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This work is dealing with treating glioblastoma multiforme (or glioblastoma or GBM), type of 

central nervous system (CNS) tumor originating from astrocytic cells. Glioblastoma represent 

the most abundant and most aggressive type of CNS tumors in adults with a survival median 

of less than one year. Moreover, these tumors often embody chemo- and/or radioresistance 

and easily recur. Therefore, novel therapeutic strategies are highly needed to be found.  

 

CNS tumors 
Primary malignant CNS tumors represent about 2% of all cancers 

(http://www.cancer.org/docroot/PRO/content/PRO_1_1_Cancer_Statistics_2009_Presentation.asp, 

cached 19.2.2010). By estimation, 1,479,350 new cases of benign and malignant brain tumors 

have been diagnosed in 2009 in the United States. Mortality reaches 38%.  

The incidence of brain tumors in the United States is 14.8 cases per 100,000 population 

annually, with approximately half being histologically benign. But even benign tumors, if not 

amenable to excision or radiation therapy, can be fatal as a result of progressive growth in the 

closed space of the skull (Buckner et al., 2007). Meningiomas are the most abundant ones, but 

exhibit usually benign histology and slow growth. The most important group is glioma 

representing 40% and 78% of all and malignant CNS tumors, respectively [Table 1]. 

 

Table 1: Distribution of all primary brain and CNS tumors by histology, CBTRUS 1998-2002 
(N=63,698)* 

 
 

http://www.cancer.org/docroot/PRO/content/PRO_1_1_Cancer_Statistics_2009_Presentation.asp
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CNS tumors can be classified regarding the specific cell type they are originating from 

(ependymomas, gliomas, oligodendrogliomas etc.) or their grade according to the World 

Health Organization (WHO) classification established in 1993 [Table 2].  

  

Table 2: General CNS tumor classification according to WHO including malignancy grades (Louis et 
al., 2007). 

 
 



16 
 

Histological grading is a mean of predicting the biological behavior of a neoplasm. In the 

clinical setting, tumor grade is a key factor influencing the choice of therapies, especially 

determining the use of adjuvant radiation and specific chemotherapy protocols. The WHO 

classification of tumors of the nervous system includes a grading scheme that is a 

‘malignancy scale’ ranging across a wide variety of neoplasms rather than a strict histological 

grading system (Kleihues et al., 1993, Louis et al. , 2007).  

 

Glioblastoma 
 
Gliomas are CNS tumors originating from glial cells usually occurring in brain, more rarely 

also in spinal cord. The annual incidence of glioma in the United States is 5.4 cases per 

100,000 population which is comparable to the rest of the world 

(http://emedicine.medscape.com/article/283453-overview, cached 30.11.2009).  

 

Table 3: Astrocytic tumors classification by grade according to WHO 
(http://rad.usuhs.mil/rad/who/who2b.html; cached 30.11.2009; (Louis et al. , 2007).  

WHO tumor name WHO grade Characteristics 

Pilocytic Astrocytoma I lesions with low proliferative potential  
and the possibility of cure following surgical 
resection alone; children at age 5-15 
survival median: > 20 years 

Low-grade Astrocytoma II generally infiltrative; despite low-level 
proliferative activity often recur; tend to progress 
to higher grades of malignancy 
survival median: cca 10 years 

Anaplastic Astrocytoma III lesions with histological evidence of malignancy, 
including nuclear atypia and brisk  
mitotic activity; adults at age superior 40 years  
survival median: 2 – 3 years 

Glioblastoma IV cytologically malignant, mitotically active, 
necrosis-prone neoplasms; typically associated 
with rapid pre- and postoperative disease 
evolution and a fatal outcome; most common 
type in adults 
survival median: 8 months 

 

Glioblastomas as well as all astrocytomas originate from non-neuron star-shaped glial cells - 

astrocytes, providing biochemical support to neurons as well as to epithelial cells forming the 

blood-brain barrier. They are essential for sustaining homeostasis and providing nutrients 

http://emedicine.medscape.com/article/283453-overview
http://rad.usuhs.mil/rad/who/who2b.html;
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supply for neural cells. Glioblastoma represent the most common and also the most 

aggressive solid CNS tumors [Table 3]. It is present in two histological variants: giant cell 

glioblastoma containing a portion of multinucleated giant cels, and gliosarcoma representing 

only 2.1% of all glioblastomas.  

Median survival of patients diagnosed with GBM without any treatment is approximately 90 

days, and is extended to from about six to twelve months using conventional therapies, while 

long term survival (at least five years) falls under 3% (Buckner et al. , 2007).  
 

Causes of Glioblastoma 

Predominant and exact causes and mechanisms of astrocytic tumor formation remain 

unknown. Genetic predisposition to these tumors appears to be relatively rare, although they 

can be inherited as a part of several familial diseases, such as type 1 neurofibromatosis 

(mutation of NF1), Turcot syndrome (mutation of APC), basal cell nevus (or Gorlin) 

syndrome mutation of PTCH), and Li-Fraumeni syndrome (mutation of TP53 or CHEK2) 

[Table 4]. 

  

Table 4: Inherited mutations in members of families at increased risk of glioma (Schwartzbaum et al., 
2006) 

Syndrome Gene name Chromosomal location 
Neurofibromatosis 1 NF1 17q11 
Neurofibromatosis 2 NF2 22q12 
Tuberous sclerosis TSC1 

TSC2 
9q34 
16p13 

Retinoblastoma RB1 13q14 
Li–Fraumeni syndrome TP53 17p13 
Turcot's syndrome and multiple hamartoma APC 

hMLH1 
hMSH2 
PMS2 
PTEN 

5q21 
3p21.3 
2p22–21 
7p22 
10q23.3 

 

 

In addition, environmental risk factors associated with primary brain tumors have been 

difficult to identify. Except therapeutic irradiation and exposure to some chemical stress 

stimuli such as formaldehyde, vinylchloride or acrylonitrile, the identification of specific 

environmental causal factors has been unsuccessful (http://emedicine.medscape.com/ 

article/283453-overview, cached 30.11.2009).  

http://emedicine.medscape.com/
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Molecular physiopathology of glioblastoma 

Despite a great effort and more than 20 years of ongoing clinical studies, current clinical 

medicine is still lacking an efficient glioblastoma therapy. The lack of glioma-targeted agents 

predicts a very limited chance of finding a successful therapy using this approach. An 

important clue to pathways involved in glioma genesis may lie in the two GBM subtypes that 

have been identified clinically: primary and secondary GBM [Figure 1].  

 

Primary GBM typically presents in older patients (mean age 62 years) as an aggressive, 

highly invasive tumor, usually without any evidence of prior clinical disease. It usually loses 

heterozygosity on chromosome 10q (in almost 70% cases). Among other genetic alterations, 

EGFR amplification, TP53 and PTEN mutations, and p16INK4a are often present in primary 

GBM (Ohgaki and Kleihues, 2005, Ohgaki and Kleihues, 2007).   

 

 

Figure 1: Two GBM entities with their most frequent genetic alterations. GBM can develop over 5–10 
years from a low-grade astrocytoma (secondary GBM), or it can be the initial pathology at diagnosis 
(primary GBM). The clinical features of GBM are the same regardless of clinical route, whereas their 
genetic background differ. *Genetic alterations significantly different in frequency between primary 
and secondary glioblastomas. (Ohgaki and Kleihues, 2007). 
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Secondary GBM has a very different clinical history. It is usually observed in younger 

patients (mean age 45 years) who initially present with a low-grade astrocytoma that 

transforms into GBM within 5 – 10 years of the initial diagnosis, regardless of prior therapy. 

They also embody loss of heterozygosity on chromosome 10q (63%) and TP53 mutations, 

which are in 57% cases located in hotspot codons 248 and 273, whereas in primary GBM 

TP53 mutations are more widely spread (Maher et al., 2001, Ohgaki and Kleihues, 2005).  

 

EGFR/PTEN/Akt/mTOR signaling pathway is crucial for primary GBM development. 

EGFR amplification occur in about 40% of primary GBM, whereas is very rare in the 

secondary glioblastomas. EGFR amplicons often become (deletion of exons 2 and 7 are the 

most common) and such constitutively active EGFRvIII with concurrent overexpressed EGFR 

result in p27 inhibition via PI3K/Akt pathway activation and subsequently in enhanced cell 

proliferation. Growth factors such as TGF-α and EGF are responsible for EGFR activation 

resulting in PI3K recruitment to the cell membrane, phosphorylation of phosphatidylinositol 

to PIP3, that subsequently phosphorylates the effectors: Akt and mTOR leading to apoptosis 

inhibition and thus cell proliferation [Figure 2]. PTEN (phosphatase and tensin homology) 

gene counteracts PI3K signals resulting in cell proliferation inhibition. PTEN has been found 

to be mutated in 15 - 40% primary GBM, but not in secondary ones.  

