  

MS Minishaker       MS Laborgräte 

Multipette Plus       Eppendorf AG 

Plate reader WALLAC 1420 VICTOR 
MULTILABLE COUNTER    Perkin-Elmer 
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Pipetboy acu        IBS Integra Biosciences 

Pipettes         Abimed 

Shaker Polymax 2040      Heidolph-Elektro  

Thermomixer Comfort      Eppendorf 

Top Count NXT       Perkin-Elmer 

TransBlot SD        BioRad Laboratories 

Ultrospec 2000 UV/Visible Photometer  Pharmacia Biotech 

Waterbath        Köttermann-Rowa 

 

 

2.1.9 Antibodies 
 

2.1.9.1 Western blot analysis and immune fluorescence 
 

rabbit anti-phospho Akt (Ser473) polyclonal antibody  1:1000 (WB) Cell Signaling 

rabbit anti-phospho-Akt (Ser473) polyclonal antibody 
(IHC specific)          1:100 (IHC) Cell Signaling 
 
rabbit anti phospho-Akt (Thr308) (244F9) 
monoclonal antibody        1:1000 (WB) Cell Signaling 
 
rabbit anti phospho-Akt (Thr308) (244F9) 
monoclonal antibody        1:100 (IHC) Cell Signaling 

mouse anti- Akt monoclonal antibody     1:500  BD Bioscience 

rabbit anti-phospho S6 ribosomal protein (Ser235/236)  
polyclonal antibody         1:1000 (WB) Cell Signaling 
 
rabbit anti-phospho S6 ribosomal protein (Ser235/236)  
polyclonal antibody         1:400 (IHC) Cell Signaling 
 
rabbit anti-S6 ribosomal protein polyclonal antibody  1:1000  Cell Signaling 

mouse anti-phospho ERK (Thr202/Tyr204)(E10)    
monoclonal antibody        1:2000 (WB) Cell Signaling 
 
mouse anti-phospho ERK (Thr202/Tyr204)(E10)    
monoclonal antibody        1:400 (IHC) Cell Signaling 
 
rabbit anti-ERK polyclonal antibody      1:10000  Sigma 

rabbit anti-PI3K p110α polyclonal antibody    1:1000  Cell Signaling 

rabbit anti-PI3K p110β monoclonal antibody    1:500  Abcam 

rabbit anti-mTOR polyclonal antibody     1:1000  Cell Signaling 

mouse anti-caspase-8 monoclonal antibody    1:1000  ApoTech 
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rabbit anti-caspase-3 polyclonal antibody    1:1000  Cell Signaling 

rabbit anti-caspase-9 polyclonal antibody    1:1000  BD Bioscience 

mouse anti-caspase-2 monoclonal antibody    1:1000  BD Bioscience 

rabbit anti-Bid polyclonal antibody      1:1000  R&D Syst. Inc. 

mouse anti-FLIP monoclonal antibody NF    1:10   (provided by 
 P. Krammer) 

mouse anti-p53 monoclonal antibody     1:1000  BD Pharmingen 

rabbit anti-Bax polyclonal antibody     1:1000  upstate biotechnol. 

mouse anti-Bcl-2 monoclonal antibody    1:1000  BD Pharmingen 

rabbit anti-cIAP2 polyclonal antibody  1:1000  R&D Syst. Inc. 

mouse anti-XIAP monoclonal antibody (clon 28)  1:1000  BD Bioscience 

rabbit anti-survivin polyclonal antibody  1:1000  R&D Syst. Inc. 

mouse anti-FADD monoclonal antibody  1:1000  BD Bioscience 

mouse anti-TRAIL monoclonal antibody  1:1000  BD Pharmingen 

mouse anti-β-actin monoclonal antibody   1:10000  Sigma 

mouse anti-α-tubulin monoclonal antibody  1:5000  Sigma 

goat-anti-mouse IgG conjugated to HRP   1:5000  Santa Cruz 

goat-anti-rabbit IgG conjugated to HRP  1:5000  Santa Cruz 

anti-cytochrome c monoclonal antibody     1:100  Promega 

FITC-conjugated anti-mouse IgG antibody    1:100  Chemicon 

 

 

2.1.9.2 Surface staining 
 

anti-IGF-1 receptor (Ab-1) monoclonal antibody  1:10   Oncogene 

PE-conjugated anti-mouse IgG  1:20   Dinova 

 

 

2.1.9.3 Apoptosis induction 
 

purified antibody against APO-1 (CD95) receptor   provided by G. Strauss 
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2.1.10 Glioblastoma cell lines 
 

U87MG   ATCC 

A172   ATCC 

U138MG  ATCC 

U118MG  ATCC 

T98G   ATCC 

U373MG  ATCC 

LN18   ATCC 

LN229   ATCC 

 

 

2.1.11 Neuroblastoma cell lines 
 

N-type (neuroblastic) cells     S-type (substrate adherent) cells 

 

SH-SY5Y   DSMZ    SH-EP    DSMZ 

SK-N-BE   DSMZ    SK-N-AS   ATCC 

IMR-32    DSMZ    SK-N-SH   ATCC 

Kelly    DSMZ 

 

 

2.1.12 Establishment of primary cultured glioblastoma cells 
 

Primary cultured glioblastoma cells were obtained from distinct surgical specimens. 

Biopsy material was mechanically dispersed and put in a tissue culture flask in complete 

medium. The medium was replaced after 48h and thereafter in a rhythm of 4 to 5 days. 

GB1 primary cultured cells derived from a 10 years old patient from the University 

Children’s Hospital Ulm, GB2 primary cultured cells derived from a 42 years and GB3 

from a 78 years old patients from the Department of Neurosurgery, Ev. Jung-Stilling-

Krankenhaus Siegen. 
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2.2 Methods 
 

2.2.1 Cell culture 
 

Glioblastoma cell lines and SH-SY5Y, SH-EP, SK-N-BE, SK-N-AS and SK-N-SH 

neuroblastoma cells were cultured in DMEM, Kelly and IMR32 neuroblastoma cell lines 

were maintained in RPMI 1640. All were supplemented with 10% fetal calf serum, 1 mM 

glutamine, 1% penicilline/streptomycin and 25 mM HEPES as described previously (Fulda 

et al. 1997). For in vitro experiments glioblastoma cells were seeded at 0.5 x 105 cells/cm2, 

except U118MG glioblastoma cells, which were seeded at 0.8 x 105 cells/cm2. For 

proliferation assay U87MG glioblastoma cells were seeded at 0.3 x 105 cells/cm2. 

Neuroblastoma cells were seeded at 0.8 x 105 cells/ cm2, SH-EP neuroblastoma cells were 

seeded in lower density at 0.5 x 105cells/cm2 and SH-SY5Y and IMR32 neuroblastoma 

cells were seeded at higher density at 1 x 105 cells/cm2, allowed to settle for 24h and 

washed once with PBS before treatment. Experiments with kinase inhibitors and IGF-1 or -

2 were performed in serum free medium, unless otherwise indicated.  

 

 

2.2.2 Induction and determination of apoptosis 
 

For measurement of apoptosis cells were grown in 12 or 24 well culture plates and then 

glioblastoma cells were pretreated with kinase inhibitors for 1h before adding of TRAIL, 

CD95, Doxorubicin, Etoposide, Vincristin or Cisplatin in the presence or absence of kinase 

inhibitors in serum free medium. For combination experiments glioblastoma cells were 

pretreated for 1h with LY294002 and everolimus, or LY294002 and U0126. The MEK 

inhibitor U0126 was reapplied after 24h at a concentration of 5 µM.  

Before apoptosis induction neuroblastoma cells were pretreated with IGF-1 and/or 

LY294002 for 4h in serum free medium or for 1h with LY294002 in medium containing 

10% FCS. 

Quantitative determination of apoptosis was performed according to the method described 

by Nicoletti and colleagues (Nicoletti et al. 1991). Cells were harvested at indicated time 

points and washed once with PBS. Cells were resuspended in hypotonic fluorochrome 

solution containing 50 µg/ml propidium iodide, 0.1 % sodium citrate and 0.4% triton-X 
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100. After incubation at 4°C for 4h or 16h, the content of hypodiploid DNA was 

determined by flow cytometry using fluorescence-activated cell-sorting (FACS). In all 

experiments the percentage of specific apoptosis was calculated as follows: 100 x 

[experimental apoptosis (%) – spontaneous apoptosis in medium-DMSO (%)] /[100%- 

spontaneous apoptosis in medium-DMSO (%)]. 

 

 

2.2.3 Determination of cell viability 
 

Cell viability was determined by colorimetric assay measuring the reduction of the 

modified tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyl-tetrazolium bromide 

(MTT) to colored formazan by metabolically active cells. According to the manufacturer’s 

instruction, cells were plated and stimulated in 96 well microtiter plates before incubating 

with 1 mg/ml MTT in RPMI 1640 medium without phenolred for 3h at 37°C. To 

precipitate the reduced, water-insoluble formazan salt, isopropyl alcohol was added for 

additional 30min by gently shaking the plates at room temperature. Then the microtiter 

plates were analyzed in an ELISA plate reader at 550 nm.  

 

 

2.2.4 Determination of proliferation 
 

U87MG cells were pretreated for 1h with LY294002 before adding of TRAIL or 

Doxorubicin in serum free medium in the presence or absence of LY294002. Proliferation 

of U87MG cells was measured by incorporation of H3-thymidine during DNA synthesis. 

Therefore U87MG cells were labeled with 1 µCi H3-thymidin per well and incubated for 

16h at 37°C and afterwards lysed by -80°C. To harvest cells, plates were thawed and 

transferred to Printed Filtermat A using cell harvester. Then counts were measured at Top 

Count NXT. 
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2.2.5 Colony forming assay 
 

10.000 to 20.000 cells were treated in suspension at 37°C with TRAIL for 12h or with 

Doxorubicin for 1h in the presence or absence of 20 µM LY294002 or 0.2% DMSO as 

control. The reaction was stopped by adding 10 x the volume of complete medium and 

cells were seeded in a 55 cm² tissue culture plate. Medium was exchanged 24h after 

seeding and colonies were stained after incubation for 15-20 days with crystal violet 

solution (0.75% crystal violet, 50% ethanol, 0.25% NaCl and 1,57% formaldehyde).  

 

 

2.2.6 Knockdown of PI3K and mTOR by RNA interference 
 

Glioblastoma cells were seeded at 0.2 x 105 cells/cm2 in a 12 well tissue culture plate and 

allowed to settle overnight. Next day cells were transfected with 60 pmol of either 

PIK3CA Stealth TM RNAi or PIK3CB Stealth TM RNAi or FRAP1 SMARTpool RNAi or 

non-targeting control RNAi using TransMessenger transfection reagent in a total volume 

of 378 µl per well. Transfection medium was replaced by complete medium after 3.5h. 

Next day transfection was repeated, but recovering was stopped after 3h and cells were 

serum-starved overnight before treatment with TRAIL or Doxorubicin for 48h.  

 

 

2.2.7 Protein extraction 
 

For protein preparation of whole cell lysate, cells were collected and washed twice with 

PBS. Cells were lysed for 15 min on ice in lysis buffer containing 30 mM Tris-HCl (pH 

7.5), 150 mM NaCl, 1% Triton-X 100, 10% glycerol, protease inhibitor cocktail and 2 mM 

DTT, 200 µM PMSF, 1 mM Na3VO4, 10 nM ocadaic acid, 1 mM ß-glycerolphosphate, 1 

mM EDTA and 50 mM sodium fluoride, followed by centrifugation at 14000 rpm for 

25min to clear the lysate. Determination of protein content was done using BCA Protein 

Assay Reagent Kit. 
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2.2.8 Western blot analysis 
 
Proteins were separated based on their molecular size using one dimensional SDS gel 

electrophoresis under denaturating conditions. For this purpose 10% polyacrylamide gels 

were casted. Fifty micrograms of lysate were denaturated for 5 min at 96°C and loaded in 

SDS-loading buffer containing 60 mM Tris/HCl pH 6.8, 1% SDS, 5% glycerol, 0.01 

mg/ml Bromphenolblue, 0.34 M β-Mercaptoehtanol. ProSieve color protein markers were 

loaded as protein size standard on to each gel. Electrophoresis was down in running buffer 

containing 125 mM TrisBase, 1.25 M Glycin and 0.1% SDS. Immediately after 

electrophoresis proteins were transferred in blotting buffer (48 mM TrisBase, 39 mM 

Glycin, 0.037% SDS and 20% Methanol) on to a hybond ECL nitrocellulose membrane by 

a semidry blotting system. Membranes were blocked for 1h in PBS supplemented with 5% 

milk powder or 2.5% BSA and 0.1% Tween 20 to reduce unspecific protein binding. For 

detection of specific proteins membranes were incubated overnight with the primary 

antibodies as indicated above, followed by 1h incubation with the horseradish peroxidase-

conjugated secondary antibody, and detection was performed by enhanced 

chemiluminescence. For all Western blot analyses β-actin or α-tubulin were used as 

loading control. All Western blots shown are representative of at least two independent 

experiments. 

 

 

2.2.9 RT-PCR 
 

RNA was isolated using RNeasy Mini Kit from QIAGEN. 1 µg RNA was transcribed 

using ImProII Reverse transcription system. The sequences of the primer were as followed:  

gene forward  reverse Tm (°C) cycles 

IGF-1 gaaaaatcagcagtcttccaaccc cttctgggtcttgggcatgtcgg 58 35 

IGF-2 gtgcttctcaccttcttggc ggggtatctggggaagttgt 58 35 

β-actin ctccggcatgtgcaaggc acggagtacttgcgctcagg 58 35 

 

IGF-1,-2 and β-actin primer sequences were designed using Primer 3 Output. As control 

for IGF-1 and IGF-2 expression cDNA from SGSB preadipocytes and primary 

preadipocytes (provided by P. Fischer-Posovsky) were used as these cells have been shown 

to produce IGF-1 and -2 (Wabitsch et al. 2000, Fischer-Posovszky et al. 2004). For RT-
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PCRs β-actin was used as control for transcription of equal amounts of cDNA. RT-PCRs 

shown are representative of at least two independent experiments.  

 

 

2.2.10 Caspase activity assay  
 

Enzymatic activity of caspase-2, -3, -8 and -9 in U87MG and A172 glioblastoma cells was 

analyzed using fluorimetric substrates for caspase-2 (VDAVD-AFC), caspase-3 (DEVD-

D2R), caspase-8 (IETD-AFC) and caspase-9 (LEHD-AFC). After washing in PBS, 1 x106 

cells/ well were lysed in 30 mM Tris/HCl, 150 mM NaCl, 1% Triton-X 100, 10% Glycerol 

and Protease Inhibitor cocktail in 96 well plates and incubated with caspase substrate for 

1h at 37°C. Fluorescence intensity, which is proportional to the amount of the free 

reduction product AFC or D2R, was measured at 510 nm or 535 nm using 1420 Victor 

Multilabel Counter.  

 

 

2.2.11 Caspase inhibition 
 

To inhibit caspase activity in U87MG and A172 glioblastoma cells, the broad-range 

caspase inhibitor zVAD.fmk was added after pretreatment with LY294002 at concentration 

of 50µM for 24h or 48h.  

 

 

2.2.12 Determination of mitochondrial membrane potential 
 

During apoptosis the potential of cellular membranes often drops due to pore formation or 

pore opening in membranes. Permeabilisation of mitochondrial membranes can be 

measured using Mito Tracker Red CMXRos staining. The reduced version of Mito Tracker 

Red CMXRos does not fluorescence until entering an actively respiring cell, where it is 

oxidized by Ros to a red fluorescent compound and thus redistributes upon mitochondrial 

membrane permeabilisation (MMP) to the cytoplasm. To measure the mitochondrial 

membrane potential, A172 glioblastoma cells were incubated with 1µM CMXRos in PBS 

for 30min at 37°C and immediately analyzed by flow cytometry. 
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2.2.13 Determination of cytochrome c release by flow cytometry 
 

Cytochrome c release was determined in permeabilized A172 glioblastoma cells using 

mouse anti-cytochrome c monoclonal antibody. To this end, A172 cells were washed and 

fixed in 4% paraformaldehyde for 20 min at 4°C. Permeabilization was done with 0.2% 

Saponin and 5µl MouseIgG1, Kappa MOPC 21 for 5min at room temperature. 1µl of 

primary mouse anti-cytochrome c monoclonal antibody was added for additional 20min at 

4°C. After washing away unbound primary antibody with PBS, cells were incubated with 

1µl of goat anti-mouse-IgG2b-FITC antibody for 20 min at 4°C. Cells were analyzed using 

flow cytometry after washing away unbound secondary antibody with PBS. 

 

 

2.2.14 Determination of cytochrome c release by immunofluorescence microscopy  
 

To visualize mitochondria A172 glioblastoma cells were cultured on 8 well chamber slides 

at 0.5 x 105 cells/cm2 allowed to growth overnight, washed, treated and stained with 200 

nM Mito Tracker Red CMXRos for 40 min at 37°C prior to fixation in 3,7% 

formaldehyde/PBS for 15 min at room temperature at indicated time points. After several 

washes with PBS, cells were permeabilized by adding 0.5% Triton-X 100/PBS for 5 min. 

After 1h blocking in 10%FCS/PBS, cells were incubated with mouse anti-cytochrome c 

monoclonal antibody (1:100 dilution) over night at 4°C, followed by several washes and 

subsequent incubation with a 1:100 dilution of FITC-conjugated anti-mouse IgG for an 

additional hour at 4°C. After several more washes, chamber slides were drained, mounted 

using VECTASHIELD mounting medium for fluorescence analysis by laser scanning 

confocal microscopy. 

 

 

2.2.15 Cell surface staining  
 

To analyze expression of the IGF-1 receptor, 5 x 105 non-fixed SH-EP, SH-SY5Y or SK-

N-SH neuroblastoma cells were incubated with anti-IGF-1 receptor monoclonal antibody 

(10 µg/ml) for 20 min at 4°C. After washing with PBS cells were incubated with a 1:20 
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dilution of PE-conjugated anti-mouse IgG for additional 20 min at 4°C before washing and 

analysis by flow cytometry. 

 

 

2.2.16 Human Tissue microarray  
(kindly done by Christopher Poremba, Institute of Pathology, Heinrich-Heine-University, 

Düsseldorf) 

 

Patients  
 
A total of 116 patients of the Cooperative German Neuroblastoma Trials NB90, NB95 and 

NB97 were analyzed by tissue microarray. Briefly, representative tissue blocks were 

selected as donor blocks for the tissue microarray. Sections were cut from each donor 

block and stained with hematoxylin and eosin. Using these slides, one morphologically 

representative region was chosen from each of the 116 neuroblastoma samples. One 

cylindrical core tissue specimen per tumor block (diameter = 2.0 mm) was punched from 

these regions and precisely arrayed into a new recipient paraffin block using a custom-built 

precision instrument (Beecher Instruments, Silver Spring, MD). Tumor samples were taken 

prior to chemotherapy. Characteristics of patient’s tumors are summarized in Table 1. 

 

 
Table 1 Characteristics of neuroblastoma patient’s tumors 
 

stage 1 2 3 4 4S 
 43/116 (37.1%) 18/116 (15.5%) 15/116 (12.9%) 34/116 (29.3%) 6/116 (5.2%) 
 

age median (y) range (y) 
 1.3 0.4-11.7 
 

MYCN  no amplification amplification 
 96/110 (87.3%) 14/110 (12.7%) 
 

1p36  no aberration aberration  
 37/44 (84.1%) 7/44 (15.9%) 
 

SHIMADA favorable unfavorable 
 75/108 (69.4%) 33/108 (30.6%) 
 

 
 
116 patients of the Cooperative German Neuroblastoma Trials were analyzed by tissue microarray. Data on 
MYCN amplification were available for 110 patients, on 1p36 aberrations for 44 patients and on SHIMADA 
classification for 108 patients. Median survival: 7.1 years. 
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Immunohistochemistry 
 
Three-micrometer sections were prepared from the tissue microarray and mounted on to 

silane-coated glass slides. Immunohistochemical analyses with rabbit anti-phospho-Akt 

(Ser473) monoclonal antibody, rabbit anti-phospho-S6 ribosomal protein (Ser235/236) 

polyclonal antibody, rabbit anti-phospho-ERK (Thr202/Tyr204) (E10) monoclonal 

antibody and rabbit anti-phospho-Akt (Thr 308) monoclonal antibody were performed. 