 

TP53/MDM2/p14ARF pathway is the key signaling system, primarily for secondary 

glioblastoma development. TP53 is mutated in two-thirds and about 30% of secondary and 

primary GBM, respectively. In secondary glioblastomas, 57% of mutations have been 

reported to be located in the two hotspot codons 248 and 273. However, in primary 

glioblastomas, mutations were more equally distributed through all exons, with only 17% 

occurring in codons 248 and 273 (Ohgaki and Kleihues, 2005, Ohgaki and Kleihues, 2007). 

The less specific pattern of TP53 mutations in primary glioblastomas may constitute, at least 

in part, secondary events due to increasing genomic instability during tumor development 

(Ohgaki and Kleihues, 2007).  

 

Amplification of MDM2 is present in 10% of glioblastomas (exclusively in primary ones) that 

lack a TP53 mutation. 36,37 Loss of p14ARF expression has frequently been observed in 

glioblastomas (76%), and this typically correlates with homozygous deletion or promoter 

methylation of the p14ARF gene (Bogler et al., 1995). Promoter methylation of p14ARF was 

more frequent in secondary than primary glioblastomas, but there was no significant 
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difference in the overall frequency of p14ARF alterations (homozygous deletion and promoter 

methylation) between glioblastoma subtypes (Nakamura et al., 2001).  

 

The TP53 gene at 17p13.1 encodes a protein that plays a key role in regulation of cell 

proliferation, cell death, cell differentiation, and neovascularization (Bogler et al. , 1995). In 

normal unstressed cells, the level of p53 protein is downregulated via the binding of proteins 

such as MDM2, COP1, PIRH2 or JNK that promote p53 degradation via the 

ubiquitin/proteasome pathway. As most of these genes are up regulated by p53, this lead to a 

regulation loop that will keep p53 level very low in a normal cells (http://p53.free.fr/index.html, 

cached 1.12.2009). 

 

 

Figure 2: Principal signaling pathways involved in the pathogenesis of glioblastoma (in red: primary 
GBM, in blue: secondary GBM, in green: both GBM subtypes) (Ohgaki and Kleihues, 2007). 

http://p53.free.fr/index.html
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After genotoxic or non-genotoxic stresses, activation of p53 is a two steps process. First, p53 

protein level is increased via the inhibition of its interaction with MDM2 and the other 

negative regulators. Secondly, a series of modulator (kinases, acetylases) will activate p53 

transcriptional activity (Vousden, 2000, Vousden, 2002).  

 

The MDM2 binds to mutant and wild-type TP53 proteins, thereby inhibiting the ability of 

wild-type TP53 to activate transcription from minimal promoter sequences (Momand et al., 

1992, Oliner et al., 1992). Conversely, transcription of the MDM2 gene is induced by wild-

type TP53 (Barak et al., 1994, Zauberman et al., 1995). In normal cells, this autoregulatory 

feedback loop regulates both the activity of the TP53 protein and the expression of MDM2. 

The p14ARF gene product binds to MDM2 and inhibits MDM2-mediated p53 degradation and 

transactivational silencing. Conversely, p14ARF expression is negatively regulated by TP53 

and inversely correlates with TP53 function in human tumor cell lines (Kamijo et al., 1998, 

Stott et al., 1998). Therefore, loss of normal TP53 function may also result from altered 

expression of MDM2 and/or p14ARF gene [Figure 2].  

 

p16INK4a/RB1 pathway seems to be important in both, primary and secondary glioblastoma 

signaling [Figure 2]. RB1 protein controls progression through G1 to S phase of the cell 

cycle. The CDK4/cyclin D1 complex phosphorylates the RB1 protein, thereby inducing 

release of the E2F transcription factor that activates genes involved in the G1 to S transition. 

p16INK4a binds to CDK4, inhibits the CDK4/cyclin D1 complex, and thus inhibits the G1 to S 

transition. Therefore, loss of normal RB1 function may result from altered expression of 

either of the RB1, p16INK4a, or CDK4 genes (Ohgaki and Kleihues, 2007). 

 

1. Conventional glioma therapy  

Despite several decades of ongoing neuro-physiopathology research as well as of clinical 

studies, neurooncologists are still lacking efficient therapy for brain tumors. The tumor 

environment is an extremely sensitive tissue with a limited capacity of self-repair and is 

enclosed in a strictly limited cranial space. These tumors tend to spread to brain parenchyma, 

which makes them hardly removable. They also often exhibit chemoresistance that has to be 

able to overcome the blood-brain barrier and exhibit low neurotoxicity as well. Taken 

together, successful therapy of brain tumors represents a great challenge for oncologists as 
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well as for molecular biologists to reveal the specificities of these neoplasms and propose 

well-targeted therapeutical approaches.  

 

Nowadays, conventional treatment of brain tumors includes surgical resection (in 100%), and 

external-beam radiotherapy (87%) possibly combined with chemotherapy (54%). Eighty-eight 

percent patients receive anticonvulsant therapy, 29% used alternative medicine and 15% are 

included in clinical trials (Chamberlain, 2006). 

 

Chemotherapy 

 
Fifty percent of brain tumors represent gliomas, where 50% of them are glioblastomas.  

Nowadays, over half of all cases are treated by chemotherapy concomitantly with 

radiotherapy and adjuvantly. Conventionally, glioblastomas are treated with methylating 

agents, usually nitrosoureas, e.g. carmustine (BCNU), lomustine, or a triple combination of 

procarbazine, lomustine and vincristine [for structures see Figure 3]. During last decades, 

clinical trials phase II - IV emerged another promising methylating agent, temozolomide 

(Temodal, Temodar®, Schering-Plough), which became a reference drug for glioblastoma 

treatment.  

 
 
 
 
 
 
a           b    
 
 
 
 
 
 
 
 
 
 
c     d 
Figure 3: Lomustine (a), carmustine (b), procarbazine (c) and vincristine (d) structures.  
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1. Temozolomide 

Temozolomide (TMZ), an imidazotetrazine derivative [Figure 4] containing three adjacent 

nitrogen atoms, spontaneously converts at physiologic pH into its metabolite MTIC (3-

methyl-(triazen-1-yl)imidazole-4-carboxamide) and subsequently to a methyldiazonium 

cation, which transfers the methyl group to DNA, and degrading MTIC to the final 

degradation product [AIC in Figure 4] excreted by kidneys (Denny et al., 1994).  

 
Figure 4: Temozolomide (TMZ) structure, its metabolic and degradation pathways (Baker et al., 
1999).  

 
The DNA methylation occurs most commonly at the N7 position of guanine, followed by O3 

position of adenine and O6 position of guanine. The O6 guanin methylation represent only 

about 5% of the methylation reactions of MTIC, but seems to play a crucial role in 

antitumoral effects of temozolomide. This hypothesis is supported by the negative correlation 

between the sensitivity to temozolomide and the activity of O6 methylguanine 

methyltransferase (MGMT), which specifically removes the methyl group from O6 position of 

guanine (Friedman et al., 2000).  

 

Temozolomide has been shown to be widely distributed in tissues including brain, thus 

overcrossing the blood-brain barrier (Stevens and Newlands, 1993). Moreover, it is 100% 

bioavailable after per os dosing.  

 
According to recent studies, radiotherapy combined with temozolomide treatment, followed 

by postradiotherapy with TMZ for 6 months increased the median survival from 12 to 14.6 

months with no negative impact on quality of life (Stupp et al., 2005). Consecutively, MGMT 

expression was evaluated, as it is a predominant DNA repair enzyme removing the alkyl 
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groups from DNA bases. MGMT gene silencing correlates with better responses to alkylating 

agents and higher survival rates (Hegi et al., 2005). Survival median of patients with 

methylated MGMT promoter, treated by temozolomide in combination with radiotherapy 

reached 21.7 months compared to 15.3 months of those expressing normal MGMT 

(Chamberlain, 2006).  

 

2. Ellipticine 

Ellipticine (5,11-Dimethyl-6H-pyrido(4,3-b)carbazole) and its derivatives are 

pyridocarbazoles which were found to possess significant anticancer and anti-HIV activity. 

Ellipticine was first identified in 1959 in the leaves of a small Australian tropical evergreen 

tree Ochrosia elliptica Labill. from the Apocyanaceae family (Garbett and Graves, 2004). 

Ellipticine’s more soluble derivatives, 9-methoxyellipticine and 2-methyl-9-

hydroxyellipticine in the form of acetate (NMHE), have been utilized pharmacologically since 

1970s, especially in France (Le Pecq et al., 1974). Ellipticine derivatives entered clinical trials 

phase II for the chemotherapy of advanced breast cancer, metastatic adenoid carcinoma, lung 

carcinoma and and carcinoma of stomach (data NCI). They were also proved to be highly 

efficient against osteolytic breast cancer metastases, acute myeloblastic leukemia, kidney 

sarcoma and thyroid carcinoma (Acton et al., 1994). In 1994, ellipticines showed an increased 

cytotoxicity in the brain tumor cell line subpanel of the NCI-60 cell-line screening panel (Shi 

et al., 1998a, Shi et al., 1998b, Vistica et al., 1994).  

 
Ellipticine pharmacokinetics 

The physiological disposition of ellipticine was studied by Chadwick and co-workers in the 

mouse, rat, dog and monkey after administration of [1-14C]ellipticine at 6 mg/kg intravenously 

(3 mg/kg to monkey). Ellipticine was widely, but not uniformly, distributed throughout the 

tissues including the brain, so it seems able to overcome the blood-brain barrier, either 

because of its lipid-solubility (Chadwick et al., 1978), or due to some form of active transport 

(Vistica et al. , 1994). Ellipticine is a weak base (pKa = 5.8), it is ionized in acidic medium of 

the gastrointestinal tract (GIT) and could not be resorbed from the intestine. 

 

The primary site of ellipticine metabolism is the liver, where it is predominantly metabolised 

to 9-hydroxyellipticine (rat). The 9-hydroxyellipticine does not accumulate here but is 

conjugated to its glucuronide and sulphate, which are secreted in bile (Chadwick et al. , 1978). 
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Hydroxylation at carbon C9 occurs approximately three times more intensively in animals 

treated by methylcholanthrene (an inductor of cytochrome P450 (CYP)1A and CYP1B1) and 

twice more intensively in animals treated by phenobarbital (an inductor of CYP2B) (Lesca et 

al., 1981). An overview of ellipticine metabolism by human CYP enzymes in vitro is shown 

in Figure 5.  

 

Figure 5: Scheme of ellipticine metabolism by cytochromes P450 (Stiborova et al., 2004).  

 

 

Mechanisms of action of ellipticine 

The mode of action of ellipticine is considered to be based mainly on:  

§ DNA intercalation caused by weak reversible hydrophobic interactions with DNA 

bases. Interaction of the methyl of ellipticine and the thymine in DNA is crucial to the 

ellipticine molecule’s orientation at the intercalation site (Ashby et al., 1980, Bertrand 

and Giacomoni, 1985);  

§ Inhibition of topoisomerase II: ellipticines interact with DNA or topoisomerase II 

and form an inactive ternary complex. Thus, they stimulate double-strand breaks in 

DNA molecules and subsequent cell death (Froelich-Ammon et al., 1995, Stiborova et 

al., 2001); 

§ Covalent DNA adducts formation after enzymatic activation by CYPs ellipticine 

forms two major covalent DNA adducts through its metabolism to 13-

hydroxyellipticine and 12-hydroxyellipticine. The latter one is formed by ellipticine 

oxidation by CYPs or spontaneously from ellipticine N2-oxide (Stiborova et al. , 2001, 
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Stiborova et al., 2007a, Stiborova et al., 2007b, Stiborova et al., 2006, Stiborova et al. , 

2004) [Figure 6]; 

 

 

Figure 6: Scheme of ellipticine activation prior to covalent DNA adduct formation (Stiborova et al., 
2008). 

 

Other minor mechanisms of action are as follows:  

§ Selective inhibition of p53 phosphorylation: protein p53 (product of the tumour 

suppressor gene p53) is present at very low concentrations in undamaged cells. DNA 

damage activates protein kinases that phosphorylate p53. This leads to a decrease in its 

degradation, resulting in the induction of apoptosis, which is the physiological 

function of p53. Mutations of the p53 gene occur in at least half of all human cancers. 
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Ellipticines seem to be able to regenerate its physiological function probably via 

inhibition of a specific cyclin-dependent kinase (Ohashi et al., 1995, Sugikawa et al., 

1999a, Sugikawa et al., 1999b).  

§ Inhibition of oxidative phosphorylation, which results in a lethal decrease of ATP 

concentration (Faddeeva and Beliaeva, 1997, Schwaller et al., 1995). 

§ Inhibition of telomerase: telomerase is a ribonucleoprotein enzyme that elongates 

and/or maintains telomeric DNA. It has been recognized as a potent diagnostic marker 

in a variety of human cancers because of its prevalence in most tumor cells (Sato et 

al., 1998). 

 

Except the covalent DNA adduct formation most of the above mentioned mechanisms of 

antitumour activity of ellipticine are based on unspecific action. No discrimination between 

healthy tissues and tumour cells in ellipticine uptake is to be expected because ellipticines are 

highly hydrophobic and enter cell membranes by diffusion (Stiborova et al. , 2001). This fact 

contrasts with relatively specific antitumour activity of ellipticine against individual types of 

tumours. A cancer-specific cell-kill is known to be caused by several anticancer drugs, which 

are almost inactive until metabolised. Thereby, CYP/peroxidase-dependent formation of 

covalent DNA adducts could, at least partially, explain the antitumour specificity as well as 

the high efficiency of ellipticine. CYP isoenzymes known to be expressed in higher levels in 

tumours sensitive to ellipticine (i.e. breast cancer, renal cell cancer) than in peritumoral 

tissues, namely CYP3A4, CYP1A1 and CYP1B1 (Frei et al., 2002), are highly efficient in 

activating ellipticine to form covalent adducts in vitro. Hence, ellipticine is considered to act 

also as a pro-drug, whose pharmacological efficiency and/or genotoxic side effects are 

dependent on its enzymatic activation in target tissues (Stiborova et al. , 2004). There are 

significant inter-individual differences during the therapy with ellipticine, which is in 

accordance with different enzymatic equipment of human individuals.  

 

2. Enzymatic systems biotransformating xenobiotics 
 

Metabolic transformation of xenobiotics entering the organism is partially dependent on their 

solubility in water or fats. Lipophilic substances pass through membranes and can therefore 

cumulate in the organism. They cannot be eliminated directly, but they have to be transformed 

to more polar substances first. These more hydrophilic substances might be either non-toxic 

(biologically inert) or biologically active, depending on the structure of the xenobiotic and on 
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the enzymatic system transforming that substance. Hence, in spite of detoxification, metabolic 

activation may also occur. Numerous drugs require such metabolic activation. On the other 

hand, 98% of genotoxic carcinogens (those generating covalent adducts) are metabolically 

activated, too.  

 

Biotransformation of xenobiotics is different in different species. Integrity and direction of 

biotransformation of the xenobiotic are important for defining the toxic level of the substance 

for individual organisms.  

 

In animals, biotransformation of xenobiotics is a biphasic process. In the first phase, the 

derivatization phase, oxidative and reductive reactions occur to increase the polarity of a 

lipophilic xenobiotic. Hydrolytic reactions may also be applied to increase the hydrophilicity 

of some substances (e.g. esters). In the second phase, the conjugation phase, these more polar 

molecules are conjugated with endogenous compounds (e.g. glucuronic acid, glutathione, 

active sulphate, cysteine, acetate glycine, taurine).  

 
 
Phase I of biotransformation 
 
 To increase the polarity of a xenobiotic, polar groups are introduced into the molecule or 

those already present are "demasked". The oxidative pathways of biotransformation are the 

most common ones (C-hydroxylation, N-hydroxylation, N-oxidation, S-oxidation, 

dealkylation, deamination, epoxidation, oxidation of alcohol and aldehydes, etc.); other 

reactions are hydrolytic (hydrolysis of esters and amides) or reductive (nitro- and azo-

reductions). For example, aristolochic acids and 2-nitroanisole are carcinogens, which are 

activated by reductive mechanisms.  