Pretreatment for antigen retrieval was done by pressure cooker (10 mM sodium citrate 

buffer pH 6.0, 10 min). After blockage of biotin and peroxidase, immunohistochemical 

staining was performed on an automated immunostainer (Biogenex, i6000, San Ramon, 

CA) using a standard labeled streptavidin-biotin method (UltraTek Reagent Detection Kit, 

Scy Tek, Logan, UT) followed by 3,3 V-diaminobenzidine enzymatic development. 

Sections were counterstained blue with hematoxylin. Omission of the primary antibody 

served as negative control. Immunohistochemical stainings were evaluated by a 

pathologist, (C.P.), who was blinded to all clinical parameters, semiquantitatively by 

percentage of stained tumor cells and staining intensity (low phosphorylation: intermediate 

or strong staining in <1% of tumor cells; high phosphorylation: intermediate or strong 

staining in >50% of tumor cells). 

 

 

Analysis of MYCN amplification and chromosomal alterations  

 
Determination of the MYCN status was assessed in neuroblastoma tumors by fluorescence 

in situ hybridization (FISH), PCR or Southern blot analysis. According to the European 

Network for Quality Assurance in Higher Education guidelines (Ambros and Ambros 

2001), MYCN amplification was defined as over 4-fold increase of MYCN signal number in 

relation to the number of chromosomes 2. Chromosomal aberrations in 1p36 were 

investigated in neuroblastoma tumors using FISH or PCR. 
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Statistical analysis of tissue microarray  

(kindly done by Thorsten Simon, Children’s Hospital, Paediatirc Oncology, University of 

Cologne, Cologne) 

 

To compare variables of interest, χ2 test, Fisher’s exact test or Wilcoxon test were used 

where appropriate. Survival curves were calculated according to Kaplan-Meier and 

compared with log rank test. Event-free survival (EFS) was calculated as the time from 

diagnosis to event or last examination if the patient had no event. Recurrence, progression 

of disease, and death from disease were counted as events. Overall survival (OS) was 

calculated as the time from diagnosis to death or last examination, if the patient survived. 

Death resulting from therapy complications (n=6) as well as development of secondary 

malignant disease (n=1) were censored for EFS and OS analysis.  

 

 

2.2.17 Tumor lysates  
(kindly provided by Bernd Berwanger and Holger Christiansen, University Children’s 

Hospital, Marburg) 

 

47 primary neuroblastoma specimens from children of the Cooperative German 

Neuroblastoma Trials, which have previously been described (Berwanger et al. 2002), 

were analyzed for phospho-Akt, phospho-S6 ribosomal protein or phospho-ERK levels by 

Western blot analysis. Cellular proteins were extracted from primary neuroblastoma tumor 

samples by lysing 100 mg of tumor tissue with 500 µl of ice cold lysis buffer (150 mM 

NaCl, 1% NP-40, 40,5 mM Tris-Buffer pH8, protease and phosphatase inhibitors). 
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2.2.18 Statistical analysis 
 
For statistical analysis Student´s t-test (two-tailed distribution, two-sample unequal 

variance) were performed comparing treatment with vs treatment without LY294002, 

wortmannin, everolimus, rapamycin, U0126, IGF-1 unless otherwise indicated. The 

statistical significance level was determined as significant at p<0.05(*) and as highly 

significant at p<0.001(**).  

Combination index (CI) was calculated using “CalcuSyn” software for dose effect analysis 

(BIOSOFT, Ferguson, MO) on the basis of a dose response curve determining apoptosis by 

analysis of propidium iodide-stained nuclei of cells treated with death receptor ligands, 

chemotherapeutic agents or LY294002 alone or in combination.  

 

 

2.2.19 Densitometric analysis 
 

Densitometric analysis was performed using NIH Image 1.62.  
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3 Results Part 1: Importance of PI3K signaling in glioblastoma 
 

3.1 Constitutive activity of PI3K signaling in human glioblastoma cell lines  
 

In search for novel strategies to overcome resistance of malignant glioblastoma, the role of 

PI3K signaling in the regulation of cell death in human glioblastoma cells was investigated. 

The first question arising was, whether PI3K signaling is constitutively active in glioblastoma 

cell lines. To address this question a panel of human glioblastoma cell lines, including 

U87MG, U118MG, U138MG, U373MG, T98G, A172, LN18 and LN229, were cultured for 

24h under serum deprivation (0% FCS), or for comparison in medium containing 10% FCS. 

Constitutive activity was defined as phosphorylation of Akt at Ser 473, S6 ribosomal protein 

and ERK after complete serum deprivation for 24h, since growth factors present in the serum 

are known to trigger PI3K (Blume-Jensen and Hunter 2001).  

 
 
 
Figure 5 Activation of PI3K and Raf/MEK/ERK signaling in glioblastoma cell lines 
Human glioblastoma cell lines were cultured for 24h in medium containing either 0% FCS (-) or 10% FCS (+). 
Incubation was followed by Western blot analysis of Akt, S6 ribosomal protein and ERK protein expression 
levels and phosphorylation status. β-actin was used as loading control. 
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As shown in Figure 5, strong phosphorylation of Akt in U87MG, U118MG, U138MG and 

A172 glioblastoma cells even under complete serum deprivation for 24h was found. In 

comparison, U373MG, T98G, LN18 and LN229 glioblastoma cells exhibited moderate or low 

phosphorylation of Akt under complete serum starvation, while Akt was phosphorylated in all 

cell lines when cultured in medium containing 10% FCS (Figure 5). The reduced 

phosphorylation status of Akt in the absence of an additional stimulus in LN18 and LN229 

glioblastoma cells correlates with the nonexistence of any activating mutation in the PTEN 

gene of these cell lines (Ishii et al. 1999). In addition, phosphorylation of the S6 ribosomal 

protein, a downstream target of mTOR, was phosphorylated at variable levels in glioblastoma 

cell lines with marked phosphorylation in U87MG, U118MG, A172 and LN18 cells and 

moderate phosphorylation in U138MG, U373MG, T98G and LN229 cells (Figure 5). High 

phosphorylation of S6 ribosomal protein correlated with high Akt phosphorylation in some 

cell lines (e.g. U87MG, U118MG, A172), but not in others (e.g. U138MG). This is in line 

with the notion that additional factors, e.g. nutrients, may be involved in the regulation of S6 

ribosomal protein phosphorylation (Bjornsti and Houghton 2004). As interactions between 

PI3K and Raf/MEK/ERK signaling have been described (Schmidt et al. 2004, Zimmermann 

and Moelling 1999, Rommel et al. 1999), the phosphorylation of ERK, a direct target of 

MEK, was also assessed. ERK was found to be phosphorylated in all cell lines independent of 

serum (Figure 5).  

Interestingly, those cell lines which exhibited decreased phosphorylation of S6 ribosomal 

protein upon addition of serum (U118MG, U138MG, U373MG, LN18 and LN229), also 

appeared to have decreased levels of phosphorylated ERK, suggesting a possible regulatory 

relationship between ERK and S6 ribosomal protein (Figure 5). Long term serum stimulation 

has been described to inhibit Raf/MEK/ERK signaling (Volmat et al. 2001) and this inhibition 

can even be mediated via increased Akt activity (Guan et al. 2000), while ERK, in turn, has 

been demonstrated to regulate S6 ribosomal protein via at least two independent signaling 

pathways (Richards et al. 1999, Wang et al. 2001). 

Together, these results demonstrate constitutive phosphorylation of Akt, S6 ribosomal protein 

and ERK, as surrogate readouts for PI3K, mTOR or MEK activity, respectively to a variable 

extent in glioblastoma cell lines. To further investigate the role of PI3K survival signaling in 

regulation of apoptosis in glioblastoma, U87MG, U138MG and A172 glioblastoma cell lines, 

which showed strong phosphorylation of Akt and S6 ribosomal protein, were selected.  
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3.2 Inhibition of PI3K sensitizes glioblastoma cells for death receptor-induced 
apoptosis  

 

In light of the finding of constitutive activity of PI3K signaling in the majority of 

glioblastoma cell lines, the next question to be answered was, whether blocking of PI3K alters 

apoptosis sensitivity in U87MG, A172 and U138MG glioblastoma cells. To address this 

question, upstream blocking at the level of PI3K by LY294002 was utilized and the inhibition 

of Akt phosphorylation as surrogate readout of PI3K inhibition was assessed by Western 

blotting. Initially, it was examined whether and at what concentration LY294002 inhibited 

PI3K in glioblastoma cells. To this end, U87MG glioblastoma cells were treated with 

different concentrations of LY294002 for various times. Western blot analysis showed that 

phosphorylation of Akt was completely blocked from 1h to 48h with 20 µM, 40 µM and 50 

µM LY294002 (Figure 6). To keep the DMSO content low during experiments 20 µM 

LY294002 was used for further investigations.  

 

 

 

 

 

 

 

 
Figure 6 LY294002 inhibits phosphorylation of Akt in glioblastoma cells 
U87MG glioblastoma cells were treated with LY294002 in medium containing 0% FCS for indicated times and 
concentrations. Incubation was followed by Western blot analysis of Akt protein expression level and 
phosphorylation status. β-actin was used as loading control. 
 

 

Next U87MG, A172 and U138MG glioblastoma cells were cultured in the presence of 20 µM 

LY294002 for 1h, 24h up to 48h in serum free medium. As shown in Figure 7, 

phosphorylation of Akt was rapidly inhibited within 1h in U138MG, A172 and U87MG 

glioblastoma cells for a prolonged time period of up to 48h, as indicated by the ratio of 

phospho-Akt to Akt levels after treatment with LY294002 compared to DMSO-treated cells. 

Also, LY294002 inhibited phosphorylation of S6 ribosomal protein quickly and for a 

prolonged time in each of the cell lines, indicating that Akt and S6 ribosomal protein are 

phosphorylated in a PI3K-dependent manner (Figure 7). Interestingly, LY294002 also 
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repressed phosphorylation of ERK in U87MG cells, whereas no such effect was observed in 

U138MG and A172 cells (Figure 7). This finding indicates that cell type specific differences 

exist in the cross-talk between PI3K and Raf/MEK/ERK signaling. Such an interplay between 

inhibition of PI3K and blockage of ERK, has been reported in several other systems (Scheid 

and Woodgett 2000).  

 

 

 
 
Figure 7 Effect of PI3K inhibition on phosphorylation status of Akt, ERK and S6 ribosomal protein 
U138MG, A172 and U87MG glioblastoma cells were treated with 20 µM LY294002 for 1h, 24h and 48h in 
medium containing 0% FCS, with medium containing 10% FCS for 24h or in medium containing 0% FCS and 
0.2% DMSO for 24h. Protein expression levels and phosphorylation status of Akt, S6 ribosomal protein and 
ERK were assessed by Western blot analysis. β-actin was used as loading control. Levels of phospho-Akt and 
Akt were determined by densitometry. Phosphorylation status of Akt is expressed as phospho-Akt/Akt ratio of 
LY294002-treated cells in percentage of DMSO-treated control. M, molecular weight marker. 
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To explore the role of PI3K in regulating apoptosis of glioblastoma cells, two prototypic 

classes of stimuli that are known to trigger apoptosis via distinct pathways were selected: 

death-inducing ligands that stimulate the death receptor (extrinsic) pathway of apoptosis and 

cytotoxic agents that activate the mitochondrial (intrinsic) pathway. First, the effect of PI3K 

inhibition on apoptosis sensitivity after death receptor stimulation was investigated. To this 

end, U87MG, A172 and U138MG glioblastoma cells were pretreated with LY294002 for 1h, 

followed by treatment with TRAIL in the absence or presence of LY294002. Inhibition of 

PI3K by LY294002 significantly enhanced TRAIL-induced apoptosis in a dose- and time-

dependent manner in U87MG and U138MG glioblastoma cells (Figure 8). In A172 cells 

apoptosis increased in a dose-dependent manner, but cell death was not enhanced from 24h to 

48h, possibly because phosphorylation of Akt is slightly increased again between 24h and 48h 

(Figure 8, Figure 7). Calculation of combination index revealed that the interaction between 

LY294002 and TRAIL to trigger apoptosis is synergistic (Table 2). 
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Figure 8 Inhibition of PI3K sensitizes glioblastoma cells for TRAIL-induced apoptosis 
U87MG, A172 and U138MG glioblastoma cells were pretreated or not with 20 µM LY294002 for 1h and then 
treated with TRAIL in the presence ( ) or absence ( ) of 20 µM LY294002 for 24h (upper lane) or 48h (lower 
lane) at indicated concentrations. Apoptosis was determined by FACS analysis of DNA fragmentation of 
propidium iodide-stained nuclei and percentage of specific apoptosis is shown. Apoptosis induced by LY294002 
alone: U87MG cells 9% at 24h, 21% at 48h, A172 cells 6% at 24h, 10% at 48h, U138MG cells 17% at 24h, 29% 
at 48h. Data represent mean + SEM of three independent experiments performed in triplicate.  
 

 

To explore whether sensitization to TRAIL-induced apoptosis by PI3K inhibition occurred in 

a dose-dependent manner, dose response experiments were performed, using different 

concentrations of LY294002. As shown in Figure 9 LY294002 enhanced TRAIL-induced 

apoptosis in a dose-dependent fashion in glioblastoma cells. To double confirm this 

sensitization provided by PI3K inhibition, wortmannin another PI3K inhibitor was used and 

found to significantly increase TRAIL-induced apoptosis in a dose-dependent manner in 

U87MG and A172 glioblastoma cells (Figure 9). 
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Figure 9 Inhibition of PI3K by LY294002 or wortmannin sensitizes glioblastoma cells for TRAIL-induced 
apoptosis  
U87MG and A172 glioblastoma cells were pretreated or not with indicated concentrations of LY294002 (left) or 
wortmannin (right) for 1h and then treated with 1 ng/ml TRAIL in the presence or absence of LY294002 or 
wortmannin for indicated times and concentrations. Apoptosis was determined by FACS analysis of DNA 
fragmentation of propidium iodide-stained nuclei and percentage of specific apoptosis is shown. Apoptosis 
induced alone by LY294002 (20µM): U87MG cells 21%, A172 cells 6%. Wortmannin (500nM) alone induces in 
U87MG cells at 48h 20% and in A172 cells at 24h 10% apoptosis. Data represent mean + SEM of two 
independent experiments performed in triplicate.  
 

 

To exclude that the sensitizing effect of LY294002 was restricted to TRAIL, this study was 

extended to CD95 as another death receptor system. Results showed that LY294002 also 

cooperates with agonistic anti-CD95 antibodies to induce apoptosis in U87MG, A172 and 

U138MG glioblastoma cells in a synergistic manner (Figure 10, Table 2). This demonstrates 

that PI3K inhibition sensitizes glioblastoma cells for death receptor-induced apoptosis. 
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Figure 10 Inhibition of PI3K sensitizes glioblastoma cells for anti-CD95-induced apoptosis  
U87MG, A172 and U138MG glioblastoma cells were pretreated or not with 20 µM LY294002 for 1h and then 
treated for 24h with anti-CD95 agonistic antibodies in the presence ( ) or absence ( ) of 20 µM LY294002 for 
indicated concentrations. Apoptosis was determined by FACS analysis of DNA fragmentation of propidium 
iodide-stained nuclei and percentage of specific apoptosis is shown. Apoptosis induced by LY294002 alone: 
U87MG cells 9% at 24h, A172 cells 6% at 24h, U138MG cells 16% at 24h. Data represent mean + SEM of three 
independent experiments performed in triplicate.  
 

 

3.3 Inhibition of PI3K sensitizes glioblastoma cells for drug-induced apoptosis 
 

To examine the effect of PI3K inhibition in combination with anticancer drugs as prototypic 

stimuli that trigger apoptotic cell death via the mitochondrial pathway several 

chemotherapeutic drugs were also included in this study. Inhibition of PI3K with LY294002 

significantly increased Doxorubicin-induced apoptosis in a dose- and time-dependent manner 

in U87MG, A172 and U138MG glioblastoma cells (Figure 11).  
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Figure 11 Inhibition of PI3K sensitizes glioblastoma cells for Doxorubicin-induced apoptosis 
U87MG, A172 and U138MG glioblastoma cells were pretreated or not with 20 µM LY294002 for 1h and then 
treated with Doxorubicin in the presence ( ) or absence ( ) of 20 µM LY294002 for 24h (upper lane) or 48h 
(lower lane) at indicated concentrations. Apoptosis was determined by FACS analysis of DNA fragmentation of 
propidium iodide-stained nuclei and percentage of specific apoptosis is shown. Apoptosis induced by LY294002 
alone: U87MG cells 9% at 24h, 21% at 48h, A172 cells 6% at 24h, 10% at 48h, U138MG cells 17% at 24h, 29% 
at 48h. Data represent mean + SEM of three independent experiments performed in triplicate.  
 

 

In addition, glioblastoma cells were treated with other anticancer drugs, including Etoposide 

or Vincristin. Importantly, LY294002 significantly enhanced Etoposide-induced apoptosis in 

a concentration- and time-dependent manner in U87MG, A172 and U138MG cells (Figure 

12). 
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Figure 12 Inhibition of PI3K sensitizes glioblastoma cells for Etoposide-induced apoptosis  
U87MG, A172 and U138MG glioblastoma cells were pretreated or not with 20 µM LY294002 for 1h and then 
treated with Etoposide for 24h (U87MG, A172) or 48h (U138MG) (upper lane) or for 48h (U87MG, A172) or 
72h (U138MG) (lower lane) in the presence ( ) or absence ( ) of 20 µM LY294002 at indicated concentrations. 
Apoptosis was determined by FACS analysis of DNA fragmentation of propidium iodide-stained nuclei and 
percentage of specific apoptosis is shown. Apoptosis induced by LY294002 alone: U87MG cells 9% at 24h, 
21% at 48h, A172 cells 6% at 24h, 10% at 48h, U138MG cells 20% at 48h and 72h. Data represent mean + SEM 
of three independent experiments performed in triplicate. 
 

 

Also, inhibition of PI3K sensitized U87MG and A172 glioblastoma cells to Vincristin-

induced apoptosis in a dose- and time-dependent manner compared to cells treated with 

Vincristin alone (Figure 13). In A172 cells 24h Vincristin treatment in combination with 

LY294002 leads to reduced apoptosis at high Vincristin concentrations. These results may 

point to a cell type specific opposite effect of combined treatment, which may be related to 
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the fact that A172 cells show a more pronounced G1 arrest than U87MG cells after 

LY294002 treatment leading to decreased function of Vincristin as mitotic spindle poison.  

Interaction between LY294002 and cytotoxic drugs, including Doxorubicin, Etoposide and 

Vincristin were synergistic as determined by calculation of combination index (Table 2). 

Together, this set of experiments demonstrates that inhibition of PI3K sensitizes glioblastoma 

cell lines for death receptor- and also for anticancer drug-induced cell death. 

In subsequent experiments TRAIL served as prototypic stimulus that triggers the extrinsic 

apoptosis pathway and Doxorubicin as prototypic stimulus that activates the intrinsic 

pathway. 