 

Enzymes catalysing the phase I reactions of xenobiotics are those located in the microsomal 

fraction (subcellular system formed from the endoplasmic reticulum during the 

homogenization), and in cytosol (cytoplasm diluted in an isolation buffer). A system of mixed 

function oxidases (MFO system) plays a crucial role in this phase of biotransformation. It 

catalyses most of the oxidative reactions. Other enzymes include flavin-containing 

monooxygenases (Ziegler’s enzyme) (Ziegler, 2002), DT-diaphorase (Colucci et al., 2008), 

heme peroxidases (Ullrich and Hofrichter, 2007), alcohol- and aldehyde-dehydrogenases, and 

reductases (cytosolic xanthineoxidase) (Fang et al., 2007).  
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Phase II of biotransformation 
 

Small hydrophilic endogenous molecules are bound to the functional groups created during 

the phase I. This results in further increase in the polarity of the xenobiotic and, therefore, its 

elimination from the organism is facilitated. Afterwards, it is usually excreted by urine or bile.  

 

O- and N-glucuronosides are the most common conjugates excreted by urine. The conjugation 

of a derivatized xenobiotic with glucuronic acid is catalysed by an enzyme assignated as 

UDP-glucuronosyltransferase.   

 

Glutathione-S-transferase is considered to play an important role in anti-carcinogenic 

processes, because it is able to bind reactive metabolites, especially epoxides, and catalyse 

their linkage to glutathione. In kidney, γ-glutamyl is split off; glycyl is split off in liver; 

cysteyl is then acetylated to form mercapturic acid, which is excreted by urine. Sometimes, 

xenobiotics form conjugates directly with cysteine. Hence, glutathione and cysteine are also 

considered as scavengers of xenobiotics. 

 

The conjugates of phenolic substances with sulphate and those of carboxylic acids with 

glycine or taurine are usually excreted by faeces. Products of endogenous steroid compounds 

biodegradation (i.e. cholic acid) are excreted in the same way. 

 

In the phase II of biotransformation, xenobiotics may also be converted into more toxic 

substances. For example, the conjugates of N-hydroxylated compounds, formed from 

aromatic amines, and active sulphate (PAPS = 2´-phosphoadenosine-5´-phosphosulphate) by 

sulphotransferases. Such conjugates are not stable in acidic conditions (i.e. urine) and form 

nitrene and/or carbenium ions. Such electrophiles then react with DNA and proteins. 

 

Most enzymes of the phase I of biotransformation are inducible by carcinogens. This is also 

the case of the phase II enzymes, but these are inducible to a lower extent. Therefore, a certain 

imbalance between the rate of formation of reactive intermediates and the rate of their 

conjugation can be expected. On the other hand, there are also substances and complex factors 

(natural substances in vegetable diet), which predominantly induce enzymes of the phase II of 

biotransformation. It is obvious, that these factors are of extreme protective importance.   
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Mixed function oxidases system (MFO system) 

Monooxygenation is on e of the most frequent reactions of phase I metabolism of xenobiotic 

molecules. The MFO system is composed of enzymes catalysing the monooxygenation 

(cytochromes P450 or CYPs) and enzyme which provides the reducing equivalents 

(NADPH:cytochrome P450 reductase) (Ertl and Winston, 1998). A membrane of endoplasmic 

reticulum or mitochondria is the third (and essential) part of the system. Membrane lipids, 

such as phosphatidylcholine, might cause conformational changes in the CYP structure to 

increase their affinity to the substrate. They also accumulate the substrates of CYPs, and 

stimulate the formation of the cytochrome P450 - NADPH:CYP reductase complex, which is 

essential for the CYP activity. The MFO system may also contain NADH:cytochrome b5 

reductase (EC 1.6.2.2) and/or cytochrome b5, which may participate in a reaction cycle of 

these systems. 

 

The MFO system is located either on the cytosolic side of smooth or rough endoplasmic 

reticulum (for example in organs highly exposed to xenobiotics - liver, kidney, lung, 

gastrointestinal tract, skin, brain, where it participates in phase I of biotransformation); or in 

the mitochondrial membrane (for example in adrenal cortex where it participates the 

metabolism of endogenous compounds - steroids, fatty acids).  

 

Cytochrome P450 (EC 1.14.14.1) 

The cytochrome P450 (CYP) is a multi-gene superfamily of constitutive and inducible heme-

containing oxidative enzymes, which play an important role in the metabolism of a diverse 

range of xenobiotics (Gonzalez and Gelboin, 1994, Murray, 2000, Nelson et al., 1996, 

Wrighton and Stevens, 1992). These enzymes are also considered to play a central role in 

tumour development and progression and are also involved in tumor initiation and promotion, 

since they can activate or deactivate most carcinogens. Furthermore, CYPs can influence the 

response of tumor cells to anti-cancer drugs by metabolizing these drugs, both in normal 

tissues and in tumor cells (Kivisto et al., 1995, Murray, 2000).   

 
The primary role of cytochromes P450 is the detoxification of a wide variety of chemicals. 

These enzymes play an important role in metabolism of xenobiotics; most of drugs, 
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environmental chemicals and carcinogens. Apart from the oxidative transformation of 

xenobiotics, cytochromes P450 are responsible for the oxidative phases of biosynthesis or 

biodegradation of several endogenous compounds – steroids, fatty acids or prostaglandins 

(Mansuy, 1998, Plewka et al., 2000).   

 
Structurally, the CYP proteins consist of several domains: a hydrophobic N-terminal domain, 

which acts as a membrane anchor; a substrate-binding site; an oxygen-binding site; and a free 

hydrophilic C-terminal domain (Murray, 2000). Differential processing of the N-terminal 

peptide results in targeting of the CYP to either endoplasmic reticulum or mitochondria 

(Addya et al., 1997, Anandatheerthavarada et al., 1997). Cytochromes P450 contain a single 

heme b prosthetic group. The distal axial ligand of the heme iron is formed by a conserved 

cysteine residue belonging to the active site of the enzyme molecule. This thiolate anion 

determines the cytochrome P450 unusual properties. Since the heme is bound to cysteine via 

a coordination-covalent bond, CYP cannot be regarded as a real cytochrome; it would be 

more correct to assign it as a heme-thiolate protein. It usually forms clusters of a molecular 

weight of 500 kDa embedded in the membrane deeply.  

 

Cytochromes P450 exist in two spin forms due to the transient character of the heme iron:  

§ High-spin form – the iron ion is pentacoordinated, all its valence electrons are 

unpaired (spin 5/2). This form exhibits an absorption maximum at 390 nm. The iron 

atom is placed upon the protoporphyrin IX ring plane.  

§ Low-spin form – the iron ion is hexacoordinated (spin 1/2); the sixth ligand may be, 

for example, an –OH, -COOH or –NH2 group of an amino acid from the apoprotein or 

an oxygen atom from a water molecule. The low-spin form exhibits an absorption 

maximum at 418 nm and the iron atom is placed inside the ring plane.  

Both spin forms are balanced in the resting state. Binding of substrates in a protein site close 

to the heme generally shifts the equilibrium between the two forms towards the 

pentacoordinated complex, since the sixth ligand is forced out by the substrate molecule. The 

absorption increases at 390 nm and decreases at 418 nm – a so-called substrate spectrum is 

observed.  

 

The substrate itself (or another substance not transformed by the enzyme) may become the 

sixth ligand of the iron ion. In this case, the absorption at 390 nm decreases and the 
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absorption maximum in the range of 418 - 460 nm (depending on the heteroatom) develops a 

so-called ligand spectrum.  

 

Functionally, cytochrome P450 is the terminal oxidase in the system of mixed function 

oxidases that binds molecular oxygen and after its activation stereospecifically incorporates 

one atom of this molecular oxygen into the substrate. The second oxygen atom is reduced to 

form water. Cytochromes P450 catalyze many types of reactions besides oxidation of 

substrates also peroxidation and reduction. The typical reaction of the MFO system is the 

monooxygenation using NADPH as a cofactor (Murray, 2000). To these monooxygenation 

reactions belong C- and N-hydroxylation, epoxidation, N- and O-dealkylation, N- and S-

oxidation and dehalogenation. 

 

Cytochromes P450 also exhibit peroxidase activity if the second substrate is represented by an 

organic peroxide (or H2O2) instead of oxygen. For this type of reaction NADPH is not 

necessary as an electron donor. The product of the reaction is the same as in the case of the 

typical reaction mechanism – a hydroxylated substrate.  

 

 

Cytochrome P450 enzyme families and subfamilies 

 

The group of cytochromes P450 is one of the largest known mammalian gene families (over 

1,000 genes). The CYPs are classified into families, sub-families and individual enzymes 

based on amino acid sequence homology (Nelson et al. , 1996). CYP family is marked with 

a number after the abbreviation “CYP”: e.g. CYP3; CYPs from one family exhibit at least 

40% sequence homology. After the number of a family, there is a letter representing the 

subfamily (at least 60% sequence homology): e.g. CYP3A. Afterwards, the number of an 

individual CYP enzyme follows, e.g. CYP3A4. Current CYP nomenclature has been 

introduced by Nebert and co-workers in 1996 (Nebert et al., 1996). Since the number of 

known CYPs and CYP genes continues to grow, there has been established an official website 

applied to the standardized CYP nomenclature, where newly discovered CYP forms are 

continuously added.  

 
There are two broad groups of mammalian cytochromes P450 (57 known CYP genes and 58 

pseudogenes in humans (Nelson et al. , 1996): a large group whose primary role is the 
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metabolism of xenobiotics (CYP1, CYP2, CYP3, and to a lesser extent CYP4), and much 

smaller group of CYPs which are constitutively expressed in endocrine glands, where they are 

specifically involved in steroid hormone synthesis (CYP11, CYP17, CYP19 and CYP21) 

(Murray, 2000).  

 

There are great inter-individual differences among the activities of individual forms of 

cytochrome P450 caused predominantly by the two following factors:  

§ Genetic polymorphism (changes in genotype). Intrinsic changes in the DNA can result 

in the absence of some CYP forms, in the alteration of CYP inducibility or a CYP 

form with altered catalytic activity (Guengerich and Shimada, 1998).  

§ Changes in gene expression (changes in phenotype). The regulation of CYPs is 

complex and involves both transcriptional and post-transcriptional mechanisms 

(Morgan et al., 1998). The CYPs that are constitutively expressed are predominantly 

regulated by basal transcription factors, while other CYPs, which show inducible 

expression, are regulated by ligand-activated receptor-mediated mechanisms. Many of 

the receptor ligands are also substrates for CYPs. Post-trascriptional mechanisms 

include mRNA stabilization and protein stabilization (Murray, 2000).   

 

CYP1A subfamily 

Cytochromes P450 1A1 and 1A2 are the most important CYP enzymes involved in activation 

of procarcinogens. They can activate almost 90% of known carcinogens (Rendic and Di 

Carlo, 1997), especially chemicals of cigarette smoke. Both enzymes are very similar: they 

exhibit more than 70% homology in their amino acid sequences and they catalyse similar 

reactions (Guengerich and Shimada, 1991). Nevertheless, they differ in organ localization. 

CYP1A1 is present mainly in lung, GIT, kidney, placenta and skin. It is also expressed in 

human liver, but in much lower levels (<0.7% of the total hepatic CYP content) (Stiborova et 

al., 2002). CYP1A1 expression can be induced even 100-times by several compounds, e.g. 

TCDD, benzo[a]pyrene, 3-methylcholanthren,     5,6-benzoflavone or smoking. The major 

substrates of CYP1A1 are large planar molecules like polycyclic aromatic hydrocarbons 

(PAHs). It was shown that the genetic polymorphism of CYP1A1 might influence the 

development of tumours in lung, breast and skin (Guengerich and Shimada, 1991).  

 

CYP1B1 
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Cytochrome P450 1B1 metabolizes many potential carcinogens and mutagens and is dioxin-

inducible. It exhibits 40% homology to CYP1A subfamily. It has been reported to be 

expressed in astrocytic tumors but not in healthy brain tissue (Murray et al., 1997). 

 

CYP3A4 

CYP3A4 is the most abundant CYP enzyme in human liver (about 30% of total hepatic CYP 

content), and is also present in many other organs. Furthermore, it can be induced more than 

30-times by barbiturates, erythromycin and rifampicin. Its substrate specificity is very wide. 

CYP3A4 metabolises carcinogenic xenobiotics as aflatoxins, PAHs or aromatic amines, as 

well as endogenous steroid compounds such as 17ß-estradiol, testosterone, progesterone and 

cortisol.   

 

NADPH:cytochrome P450 oxidoreductase (EC 1.6.2.4) 

NADPH:cytochrome P450 oxidoreductase (NADPH:CYP reductase) is a membrane protein 

which catalyses the electron transfer from NADPH to all known forms of CYPs (Schacter et 

al., 1972), to cytochrome c, cytochrome b5, heme oxygenase, ferricyanide, etc. It is termed a 

“yellow protein” and is an unusual flavoprotein in that it contains both FMN and FAD.  

 

Structurally, NADPH:CYP reductase consists of two functional domains: a hydrophobic  N-

terminal domain (6 kDa), which acts as a membrane anchor, and a hydrophilic C-terminal 

domain (72 kDa). A pancreatic protease trypsin is able to solubilize the C-terminal domain, 

which stays partially functional - it is able to transfer the electrons to cytochrome c and some 

other artificial electron acceptors, but it is no more capable to reduce cytochrome P450. The 

FAD-binding domain, which is a part of this functional C-terminus, is crucial for the non-

covalent binding of the NADPH molecule. The FMN-binding domain is responsible for the 

electron transfer to the acceptor molecule – e.g. cytochrome P450.  

 

The interactions between NADPH:CYP reductase and cytochrome P450 are predominantly 

electrostatic: the positively charged surface of CYP (lysines, arginines) interacts with the 

negatively charged surface of the NADPH:CYP reductase (aspartates, glutamates). In the 

surrounding of membrane domains, hydrophobic interactions among non-polar amino acids 

also play important roles.  
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Since the NADPH:CYP reductase contains two prosthetic groups (FAD and FMN) with 

different redox potentials, it acts as an electron pair divider. The FAD prosthetic group 

accepts the electrons (hydrogen atoms) from NADPH, which then transfers these to FMN. 

Finally, the reduced hydroquinone FMNH2 reduces the CYP molecule. 

 

The NADPH:CYP reductase activity is regulated hormonally, namely by triiodothyronine 

(T3), which is a thyroid gland hormone.  

 

Cytochrome b5  

Cytochrome b5 is a small, cylindrical membrane protein (15 kDa) localized on the cytosolic 

side of a membrane of endoplasmic reticulum. It contains one or two heme b molecules. It 

participates in the electron transfer in a number of diverse reactions included in metabolism 

of, for example, lipids, steroids or xenobiotics.  

Cytochrome b5 consists of 6 α-helixes and 5 β-sheets. Its hydrophobic C-terminal domain acts 

as a membrane anchor, and its hydrophilic N-terminal domain contains the heme(s) 

molecule(s). The heme iron is coordinated by the side chains of two histidines (His[68] and 

His[44]). Mammalian cytochrome b5 contains approximately 16% of negatively charged 

amino acids (aspartates, glutamates) in the catalytic domain. These amino acids participate in 

ionic interactions of cytochrome b5 with other electron transporters and other proteins. 

 

Since both the fifth and the sixth coordination positions of iron are occupied by the histidines, 

direct interaction of cytochrome b5 with oxygen is not possible. Nevertheless, cytochrome b5 

may act as an intermediate electron transporter between reductase and CYP. For example, it is 

able to accept an electron from NADH:cytochrome b5 reductase and deliver it to the 

cytochrome P450.  

 

Cytochrome b5 is also considered to stimulate many reactions catalysed by cytochromes P450 

as it is another heme protein of the microsomal membrane. This fact is being explained by 

two interpretations: it directly transfers an electron to the CYP, or it mediates some 

conformational changes of the CYP.  
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3. Targeted therapy in gliomas 
 
Due to identification of specific alterations of signaling pathways in glioblastoma cells 

reviewed in chapter 0.1.2, anti-tumoral treatment could be directly targeted specifically onto 

tumor cells. Although EGFR is widely overexpressed and truncated in glioblastomas and this 

results in strong activation of PI3K anti-apoptotic signaling pathway, EGFR (tyrosine kinase) 

inhibitors (gefitinib, erlotinib) exhibit only weak efficacy. Only about 10 - 15 % patients 

response to such therapy. This is caused mainly by high incidence of PTEN loss (in 50 %) in 

GBM. PTEN is an EGFR independent PI3K inhibitor. Therefore when non-functional, PI3K 

pathway is constitutively activated anyway and the cell does not answer to EGFR inhibition 

(Mellinghoff et al., 2005). Concurrent mTOR targeting (temsirolimus, everolimus) improves 

erlotinib treatment outcome. Similarly, effector molecules such as Ras, PI3K or PKC may be 

targeted, although they are hardly ever mutated themselves in glioblastoma. Their inhibition 

results in blocking the signal transfer from altered up-stream signaling receptor molecules. 