 

 
 
 
Figure 13 Inhibition of PI3K sensitizes glioblastoma cells at lower doses of Vincristin for Vincristin-
induced apoptosis.  
U87MG and A172 glioblastoma cells were pretreated or not with 20 µM LY294002 for 1h and then treated with 
Vincristin for 24h (upper lane) or 48h (lower lane) in the presence ( ) or absence ( ) of 20 µM LY294002 at 
indicated concentrations. Apoptosis was determined by FACS analysis of DNA fragmentation of propidium 
iodide-stained nuclei and percentage of specific apoptosis is shown. Apoptosis induced by LY294002 alone: 
U87MG cells 9% at 24h, 21% at 48h, A172 cells 6% at 24h, 10% at 48h. Data represent mean + SEM of three 
independent experiments performed in duplicate. 
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Table 2 Synergistic interaction of PI3K inhibitor LY294002 and death receptor ligands or 
chemotherapeutic drugs in glioblastoma cells 
 

cell 
line 

stimulus conc. CI cell 
line 

stimulus conc. CI cell  
line 

stimulus conc. CI 

            
U87MG TRAIL  0.5 ng/ml 0.500 A172 TRAIL  0.5 ng/ml 0.114 U138MG TRAIL  1 ng/ml 0.292 

  1 ng/ml 0.170   1 ng/ml 0.070   2 ng/ml 0.201 

  2 ng/ml 0.124   2 ng/ml 0.083   5 ng/ml 0.067 
            

 anti-CD95  0.1 µg/ml 0.071  anti-CD95  0.075 µg/ml 0.238  anti-CD95  0.01 µg/ml 0.092 

  0.2 µg/ml 0.086   0.1 µg/ml 0.107   0.03 µg/ml 0.080 

  0.3 µg/ml 0.110   0.5 µg/ml 0.091   0.05 µg/ml 0.044 
            

 Doxorubicin 0.1 µg/ml 0.202  Doxorubicin 0.05 µg/ml 0.382  Doxorubicin 0.2 µg/ml 0.429 

  0.3 µg/ml 0.090   0.075 µg/ml 0.120   0.3 µg/ml 0.173 

  0.4 µg/ml 0.204   0.1 µg/ml 0.056   0.4 µg/ml 0.219 
            

 Etoposide  30 µg/ml 1.269  Etoposide  30 µg/ml 0.042  Etoposide  60 µg/ml 0.016 

  60 µg/ml 0.409   60 µg/ml 0.063   100 µg/ml 0.003 

  100 µg/ml 0.059   100 µg/ml 0.046   200 µg/ml 0.000 
            

 Vincristin  3 µg/ml 0.546  Vincristin  1 µg/ml 0.454     

  10 µg/ml 0.318   3 µg/ml 0.452     

  30 µg/ml 0.642   10 µg/ml 1.096     
            

                        
 
Combination index (CI) was calculated as described in materials and methods for apoptosis induced by 
combined treatment with 20 µM LY294002 and each stimulus at indicated concentration at 48h except for 
U138MG cells treated with Etoposide at 72h. CI < 0.9 indicates synergism, CI > 0.9 indicates additivity, and CI 
> 1.1 indicates antagonism. 
 

 

3.4 No sensitization of glioblastoma cells for TRAIL-or Doxorubicin-induced 
apoptosis by inhibition of mTOR or MEK 

 

The finding that blockade of PI3K by LY294002 inhibited not only the phosphorylation of its 

key regulator Akt but also the phosphorylation of S6 ribosomal protein as mTOR target, as 

well as phosphorylation of ERK as MEK target in U87MG glioblastoma cells (Figure 7), 

urged us to investigate the contribution of these different components in regulation of 

apoptosis in more detail. To block the downstream arm of PI3K at the level of mTOR, the 

rapamycin analogue everolimus, a specific inhibitor of mTOR was used. Raf/MEK/ERK 

signaling was blocked using U0126, a specific inhibitor of MEK. Both compounds were used 

in addition to LY294002. TRAIL and Doxorubicin were selected as prototypic agents, which 

stimulate the extrinsic and intrinsic pathway and U87MG and A172 glioblastoma cells as 

representatives of glioblastoma cell lines with constitutive Akt, S6 ribosomal protein or ERK 

activity. To control whether everolimus or U0126 inhibited phosphorylation of mTOR or 
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MEK target proteins - S6 ribosomal protein or ERK - Western blot analysis were performed. 

As illustrated in Figure 14, U0126 completely inhibited phosphorylation of ERK in U87MG 

glioblastoma cells, without targeting phosphorylation of Akt, whereas LY294002 inhibited 

phosphorylation of Akt, S6 ribosomal protein and also repressed phosphorylation of ERK in 

U87MG cells, similar to results from Figure 7. Experiments using the MEK inhibitor U0126 

were only performed in U87MG cells, since a cross-talk between the PI3K and 

Raf/MEK/ERK signaling was only observed in U87MG and not in A172 glioblastoma cells 

(Figure 7). Everolimus totally blocked phosphorylation of S6 ribosomal protein in U87MG 

and A172 glioblastoma cells, without altering phosphorylation of Akt or ERK (Figure 14). 

Interestingly, everolimus also inhibited expression levels of S6 ribosomal protein (Figure 14), 

possibly due to inhibition of protein translation as S6 ribosomal protein is involved in 

regulation of protein translation (Bjornsti and Houghton 2004). Treatment with everolimus 

also resulted in a transient increase in Akt phosphorylation at 1h and 4h in U87MG cells and a 

sustained increase in Akt phosphorylation up to 48h in A172 cells (indicated by the pAkt/Akt 

ratio) a phenomenon recently described for mTOR inhibitors (Figure 14) (Harrington et al. 

2005, O'Reilly et al. 2006, Sun et al. 2005). Further it was observed that everolimus enhanced 

ERK phosphorylation in U87MG cells, while ERK phosphorylation slightly decreased in 

A172 cells after prolonged treatment with everolimus (Figure 14). Increased ERK 

phosphorylation in response to everolimus in U87MG cells may reflect the cross-talk between 

PI3K and Raf/MEK/ERK signaling observed in these cells (Figure 7). 
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Figure 14 Inhibition of PI3K, mTOR or MEK by chemical inhibitors  
U87MG (upper lane) or A172 (lower lane) glioblastoma cells were incubated for 24h in medium containing 10% 
FCS, in medium containing 0% FCS and 0.2% DMSO or with 20 µM PI3K inhibitor LY294002 or 5 µM MEK 
inhibitor U0126 for indicated times (U87MG), with everolimus for 24h at indicated concentrations (U87MG and 
A172) or indicated time points at 100 nM (U87MG) or 10 nM (A172) everolimus. U0126 was only used in 
U87MG cells. Levels of phospho-Akt, Akt, phospho-S6 ribosomal protein, S6 ribosomal protein, phospho-ERK, 
ERK and β-actin were analyzed by Western blot. Levels of phospho-Akt and Akt were determined by 
densitometry. Phosphorylation status of Akt is expressed as phospho-Akt/Akt ratio of everolimus-treated cells in 
percentage of 0% FCS-treated control. 
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After inhibitors were tested positively, the effect of inhibition of PI3K, mTOR or MEK on the 

apoptosis susceptibility of glioblastoma cells was examined. To this end, U87MG and A172 

glioblastoma cells were treated with TRAIL in combination with LY294002, everolimus or 

U0126 or TRAIL alone. Interestingly, only LY294002, but not everolimus or U0126 

significantly increased TRAIL-induced apoptosis in U87MG and A172 glioblastoma cells 

(Figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 15 Inhibition of mTOR or MEK fails to enhance TRAIL-induced apoptosis 
U87MG (upper lane) or A172 (lower lane) glioblastoma cells were pretreated for 1h with kinase inhibitors –20 
µM LY294002, 10 nM (A172) or 100 nM (U87MG) everolimus, 5 µM U0126 - and then incubated with TRAIL 
for indicated times and concentrations in the presence ( ) or absence ( ) of 20 µM LY294002, everolimus ( ) 
or 5 µM U0126 ( ). U0126 was only used in U87MG cells. Apoptosis was measured by FACS analysis of DNA 
fragmentation of propidium iodide-stained nuclei and percentage of specific apoptosis is shown. Apoptosis 
induced by LY294002 alone: U87MG cells 9% at 24h, 21% at 48h, A172 cells 6% at 24h and 10% at 48h. 
Apoptosis induced by everolimus alone: U87MG cells 9% at 24h, 21% at 48h, A172 cells 16% at 24h and 18% 
at 48h. Apoptosis induced by U0126 alone: U87MG cells 12% at 24h, 18% at 48h. Data are expressed as mean + 
SEM of two independent experiments performed in triplicate. 0 indicates value near zero. 
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U87MG and A172 glioblastoma cells were also treated with Doxorubicin and LY294002, 

everolimus or U0126, or Doxorubicin alone. Similarly to TRAIL, everolimus or U0126 failed 

to sensitize U87MG or A172 glioblastoma cells for Doxorubicin-induced apoptosis in contrast 

to LY294002 (Figure 16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 16 Inhibition of mTOR or MEK fails to enhance Doxorubicin-induced apoptosis 
U87MG (upper lane) or A172 (lower lane) glioblastoma cells were pretreated for 1h with kinase inhibitors – 20 
µM LY294002, 10 nM (A172) or 100 nM (U87MG) everolimus or 5 µM U0126 - and then incubated with 
Doxorubicin for indicated times and concentrations in the presence ( ) or absence ( ) of 20 µM LY294002, 
everolimus ( ) or 5 µM U0126 ( ). U0126 was only used in U87MG cells. Apoptosis was measured by FACS 
analysis of DNA fragmentation of propidium iodide-stained nuclei and percentage of specific apoptosis is 
shown. Apoptosis induced by LY294002 alone: U87MG cells 9% at 24h, 21% at 48h, A172 cells 6% at 24h and 
10% at 48h. Apoptosis induced by everolimus alone: U87MG cells 9% at 24h, 21% at 48h, A172 cells 16% at 
24h and 18% at 48h. Apoptosis induced by U0126 alone: U87MG cells 12% at 24h, 18% at 48h. Data are 
expressed as mean + SEM of two independent experiments performed in triplicate.  
 

 

Next the effect of combined treatment of everolimus or U0126 and LY294002 on TRAIL- or 

Doxorubicin-induced apoptosis in U87MG and A172 glioblastoma cells was investigated. 

Combinations of LY294002 and either everolimus or U0126 did not further increase 

apoptosis sensitivity for TRAIL- or Doxorubicin compared to LY294002-mediated 

sensitization for TRAIL-or Doxorubicin-induced apoptosis (Figure 17). In U87MG cells 
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combination of TRAIL, LY294002 and U0126 or Doxorubicin, LY294002 and everolimus 

even decreased apoptosis compared to treatment with TRAIL or Doxorubicin and LY294002 

alone (Figure 17). Cell cycle analysis demonstrated that the combination of U0126/LY294002 

or everolimus/LY294002 compared to either treatment alone reduced the amount of cycling 

cells to between 20 and 30%, which conceivably can modify the sensitization for cytotoxic 

agents. In addition, combination of several inhibitors can lead to cross-reactions, which might 

explain the reduced efficiency of combined treatment over treatment with individual kinase 

inhibitors. 

 

    
 
Figure 17 Addition of everolimus or U0126 to LY294002 did not further increase TRAIL-or Doxorubicin-
induced apoptosis  
U87MG (left) or A172 (right) glioblastoma cells were pretreated for 1h with kinase inhibitors – 20 µM 
LY294002, 10 nM (A172) or 100 nM (U87MG) everolimus, 5 µM U0126 or 20 µM LY294002 plus either 10 
nM (A172) or 100 nM (U87MG) everolimus or 5 µM U0126 - and then incubated with 1 ng/ml TRAIL for 48h 
(U87MG) and 24h (A172) or 0.3 µg/ml Doxorubicin (U87MG) and 0.075 µg/ml Doxorubicin (A172) for 48h in 
the presence ( ) or absence ( ) of 20 µM LY294002, everolimus ( ), everolimus plus 20 µM LY294002 ( ), 5 
µM U0126 ( ) or 5 µM U0126 plus 20 µM LY294002 ( ). U0126 was only used in U87MG cells. Apoptosis 
was measured by FACS analysis of DNA fragmentation of propidium iodide-stained nuclei and percentage of 
specific apoptosis is shown. Apoptosis induced by LY294002 alone: U87MG cells 21% at 48h, A172 cells 6% at 
24h and 10% at 48h. Apoptosis induced by everolimus alone: U87MG cells 21% at 48h, A172 cells 16% at 24h 
and 18% at 48h. Apoptosis induced by U0126 alone: U87MG cells 18% at 48h. Data are expressed as mean + 
SEM of two independent experiments performed in triplicate. (ns: not significant) 
 

 

To further investigate the impact of mTOR on apoptosis sensitivity the mTOR inhibitor 

rapamycin was used additionally. To check if rapamycin is functional, inhibition of S6 

ribosomal protein phosphorylation, as readout for mTOR inhibition was assessed by Western 

blot analysis. As shown in Figure 18, rapamycin completely inhibited phosphorylation of S6 
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ribosomal protein in U87MG and A172 glioblastoma cells. Similar to everolimus, rapamycin 

did not significantly alter the sensitivity of U87MG and A172 glioblastoma cells for TRAIL- 

or Doxorubicin-induced apoptosis either, although it inhibited mTOR in these cells (Figure 

19, Figure 18). 

Together, this set of experiments indicates that inhibition of mTOR or ERK is not sufficient to 

restore apoptosis sensitivity of glioblastoma cells to TRAIL or Doxorubicin.  

 
 

 
 
Figure 19 Effect of inhibition of PI3K or mTOR on TRAIL- or Doxorubicin-induced apoptosis  
U87MG (A) and A172 (B) cells were pretreated or not with 20 µM LY294002, 100 or 300 nM rapamycin for 1h 
and then treated with TRAIL for 24h (A172) or 48h (U87MG) or Doxorubicin for 48h with ( ) or without ( ) 
LY294002, 100 nM ( ) or 300 nM ( ) rapamycin in serum free medium. Apoptosis was measured by FACS 
analysis of DNA fragmentation of propidium iodide-stained nuclei and percentage of specific apoptosis is 
shown. Apoptosis induced by LY294002 alone: U87MG cells 21% at 48h, A172 cells 6% at 24h, 10% at 48h. 
Apoptosis induced by 100 nM rapamycin alone: U87MG cells 13% at 48h, A172 cells 13% at 24h, 17% at 48h. 
Apoptosis induced by 300 nM rapamycin alone: U87MG cells 15% at 48h, A172 cells 18% at 24h, 20% at 48h. 
Mean + SEM of three independent experiments performed in triplicate is shown. 

Figure 18 Inhibition of mTOR by 
rapamycin  
U87MG and A172 glioblastoma cells were 
treated with 20 µM LY294002, 100nM 
rapamycin, 100 nM (U87MG) or 10 nM 
(A172) everolimus in serum free medium or in 
medium containing 0% FCS/0.2% DMSO 
(DMSO) for 1h and 24h. Protein expression 
level and phosphorylation status of S6 
ribosomal protein and expression of β-actin as 
loading control were assessed by Western 
blotting.  
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3.5 Knockdown of PI3K rather than mTOR sensitizes glioblastoma cells for 
TRAIL- or Doxorubicin-induced apoptosis. 

 

In a second approach, to interfere with aberrant PI3K activity, individual components of the 

signaling network were knocked down by RNA interference. Transfection of glioblastoma 

cells with siRNA against PI3K subunits p110α and p110β (individually or combined) or 

mTOR1 led to selective downregulation of the respective siRNA targets and to a concomitant 

decrease in phosphorylation of Akt (in case of p110α and/or p110β) or of S6 ribosomal 

protein (in case of mTOR) (Figure 20) consistent with the findings using the chemical 

inhibitors LY294002, everolimus or rapamycin. Interestingly, knockdown of p110β, alone or 

in combination with p110α, significantly increased TRAIL-induced apoptosis compared to 

cells transfected with control siRNA (Figure 21). In contrast, silencing of mTOR did not alter 

sensitivity to TRAIL-induced apoptosis (Figure 21). Further, knockdown of p110α and 

p110β, individually or combined, but not knockdown of mTOR, significantly enhanced 

Doxorubicin-induced apoptosis compared to cells transfected with control siRNA (Figure 21). 

These findings indicate that both p110α and p110β are involved in regulating Doxorubicin-

induced apoptosis, while TRAIL-induced apoptosis is predominantly regulated by p110β. 

This is in line with recent findings suggesting that p110α and p110β have distinct, but 

overlapping functions. Thus, genetic silencing of PI3K rather than mTOR sensitizes 

glioblastoma cells for TRAIL- or Doxorubicin-mediated apoptosis. 
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Figure 20 Knockdown of PI3K or mTOR by RNAi  
U87MG glioblastoma cells were transfected with siRNA duplex oligoribonucleotides against p110α (sip110α) 
and/or p110β (sip110β), mTOR-complex1 (simTOR) or non-targeting siRNA (sicontrol). Knockdown of p110α, 
p110β and mTOR expression and protein expression levels and phosphorylation status of Akt and S6 ribosomal 
protein were analyzed by Western blotting at indicated time points. α-tubulin was used as loading control. 
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Figure 21 Knockdown of PI3K sensitizes glioblastoma cells for TRAIL- or Doxorubicin-induced 
apoptosis.  
U87MG glioblastoma cells were transfected with siRNA against p110α (p110α) and/or p110β (p110β), mTOR-
complex1 (mTOR) or non-targeting siRNA (control). 24h after transfection U87MG cells were treated for 48h 
with 2 ng/ml TRAIL (left panel) or 0.2 µg/ml Doxorubicin (right panel). Apoptosis was determined by analysis 
of DNA fragmentation of propidium iodide-stained nuclei and percentage of specific apoptosis is shown. Data 
represent mean + SEM of three independent experiments performed in triplicate. Apoptosis induced by siRNA 
duplex oligoribonucleotides alone: control: 14%, p110α: 13%, p110β: 17%, p100α/β: 15%; mTOR: 19%. (ns: 
not significant) 
 

 

3.6 Inhibition of PI3K sensitizes glioblastoma cells for TRAIL- or Doxorubicin-
induced caspase activation 

 

The next question to be answered was whether apoptosis upon treatment with LY294002 and 

TRAIL or cytotoxic drugs was the result of caspase activation. Therefore the broad range 

caspase inhibitor zVAD.fmk was used. U87MG and A172 glioblastoma cells were incubated 

with TRAIL alone, or TRAIL and LY294002, or TRAIL and LY294002 plus zVAD.fmk. 

Notably, cell death in response to treatment with LY294002 and TRAIL was strictly caspase 

dependent, as addition of zVAD.fmk almost completely blocked apoptosis in both U87MG 

and A172 glioblastoma cells (Figure 22). Similarly, addition of zVAD.fmk almost completely 

inhibited apoptosis in response to combination treatment of LY294002 and Doxorubicin in 

U87MG and A172 glioblastoma cells (Figure 22), demonstrating that apoptosis was mediated 

by activation of caspases. 
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Figure 22 Caspase-dependent sensitization for TRAIL- or Doxorubicin-induced apoptosis by PI3K 
inhibition 
U87MG (upper lane) or A172 (lower lane) glioblastoma cells were pretreated or not with 20 µM LY294002 and 
then treated with 2 ng/ml TRAIL or 0.3 µg/ml (U87MG) or 0.1 µg/ml Doxorubicin (A172) for indicated times 
with ( ) or without ( ) 20 µM LY294002 or 50 µM zVAD.fmk plus 20 µM LY294002 ( ) only at the highest 
concentration of TRAIL or Doxorubicin in serum free medium. Apoptosis was measured by FACS analysis of 
DNA fragmentation of propidium iodide-stained nuclei and percentage of specific apoptosis is shown. Mean + 
SEM of three independent experiments performed in duplicate is shown. zVAD.fmk alone induced 5% apoptosis 
in U87MG and A172 cells at 48h. Apoptosis induced by LY294002 alone: U87MG cells 9% at 24h, 21% at 48h, 
A172 cells 6% at 24h, 10% at 48h. 



Results Part 1    62

To confirm that treatment of U87MG and A172 glioblastoma cells with LY294002 and 

TRAIL or Doxorubicin leads to sensitization to classical, e.g. caspase-mediated apoptosis, 

caspase activation was monitored by Western blot analysis. Single agent treatment of U87MG 

glioblastoma cells with TRAIL and Doxorubicin showed only limited cleavage of caspase-8, -

2, -9 and -3 and cleavage of Bid (Figure 23). Notably, the combined treatment of Doxorubicin 

and LY294002 enhanced activation of caspase-8, -2, -9 and Bid, as indicated by the 

appearance of the intermediary fragments of caspase-8 cleavage fragments (p43/41) and loss 

of the proenzymes. It appeared that LY294002 decreases intermediary caspase-8 fragments 

p43/41, while the proenzyme clearly decreased, especially at 48h. This might be due to the 

fact that caspase cleavage products are soon degraded by the proteasome complex. 

Interestingly, LY294002 and Doxorubicin cooperated to fully cleave the caspase-8 substrate 

Bid, suggesting that activated effector caspases, such as caspase-3, may feed back to activate 

caspase-8 and Bid thereby amplifying the apoptotic signal. Similarly, activation of caspase-8, 

-2, -9 and cleavage of Bid following treatment with TRAIL was enhanced after inhibition of 

PI3K by LY294002 in U87MG glioblastoma cells (Figure 23). Importantly, in U87MG 

glioblastoma cells, LY294002 and TRAIL or Doxorubicin cooperated to convert the p20 

intermediate cleavage product of caspase-3 into the p17/12 active subunits compared to 

treatment with TRAIL or Doxorubicin alone (Figure 23), indicating that inhibition of PI3K 

enhanced activation of the effector caspase-3. Similar results were obtained in Western blot 

analysis of A172 glioblastoma cells. Activation of caspase-8, -2, -9 and -3 and cleavage of 

Bid following treatment with TRAIL or Doxorubicin was enhanced after inhibition of PI3K 

by LY294002, as indicated by the loss of the proenzyme forms of caspase-8, -2, -9 and -3, the 

decrease of full-length Bid, the appearance of p43/41 intermediary fragments of caspase-8 and 

by the appearance of the active caspase-3 cleavage fragments p17/12 (Figure 23). 

Interestingly, the combination treatment of Doxorubicin and LY294002 seems to have a 

stronger effect on cleavage of caspases compared to combined treatment of TRAIL and 

LY294002 in U87MG glioblastoma cells, whereas in A172 glioblastoma cells the effect on 

caspase cleavage of combined treatment of TRAIL and LY294002 is stronger than 

cotreatment of Doxorubicin and LY294002 (Figure 23). These finding might indicate that 

U87MG cells are more sensitive to LY294002-mediated Doxorubicin-induced apoptosis, 

whereas A172 cells are more sensitive to LY294002-mediated TRAIL-induced cell death. 
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Figure 23 Effect of PI3K inhibition on TRAIL- or Doxorubicin-induced caspase activation 
U87MG (upper lane) and A172 (lower lane) glioblastoma cells were pretreated or not with 20 µM LY294002 for 
1h and then treated with 2 ng/ml TRAIL or 0.3 µg/ml (U87MG) or 0.1 µg/ml (A172) Doxorubicin in the 
presence or absence of 20 µM LY294002 for 12h, 24h or 48h. Protein expression of caspase-2, -3, -8 or -9, Bid 
and β-actin was assessed by Western blot analysis. 
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To directly assess caspase activity enzymatic caspase assays using fluorogenic caspase 

substrates were performed. Notably, inhibition of PI3K by LY294002 significantly increased 

TRAIL-induced activation of caspase-2, -3, -8 and -9 compared to treatment with TRAIL 

alone in U87MG and A172 glioblastoma cells (Figure 24). Also, LY294002 significantly 

enhanced Doxorubicin-induced activation of caspase-2, -3, -8 and -9 in response to 

Doxorubicin compared to cells treated with Doxorubicin alone (Figure 24). Activity of 

caspase-9 in TRAIL-treated A172 cells and caspase-8 in Doxorubicin-treated U87MG and 

A172 glioblastoma cells was only slightly, but significantly increased by the addition of 

LY294002, which might be explained by the fact that caspase-9 is the initiator caspase in the 

intrinsic pathway, whereas caspase-8 is the initiator caspase in the extrinsic pathway. The 

extrinsic pathway can through caspase-8 activation and Bid cleavage cross-talk to the intrinsic 

pathway as evident from results with TRAIL-treated U87MG glioblastoma cells, which show 

marked increase in caspase-9 activity (Figure 24).  

This set of experiments demonstrates that inhibition of PI3K by LY294002 cooperated with 

Doxorubicin or TRAIL to trigger activation of the caspase cascade in U87MG and A172 

glioblastoma cells. 
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Figure 24 Inhibition of PI3K sensitizes for TRAIL- or Doxorubicin-induced caspase activation  
U87MG (left panel ) or A172 (right panel) glioblastoma cells were pretreated or not with 20 µM LY294002 for 
1h and then treated with 2 ng/ml TRAIL, 0.3 µg/ml Doxorubicin (U87MG) or 0.1 µg/ml Doxorubicin (A172) 
with ( ) or without ( ) 20 µM LY294002. Caspase activity was determined by enzymatic assay using 
fluorogenic caspase substrates as described in materials and methods. X-fold increase in caspase activity 
compared to cells treated with DMSO or LY294002 alone is shown. Mean and standard deviations of one 
representative experiment done in triplicate are shown. Similar results were obtained in three independent 
experiments. 
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3.7 Inhibition of PI3K sensitizes A172 glioblastoma cells for TRAIL- or 
Doxorubicin-induced mitochondrial perturbations 

 

To investigate whether sensitization for apoptosis by LY294002 involved the mitochondrial 

pathway parameters of mitochondrial membrane permeabilization, including drop of 

mitochondrial membrane potential (MMP) and cytochrome c release from mitochondria were 

analyzed. A172 glioblastoma cells were chosen for these experiments, since these cells are 

well suited for confocal microscopy, due to their adherent growth compared to U87MG cells 

which only loosely adhere. An intact mitochondrial membrane potential is associated with the 

cellular uptake of the cationic lipophilic fluorescent dye CMXRos into the mitochondria as 

reflected by the high fluorescence intensity of DMSO-treated control (Figure 25). Treatment 

with LY294002 alone had no detectable effect on the mitochondrial membrane potential. 

Treatment with TRAIL alone resulted in a time-dependent loss of the mitochondrial 

membrane potential as evident by the appearance of a second peak of lower fluorescence 

intensity (Figure 25). Also, TRAIL caused a slight hyperpolarization of the mitochondrial 

membrane potential, as evident by a slight shift to higher fluorescence intensity, an event 

associated with early stages of apoptosis of several apoptosis inducers (Skulachev 2006). 

Importantly, inhibition of PI3K by LY294002 markedly increased loss of the mitochondrial 

membrane potential upon addition of TRAIL compared to cells treated with TRAIL alone 

(Figure 25). Perturbation of the mitochondrial membrane upon Doxorubicin-induced 

apoptosis could not be assessed, since Doxorubicin’s red autofluorescence interfered with the 

CMXRos dye.  

 
 
Figure 25 Inhibition of PI3K sensitizes for TRAIL-induced loss of mitochondrial membrane potential 
A172 glioblastoma cells were pretreated or not with 20 µM LY294002 for 1h and then treated with 2 ng/ml 
TRAIL with or without 20 µM LY294002 for 12h or 24h. Mitochondrial membrane potential (MMP) was 
assessed by flow cytometry using the fluorescent dye CMXRos. Fluorescence intensity (x-axis) is plotted against 
cell counts (y-axis). Results of one representative experiment are shown. Similar results were obtained in three 
independent experiments done in duplicate. 
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To analyze whether the drop of MMP resulted in cytochrome c release after combined 

treatment with TRAIL and LY294002 the release of cytochrome c from the mitochondria in 

A172 glioblastoma cells was determined by flow cytometry. LY294002 cooperated with 

TRAIL or Doxorubicin to induce cytochrome c release from mitochondria as indicated by the 

peak of lower fluorescence intensity, which marks cells with cytochrome c that is released 

from the mitochondria (Figure 26). Also, upon combined treatment of Doxorubicin and 

LY294002 cytochrome c release increased in A172 glioblastoma cells (Figure 26). To 

confirm that LY294002 collaborates with TRAIL or Doxorubicin to trigger mitochondrial 

cytochrome c release confocal microscopy studies were performed. As shown in Figure 26, 

cytochrome c release from mitochondria was enhanced in A172 glioblastoma cells treated 

with the combination of LY294002 and TRAIL or Doxorubicin compared to treatment with 

TRAIL or Doxorubicin alone. This set of experiments demonstrates that PI3K inhibition 

sensitizes A172 glioblastoma cells for TRAIL- or Doxorubicin-induced caspase activation 

and mitochondrial perturbations. 
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Figure 26 Inhibition of PI3K sensitizes for TRAIL- or Doxorubicin-induced cytochrome c release 
A172 glioblastoma cells were pretreated or not with 20 µM LY294002 for 1h and then treated with 2 ng/ml 
TRAIL for 12h or with 0.1 µg/ml Doxorubicin for 48h (upper panel) or 24h (lower panel) with or without 20 µM 
LY294002. Cytochrome c release was assessed by flow cytometry (upper panel). Fluorescence intensity (x-axis) 
is plotted against cell counts (y-axis). For immunohistochemical analysis of cytochrome c release (lower panel) 
cells were fixed, stained for cytochrome c (green) or mitochondrial membrane potential using mitotracker red 
(red) and analyzed by confocal microscopy. Scale bar: 10 µm. Results of one representative experiment are 
shown. Similar results were obtained in three independent experiments. 
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3.8 Modulation of apoptosis regulatory molecules by inhibition of PI3K 
 

To gain further insight into the molecular mechanisms of LY294002-mediated sensitization of 

glioblastoma cells for apoptosis key regulatory proteins of the death receptor and 

mitochondrial pathway were investigated. To this end, U87MG and A172 glioblastoma cells 

were treated with Doxorubicin or TRAIL in the presence or absence of LY294002 and 

expression of FLIP, p53, Bax, Bcl-2, cIAP-2, XIAP, survivin, FADD and TRAIL was 

assessed by Western blot analysis. Interestingly, inhibition of PI3K by LY294002 resulted in 

downregulation of the short isoform of FLIP (FLIPS) in U87MG and A172 glioblastoma cells 

treated for 24h with TRAIL or Doxorubicin compared to cells treated with TRAIL or 

Doxorubicin alone (Figure 27). In addition, inhibition of PI3K by LY294002 led to a marked 

downregulation of survivin in U87MG cells treated for 24h with TRAIL and in A172 cells 

treated for 12h or 24h with TRAIL compared to cells treated with TRAIL alone (Figure 27). 

Also, LY294002 induced a substantial decrease in cIAP-2 level in A172 cells treated for 12h 

or 24h with TRAIL and a reduction of XIAP expression in U87MG cells treated for 24h with 

TRAIL compared to cells treated with TRAIL alone (Figure 27). Inhibition of PI3K by 

LY294002 did not substantially alter p53 accumulation in response to the DNA damaging 

agent Doxorubicin (Figure 27). The slight increase in p53 expression in U87MG and A172 

cells treated for 24h with DMSO or LY294002 under serum starvation even in the absence of 

a DNA damaging drug  is consistent with reports showing that serum starvation resulted in 

accumulation of p53 protein (Bhat et al. 2004, Bai and Merchant 2001). There were no 

detectable changes in the protein levels of Bax, Bcl-2, FADD and TRAIL in the presence or 

absence of LY294002 (Figure 27). These findings indicate that inhibition of PI3K interferes 

with expression of antiapoptotic proteins involved in the regulation of initiator or effector 

caspases, in line with the findings that LY294002 enhanced activation of both upstream and 

downstream components of the caspase cascade in response to TRAIL or Doxorubicin (Figure 

23). 
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Figure 27 Effect of PI3K inhibition on apoptosis regulatory proteins 
U87MG (left) or A172 (right) glioblastoma cells were pretreated or not with 20 µM LY294002 for 1h and then 
treated for 12h or 24h with 2 ng/ml TRAIL, 0.3 µg/ml (U87MG) or 0.1 µg/ml Doxorubicin (A172) in the 
presence or absence of 20 µM LY294002 for 12h or 24h. Protein levels of FLIP long (FLIPL), FLIP short 
(FLIPS), p53, Bax, Bcl-2, cIAP2, XIAP, survivin, FADD, TRAIL and β-actin were assessed by Western blot 
analysis.  
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3.9 PI3K inhibition and TRAIL or Doxorubicin collaborate to reduce cell 
viability or proliferation 

 

To investigate whether PI3K inhibition has an effect on cell viability MTT assay, which 

measures the metabolic activity of cells to determine cell viability as a balance of cell 

proliferation and cell death, was used. For these experiments TRAIL and Doxorubicin were 

selected as prototypic agents that stimulate the extrinsic and intrinsic pathway and U87MG 

cells, since they were markedly sensitized for apoptosis by PI3K inhibition. As shown in 

Figure 28, inhibition of PI3K by LY294002 and TRAIL or Doxorubicin collaborated to 

significantly reduce cell viability of U87MG glioblastoma cells compared to cells treated with 

TRAIL or Doxorubicin alone. The LY294002 increased growth inhibitory effect of TRAIL or 

Doxorubicin occurred in a dose- and time-dependent manner.  

 

 

 
 

 
 
 
Figure 28 Inhibition of PI3K reduces viability of U87 cells upon treatment with TRAIL or Doxorubicin  
U87MG cells were pretreated or not with 20 µM LY294002 for 1h and then treated with TRAIL (upper lane) or 
Doxorubicin (lower lane) in the presence ( ) or absence ( ) of 20 µM LY294002 for indicated times and 
concentrations. Viability was assessed by MTT assay and is shown as percentage of untreated samples or 
samples treated with LY294002 alone. Viability induced by LY294002 alone: 40% at 24h, 45% at 48h and 45% 
at 72h. Data are expressed as mean + SEM of three independent experiments done in triplicate. 
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Furthermore, the effect of LY294002 on proliferation was investigated, since LY294002 

significantly increased the apoptosis rate and lead to less viability after death receptor- or 

cytotoxic drug treatment in U87MG cells. PI3K inhibition and TRAIL together significantly 

reduced proliferation of U87MG cells compared to TRAIL treatment alone, at 24h to a more 

pronounced effect than at 48h. Cotreatment of U87MG cells with LY294002 and Doxorubicin 

resulted in decreased proliferation at 48h compared to Doxorubicin treatment alone (Figure 

29). These data suggest that PI3K plays a role in cell viability and proliferation of 

glioblastoma cells. 

 
 

 
 
 
Figure 29 Inhibition of PI3K and TRAIL cooperate to decreases proliferation of U87MG cells 
U87MG cells were pretreated or not with 20 µM LY294002 for 1h and then treated with TRAIL (upper lane) or 
Doxorubicin (lower lane) in the presence ( ) or absence ( ) of 20 µM LY294002 for indicated concentrations 
and time points. Proliferation was measured by H3-Thymidine incorporation and is shown as percentage of 
untreated samples or samples treated with LY294002 alone. Data are expressed as mean + SEM of three 
independent experiments done in triplicates.  
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3.10 Inhibition of PI3K cooperates with TRAIL and Doxorubicin to suppress 
long term survival of glioblastoma cells  

 

Results so far demonstrate an effect of PI3K inhibition on apoptosis sensitization for death 

receptor ligand- or anticancer drug-induced apoptosis, reduced viability or proliferation upon 

TRAIL or Doxorubicin treatment in glioblastoma cells in a quite short time frame - for up to 

48h or 72h - in the sense of therapeutically relevance. To explore whether inhibition of PI3K 

by LY294002 has an effect on long term survival as well, colony forming assays were 

performed. As shown in Figure 30 LY294002 cooperated with TRAIL or Doxorubicin to 

suppress colony formation of U87MG and A172 glioblastoma cells compared to either 

treatment alone.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 
 
Figure 30 Inhibition of PI3K cooperates with TRAIL and Doxorubicin to suppress colony formation 
U87MG and A172 glioblastoma cells were treated in suspension with 20 µM LY294002 or DMSO in 
combination with 1 ng/ml (U87MG) or 2 ng/ml (A172) TRAIL for 12h or with 0.1 µg/ml (U87MG) or 0.03 
µg/ml (A172) Doxorubicin for 1h. Then 10.000 cells (using TRAIL) or 20.000 cells (using Doxorubicin) were 
seeded in a 55 cm² culture plate. Colonies were stained with crystal violet at day 20 or 15 (Doxorubicin treated 
A172). 
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3.11 Inhibition of PI3K sensitizes primary glioblastoma cells for TRAIL- or 
Doxorubicin-induced apoptosis 

 

3.11.1 Activation status of PI3K and RAF/MEK/ERK signaling in patient’s derived 
primary glioblastoma cells 

 

In order to validate the results obtained so far in established glioblastoma cell lines, this study 

was extended to three primary glioblastoma samples obtained from surgical specimens, 

named GB1, GB2 and GB3. First, to answer the question whether PI3K signaling is 

constitutively active and whether it can be blocked by the PI3K inhibitor LY294002, GB1, 

GB2 and GB3 primary cells were treated or not with the PI3K inhibitor LY294002 under 

conditions of 0% FCS for 24h. Western blot analysis showed that all three cell lines exhibit 

constitutively phosphorylation of Akt and S6 ribosomal protein under complete serum 

deprivation. Further, phosphorylation of Akt and S6 ribosomal protein was inhibited by 

LY294002 in a dose-dependent manner, indicating a PI3K-dependent phosphorylation of Akt 

and S6 ribosomal protein (Figure 31). Next, GB1, GB2 and GB3 primary glioblastoma cells 

were treated with 20 µM LY294002 for 24h or 48h in serum free medium to examine whether 

phosphorylation of Akt or S6 ribosomal protein can be inhibited also for a longer time point. 

As shown in Figure 31 LY294002 inhibits phosphorylation of Akt and S6 ribosomal up to 

48h, although the phosphorylation level of Akt in B5 and B6 cells slightly increased at 48h 

compared to the 24h time point. Also in primary cultured cell lines Raf/MEK/ERK signaling 

was found to be constitutively active as phosphorylation of ERK under serum starved 

conditions is exhibited. The phosphorylation status of ERK stayed unaltered after inhibition 

by LY294002 (Figure 31). Together, these Western blot data demonstrate that in primary 

glioblastoma cells PI3K and Raf/MEK/ERK signaling are constitutively active and that 

LY294002 inhibits phosphorylation of Akt and S6 ribosomal protein consistent with the 

findings observed in U87MG, A172 and U138MG glioblastoma cells. 
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Figure 31 Activation status of the 
PI3K pathway in primary 
glioblastoma cells 
Primary glioblastoma cells, which 
were obtained from three distinct 
surgical specimens (GB1, GB2 and 
GB3), were treated for 24h with 
LY294002 at indicated 
concentrations (upper panel) or for 
24h or 48h with 20 µM LY294002 
(lower panel) or were cultured in 
medium containing 0% FCS/0.2% 
DMSO (DMSO) as control. Protein 
expression levels and 
phosphorylation status of Akt, S6 
ribosomal protein or ERK were 
assessed by Western blotting. β-
actin was used as loading control; 
U87MG cells, cultured for 24h in 
0% FCS, were used as positive 
control. 
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3.11.2 Inhibition of PI3K reduces cell viability of primary glioblastoma cells upon 
TRAIL- or Doxorubicin treatment 

 

Next, the effect of PI3K inhibition in regulation of cell viability in patient’s derived primary 

glioblastoma cells was investigated using MTT assay. Therefore, GB1, GB2 and GB3 primary 

cells were incubated with TRAIL or Doxorubicin in combination or not with LY294002 under 

serum starved conditions. As illustrated in Figure 32, inhibition of PI3K by LY294002 

synergized with TRAIL or Doxorubicin to reduce viability of GB1, GB2 or GB3 primary 

glioblastoma cells.  