Ras membrane localization is regulated by farnesyl tranferases that provides the essential 

lipids. Their function is blocked by specific inhibitors tipifarnib or lonafarnib 

(Sathornsumetee and Rich, 2008). Perifosin, an Akt inhibitor, thus targeting PI3K and mTOR, 

entered phase II clinical trials. In addition, enzastaurin inhibiting the PKC-activated kinase, 

GSK3β, seems to have a high potential for GBM treatment (Omuro, 2008, Rieger et al., 

2008).  

 

Targeting p53 tumor suppressor represents multiple therapeutic strategies as it lies on the 

crossroad of the main regulation pathways determining cell fate and development. Firstly, 

TP53 gene is mutated in about a half of all tumors. Therefore, therapeutic strategies must be 

aimed either on rescuing the p53 mutant, or enhancing functional p53 activity. Apart from the 

gene therapy, where a functional p53 is simply introduced into the tumor cell, p53 mutants` 

functionality may be rescued by other ways. Mutations of TP53 gene are often temperature-

sensitive and have only subtle effects on the stability of the DNA-binding domain of the p53 

protein (Lane and Lain, 2002). In these cases, small molecules favorizing the correct p53 

folding could reactivate the mutated p53 and thus reinduce the p53 response (Foster et al., 

1999). However, such agents exhibit only low efficiencies. Peptides derived from some of 

well-known p53-binding proteins stabilizing the p53 protein core appear more promising in 

that way (Friedler et al., 2002). A particular need to rescue p53 can be evaded by mimicking 

its downstream genes - p21, Cdk inhibitors; or by inhibition of p53 in surrounding cells 
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(pifithrin-α) in combination with radio- or chemotherapy strongly inducing p53 (Komarov et 

al., 1999).  

If p53 wildtype is expressed in the tumor cell, but the p53 signaling pathway is counteracted 

by some other alterations resulting from the tumoral context, its function may be enhanced 

either by protein stabilization, or by inhibiting p53 nuclear export (e.g. by Leptomycin B), 

which is regulating the p53 pathway (Lain et al., 1999). p53 protein stabilization could be 

increased by inhibiting the Mdm2 expression, or by blocking the Mdm2-p53 interaction, 

which is essential for p53 ubiquitinylation and subsequent degradation in proteasome. Indirect 

Mdm2-p53 interaction inhibitors represent those of p14ARF, which binds to Mdm2 and thus 

prevents bnding of p53 (Xirodimas et al., 2001).  

 

Table 5: An overview of anti-angiogenic therapy clinical trials in malignant glioma (modified from: 
(Tuettenberg et al., 2006). Clinical trials: (Baumann et al., 2004, Brandes et al., 1997, Buckner et al., 
1995, Chang et al., 2004, Dillman et al., 2001, Fine et al., 2000, Fine et al., 1997, Herrlinger et al., 
2005, Tuettenberg et al., 2005, Yung et al., 1991); GBM - glioblastoma multiforme, AA - anaplastic 
astrocytoma 

 
 
 
Another therapeutic approach represents an anti-angiogenic therapy, as tumoral neovessels are 

essential to ensure oxygen as well as supply ofnutrients. Angiogenesis inhibitors include 

molecules targeted principally against VEGF (anti-VEGF antibody bevacizumab, Avastin®; 

thalidomide), PDGFR (imatinib, Gleevec®), FGF (interferon-β, thalidomide), HGF/SF (NK4), 

integrins (cilengitide against integrin αvβ3).  

Although these agents are utilized specifically against tumor cells, the monotherapy remains 

usually not sufficient. Combinations of chemotherapy or radiotherapy with such targeted 

therapies tend to be used more and more commonly (Table 5). 
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4. Integrins  

Integrins are transmembrane heterodimeric glycoproteins belonging to the cell adhesion 

molecule (CAM) superfamily, next to cadherins, selectins and immunoglobulin-cell adhesion 

family. They mediate dynamic interactions between cell and the extracellular matrix or 

another cell. Integrins anchor the cell physically to its microenvironment as well as act as 

signal transducers to and from the cell.  

Binding integrin to its ligands is crucial for many physiological/pathophysiological processes 

such as cell attachment, differentiation, proliferation, migration, angiogenesis, embryogenesis, 

blood coagulation, tumoral metastasis, neoplasia, and immune dysfunctions (reviewed in 

(Hynes, 1992), which predestinate them as potential therapeutic targets for multiple 

pathologies including cancer.  

 

 

Figure 7: Various heterodimeric combinations of α and β integrin subunits representing ligand 
interactions.  

 

Integrin heterodimers consist of one α and one β subunit that are bound by non-covalent 

interactions. Up to date, 24 α and 9 β subunits (including 6 novel α and 1 novel β subunit) 

have been identified. Various heterodimeric combinations are demonstrated in Figure 7 and 

Table 6, which includes also their appropriate ligands. Although some subunits appear only in 

a single heterodimer, twelve integrin dimers contain β1 subunit and five five contain the αv 

subunit. 

Each of the subunits has a large extracellular domain containing 700 - 1,000 amino acid 

residues, a single transmembrane domain, and a short cytoplasmic domain of 20 - 70  amino 

acid residues. The β4 subunit represents a sort of exception with its extra large cytoplasmic 
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domain (Lu et al., 2008). For schematic integrin dimer structure see FIG 9. The main inter-

subunit interface lies within the head (N-terminal regions), between a seven-bladed β-

propeller of the α-subunit and an A domain of the β-subunit. It exhibits a remarkable 

resemblance to the α-β interface in G proteins (Xiong et al., 2001). The remaining halves of 

the subunits form rod-shaped tails that span the plasma membrane.  
 

 

 

 

 

 

 

 

     B 
 

 

 

 

 

 

 

 

 

Figure 8: A. Integrin architecture. Organization of domains within the primary structure. Some α 
subunits contain an I domain inserted in the position denoted by the dotted lines. Cysteines and 
disulfide bonds are shown as lines below the stick figures. Red and blue asterisks denote Ca2+ and 
Mg2+ binding sites, respectively. (Adopted from: (Springer and Wang, 2004); B. Schematic integrin 
structure. (Adopted from: (Askari et al., 2009). 

 

The α subunit 

The α subunit is formed by 7 segments, each of about 60 amino acids. These segments 

forming N-terminal region of the integrin subunit are supposed to be folded to a seven-bladed 

β-propeller domain (Springer, 1997). The α subunits can be divided into two subgroups based 

on important structural differences: 1) those containing an I-domain (an inserted domain; a 

von Willebrand factor A domain) situated between the second and third β-sheet of the β-

propeller; and 2) those not-containing the I-domain (e.g. α5β1). The I-domain in the first 

group of integrins harbors major ligand-binding sites including MIDAS (metal ion -dependent 
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adhesion site), which binds negatively charged residues in ligands. Arising from the name, its 

function is dependent on bivalent metal ions. The tail is composed of β-sandwich domais, so-

called "thigh" Ig-like domain and two similar domains forming the "calf" module [Figure 8, p 

39]. Between the thigh and the calf region, integrin tail folds back forming a V-shaped 

structure with a genu (Xiong et al. , 2001). Such bending is supposed to be crucial for 

conformation changes during the switch between high- and low-affinity integrin states 

[Figure 9, p 43]. The α integrin subunit can be post-translationally cleaved into two 

polypeptide segments bound together by disuphide bridges (e.g. α5β1) (Hynes, 1992).  

 

The β subunit 

The head of β integrin subunit is formed by a βA domain inserted into the loop of a hybrid 

domain. The βA domain consists of a central six-stranded β-sheet surrounded by eight helices. 

At the top of the central β-strand, a MIDAS motif is placed in a small slot. Nearby, another 

Ca2+ ion binding site (ADMIDAS) is present.  

The tail consists of a PSI domain, same as other membrane proteins, plexins and semaphorins  

(PSI from plexin, semaphorine, integrin) (Bork et al., 1999), four EGF domains and a β-tail 

domain.  

The PSI region has about 50 residues in size and contains seven cysteines, from which the 

first one forms a long-distance disulphide bond to the C-terminal Cys-rich region. 