 

 
 
 
Figure 32 Inhibition of PI3K reduces viability of primary glioblastoma cells upon treatment with TRAIL 
or Doxorubicin 
GB1, GB2 and GB3 primary glioblastoma cells were pretreated or not with 20 µM LY294002 for 1h and then 
treated for 48h with TRAIL (upper lane) or Doxorubicin (lower lane) in the presence ( ) or absence ( ) of 
LY294002 for indicated concentrations and time points. Viability was assessed by MTT assay and is shown as 
percentage of untreated samples or samples treated with LY294002 alone. Data are expressed as mean + SEM of 
three independent experiments done in triplicate. Viability reduced by LY294002 alone: GB1 cells: 13%, GB2 
cells: 12% and GB3 cells: 22%. 
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3.11.3 Blockade of PI3K sensitizes primary cultured glioblastoma cells for TRAIL- or 
Doxorubicin-induced apoptosis 

 

To determine the role of PI3K in regulating apoptosis in primary glioblastoma cells, GB1, 

GB2 and GB3 cells were pretreated with LY294002 for 1h, followed by treatment with 

TRAIL or Doxorubicin in the presence or absence of LY294002 for indicated times and 

concentrations under conditions of serum deprivation. Importantly, inhibition of PI3K by 

LY294002 significantly increased TRAIL- or Doxorubicin-induced apoptosis in GB1, GB2 

and GB3 primary cultured glioblastoma cells in a concentration-dependent manner (Figure 

33). 

In conclusion, these results are very important as they show, that the findings of the 

importance of PI3K in regulating apoptosis and viability in established glioblastoma cell lines 

are reflected in patient’s derived primary glioblastoma cells. Thus, PI3K inhibitors represent a 

promising approach to enhance the anti-tumor activity of TRAIL or chemotherapy in 

glioblastoma. 
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Figure 33 Inhibition of PI3K sensitizes primary glioblastoma cells for TRAIL- or Doxorubicin-induced 
apoptosis 
Primary glioblastoma cells, which were obtained from three distinct surgical specimens (GB1, GB2 and GB3), 
were pretreated or not with 20 µM LY294002 for 1h and then treated for 24h (GB1, GB2) or 48h (GB3) with 
TRAIL (upper lane) or for 24h with Doxorubicin (lower lane) at indicated concentrations in the presence ( ) or 
absence ( ) of 20 µM LY294002. Apoptosis was determined by FACS analysis of DNA fragmentation of 
propidium iodide-stained nuclei and percentage of specific apoptosis is shown. Data represent mean + SEM of 
two independent experiments performed in triplicate. Apoptosis induced by LY294002 alone: GB1, 40% (24h); 
GB2, 32% (24h); GB3, 30% (24h) and 40% (48h). 
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4 Results Part 2: Importance of PI3K signaling in neuroblastoma 
 

4.1 Activation status of PI3K and Raf/MEK/ERK signaling in primary 
neuroblastoma samples  

 

While the PI3K network has been investigated in several types of cancer, including 

glioblastoma, PI3K mediated signaling has not yet been explored in neuroblastoma in vivo. 

Therefore, phosphorylation of Akt and S6 ribosomal protein as surrogate readouts for PI3K 

and mTOR activity were analyzed by immunohistochemistry using a human tissue 

microarray comprising 116 primary neuroblastoma specimens. Since full activation of Akt 

requires phosphorylation of two key amino acids S473 and T308 (Alessi et al. 1997, Datta 

et al. 1999), phosphorylation of both sites were monitored to allow a thorough analysis of 

Akt activation. Importantly, Akt was highly phosphorylated at S473 in 61.2% (71/116) and 

at T308 in 62.9 % (73/116) of primary neuroblastoma (Figure 34). 56.9% (66/116) of 

neuroblastoma tumor samples were positive for both phosphorylation sites (Figure 34). 

Strong phosphorylation of S6 ribosomal protein, a downstream target of mTOR, occurred 

in 55.2% (64/116) of neuroblastoma samples (Figure 34). Phosphorylation of ERK as a 

component of the Raf/MEK/ERK pathway was also assayed. High phosphorylation of 

ERK was detected in 48.3% (56/116) of primary neuroblastoma specimens (Figure 34). In 

comparison to S6 ribosomal protein and ERK, phosphorylation of Akt S473 or T308 

occurred most frequently. Representative immunohistochemical staining of phospho-Akt 

S473 or T308, phospho-S6 ribosomal protein and phospho-ERK are shown in Figure 34.  

Analysis, to evaluate whether there is a correlation among the three phospho proteins, 

showed a correlation of Akt S473 or Akt T308 and S6 ribosomal protein phosphorylation 

(P=0.274 or P=0.160; Wilcoxon test), Akt S473 and Akt T308 phosphorylation (P=0.564; 

Wilcoxon test) as well as S6 ribosomal protein and ERK phosphorylation (P=0.182; 

Wilcoxon test), whereas there was no correlation for Akt S473 or Akt T308 and ERK 

phosphorylation (P=0.029 or P=0.017; Wilcoxon test) (Table 3).  

Together, this set of experiments demonstrates that phosphorylation of Akt at S473 and/or 

T308 as well as phosphorylation of S6 ribosomal protein and ERK occurs in a large 

proportion of neuroblastoma specimens. This indicates that PI3K and Raf/MEK/ERK 

signaling are frequently active in neuroblastoma in vivo. 
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Figure 34 PI3K and Raf/MEK/ERK activity in primary neuroblastoma tumor samples 
Phosphorylation of Akt, S6 ribosomal protein and ERK was analyzed in neuroblastoma tumor samples by 
immunohistochemistry on a tissue microarray chip containing 116 neuroblastoma samples. Left, the 
percentage of tumor samples showing high (+) or low (-) phosphorylation of Akt at S473 (Akt S473), at T308 
(Akt T308), at both S473 and T308 (Akt S473/T308), S6 ribosomal protein and ERK is shown. Right, 
representative immunohistochemical staining of phospho-Akt S473 (a, b), phospho-Akt T308 (c, d), 
phopsho-S6 ribosomal protein (e, f) and phospho-ERK (g, h) are shown. 20 x magnification (a, c, e, g); 200 x 
magnification (b, d, f, h). 
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Table 3 Correlation status between the analyzed phospho-proteins 
 

 P (Wilcoxon) 
phospho-Akt S473 
               phospho-T308 

 
0.564 

phospho-Akt S473 
               phospho-S6 

 
0.274 

phospho-Akt S473 
               phospho-ERK 

 
0.029 

phospho-Akt T308 
               phospho-S6 

 
0.160 

phospho-Akt T308 
               phospho-ERK 

 
0.017 

phospho-ERK  
               phospho-S6 

 
0.182 

 
Phosphorylation status of Akt at Ser 473 (Akt S473) and at Thr 308 (Akt T308), S6 ribosomal protein or 
ERK was analyzed by immunohistochemistry on a tissue microarray and correlated with each other using 
Wilcoxon test. Statistically significant correlations are indicated in bold.  
 

 

4.2 Activation of Akt and advanced disease 
 

Next, it was investigated whether PI3K or Raf/MEK/ERK activity is associated with 

adverse prognostic parameters. To this end phosphorylation of Akt, S6 ribosomal protein 

or ERK was correlated to various established parameters used for prognostic stratification 

of neuroblastoma, including MYCN oncogene amplification, deletion of the short arm of 

chromosome 1 (1p), age of patients at diagnosis, stage of disease and tumor histology 

(Berthold et al. 2003). As summarized in Table 4, high phosphorylation of Akt at S473, 

T308 or both Akt S473/T308 significantly correlated with MYCN amplification or 1p 

aberrations (Table 4 A and B). The level of significance increased for correlation of Akt 

phosphorylation and MYCN amplification, when phosphorylation at T308 or at both sites 

was assessed compared to phosphorylation at S473 (Table 4 A). Also, there was a stronger 

correlation between phosphorylation of both Akt sites and 1p36 aberrations compared to 

either phosphorylation site alone (Table 4 B). Importantly, high phosphorylation of Akt at 

T308 or at S473 and T308 but not at S473 alone correlated with the disease stage, patient 

age < 24 months at diagnosis and unfavorable SHIMADA histology (Table 4 C, F, G). Akt 

phosphorylation at S473 showed a trend for unfavorable histology according to 

SHIMADA classification (Table 4G). These results indicate that monitoring Akt at T308 

or both phosphorylation sites improves the assessment of Akt activity. In contrast 

phosphorylation of S6 ribosomal protein or ERK showed no significant association with 

any of the parameters tested (Table 5).  
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Thus, high phosphorylation of Akt at S473 and/or T308, as readout of PI3K activity, but 

not phosphorylation of S6 ribosomal protein or ERK, as readouts for mTOR or MEK 

activity, correlated with parameters of advanced disease such as MYCN amplification, 1p 

aberrations, unfavorable SHIMADA histology and disease stage or patient age at diagnosis 

in neuroblastoma. 
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Table 4 Correlation of the phosphorylation status of Akt and parameters of aggressive disease in 
primary neuroblastoma 
 
A, Phosphorylation status of Akt and MYCN amplification 

MYCN low p-Akt  
S473 

high p-Akt  
S473 

low p-Akt  
T308 

high p-Akt 
T308 

low p-Akt 
S473/T308 

high p-Akt 
S473/T308 

amplified 1/41 (2.4%) 13/69 (18.8%) 0/40 (0%) 14/70 (20.0%) 0/45 (0%) 14/65 (21.5%) 
non amplified 40/41 (97.6%) 56/69 (81.2%) 40/40 (100%) 56/70 (80.0%) 45/45 (100%) 51/65 (78.5%) 

Fisher’s  P = 0.016  P = 0.002  P = 0.001 
 
B, Phosphorylation status of Akt and 1p aberrations 

1p36 low p-Akt  
S473 

high p-Akt  
S473 

low p-Akt  
T308 

high p-Akt 
T308 

low p-Akt 
S473/T308 

high p-Akt 
S473/T308 

aberrations 0/19 (0%) 7/25 (28%) 0/20 (0%) 7/24 (29.2%) 0/22 (0%) 7/22 (31.8%) 
no aberrations 19/19 (100%) 18/25 (72%) 20/37 (54.1%) 17/24 (70.8%) 22/22 (100%) 15/22 (68.2%) 

Fisher’s  P = 0.014  P = 0.011  P = 0.009 
 
C, Phosphorylation status of Akt and disease stage 

 low p-Akt  
S473 

high p-Akt  
S473 

low p-Akt  
T308 

high p-Akt 
T308 

low p-Akt 
S473/T308 

high p-Akt 
S473/T308 

Stage 1-3  34/45 (75.6%) 42/71 (59.2%) 35/43 (81.4%) 41/73 (56.2%) 39/50 (78.0%) 37/66 (56.1%) 
Stage 4 9/45 (20.0%) 25/71 (35.2%) 6/43 (14.0%) 28/73 (38.4%) 8/50 (18.0%) 26/66 (37.9%) 

Stage 4S 2/45 (4.4%) 4/71 (5.6%) 2/43 (4.7%) 4/73 (5.5%) 2/50 (4.0%) 4/66 (6.1%) 
X² test  P = 0.184  P = 0.017  P = 0.046 

 
D, Phosphorylation status of Akt and age 12 months at diagnosis 

 low p-Akt  
S473 

high p-Akt  
S473 

low p-Akt  
T308 

high p-Akt 
T308 

low p-Akt 
S473/T308 

high p-Akt 
S473/T308 

age < 12 mo 14/45 (31.1%) 23/71 (32.4%) 14/43 (32.6%) 23/73 (31.5%) 16/50 (32.0%) 21/66 (31.8%) 
age > 12 mo 31/45 (68.8%) 48/71 (67.6%) 29/43 (67.4%) 50/73 (68.5%) 34/50 (68.0%) 45/66 (68.2%) 

Fisher’s  P = 1.000  P = 1.000  P = 1.000 
 
E, Phosphorylation status of Akt and age 18 months at diagnosis 

 low p-Akt  
S473 

high p-Akt  
S473 

low p-Akt  
T308 

high p-Akt 
T308 

low p-Akt 
S473/T308 

high p-Akt 
S473/T308 

age < 18 mo 30/45 (66.6%) 41/71 (57.7%) 31/43 (72.1%) 40/73 (54.8%) 35/50 (70.0%) 36/66 (54.5%) 
age > 18 mo 15/45 (33.3%) 30/71 (42.2%) 12743 (27.9%) 33/73 (45.2%) 15/50 (30.0%) 30/66 (46.5%) 

Fisher’s  P = 0.435  P = 0.077  P = 0.057 
 
F, Phosphorylation status of Akt and age 24 months at diagnosis 

 low p-Akt  
S473 

high p-Akt  
S473 

low p-Akt  
T308 

high p-Akt 
T308 

low p-Akt 
S473/T308 

high p-Akt 
S473/T308 

age < 24 mo 33/45 (73.3%) 45/71 (63.4%) 34/43 (79.1%) 44/73 (60.3%) 38/50 (76.0%) 40/66 (60.6%) 
age > 24 mo 12/45 (26.6%) 26/71 (36.6%) 9/43 (20.9%) 29/73 (39.7%) 12/50 (24.0%) 26/66 (39.4%) 

Fisher’s  P = 0.313  P = 0.042  P = 0.048 
 
G, Phosphorylation status of Akt and SHIMADA classification 
 low p-Akt  

S473 
high p-Akt  

S473 
low p-Akt  

T308 
high p-Akt 

T308 
low p-Akt 
S473/T308 

high p-Akt 
S473/T308 

favorable 34/42 (81%) 41/66 (62.1%) 35/40 (87.5%) 40/68 (58.8%) 39/47 (83.0%) 36/61 (59.0%) 
unfavorable 8/42 (19%) 25/66 (37.8%) 5/40 (12.5%) 28/68 (41.2%) 8/47 (17.0%) 25/61 (41.0%) 

Fisher’s  P = 0.053  P = 0.002  P = 0.006 
 
Phosphorylation status of Akt at Ser 473 (Akt S473) or at Thr308 (Akt T308) was analyzed by 
immunohistochemistry on a tissue microarray and correlated with MYCN amplification (A), 1p36 aberrations 
(B), disease stage (C), age at diagnosis (D-F) or SHIMADA classification (F) using χ2 test or Fisher’s exact 
test (Fisher’s). Statistically significant correlations are indicated in bold; trends are underlined; mo, month. 
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Table 5 Correlation of the phosphorylation status of S6 ribosomal protein or ERK and parameters of 
aggressive disease in primary neuroblastoma 
 

A, Phosphorylation status of S6 or ERK and MYCN amplification 
MYCN low p-S6 high p-S6 low p-ERK high p-ERK 

amplified 7/49 (14.2%) 7/61 (11.4%) 7/57 (12.2%) 7/53 (13.2%) 
non amplified 42/49 (85.7%) 54/61 (8.5%) 50/57 (87.7%) 46/53 (86.8%) 

Fisher’s  P = 0.776  P = 1.000 
 

B, Phosphorylation status of S6 or ERK and 1p aberrations 
1p36 low p-S6 high p-S6 low p-ERK high p-ERK 

aberrations 3/18 (16,6%) 4/26 (15.3%) 4/26 (15.3%) 3/18 (16.6%) 
no aberrations 15/18 (83.3%) 22/26 (84.6%) 22/26 (84.6%) 15/18 (83.3%) 

Fisher’s  P = 1.000  P = 1.000 
 

C, Phosphorylation status of S6 or ERK and disease stage 
 low p-S6 high p-S6 low p-ERK high p-ERK 

Stage 1-3  37/52 (71.2%) 39/64 (60.9%) 43/60 (71.6%) 33/56 (58.9%) 
Stage 4 14/52 (26.9%) 20/64 (31.3%) 14/60 (23.3%) 20/56 (35.7%) 

Stage 4S 1/52 (1.9%) 5/64 (7.8%) 3/60 (5%) 3/56 (5.4%) 
X² test  P = 0.277  P = 0.326 

 
D, Phosphorylation status of S6 or ERK and age 12 months at diagnosis 

 low p-S6 high p-S6 low p-ERK high p-ERK 
age < 12 mo 21/52 (40.4%) 16/64 (25%) 21/60 (35%) 16/56 (28.6%) 
age > 12 mo 31/52 (59.6%) 48/64 (75%) 39/60 (65%) 40/56 (71.4%) 

Fisher’s  P = 0.109  P = 0.551 
 

E, Phosphorylation status of S6 or ERK and age 18 months at diagnosis 
 low p-S6 high p-S6 low p-ERK high p-ERK 

age < 18 mo 35/52 (67.3%) 36/64 (56.3%) 37/60 (61.6%) 34/56 (60.7%) 
age > 18 mo 17/52 (32.7%) 28/64 (43.8%) 23/60 (38.3%) 22/56 (39.3%) 

Fisher’s  P = 0.254  P = 1.000 
 

F, Phosphorylation status of S6 or ERK and age 24 months at diagnosis 
 low p-S6 high p-S6 low p-ERK high p-ERK 

age < 24 mo 36/52 (69.2%) 42/64 (65.6%) 40/60 (66.6%) 38/56 (67.8%) 
age > 24 mo 16/52 (30.8%) 22/64 (34.4%) 20/60 (33.3%) 18/56 (32.1%) 

Fisher’s  P = 0.696  P = 1.000 
 

G, Phosphorylation status of S6 or ERK and SHIMADA classification 
 low p-S6 high p-S6 low p-ERK high p-ERK 

favorable 38/50 (76%) 37/58 (63.8%) 40/57 (70.2%) 35/51 (68.6%) 
unfavorable 12/50 (24%) 21/58 (36.2%) 17/57 (29.8%) 16/51 (31.4%) 

Fisher’s  P = 0.211  P = 1.000 
 
Phosphorylation status of S6 ribosomal protein or ERK was analyzed by immunohistochemistry on a tissue 
microarray and correlated with MYCN amplification (A), 1p36 aberrations (B), disease stage (C), age at 
diagnosis (D-F) or SHIMADA classification (F) using χ2 test or Fisher’s exact test (Fisher’s). mo, month. 
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4.3 Akt activity and survival 
 

Next, the prognostic value of the phosphorylation status of Akt, S6 ribosomal protein or 

ERK in neuroblastoma was evaluated. Importantly, high phosphorylation of Akt at S473, 

at T308 or at both residues significantly correlated with reduced event-free or overall 

survival in Kaplan-Meier analysis for the group of 116 neuroblastoma patients, which were 

treated according to the protocols of the Cooperative German Neuroblastoma Trails 

(NB90, NB95 and NB97). Monitoring Akt at T308 or both phosphorylation sites improved 

the predictive prognostic value of Akt activation compared to Akt phosphorylation at 

S473. By comparison, high phosphorylation of S6 ribosomal protein or ERK was not 

associated with event-free or overall survival of neuroblastoma patients (Figure 35). The 

cumulative survival curves of neuroblastoma patients with high or low phosphorylation of 

Akt, S6 ribosomal protein or ERK in tumor samples are shown in Figure 35. 3-year event-

free and overall survival of patients is summarized in Table 6.  

These findings demonstrate that high phosphorylation of Akt at S473 and/or T308, as 

downstream target of PI3K, but not high phosphorylation of S6 ribosomal protein, as target 

of mTOR, or ERK as readout of MEK activity predicts event-free and overall survival of 

neuroblastoma patients. 
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Figure 35 continued: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 35 PI3K/Akt signaling and survival 
The Kaplan-Meyer curves show the probability of event-free survival (EFS) (left side) or overall survival 
(OS) (right side) in relation of high phosphorylation or low phosphorylation of Akt at S473, Akt at T308, Akt 
at both S473 and T308, S6 ribosomal protein and ERK determined by tissue microarray. The survival curves 
were analyzed by the log rank test and the levels of significance are indicated. 
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Table 6 Correlation of the phosphorylation status of Akt, S6 ribosomal protein or ERK and survival in 
primary neuroblastoma 
 

 phosphorylation n 3-year EFS 3-year OS 
p-Akt S473 low 45 91 + 4 98 + 2 

high 71 62 + 6 84 + 5   P (log rank) 0.0008 0.0156 
p-Akt T308 low 43 95 + 3 100 

high 73 60 + 6 83 + 5   P (log rank) 0.0001 0.0017 
pAkt S473/T308 low 50 92 + 4 98 + 2 

high 66 59 + 6 82 + 5   P (log rank) 0.0001 0.0039 
p-S6 low 52 78 + 6 88 + 5 

high 64 69 + 6 90 + 4   P (log rank) 0.4537 0.9070 
p-ERK low 60 77 + 6 91 + 4 

high 56 68 + 6 87 + 5   P (log rank) 0.3603 0.4317 
 
Phosphorylation status of Akt at S473 (Akt S473) or at T308 (Akt T308) or at both Akt S473 and T308 (Akt 
S473/T308), S6 ribosomal protein and ERK was analyzed by immunohistochemistry on a tissue microarray. 
Survival curves were calculated according to Kaplan-Meier and compared with log rank test. Statistically 
significant correlations are indicated in bold.  
 