Cooperation of these Cys-rich regions plays a key role in preventing the integrin to shift from 

the high to low-affinity conformation (Zang and Springer, 2001).  

The EGF-like domains are also Cys-rich and have unique structural properties enabling 

structural motion while signaling (Tan et al., 2001).  

The β-tail domain consists of a four-stranded β-sheet and faces an N-terminus of an α-helix 

(Xiong et al. , 2001). 
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Table 6: Ligands of the integrin family. (Adopted from: (Lu et al. , 2008) 

 
 

 

Integrin ligands 

A characteristic feature of most integrins is their ability to bind a wide variety of ligands and 

ECM proteins bind to multiple integrins. According to the ligand specificity, integrins can be 
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classed into four groups: RDG-recognizing integrins (αv integrins, α5β1, α8β1...), collagen-

binding integrins (α10β1, α1β1, α2β1...), laminin-binding integrins (α3β1, α3β1, α6β1...) and 

leucocyte integrins (β2 integrins).  

Structurally, RDG-recognizing integrins bind to RDG tripeptide of the ligand, which interacts 

with an interface between the α and β subunits. The R residue fits to the β-propeller module 

of the α subunit, whereas the D residue coordinates a cation bound to the I-domain of the β 

subunit. The β2 integrin subfamily and some other integrins recognize an acidic LDV motif 

that is functionally related to RGD. A-domain containing β1 integrins (α1, α2, α10 and α11) 

form a collagen/laminin binding integrin subfamily, where the glutamate within the 

collagenous GFOGER peptide provides the key cation-coordinating residue. The laminin-

selective receptors (α3β1, α6β1, α7β1 and α64) that do not contain the A-domain bind to 

different laminin regions without targeting any particular sequence (Humphries et al., 2006). 

Integrin ligands are overviewed in Table 6. 

 

Integrin conformations  

Integrin conformations and their linkage to integrin functionality are still being a subject of 

extensive studies. In the current model, which is generally accepted, integrins are known to 

adopt three principal conformations: 1) inactive (low-affinity) bent; 2) active (high-affinity) 

extended; and 3) ligand binding conformation, which corresponds to an extended 

conformation with an opened headpiece (Takagi and Springer, 2002). 

When integrin activated from inside out [Figure 9, A-C], the process is believed to be 

initiated by binding of the talin phosphotyrosine-binding (PTB) domain with the membrane-

proximal region of the cytoplasmic tail of the β integrin subunit. This is a key convergence 

point that controls integrin inside-out activation (Askari et al. , 2009, Tadokoro et al., 2003). 

Such talin/β-integrin interaction then leads to the separation of the α- and β- cytoplasmic tails 

and transmembrane regions. This results in subsequent swinging out of the β-hybrid domain 

away from the α subunit resulting in pulling the α7 helix of the βA domain down and upward 

movement of the α1 helix (Xiao et al., 2004).  

Outside-in integrin activation [Figure 9, D-E] upon ligand binding stabilizes an extended 

integrin conformation, which again leads to prolonged separation of the cytoplasmic tails of 

the subunits (Askari et al. , 2009, Luo and Springer, 2006). Binding of talin and ligand 

initiates focal adhesion formation. As the cytoskeleton matures, tension is generated on the 
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integrin across the cell membrane. Such force triggers further outward movement of the β 

hybrid domain, strengthening integrin-ligand interaction and enabling stable focal adhesions 

formation and triggering signaling cascades (Askari et al. , 2009).  

 
 

 
Figure 9: Model of relationships between integrin conformation and its function. (Adapted from: 
(Askari et al. , 2009) 

 
The question that remains to be answered is whether the three conformations described are the 

only possible integrin states or if some intermediate forms are possible. Recently, number of 

evidences outline that the conformation changes may not be all-or-nothing functional 

responses and it is suggested that different agonists may induce specific shape changes that 

then result in multiple signaling responses. Electron microscopy images revealed integrin 

molecules exhibiting varying degrees of bending from 135° to 90°. When integrin is locked in 

the 135° angle conformation, the ligand is not able to bind to the integrin due to the binding 
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site inaccessibility. When integrin is in the right-angled conformation, the ligand-binding 

pocket may be positioned away from the cell membrane and thus accessible for the ligand 

even when integrin is not in a fully extended state (Beglova et al., 2002, Takagi et al., 2002).  

 

Integrin signaling 

Integrins act as important signal transducers by associating with proteins that interconnect 

them with cytoplasmic kinases, cytoskeleton and transmembrane receptors for growth factors. 

When integrins are bound to their ECM ligands, they become clustered in the membrane and 

form so called focal adhesions (FA) and associate with a cytoskeletal and signaling complex. 

This results in actin filaments reorganization, which in turn promotes integrin clustering, thus 

providing a positive feedback (Giancotti and Ruoslahti, 1999). Some integrins associate with 

a small scaffolding protein caveolin-1 that helps integrins to cluster (Bray et al., 1998). When 

Fyn activated through Shc by some αv and β1 integrins, caveolin-1 functions as a membrane 

adapter. It couples the α integrin subunit to Fyn. This is consistent with caveolin`s ability to 

bind cholesterol and glycosphingolipids to create membrane rafts enriched in Src kinases that 

carry myristoyl and palmytoyl lipid groups, including Fyn (Harder and Simons, 1997). 

 

Integrins activate various protein kinases, among the most important ones belong focal 

adhesion kinase (FAK), Src kinase family, serine-threonine kinase, and integrin-linked kinase 

(ILK).  

 

The FAK activation is coupled to focal adhesion formation. It is linked to the cytoplasmic tail 

of the β integrin subunit either directly, or via talin or paxillin (Lewis and Schwartz, 1995). 

Activated FAK autophosphorylates at Tyr397, creating a binding site for the SH2 domain 

either of Src, or of Fyn (Schlaepfer et al., 1994). The Src kinase then phosphorylates number 

of FA components. The FAK also activates PI3K cascade, either directly, or via Src 

(Giancotti and Ruoslahti, 1999). A cytoplasmic phosphatase PTEN encoded by a tumor 

suppressor gene dephosphorylates the PIP2 and PIP3 lipids as well as FAK and Shc, and thus 

counteracts integrin signaling when overexpressed (Gu et al., 1999).  
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Figure 10: Overview of integrin-initiated signaling pathways. The 4 major signaling pathways 
activated by integrin engagement in adhesion complexes are shown. The key element in all these 
pathways is FAK which becomes activated through autophosphorylation at Y397 and thereby allow 
binding of Src and Fyn for further phosphorylation and full activation. Phosphorylation of FAK at 
specific sites dictates its subsequent interactions with other proteins (i.e. Grb2, p130Cas, PI3K, Graf) 
which in turn elicit a cascade of events that lead to cell proliferation, migration or survival. FAK can 
also be activated by cell surface receptors for growth factors, hormones and chemokines.  Plain lines, 
direct activation or inhibition; dashed line, indirect functional interaction; red lines, FAK-mediated 
events mediated by specific phosphorylation events. (Adopted from 
http://www2.unil.ch/cepo_research/introduction.html; cached 17.12.2009) 

 

http://www2.unil.ch/cepo_research/introduction.html
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During mitosis, FAK becomes phosphorylated on Serine and dissociates from Src and 

p130CAS, which results in loss of cell substrate contact and allows the cell to divide and move 

(Yamakita et al., 1999).  

 

In many cell types, proliferation is likely to require co-stimulation of growth factor receptors, 

and of the MAPK/ERK pathway via integrins. The ERK activation occurs when Shc-linked 

integrins bind to the ECM. In contrast, integrins that do not activate Shc are weak ERK 

activators (Pozzi et al., 1998). In some cells, ERK-Ras signaling is blocked when cell is not 

attached. If cell is linked to the ECM, integrins remove this block by activation Rac or PI3K 

and thus enable cell proliferation (Frost et al., 1997).  

 

Moreover, cell attachment via integrins is essential for appropriate activation of growth factor 

receptors by their ligands PDGF (platelet-derived growth factor), EGF (epidermal growth 

factor) and VEGF (vascular endothelial growth factor). Integrin clustering and association 

with the cytoskeleton appear to give rise to integrin-growth factor complexes (Miyamoto et 

al., 1996).  

 

Furthermore, integrins activate the MAPK c-Jun NH2 kinase (JNK), which regulates 

progression through the G1 cell cycle phase, via association of FAK with Src and p130CAS. 