 

4.4 PI3K and Raf/MEK/ERK activity in primary neuroblastoma tumor 
lysates 

 

In addition to these studies phosphorylation of Akt, S6 ribosomal protein and ERK were 

analyzed by Western blotting in tumor lysates of a different group of 47 neuroblastoma 

tumor samples. A representative Western blot of 13 tumor samples is shown and the 

percentage of tumor samples showing high, versus low phosphorylation levels of Akt 

S473, S6 ribosomal protein and ERK is illustrated in Figure 36. High phosphorylation of 

Akt S473, S6 ribosomal protein and ERK was detected in 89.4% (42/47), 82.9% (41/47) 

and 70.2% (33/47) of neuroblastoma tumor samples, respectively (Figure 36). 

Phosphorylation at S473 was analyzed as representative phosphorylation residue of Akt. 

Notably, the amount of phosphorylation of Akt at S473, S6 ribosomal protein or ERK was 

higher in the tumor lysates analyzed by Western blot then in the primary neuroblastoma 

samples on the tissue microarray (Figure 34, Figure 36). This might be explained by the 

fact, that the methods used are different in their detection sensitivity or simply that two 

different groups were analyzed. Thus, in addition to immunohistochemistry, Western blot 

analysis showed that phosphorylation of Akt, S6 ribosomal protein and ERK is a frequent 

event in neuroblastoma. 
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Figure 36 Phosphorylation status of Akt, S6 ribosomal protein or ERK in primary neuroblastoma 
tumor samples 
Left, Western blot analysis of protein expression and phosphorylation status of Akt S473, S6 ribosomal 
protein or ERK in primary neuroblastoma specimens. β-actin was used as loading control. SH-SY5Y 
neuroblastoma cells cultured in medium containing 10% FCS were used as positive control for 
phosphorylation of Akt S473, S6 ribosomal protein or ERK. Right, Phosphorylation of Akt S473, S6 
ribosomal protein or ERK was semi quantitatively assessed as described in materials and methods and the 
percentage of tumor samples exhibiting high (+) versus low (-) phosphorylation is shown.  
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4.5 Activation of Akt by IGF-1 in neuroblastoma cell lines 
 

Next, it was investigated whether PI3K and RAF/MEK/ERK signaling are constitutively 

active in neuroblastoma cell lines. To address this issue a panel of human neuroblastoma 

cell lines were cultured under serum deprivation (0% FCS) for 24h, since serum contains 

growth factors, known to trigger this survival signals (Blume-Jensen and Hunter 2001), or 

for comparison in medium containing 10% FCS. U87MG glioblastoma cells were used as a 

positive control, since they exhibit constitutive phosphorylation of Akt, S6 ribosomal 

protein and ERK even under serum deprivation, as also shown in part 1 of the results 

(Figure 5). As shown in Figure 37, no constitutive phosphorylation of Akt at S473 in 

neuroblastoma cell lines after complete serum deprivation for 24h was found. Low or 

moderate Akt phosphorylation was detected in SK-N-SH, SK-N-BE, SH-EP, SH-SY5Y 

and IMR32 neuroblastoma cell lines, when cells were cultured in medium containing 10% 

FCS (Figure 37). Phosphorylation of S6 ribosomal protein was absent in most 

neuroblastoma cell lines and low in SH-EP neuroblastoma cells under serum deprivation. 

Variable phosphorylation of S6 ribosomal protein was found in neuroblastoma cell lines 

cultured in medium containing 10% FCS (Figure 37). By comparison, ERK was strongly 

phosphorylated in SK-N-SH, SK-N-AS, SH-EP and SH-SY5Y neuroblastoma cells and 

showed moderate phosphorylation in SK-N-BE, Kelly and IMR32 neuroblastoma cells 

even in the absence of serum (Figure 37). Furthermore, IGF-1, known to stimulate PI3K 

and to play an important role in neuroblastoma biology, was used to trigger PI3K 

activation. Importantly, stimulation of neuroblastoma cells with IGF-1 resulted in strong 

phosphorylation of Akt S473 and S6 ribosomal protein in all cell lines (Figure 37). By 

comparison, phosphorylation of ERK was enhanced by IGF-1 in cell lines that displayed 

moderate ERK phosphorylation in the absence of serum, e.g. SK-N-BE, Kelly and IMR32 

cells, while no significant change in ERK phosphorylation was observed in cell lines with 

strong ERK phosphorylation already under serum starvation (Figure 37). 
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Figure 37 Phosphorylation status of Akt, S6 ribosomal protein or ERK upon IGF-1 stimulation in 
neuroblastoma cell lines 
SK-N-SH, SK-N-BE, SK-N-AS, SH-EP, KELLY, SH-SY5Y and IMR32 neuroblastoma cells were cultured 
for 24h in medium containing 0% FCS (1) or 10% FCS (3) or in medium containing 0% FCS plus 200 ng/ml 
IGF-1 for 1h (2). U87MG glioblastoma cells cultured for 24h in medium containing 0% (1) or 10% (3) FCS 
were used as positive control. Protein levels of phospho-Akt S473, Akt, phospho-S6 ribosomal protein, S6 
ribosomal protein, phospho-ERK, ERK and β-actin were assessed by Western blot. 
 

 

Analyzing Akt phosphorylation at T308 in SH-EP, SH-SY5Y, SK-N-AS and Kelly 

neuroblastoma cells led to comparable results to the phosphorylation of Akt at S473 in 

these cell lines (Figure 38). Stimulation with IGF-1 resulted in Akt phosphorylation at 

T308 and S473, indicating full Akt catalytic activity. In Kelly neuroblastoma cells, IGF-1-

induced Akt phosphorylation was comparably weak but clearly detectable at the original 

film of this Western blot (Figure 37, Figure 38). Generally the intensiveness of bands 

might dependent on the exposition time. 
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Figure 38 Phosphorylation of Akt at T308 and S473 by IGF-1 stimulation in neuroblastoma cells  
SH-EP, SH-SY5Y, SK-N-AS and Kelly neuroblastoma cells were cultured for 24h in medium containing 0% 
FCS (1), were stimulated for 1h with 200 ng/ml IGF-1 in medium containing 0% FCS (2) or were cultured 
for 24h in medium containing 10% FCS (3). U87MG glioblastoma cells cultured for 24h in medium 
containing 0% FCS (1) or 10% FCS (3) were used as a positive control for phosphorylation of Akt. Protein 
levels of phospho-Akt S473, phospho-Akt T308, Akt and β-actin were assessed by Western blot analysis. no; 
no loading  
 

 

In subsequent experiments Akt phosphorylation at S473 was assessed to determine Akt 

activation in prototype S-type (SH-EP) and N-type (SH-SY5Y) neuroblastoma cell lines. 

S-type (substrate adherent) and N-type (neuroblastic) cell lines are considered to 

correspond to distinct cell types present in human neuroblastoma tumors (Ross et al. 2003). 

Taken together these data demonstrate 1) no constitutive activity of Akt under complete 

serum starvation in neuroblastoma cell lines, 2) low or moderate activity of Akt under 

normal culture conditions in 10% FCS in the majority of the neuroblastoma cell lines and 

3) strong activation of Akt upon stimulation with IGF-1 in all neuroblastoma cell lines. 

In light of the data showing Akt activity in the majority of neuroblastoma in vivo and the 

fact that phosphorylation of Akt is associated with reduced survival rate of neuroblastoma 

patients the role of Akt in the regulation of apoptosis in neuroblastoma was analyzed. First, 

to confirm that neuroblastoma cell lines express the IGF-1 receptor, SH-SY5Y, SH-EP and 

SK-N-SH neuroblastoma cells were selected and the cell surface was stained for IGF-1 

receptor by using anti-IGF receptor antibody. As shown in Figure 39, all three 

neuroblastoma cell lines express the IGF receptor on their cell surfaces suggesting that 

paracrine actions in neuroblastoma cell lines are possible as already shown before in 

Western blot analysis (Figure 38, Figure 37). 
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Figure 39 IGF-1 receptor expression on neuroblastoma cell lines 
Surface expression of IGF-1 receptor in SH-SY5Y, SH-EP and SK-N-SH neuroblastoma cells was 
determined by FACS analysis using IGF-1 receptor antibody (black) or isotype control (grey).  
 

 

In addition to IGF-1 also IGF-2 exerts its function via the IGF receptor. Both growth 

factors have been repeatedly reported to be autocrine growth factors in human 

neuroblastoma (Martin et al. 1993, El-Badry et al. 1989, Kiess et al. 1997). IGF-1 or-2 

mRNA expression levels in SH-EP, SH-SY5Y, SK-N-SH, SK-N-AS and SK-N-BE were 

investigated by RT-PCR. As shown in Figure 40, all cell lines express IGF-2 mRNA and 

SH-EP and SH-SY5Y cells also express IGF-1 mRNA. Although mRNA expression of 

IGF-1 or-2 was detected activation of PI3K signaling seems to require IGF-1 stimulation, 

as no phosphorylation of Akt occurred under conditions of 0% FCS (Figure 37, Figure 38).  

 

          
 
 
Figure 40 IGF-1 and IGF-2 mRNA expression in neuroblastoma cell lines 
Expression of IGF-1 (lane 2) and IGF-2 (lane 3) mRNA was examined by RT-PCR using sequence specific 
primers in SK-N-BE, SK-N-AS, SH-SY5Y, SK-N-SH and SH-EP neuroblastoma cell lines. Expression of β-
actin mRNA (lane 1) served as control for equal conditions. 
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Because neuroblastoma cell lines mainly express IGF-2, which is in the line with the 

finding that childhood cancers, such as neuroblastoma preferentially express IGF-2 (Ross 

et al. 2003), activation of Akt by IGF-1 and IGF-2 was compared. To this end SH-EP and 

SH-SY5Y neuroblastoma cells were selected and treated with IGF-1 or-2 for different time 

points. As shown in Figure 41, IGF-1 and IGF-2 similarly triggered phosphorylation of 

Akt in SH-EP and SH-SY5Y neuroblastoma cells from 1h for a prolonged time up to 48h. 

Given that no difference between IGF-1 and IGF-2 in their ability to stimulate Akt 

phosphorylation was observed, IGF-1 was continuously used for further experiments.  

 

 
 
 
Figure 41 Effect of IGF-1 and IGF-2 on the phosphorylation status of Akt, S6 ribosomal protein and 
ERK 
SH-EP or SH-SY5Y neuroblastoma cells were cultured in medium containing 0% or 10% FCS and treated 
with 200 ng/ml IGF-1 or 200 ng/ml IGF-2 in medium containing 0% FCS for indicated times. Protein levels 
of phospho-Akt S473, Akt, phospho-S6 ribosomal protein, S6 ribosomal protein, phospho-ERK, ERK and β-
actin were assessed by Western blot. 
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4.6 Activation of Akt by IGF-1 reduces cytotoxic drug- or TRAIL-induced 
apoptosis  

 

Next it was investigated whether activation of Akt interferes with the ability of 

neuroblastoma cells to undergo apoptosis. SH-EP and SH-SY5Y neuroblastoma cells were 

left untreated or were pretreated with IGF-1 for 4h to stimulate Akt before induction of 

apoptosis in the absence or presence of IGF-1. Importantly, activation of Akt by 

pretreatment with IGF-1 significantly reduced Doxorubicin-induced apoptosis in both SH-

EP and SH-SY5Y neuroblastoma cell lines in a dose- and time-dependent manner (Figure 

42). Interestingly, at higher Doxorubicin concentrations apoptosis per se decreased in SH-

SY5Y cells, suggesting that other forms of cell death might be involved at high 

Doxorubicin concentrations (Figure 42). 
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Figure 42 Effect of activation of Akt by IGF-1 on Doxorubicin-induced apoptosis 
SH-EP or SH-SY5Y neuroblastoma cells were pretreated or not with 200 ng/ml IGF-1 for 4h and then treated 
with Doxorubicin in the absence ( ) or presence ( ) of 200 ng/ml IGF-1 for indicated times and 
concentrations. Apoptosis was measured by FACS analysis of DNA fragmentation of propidium iodide-
stained nuclei and the percentage of specific apoptosis is shown. Data represent mean + SEM of three 
independent experiments performed in duplicate (SH-EP) or triplicate (SH-SY5Y). Apoptosis in the presence 
of IGF-1 alone was <5%.  
 

 

In addition SH-EP and SH-SY5Y neuroblastoma cells were treated with Cisplatin. 

Similarly, activation of Akt by pretreatment with IGF-1 resulted in a significant decrease 

of Cisplatin-induced apoptosis in SH-EP and SH-SY5Y neuroblastoma cells (Figure 43). 
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Figure 43 Effect of activation of Akt by IGF-1 on Cisplatin-induced apoptosis 
SH-EP or SH-SY5Y neuroblastoma cells were pretreated or not with 200 ng/ml IGF-1 for 4h and then treated 
with Cisplatin in the absence ( ) or presence ( ) of 200 ng/ml IGF-1 for indicated times and concentrations. 
Apoptosis was measured by FACS analysis of DNA fragmentation of propidium iodide-stained nuclei and 
the percentage of specific apoptosis is shown. Data represent mean + SEM of three independent experiments 
performed in triplicate. Apoptosis in the presence of IGF-1 alone was <5%.  
 

 
To exclude that apoptosis resistance mediated by Akt was restricted to cytotoxic drugs, this 

study was extended to the death receptor ligand TRAIL. Also, activation of Akt by IGF-1 

significantly reduced TRAIL-induced apoptosis in SH-EP cells (Figure 44). TRAIL could 

not be assessed in SH-SY5Y because they lack expression of caspase-8, which is an 

essential component of the apoptotic signal transduction pathway triggered by TRAIL 

(Fulda et al. 2001). Together, these findings indicate that activation of Akt by IGF-1 

reduces anticancer drug-induced apoptosis in both S- and N-type neuroblastoma cells and 

TRAIL-induced cell death in S-type neuroblastoma cells. 
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Figure 44 Effect of activation of Akt by IGF-1 on TRAIL-induced apoptosis 
SH-EP neuroblastoma cells were pretreated or not with 200 ng/ml IGF-1 for 4h and then treated with TRAIL 
in the absence ( ) or presence ( ) of 200 ng/ml IGF-1 for indicated times and concentrations. Apoptosis was 
measured by FACS analysis of DNA fragmentation of propidium iodide-stained nuclei and the percentage of 
specific apoptosis is shown. Data represent mean + SEM of three independent experiments performed in 
triplicate. Apoptosis in the presence of IGF-1 alone was <5%.  
 

 

4.7 Effect of IGF-1-mediated Akt activation on viability upon Doxorubicin– 
or TRAIL treatment  

 

Next, it was examined whether activation of Akt by IGF-1 has an effect on viability of 

neuroblastoma cells upon Doxorubicin or TRAIL treatment. Therefore, SH-EP and SH-

SY5Y neuroblastoma cells were treated with Doxorubicin and only SH-EP cells with 

TRAIL in combination or not with IGF-1. As shown in Figure 45, activation of Akt by 

IGF-1, significantly increased viability of SH-SY5Y neuroblastoma cells in response to 

Doxorubicin treatment compared to cells treated with Doxorubicin alone, whereas SH-EP 

cells did not show a consistently increase in viability through IGF-1 treatment (Figure 45). 

Combined treatment of SH-EP cells with TRAIL and IGF-1 significantly enhanced the 

viability of SH-EP neuroblastoma cells compared to treatment with TRAIL alone (Figure 

45). In conclusion, these results indicate that activation of Akt by IGF-1 variably increases 

viability of SH-EP and SH-SY5Y neuroblastoma cells in response to Doxorubicin or 

TRAIL. Thus, the influence of Akt activation by IGF-1 seems to be more important for 

apoptosis sensitization than for viability in these cells. 
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Figure 45 Effect of Akt activation by IGF-1 on viability upon treatment of Doxorubicin or TRAIL 
SH-EP or SH-SY5Y neuroblastoma cells were pretreated or not with 200 ng/ml IGF-1 for 4h and then treated 
for 48h with Doxorubicin or TRAIL in the absence ( ) or presence ( ) of 200 ng/ml IGF-1 at indicated 
concentrations. Viability was assessed by MTT assay and is shown as percentage of untreated controls or 
samples treated with IGF-1 alone. Data are expressed as mean + SEM of three independent experiments done 
in triplicate. Treatment with IGF-1 alone increased viability of about 200% in SH-SY5Y and of about 40% in 
SH-EP cells at 48h.  
 

 

4.8 Inhibition of PI3K by LY294002 blocks IGF-1-mediated apoptosis 
resistance 

 

In light of the findings that activation of Akt by IGF-1 conferred resistance towards 

cytotoxic agent-induced apoptosis in SH-EP and SH-SY5Y neuroblastoma cell lines, the 

question should be answered, whether apoptosis resistance triggered by IGF-1 was in fact 

mediated via PI3K signaling as IGF-1 has been reported to mediate survival via the PI3K 

or the Raf/MEK/ERK pathway (Kurihara et al. 2000). To address this question the PI3K 

inhibitor LY294002 was used. First, to control that inhibition of PI3K by LY294002 was 

effective phosphorylation of Akt, as downstream target of PI3K, was analyzed by Western 

blot. To this end SH-EP and SH-SY5Y neuroblastoma cells were treated with LY294002 

in medium containing 10% FCS, 0% FCS and 0% FCS plus IGF-1. As shown in Figure 46, 

LY294002 strongly inhibited phosphorylation of Akt in response to stimulation with IGF-1 

in SH-EP and SH-SY5Y neuroblastoma cells in a concentration-dependent fashion.  
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Next, the effect of PI3K inhibition on IGF-1 mediated apoptosis resistance in response to 

Doxorubicin or TRAIL was investigated. To this end SH-EP and SH-SY5Y neuroblastoma 

cells were pretreated for 4h with either IGF-1 or IGF-1 and LY294002 before Doxorubicin 

or TRAIL was added. Importantly, blockade of PI3K by LY294002 led to complete 

inhibition of IGF-1 mediated protection of SH-EP and SH-SY5Y neuroblastoma cells to 

Doxorubicin-induced apoptosis and in SH-EP cells to TRAIL-induced cell death (Figure 

46). This shows that IGF-1 confers resistance towards Doxorubicin- or TRAIL –induced 

apoptosis in a PI3K-dependent manner in neuroblastoma cells.  

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 46 Inhibition of PI3K abolishes IGF-1-mediated protection against Doxorubicin-or TRAIL-
induced apoptosis 
SH-EP and SH-SY5Y neuroblastoma cells were cultured for 24h in the presence (+) or absence (-) of 200 
ng/ml IGF-1 and/or indicated concentrations of the PI3K inhibitor LY294002 in medium containing 0% FCS. 
Protein expression levels of phospho-Akt S473, Akt and β-actin were assessed by Western blot (upper lane). 
SH-EP (left panel) or SH-SY5Y (right panel) neuroblastoma cells were pretreated or not with 200 ng/ml IGF 
for 4h and then treated for 24h with Doxorubicin or TRAIL in the absence ( ) or presence ( ) of 200 ng/ml 
IGF-1, or with 200 ng/ml IGF-1 and 20 µM LY294002 ( ). Apoptosis was measured by FACS analysis of 
DNA fragmentation of propidium iodide-stained nuclei and percentage of specific apoptosis is shown. Data 
represent mean + SEM of three independent experiments performed in triplicate. Apoptosis in the presence 
of IGF-1 or LY294002 alone was <5% or <10%, respectively. 
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5 Discussion  
 
Despite aggressive treatment strategies and multimodal therapy, patients with malignant 

glioblastoma or advanced neuroblastoma still have a dismal prognosis, highlighting the 

need for novel treatment approaches and a better understanding of the genes and pathways 

involved in tumorigenesis and progression (DeAngelis 2001, Louis et al. 2002, Berthold 

and Hero 2000). Targeting the apoptosis machinery for cancer therapy is very attractive, 

since most anticancer therapies primarily act by inducing apoptosis in cancer cells. 

However, many tumors remain resistant to current treatment protocols, often due to defects 

in the apoptotic program, for example through elevated PI3K signaling (Fulda and Debatin 

2004).  

PI3K, a key mediator of cell survival signals, is aberrantly activated in many cancers, 

including pancreatic, ovarian and non-small cell lung cancer, leading to apoptosis 

resistance (Bondar et al. 2002, Stoll et al. 2005, Hu et al. 2002, Kandasamy and Srivastava 

2002). Furthermore, altered activity of PI3K signaling has been associated with increase of 

tumor grade, decrease of levels of apoptosis and with adverse clinical outcome in 

malignant glioblastoma (Chakravarti et al. 2004). The prognostic impact of PI3K signaling 

in neuroblastoma has been determined within this work, extending its important role to the 

most common childhood cancer (Opel et al. 2007).  

While the first part of this study primarily concentrates on the question whether targeting 

PI3K signaling by kinase inhibitors could be exploited to enhance apoptosis sensitivity of 

malignant glioblastoma cells, the second part of this study focuses on the activation status 

of key components of this survival cascade and its relevance for neuroblastoma patient 

survival.  

 

 

5.1 Targeting PI3K for apoptosis sensitization of glioblastoma 
 

The present work demonstrates that PI3K signaling plays an important role in apoptosis 

resistance of glioblastoma cells, since inhibition of PI3K is an efficient strategy to broadly 

sensitize glioblastoma cells for apoptosis induction either via the death receptor (extrinsic) 

apoptosis pathway or via the mitochondrial (intrinsic) apoptosis pathway.  

Here, pharmacological inhibition of PI3K by LY294002 synergistically interacts with 

either death receptor stimulation by TRAIL, or agonistic anti-CD95 antibodies, or with 



Discussion   102

different anticancer drugs, e.g. Doxorubicin, Etoposide and Vincristin to trigger the death 

receptor apoptotic pathway or the mitochondrial apoptotic pathway in glioblastoma cell 

lines, respectively.  

A more detailed analysis for the combined treatment with LY294002 and TRAIL or 

LY294002 and Doxorubicin revealed that the events occurred in a caspase-dependent 

manner, as inhibition of caspases by the broad range caspase inhibitor zVAD.fmk almost 

completely abolished apoptosis. In addition, inhibition of PI3K cooperated with TRAIL or 

Doxorubicin to trigger loss of mitochondrial membrane potential followed by translocation 

of cytochrome c from the mitochondria into the cytosol. Thus, inhibition of PI3K enhanced 

signaling via both the extrinsic and intrinsic apoptosis pathway resulting in increased 

activation of effector caspases and cell death. Furthermore, the combination treatment of 

the PI3K inhibitor LY294002 and TRAIL or Doxorubicin is superior to single agent 

treatment in suppressing longterm survival in clonogenic assays. In addition to 

pharmacological kinase inhibition a genetic approach using siRNA was assessed, to rule 

out considerations for example about unspecificity of chemical inhibitors. Importantly, 

genetic silencing of PI3K isoforms by RNAi significantly enhances TRAIL- or 

Doxorubicin-induced apoptosis similar to pharmacological inhibitors. More importantly, 

inhibition of PI3K also sensitizes primary glioblastoma cells isolated from surgical 

specimens for TRAIL- or chemotherapy-induced apoptosis.  

Together, these findings provide convincing evidence that inhibition of PI3K is a 

promising approach to lower the threshold for apoptosis induction by death receptor 

triggering or cytotoxic drugs in glioblastoma. Thus, PI3K inhibitors may be used in 

combination protocols to enhance the effectiveness of TRAIL or chemotherapy in 

glioblastoma. 

There is currently much interest in interfering with PI3K-mediated signaling for 

therapeutic intervention in glioblastoma, since aberrant activity of this survival network 

has been shown to correlate with poor prognosis in this malignancy (Choe et al. 2003). 

Recently, it has been reported that inhibition of PI3K in glioblastoma induced a 

proliferative arrest in vitro and inhibited growth of established human xenografts in vivo 

(Fan and Weiss 2006). Inhibition of PI3K has also been reported to cooperate with 

blockage of epidermal growth factor receptor in PTEN-mutant glioma (Fan et al. 2007). 

Until now, combination regimens with PI3K inhibitors have not been investigated in detail 

in this particular tumor type. Shingu and coworkers previously reported that the PI3K 

inhibitor LY294002 synergistically enhanced the cytotoxity of the antimicrotubule agents 
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Vincristin and Taxol in four glioblastoma cell lines (Shingu et al. 2003). This study 

extends these findings by demonstrating that synergistic interaction of PI3K inhibition 

sensitized glioblastoma cells to apoptosis induced by both death receptor triggering 

through ligation of TRAIL receptors or CD95, as well as by chemotherapeutic agents, such 

as Doxorubicin, Etoposide or Vincristin and therefore is not restricted to antimicrotubule 

agents. The fact that inhibition of PI3K sensitized glioblastoma cells to apoptosis induced 

by various cytotoxic stimuli supports the concept that most cytotoxic therapies primarily 

act by triggering the cell’s intrinsic death program (Fulda and Debatin 2004). Therefore, 

targeting defective apoptosis pathways in cancer cells should overcome drug resistance of 

tumor cells and sensitize them to chemotherapeutic agent-induced cell death.  

Analysis of signaling molecules mediating the sensitization effect of LY294002 revealed 

that the inhibition of PI3K resulted in downregulation of the antiapoptotic proteins FLIPS, 

XIAP, cIAP-2 and survivin, which all have been reported to be regulated by Akt (Nam et 

al. 2003, Panka et al. 2001, Dan et al. 2004, Martelli et al. 2003). These findings may 

indicate that PI3K-mediated protection from cell death might be complex and happen at 

various levels within the cell, including at the DISC level, since FLIPs inhibits apoptosis by 

interfering with death receptor signaling (Igney and Krammer 2002). Although far 

reaching conclusions can not be drawn only from Western blot analysis, the findings of 

this work possibly will support a model where aberrant PI3K signaling in glioblastoma 

influences the protein levels of anti- and proapoptotic proteins at pre- and post-

mitochondrial level causing apoptosis resistance in these cells. In support of this notion 

recent studies have demonstrated that elevated Akt activity upregulates FLIP and inhibits 

TRAIL-induced apoptosis in prostate, renal and gastric cancer cells (Nesterov et al. 2001, 

Thakkar et al. 2001, Asakuma et al. 2003, Nam et al. 2003). In addition, PI3K inhibition 

has recently been found to downregulate survivin and cIAP-1 mRNA, as well as protein 

expression, facilitating TRAIL-mediated apoptosis in neuroblastoma cells (Kim et al. 

2004). While PI3K/Akt signaling has been reported to alter FLIP, cIAP-1/-2 and survivin 

gene expression (Nam et al. 2003, Martelli et al. 2003, Neri et al. 2003, Kim et al. 2004), 

for XIAP it has been reported that Akt interacts with and phosphorylates XIAP causing 

XIAP stabilization (Dan et al. 2004). Moreover, it is of interest to note that in glioblastoma 

cells combined treatment with LY294002 and TRAIL or LY294002 and Doxorubicin 

enhanced Bid cleavage, suggesting that PI3K signaling might promote cell survival by 

intervening with the apoptosis cascade upstream of cytochrome c release as the 

proapoptotic Bcl-2 family member Bid is thought to promote apoptosis by activating Bax 
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and Bak to form pores in the mitochondrial membrane for cytochrome c release (Cory and 

Adams 2002). Consistent with this possibility, Akt has been shown to inhibit cell death, 

induced by the Bcl-2 family members Bax and Bid (Kennedy et al. 1999). It will be subject 

of further investigations to gain additional insights into the molecule(s) mediating the 

observed sensitization effect in glioblastoma cells.  

Recently, in addition to regulating apoptosis, PI3K inhibitors have also been implicated in 

non-apoptotic cell death. It has been shown that disruption of PI3K signaling greatly 

enhanced rapamycin-induced autophagic cell death in malignant glioblastoma cells, 

suggesting that targeting PI3K is a potential therapeutic strategy for triggering different 

forms of cell death in glioblastoma (Takeuchi et al. 2005). 

 

 

5.2 PI3K is superior to mTOR- or ERK-inhibition for apoptosis sensitization 
of glioblastoma 

 

While PI3K is thought to activate most of its downstream targets via the Akt protein, the 

signaling network splits into many distinct branches thereafter, one of which is the mTOR 

arm (Shaw and Cantley 2006). Furthermore, intricate interactions between supposedly 

independent survival networks, such as the PI3K- and the Raf/MEK/ERK pathways, have 

also been described (Rommel et al. 1999, Richards et al. 1999, Sampaio et al. 2008). 

The question, which individual component of the PI3K network is most suitable as target 

for apoptosis sensitization of glioblastoma cells has not yet been addressed. The results 

demonstrate that in contrast to blockage of PI3K, inhibition of the mTOR arm by 

pharmacological inhibitors, e.g. everolimus and rapamycin, or genetic silencing fails to 

sensitize glioblastoma cells to TRAIL- or Doxorubicin-induced apoptosis, despite strong 

inhibition of mTOR. Everolimus caused an increase in Akt phosphorylation, indicating a 

feedback activation of Akt, as recently described for mTOR inhibitors (Harrington et al. 

2005, O'Reilly et al. 2006, Sun et al. 2005). Together with the fact that no additional 

sensitization for TRAIL-or Doxorubicin-induced apoptosis is seen by simultaneous use of 

everolimus and LY294002 compared to LY294002 alone, this might explain the failure of 

mTOR inhibitors to increase apoptosis sensitivity of glioblastoma cells.  

Cell type and/or stimulus specific differences may determine the susceptibility to mTOR 

inhibitor-induced apoptosis, since everolimus has recently been shown to sensitize non-

small cell lung carcinoma cells and neuroblastoma cells to drug-induced apoptosis 
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(Beuvink et al. 2005, Marimpietri et al. 2007). In addition, microenvironmental factors 

may have an impact on everolimus-induced anti-tumor activity, as rapamycin has 

previously been reported to significantly enhance the efficiency of fractionated radiation of 

glioblastoma cells grown in spheroids or as xenografts in nude mice (Eshleman et al. 

2002). Results presented within this study are in apparent conflict with a recent report by 

Panner and coworkers showing that mTOR controls TRAIL sensitivity in glioblastoma 

cells (Panner et al. 2005). Differences in the supply of growth factors, TRAIL preparations 

and cell lines used, may account for the differential dependence on mTOR for TRAIL-

induced apoptosis observed in these two studies. Thus, the cell type, molecular 

background, microenvironment and the combination partner used can determine whether 

mTOR inhibitors will sensitize cells to apoptosis. 

Other reports show that rapamycin analogues predominantly restrain glioblastoma 

proliferation, since mTOR inhibition has been described to promote response to EGFR 

kinase inhibitors (Wang et al. 2006) or improve glioblastoma growth inhibition upon 

combination therapy with everolimus and EGFR- or VEGF2-receptor inhibitors (Goudar et 

al. 2005).  

However, the differential impact of PI3K in opposition to mTOR inhibition on apoptosis 

sensitivity found in this study may indicate that other arms of the PI3K network, possibly, 

but not necessarily independent of the mTOR branch, are involved in the control of 

apoptosis in glioblastoma cells, e.g. via phosphorylation or transcriptional modulation of 

cell death proteins. Thought conceptionally, inhibition of PI3K – as the head of a complex 

survival system - may be a more promising target to inhibit than a signal sidearm of the 

network.  

Interestingly, the RNAi experiments imply that both p110α and p100β isoforms of PI3K 

are involved in apoptosis regulation in glioblastoma cells. While p110α has been reported 

to be the major isoform driving proliferation in glioblastoma (Fan et al. 2007), the results 

from this study show that in addition to p110α also the p110β isoform of PI3K is 

important in apoptosis regulation of glioblastoma. This is in line with a recent finding 

suggesting that siRNA-mediated downregulation of p110β has been described as a key 

regulator of apoptosis and proliferation in endometrial carcinomas (An et al. 2007) and 

suppresses malignant glioma cell growth (Pu et al. 2006).  

Moreover, the results of this study indicate that inhibition of PI3K is superior to inhibition 

of the Raf/MEK/ERK cascade for apoptosis sensitization of glioblastoma cells since 

inhibition of the latter pathway did not significantly alter apoptosis sensitivity towards 
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Doxorubicin or TRAIL in glioblastoma cells. The apoptosis susceptibility of glioblastoma 

cells in response to inhibition of the Raf/MEK/ERK pathway may, however, depends on 

the EGF receptor status, since MEK inhibition has been reported to preferentially sensitize 

EGF receptor mutated glioblastoma cells to Cisplatin-induced cell death (Zhan and 

O'Rourke 2004).  

 

 

5.3 Potential of TRAIL in glioblastoma therapy 
 

By demonstrating that inhibition of PI3K significantly enhanced death receptor-induced 

cell death in glioblastoma cells, the current study has important implications for the 

development of novel approaches in glioblastoma therapy. There is mounting evidence that 

TRAIL is an effector molecule of the innate immune response as part of the immune 

surveillance system during tumor formation and progression (Smyth et al. 2003). In 

addition, an intact CD95 signaling system is pivotal for effective killing of tumor cells by 

cytotoxic T cells (Krammer 2000). Glioblastoma cell lines can be sensitive, partially or 

completely resistant to TRAIL-induced apoptosis (Hao et al. 2001), suggesting the 

presence of a more complex regulatory mechanism for TRAIL-induced apoptosis. This 

might be due to the dominance of antiapoptotic signals, such as aberrant activation of the 

PI3K network, for example due to loss of PTEN (Whang et al. 2004). Thus, optimization 

of the sensitivity of glioblastoma cells towards TRAIL or CD95-triggered apoptosis by 

PI3K inhibition may be crucial for effective tumor killing via the innate or acquired 

immune system.  

The idea to directly trigger cell death in cancer cells by stimulation of death receptors at 

the cell surface is attractive for cancer therapy, since death receptors are directly linked to 

the cell’s extrinsic apoptotic pathway (Ashkenazi 2002). The extrinsic pathway can, 

through caspase-8 activation and Bid cleavage, cross-talk to the intrinsic apoptotic pathway 

and thereby amplify the apoptotic signal, as evident from the marked increase in caspase-9 

activity upon TRAIL treatment, in U87MG glioblastoma cells. Agents triggering TRAIL 

receptors, such as agonistic TRAIL receptor antibodies or recombinant TRAIL, have been 

extensively studied in preclinical models and are currently under investigation in clinical 

trials (Kelley and Ashkenazi 2004, Schaefer et al. 2007). It will be exciting to determine 

which TRAIL receptor agonists, either alone or in combination with other anti-cancer 

therapeutics, will result in better outcome of cancer treatment in the future.  
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These results demonstrate that joint inhibition of PI3K to sensitize for apoptosis coupled 

with direct triggering of the TRAIL pathway by recombinant soluble TRAIL is superior to 

either treatment alone in inducing apoptosis in glioblastoma. Also, in other cancers PI3K 

inhibitors reversed the cellular resistance to TRAIL, including non-small cell lung cancer 

cells (Kandasamy and Srivastava 2002), primary human melanocytes (Larribere et al. 

2004), gastric cancer (Nam et al. 2003), or prostate cancer (Chen et al. 2001) and 

leukaemia (Martelli et al. 2003).  

TRAIL is a good candidate for cancer therapy because of its selective cytotoxity to human 

cancer cells, but not to “healthy” cells. TRAIL has been shown to inhibit tumor growth in 

mice without affecting the surrounding tissue (Walczak et al. 1999). The relative absence 

of toxic side effects of this naturally occurring cytokine, in addition to its antitumoral 

properties, has led to its preclinical evaluation. However, many tumors, including a 

significant percentage of malignant glioblastoma, remain resistant to TRAIL despite 

expression of both agonistic TRAIL receptors (Jeremias et al. 2004). Resistance to 

treatment with TRAIL may be caused by overexpression of antiapoptotic genes, such as 

Bcl-2 (Fulda et al. 2002) or by overexpression of TRAIL receptors that lack the death 

domain and are thus termed decoy receptors (Ozoren and El-Deiry 2003). 

 

 

5.4 PI3K inhibition as part of apoptosis-based combination therapy of 
glioblastoma 

 

Clinically, resistance to apoptosis is a major cause of nonresponsiveness of cancers, 

including glioblastoma, leading to treatment failure (Bogler and Weller 2002). As 

conventional chemotherapy often leads to the emergence of drug resistance, combination 

cancer therapies have attracted considerable attention in recent years. By demonstrating 

that PI3K inhibition synergizes with death-inducing ligands or chemotherapy to trigger 

apoptosis in glioblastoma cells, this study highlights the significance of a sensitizer/inducer 

concept to overcome apoptosis resistance. This concept may have important implications 

for the development of experimental combination therapies for glioblastoma. Since PI3K 

inhibitors as single agents were shown to be primarily cytostatic (Fan and Weiss 2006), 

combination treatment would allow effective use not only of these inhibitors at non-toxic 

concentrations, but also of lower doses of chemotherapeutic agents and thus reduced side 

effects. 
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To manage glioblastoma, designed treatment protocols should combine PI3K inhibitors 

with conventional chemotherapeutic agents or experimental therapeutics such as TRAIL. 

To go one step further, it could be possible for targeted therapies to be most effective in 

combination with one another, as inhibition of PI3K also mediates radiosensitization in 

glioblastoma (Nakamura et al. 2005). Like irradiation, cytotoxic drugs, e.g. Doxorubicin 

cause DNA-damage. Inhibition of PI3K signaling has been shown to impair DNA repair 

(Kao et al. 2007), implicating the idea to combine PI3K inhibitors with chemotherapy and 

radiation therapy. 

The requirement for inhibition of PI3K for TRAIL- or cytotoxic drug-induced apoptosis 

reflects the complexity of signaling underlying malignant transformation. Also, within the 

context of PI3K sitting at the apex of an oncogenic survival signaling network, there is 

growing evidence that combinatory targeting is likely to succeed as therapeutic strategy 

over individually targeting in future cancer treatments.  

In particular this study opens new clinical perspectives for a promising approach by using 

PI3K inhibitors in combination with TRAIL or chemotherapy to enhance the anti-tumor 

activity in malignant glioblastoma. 

 

 

5.5 The interplay of PI3K-, mTOR- and ERK-signaling 
 

Although there is a new trend in cancer treatment directly targeting molecules that drive 

tumorigenesis, such as components of the survival signaling network, a more detailed 

understanding of the cross-talk among numerous signaling pathways activated within a 

tumor is necessary. Therefore, expression profiling of genes or proteins to select patient’s 

cancers, which are most likely to respond to therapy will provide information on the 

activation status of individual pathways within a cell. Notably, several pieces of evidence 

indicate a network between PI3K-, mTOR- or ERK-signaling that may depend on the cell 

type and/or the supply of growth factors. This highlights the idea not to think of single, 

even independent linear pathways, but of a survival network signaling with various arms 

that are able to interact, interactivate but also to counteract each other. For instance, results 

from this study indicate a cell type specific cross-talk between PI3K and Raf/MEK/ERK 

signaling in U87MG glioblastoma cells, as pharmaceutical inhibition of PI3K also led to 

cell specific inhibition of ERK. Thereby PI3K seems to be the dominant partner, as 

inhibition of ERK does not influence PI3K signaling in these cells. This finding is in line 
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with a recent report describing a PI3K-dependent activation of ERK upon EGF stimulation 

in U87MG glioblastoma cells, where PI3K inhibition by wortmannin or LY294002 also 

decreased ERK phosphorylation (Sampaio et al. 2008). In their model PI3K-mediated ERK 

activation is dependent on EGFR mobilization, meaning that under weak receptor 

engagement ERK activation becomes dependent on PI3K, which describes a PI3K-

mediated compensatory mechanism for ERK activation by recruiting the Ras activation 

complex (Gab1/Shp2) to its PIP3 product. Considering the experimental conditions of 0% 

FCS, especially U87MG cells might be dependent on this compensatory activation 

mechanism. Interestingly, interactions between PI3K and Raf/MEK/ERK signaling at the 

level of Ras activation have also been reported in other cellular systems. For example, 

pharmacological inhibitors and dominant negative forms of PI3K were found to block Ras 

activation induced by EGF in Vero (monkey kidney) cells (Yart et al. 2001). In primary 

human erythroid progenitor cells, Schmidt and coworkers found that PI3K inhibition by 

three different PI3K inhibitors also blocked phosphorylation of ERK1/2 through a 

mechanism involving PKC (Schmidt et al. 2004). In addition, Gab1/Shp2, Grb-2 and G-

proteins may serve as points at which PI3K is integrated into Raf/MEK/ERK signaling. To 

this end, Conway and colleagues reported that PI3K inhibition by LY294002 or 

wortmannin reduces activation of ERK in airway smooth muscle cells, and suggested an 

involvement of Grb-2 and G-proteins, since they found an association of PI3K with Grb-2 

and G-proteins (Conway et al. 1999). Although a direct interaction between PI3K and 

MAPKs has not been demonstrated, certain PI3K MAPK docking sites have been 

identified, indicating potential cross-talk between PI3K and Raf/MEK/ERK signaling 

(Caldwell et al. 2006).  

The finding that mTOR inhibition increased phosphorylation of Akt and ERK is consistent 

with recent studies highlighting the existence of a negative feedback loop from activated 

mTOR signaling to the upstream PI3K signaling through S6 kinase and insulin receptor 

substrate-1 (Harrington et al. 2005, Wullschleger et al. 2006, Hay 2005). Thus, weakening 

of this negative feedback loop by mTOR inhibitors may result in activation of PI3K and 

Raf/MEK/ERK signaling. A newly described PI3K inhibitor circumvents this side effect, 

as it is a dual PI3K/mTOR inhibitor, which has been described to reveal emergent 

efficiency in glioblastoma (Fan and Weiss 2006).  

Further, results from this study also suggest a possible regulatory relationship between 

ERK and S6 ribosomal protein in glioblastoma, as addition of serum led to decreased 

phosphorylation levels of S6 ribosomal protein and ERK in some glioblastoma cell lines. 
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This might be a direct consequence of increased PI3K activity, as Akt has also been 

described as a negative regulator of Raf-1 which, in turn, lies upstream of the MAPK 

signaling cascade. In support of this notion Zimmermann and coworkers showed that Akt 

bound to Raf-1 in several cell types and directly phosphorylated Raf-1 on serine residue 

259, an inactivating site, leading to reduced activity (Zimmermann and Moelling 1999). In 

addition, Rommel and colleagues reported that in post-differentiation myotubes Akt 

reduced Raf-1 phosphorylation on serine residue 338, thereby reducing its activity 

(Rommel et al. 1999). Alternatively, MAPK signaling has also been found to be inhibited 

during long term serum stimulation through the sequestration of ERK into the nucleus, 

where it accumulates and becomes dephosphorylated (Volmat et al. 2001). Since ERK is 

also a key regulator of the S6 ribosomal protein phosphorylation, either via 

phosphorylation of TSC2 (Ma et al. 2005), the p70 S6 kinase pathway (Wang et al. 2001), 

or independently of mTOR via Rsk1 signaling (Richards et al. 1999), it is conceivable that 

the reduced levels of phospho-S6 observed upon addition of serum are a direct 

consequence of inhibited ERK signaling.  

The correlation between phosphorylation of Akt and phosphorylation of S6 ribosomal 

protein in the neuroblastoma part of this study has two possible explanations: First, Akt 

and S6 ribosomal protein are sequential components in the PI3K signaling cascade (Shaw 

and Cantley 2006). Second, mTOR, bound to a unique adaptor called rictor, mediates Akt 

activation by phosphorylation at Ser473 (Sarbassov et al. 2005). The association between 

phosphorylation of S6 ribosomal protein and phosphorylation of ERK found in primary 

neuroblastoma reflects that cross-talks between ERK and mTOR signaling have been 

described (Shaw and Cantley 2006). In support of this notion it has recently been 

published, that the combination of a novel Raf inhibitor and everolimus decreases glioma 

proliferation and invasion (Hjelmeland et al. 2007). Although phospho-Akt correlated with 

phospho-S6 ribosomal protein expression, which correlated with phosphorylation of ERK, 

phosphorylation of Akt, but not that of S6 ribosomal protein or ERK, predicted poor 

patient outcome. These findings from patient’s data indicate a more prominent role of Akt 

in tumor cell survival, which is reflected by the in vitro data showing that Akt directly 

contributes to the apoptotic machinery as it controls survival for example through 

inactivation of the proapoptotic protein Bad (Datta et al. 1997). S6 ribosomal protein as 

target of mTOR is thought to regulate cell growth and metabolism in response to 

environmental cues (Wullschleger et al. 2006), while ERK signaling appears to control 

differentiation of neuroblastoma cells (Eggert et al. 2000). However, these distinct roles of 
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the pathways are discussed in the literature not without controversy and in light of the 

preceding discussion an interplay of “signaling pathways” is almost certainly a 

simplification.  

Nevertheless, this study emphasizes that the functions of PI3K and its key regulator Akt 

are superior to mTOR and ERK, since PI3K inhibition enhances apoptosis sensitization of 

glioblastoma cells and Akt correlates with poor outcome of neuroblastoma patients.  

 

 

5.6 Akt – a new biomarker for the outcome of neuroblastoma patients 
 

While deregulated signaling via the PI3K network has been associated with poor prognosis 

in several human cancers, the question whether the activation status of key components of 

the PI3K network has a prognostic impact for the outcome in neuroblastoma has not been 

addressed previously. Therefore, in the second part of this study, the phosphorylation 

status of Akt, a downstream target of PI3K, S6 ribosomal protein, a target of mTOR, and 

ERK, a target of MEK, were analyzed as readouts for the activity of oncogenic survival 

signaling by immunohistochemical and Western blot analysis in primary neuroblastoma 

specimens. The data provide evidence that phosphorylation of Akt at S473 and/or T308, S6 

ribosomal protein and ERK are frequent events in neuroblastoma. Phosphorylation of Akt, 

but not phosphorylation of S6 ribosomal protein or ERK, was identified as a novel 

indicator of poor prognosis in neuroblastoma patients. Also, phosphorylation of Akt was 

correlated with established parameters of aggressive disease, such as MYCN amplification 

and loss of 1p36, advanced disease stage, age at diagnosis and unfavorable histology, 

whereas in contrast to Akt, activity of S6 ribosomal protein or ERK did not correlate with 

parameters associated with aggressive disease.  

Assessment of Akt activity by monitoring phosphorylation at T308 or both T308 and S473 

phosphorylation sites improved the prognostic significance of Akt activity in 

neuroblastoma specimens compared to determining S473 phosphorylation only. Similarly, 

evaluation of both Akt phosphorylation sites has recently been reported to improve the 

assessment of Akt activation in non-small cell lung cancer (Tsurutani et al. 2006). This 

may reflect that phosphorylation of both sites is required for full activation of Akt (Alessi 

et al. 1997). Accordingly, S473 phosphorylation does not necessarily correlate with Akt 

activation, as in cells in which PDK-1 has been genetically disrupted, insulin stimulated 

increased phosphorylation of S473 had no effect on Akt activity as a consequence of loss 
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of T308 (Williams et al. 2000). Thus, evaluation of both T308 and S473 phosphorylation 

may be a better surrogate for Akt activity in clinical specimens. 

Aberrant activity of the PI3K network has previously been linked to poor prognosis in 

other human malignancies, for example breast carcinoma and glioblastoma (Perez-Tenorio 

and Stal 2002, Chakravarti et al. 2004). This study demonstrates for the first time that the 

activated status of Akt correlates with reduced survival of neuroblastoma and thus, extends 

the clinical relevance of PI3K signaling to the most common extracranial solid tumor of 

childhood.  

As most studies for therapy are based on risk groups that take into account various genetic 

features of neuroblastoma such as MYCN amplification, or allelic loss of chromosome 1p, 

high expression of the neurothrophin receptors TrkA or TrkB, now, Akt has also been 

identified as a new prognostic marker for clinical outcome (Brodeur 2003). The finding 

that phosphorylation of Akt at S473 and/or at T308 correlate with MYCN amplification and 

1p36 aberrations may point to a novel link between Akt and genetic alterations in 

neuroblastoma. It has been reported that activation of Akt can overcome the G2/M cell 

cycle checkpoint that is induced by DNA damage (Kandel et al. 2002). In support of this 

notion it has been demonstrated that Akt-mediated phosphorylation of Chk1 triggers its 

ubiquitination and cytoplasmatic sequestration, imparing the ability of Chk1 to guard 

genome integrity in cancer cells (Puc et al. 2005). Whether such a link between Akt and 

genomic instability exists in neuroblastoma remains to be investigated in future studies. 

Alternatively, correlation of phosphorylated Akt with MYCN amplification, and 1p36 

aberrations may simply reflect its association with poor prognosis, since both, MYCN 

amplification and loss of 1p, are prognostic markers for aggressive disease in 

neuroblastoma (Berthold et al. 2003). However, at the protein level inhibition of PI3K 

destabilizes MYCN and blocks malignant progression in neuroblastoma (Chesler et al. 

2006). Interestingly, also inhibition of mTOR downregulates MYCN protein expression 

and inhibits neuroblastoma growth in vitro and in vivo as described recently (Johnsen et al. 

2007). 
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5.7 Activation of Akt in a PI3K-dependent fashion protects neuroblastoma 
cells from apoptosis 

 

The findings in primary neuroblastoma were corroborated by parallel experiments in 

neuroblastoma cell lines, showing that activation of Akt by IGF-1 protected neuroblastoma 

cells against TRAIL- or cytotoxic drug-induced apoptosis in a PI3K-dependent manner. 

While IGF-1 has previously been reported to rescue neuroblastoma cells from 

hyperosmotic-, peroxynitrite-, hypoxia- or TNFα-induced apoptosis in a PI3K-dependent 

manner (van Golen et al. 2001, Saeki et al. 2002, Liu et al. 2006, Kenchappa et al. 2004) 

this study demonstrates that IGF-1 protected neuroblastoma cells from apoptosis induced 

by the death-inducing ligand TRAIL. While the finding that IGF-1 protected 

neuroblastoma cells from apoptosis induced by Doxorubicin is in line with a previous 

report showing that IGF-1 antagonizes apoptosis induced by Doxorubicin in SK-N-SH 

neuroblastoma cells (Gil-Ad et al. 1999), this study extends the evidence by demonstrating 

that IGF-1 also protects neuroblastoma cells from apoptosis induced by the 

chemotherapeutic agent Cisplatin. Together, these findings indicate that activation of Akt 

by IGF-1 confers resistance to neuroblastoma cells against a variety of cytotoxic stimuli, 

suggesting that this survival pathway presents a clinically relevant target to enhance the 

efficiency of cytotoxic therapies in neuroblastoma. Furthermore, IGF-mediated signaling 

via PI3K has other crucial functions in neuroblastoma, since IGF-signaling via PI3K was 

shown to be required for neuroblastoma differentiation and cytoskeletal rearrangements 

(Kim et al. 2004). Also, Akt modulates the sensitivity of neuroblastoma cells to IGF 

receptor inhibition (Guerreiro et al. 2006). 

Stimulation of neuroblastoma cells with IGF-1 has only a minor effect on phosphorylation 

levels of ERK compared to the major effect on Akt phosphorylation. This observation 

suggest, that IGF-1-induced resistance towards TRAIL- and drug-induced apoptosis is 

mainly mediated via PI3K, but not through Raf/MEK/ERK signaling, in neuroblastoma 

cells. If IGF-1-induced resistance towards apoptosis is independent of Raf/MEK/ERK 

signaling, treatment of neuroblastoma cells with IGF-1 and the MEK inhibitors U0126 or 

PD98059 should not affect apoptosis, an experiment that should be included in future 

work. To this end pharmacological inhibitors of either PI3K or mTOR, but not of 

MEK/ERK have been shown to impair IGF-1-stimulated growth in neuroblastoma cells 

(Guerreiro et al. 2006). Recently it has been described that IGF-1 phosphorylation of 

FKHR and forkhead transcription factor like 1 (FKHRL1) via PI3K-dependent pathway 
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rescues neuroblastoma cells from growth factor withdrawal-induced apoptosis (Schwab et 

al. 2005). In a recent publication the proapoptotic BH3-only proteins Bim and Noxa were 

identified to be critically involved in FKHRL1-induced apoptosis in neuroblastoma 

(Obexer et al. 2007). Also PI3K-dependent alterations in survivin expression levels have 

been reported to be responsible for aberration of apoptosis in neuroblastoma cells (Kim et 

al. 2004). The results from the glioblastoma part of this study also may indicate that PI3K 

signaling upregulates the expression of antiapoptotic proteins, therefore it will be subject 

of further investigations to gain insights into the molecular mechanisms of IGF-1-mediated 

rescue through PI3K signaling of neuroblastoma cells from TRAIL- and chemotherapeutic 

drug-induced apoptosis.  

 

 

5.8 Aberrant PI3K activity might be a result of deregulated growth factor 
signaling in neuroblastoma 

 

PI3K activity can be upregulated in cancers through several mechanisms, including 

amplification and mutation of the genes encoding the p110α PI3K catalytical subunit or 

mutations in the gene encoding the PI3K regulatory subunit p85a (Luo et al. 2003, Samuels 

et al. 2004). Despite the high rates of activating mutations in p110α, loss of heterozygosity 

in key components of the signaling cascade, e.g. loss of PTEN, amplification or 

overexpression of critical growth factor receptors (Cully et al. 2006, Samuels et al. 2004) 

still appear to be the most common mechanisms of activation of PI3K signaling in human 

cancers. In glioblastoma, aberrant activation of PI3K is frequently the result of genetic 

alterations, including most notably mutation or deletion of the tumor suppressor gene 

PTEN (Maher et al. 2001). Deregulation of the EGFR by elevated expression, mutation 

and/or gene arrangement has been observed in glioblastoma. The most common mutation 

of EGFR is a deletion in its extracellular domain termed EGFRvIII, occurring in 

approximately 40% of glioblastoma (Wong et al. 1992, Maher et al. 2001). Amplification, 

mutation or overexpression of PIK3CA gene encoding the PI3K p100α subunit (Gallia et 

al. 2006, Kita et al. 2007), as well as CTMP hypermethylation (Knobbe et al. 2004) are 

common events to drive PI3K activity in glioblastoma. In contrast, PTEN mutations are 

considered a rare event in neuroblastoma (Munoz et al. 2004), also mutations in PIK3CA 

are found to be infrequent in neuroblastoma (Dam et al. 2006). The mechanisms leading to 

altered activation of PI3K signaling in neuroblastoma may involve deregulated growth 
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factor signaling, e.g. triggered by IGF-1/IGF-2 (Zumkeller and Schwab 1999), but is not in 

the first instance mutation dependent. As in glioblastoma, even under complete serum 

deprivation a constitutive Akt activity was found, in neuroblastoma IGF stimulation was 

necessary for activation of Akt, indicating a clear relationship between IGF and PI3K 

signaling. In human neuroblastoma IGF signaling has been demonstrated to control 

proliferation, motility, survival and differentiation (Meyer et al. 2001, Singleton et al. 

1996, Leventhal et al. 1995, El-Badry et al. 1989, Kim et al. 2004). The function and 

regulation of IGF-1 or IGF-2 and the IGF receptor in autocrine growth of neuroblastoma 

has also been reported (Kiess et al. 1997, Martin et al. 1993). In support of these notions, 

strong phosphorylation of Akt in neuroblastoma cells stimulated with IGF-1 or -2, IGF 

receptor expression, as well as mRNA expression of IGF-1 and IGF-2 was found in 

neuroblastoma cells in this work.  

Based on the fact that IGF is necessary for Akt activation in neuroblastoma cells and on the 

literature described above, in neuroblastoma stimulation of PI3K signaling may 

predominantly be caused by elevated signaling through growth factor receptors, conferring 

resistance to cell death induced by chemotherapy or death-inducing ligands, such as 

TRAIL. In contrast, abrogated PI3K signaling in glioblastoma is mainly mutation based 

and can be independent of growth factor supply, as indicated by strong phosphorylation of 

components of the PI3K network in glioblastoma cells even under serum starvation. Figure 

47 illustrates a working model of how activation of PI3K in neuroblastoma and 

glioblastoma might occur. 
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Figure 47 Schematic illustration of the possible mechanisms of elevated PI3K signaling in 
neuroblastoma or glioblastoma 
Growth factors acting through receptor tyrosine kinases activate PI3K, which is capable of generating the 
second messenger PIP3 leading to Akt activation. PTEN is a negative regulator of Akt activation by 
dephosphorylating PIP3. While in neuroblastoma aberrant PI3K activity may depend on growth factor 
signaling (1), PI3K activity in glioblastoma is not only restricted to growth factors and overexpression of 
their receptors (e.g. EGFR) (2), as constitutive receptor activity due to genetic deletion (EGFRvIII) (3), 
alterations in PIK3CA (4) or loss of PTEN (5) cause elevated Akt activity. (GF- growth factor) 
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6 Summary  
 

This study reports that inhibition of PI3K significantly sensitized glioblastoma cells for 

death-inducing ligands, as well as for different anticancer drugs, whereas inhibition of 

mTOR or MEK did not significantly alter the sensitivity of glioblastoma cells for TRAIL- 

or Doxorubicin-induced apoptosis. PI3K inhibition by LY294002 significantly enhances 

apoptosis induced by TRAIL, agonistic anti-CD95 antibodies or several anticancer drugs, 

i.e. Doxorubicin, Etoposide and Vincristin, in a synergistic manner. In addition, LY294002 

cooperates with TRAIL or Doxorubicin to suppress colony formation demonstrating a 

strong effect also on longterm survival. Similarly, genetic knockdown of the PI3K subunits 

p110α and/or p110β by RNA interference primes glioblastoma cells for TRAIL- or 

Doxorubicin-mediated apoptosis. Analysis of apoptosis pathways revealed that PI3K 

inhibition collaborates with TRAIL or Doxorubicin to trigger mitochondrial membrane 

permeabilization, caspase activation and caspase-dependent apoptosis that is abolished by 

the caspase inhibitor zVAD.fmk. Most importantly, PI3K inhibition by LY294002 

sensitizes primary glioblastoma cells obtained from surgical specimens for TRAIL- or 

chemotherapy-induced cell death.  

Additionally, this study provides evidence that phosphorylation of Akt at S473 and T308, 

S6 ribosomal protein and ERK occurs in a large proportion of primary neuroblastoma. 

Importantly, phosphorylation of Akt at S473 and/or T308, but not that of S6 ribosomal 

protein or ERK, was identified as a novel prognostic indicator of decreased event-free or 

overall survival. Akt activity significantly correlated with parameters of aggressive disease, 

including MYCN amplification, 1p36 aberrations, advanced disease stage, patient age at 

diagnosis and unfavorable histology. Experiments in neuroblastoma cell lines revealed that 

activation of PI3K signaling by IGF-1 significantly inhibited TRAIL- or chemotherapy-

induced apoptosis. Accordingly, pharmacological inhibition of PI3K, which antagonized 

IGF-1-mediated phosphorylation of Akt, completely reversed the ability of IGF-1 to rescue 

neuroblastoma cells from apoptosis. Thus, by demonstrating that Akt activity correlates 

with poor prognosis in primary neuroblastoma in vivo and with apoptosis resistance in 

vitro, and that inhibition of PI3K significantly enhanced both death receptor- and 

anticancer drug-induced cell death in glioblastoma cells, these findings highlight PI3K as a 

crucial regulator of apoptosis in neuroectodermal tumors and represent PI3K or its key 

regulator Akt to target for glioblastoma and neuroblastoma therapy, respectively. 
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