Generally, cell cycle progression is regulated by cyclin-dependent kinases. The activation of 

some of them  (Cdk4/6, Cdk2) is mediated by integrins upon cell attachment to ECM 

(Giancotti and Ruoslahti, 1999). Moreover, anchorage to the ECM is essential for p27 and 

p21 inhibition, both inhibitors of Cdk2.  

 

On the contrary, cell attachment by integrins also facilitates exit from the cell cycle and 

provides signal for subsequent differentiation. However, such integrin signals are only 

additional, as differentiation requires both, integrin signals and soluble differentiation factors 

(Giancotti and Ruoslahti, 1999).   

 

Loss of cell attachment to the ECM causes an apoptosis-like cell death called anoikis. This 

phenomenon contributes to tissue integrity. Again, FAK seems to play a crucial role in 

mediating survival signals upon cell attachment, as it binds PI3K and thus activates protein 

kinase B/Akt. Akt promotes survival by phosphorylating/inactivating the pro-apoptotic 

proteins: Bad and caspase-9 (Datta et al., 1997). The integrin α5β1 induces expression of an 
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anti-apoptotic protein Bcl-2 protecting cells from apoptotic stimuli mediated by lack of 

growth factors (Zhang et al., 1995).  

 

As most cells are not actively dividing after differentiation, other proteins such as cadherins 

override growth-promoting integrin effects. However, integrins keep the ability to promote 

cell survival. Such contact inhibition ensures the cell survival of differentiated cells well 

positioned in tissues. Tumor cells are generally resistant to anoikis and are able to proliferate 

even in absence of ECM anchorage (Giancotti and Ruoslahti, 1999).  

 

The association of integrins with other transmembrane proteins provides additional coordinate 

signals to cells that are also specific for individual integrins (Giancotti and Ruoslahti, 1999). 

 

Integrins in anti-cancer therapy 

It has been well established that there is an association between the regulation of integrin 

expression and cancer. Changes in the integrin pattern during malignant transformation are 

highly dependent on the type of the cancer as well as on cancer stage. Integrins are involved 

in cell migration, invasion, intra- and extra-vasation, and platelet interactions. Therefore, their 

role in tumorigenesis is obvious. Malignant transformation is characterized by disruption of 

cytoskeletal organization, suppressed adhesion and altered adhesion-dependent processes. 

Thus appropriate integrin expression pattern as well as their function is crucial to maintain a 

normal cell phenotype.  

 

Tumor cell entrance into vascular system during metastasis involves the loss of adhesion and 

a release of proteolytic enzymes digesting tissue membrane barriers through the way. The 

metastatic process involves making and breaking contacts with different components of the 

ECM, which may require alterations of integrin expression pattern (Mizejewski, 1999).  

 

Tumor angiogenesis, the initiation and control of capillary growth, is another crucial process 

during tumor growth, as the solid tumoral mass requires continuous supply of oxygen and 

nutrients. When exceeding 1 mm3 in size, pre-existing vessels become insufficient and 

tumoral neoangiogenesis is inevitable. The role of integrins in this process can be 

demonstrated by αvβ3 in melanoma, where differential integrin expression was found on 

newly formed blood vessels compared to the pre-existing ones (Danen et al., 1995, 



48 
 

Mizejewski, 1999). Apart from integrins, many other factors regulate this process: growth 

factor receptors (VEGF), adhesion molecules (cadherins), ECM components (fibronectine, 

collagen), proteases (MMPs), signaling molecules (Raf, MAPKs, PKA), and transcription 

factors (HIF, NFκB) (Guo and Giancotti, 2004). Since recently, anti-angiogenic therapy 

targeted against integrins has emerged interest. Historically, integrins αvβ3 and αvβ5 were the 

most studied ones regarding their role in angiogenesis and possible clinical exploitation. They 

bind to vitronectine and fibronectine, respectively, and are strongly overexpressed on tumoral 

neovessels. Blocking them by their antagonists results in suppressed tumor progression. 

Similarly, integrin α5β1 is markedly overexpressed in novel blood vessels and antagonizing it 

leads to the block of angiogenesis as well as of tumor growth (Serini et al., 2006). 

 

As integrins are largely implicated in the regulation of cell cycle, survival, proliferation etc. 

They are obviously supposed to play a role also in the resistance of cancer cells to anti-cancer 

therapy. It has been proven that some integrins are able to modulate cytotoxic effects of 

chemotherapeutic agents in vitro (Hazlehurst et al., 2000, Hazlehurst et al., 2001, Lewis et al., 

2002).  

Hoyt et al. (1996) have shown that specific activation of α5, β1 and β3 integrins by 

appropriate antibodies protected cells from DNA damaged induced by etoposide, a 

topoisomerase II inhibitor. (Hoyt et al., 1996) 

In gliomas, the αv integrin and its ligand vitronectine were proved to play an important role in 

tumor invasion, as margins strongly expressing this integrin were often sites responsible for 

recidivation. The mechanism passed through an increased Bcl/Bax ratio, independently on 

p53 (Uhm et al., 1999a). Similarly, β1 integrin signaling inhibits paclitaxel and vincristine 

induced apoptosis in breast carcinoma via increased Bcl-2 expression (Aoudjit and Vuori, 

2001). In some melanomas and sarcomas, integrins repress DNA damage-induced apoptosis 

by modulation of p53 expression (Lewis et al. , 2002). 

 

However, cellular response to chemotherapeutic agents depends also on cell attachment, 

especially in carcinomas, gliomas and some hematopoietic cell types. Altered adhesion 

abilities of tumoral cells to specific matrices may confer a de novo phenotype resistant to 

chemotherapy (Hazlehurst et al. , 2000). Therefore, integrin-mediated cell adhesion has a 

protective effect against drug-induced apoptosis. 
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Integrin αvβ3 

In integrin-targeted therapy, particular emphasis has been given to αvβ3/β5 integrins, which 

are overexpressed in tumoral neovessels and their role in angiogenesis has been proven 

(Brooks et al., 1994). Primarily, αvβ3 integrin has attracted a particular interest and became a 

main target of anti-angiogenic therapy (Tucker, 2002).  

A cyclic synthetic peptide cilengitide [Figure 11] (Merck KGaA, Darmstadt, Germany), an 

αvβ3/β5 antagonist, is currently undergoing clinical trials to target neoangiogenesis in 

malignant glioma (Nabors et al., 2007, Reardon et al., 2008a, Reardon et al., 2008b).  

A small non-peptidic  αvβ3/β5 antagonist, S247 [Figure 11] inhibits adhesion on vitronectine 

as well as vessel formation, migration and clonogenicity of endothelial cells in vitro 

(Reinmuth et al., 2003).  

Similarly, a humanized monoclonal antibody LM609 against αvβ3 known as vitaxin (Scripps 

Research Institute, La Jolla, CA, USA) is now being tested for metastatic melanoma. 

 

     
 
Figure 11: Structure of a non-peptidic antagonist, S247 (LEFT) and a peptidic antagonist, cilengitide 
(RIGHT) of the αvβ3/β5 integrin. 

 

Integrin α5β1 

More recently, integrin α5β1 has attracted a lot of interest as a potential therapeutic target for 

glioblastomas (Farber et al., 2008, Li et al., 2009a, Maier et al., 2007), as its expression 

correlates with tumor aggressiveness and invasiveness (Mattern et al., 2005, Paulus et al., 

1993). In contrast, it is very poorly expressed in healthy brain tissue [Figure 12]. 

 



50 
 

 

Figure 12: Expression of the α5 integrin in brain tissue and brain tumors (http://cgap.nci.nih.gov/; 
cached 16.12.1009) 

 

Integrin α5β1 is primarily specific for one ECM component, fibronectin, thus is also called a 

fibronectin receptor. Its β1 subunit recognizes the RGD sequence and a synergy region 

PHSRN in fibronectin, which is responsible for its specificity (Mould et al., 1997). The α5 

subunit binds exclusively to the β1.  

The α5β1 integrin plays a role in angiogenesis (Alghisi and Ruegg, 2006), and is implicated in 

multiple signalization cascades including PI3K/Akt pathway. It is strongly overexpressed on 

tumoral neovessels but not in preexisting ones (Kim et al., 2000a). Its expression is regulated 

transcriptionally by angiogenic factors such as bFGF, IL-8 and TNF-α, but not VEGF 

(Boudreau and Varner, 2004, Kim et al. , 2000a). Among its other partners belong FAK, ILK 

or PKA.  

The α5β1 integrin is also employed in processes such as migration, invasion or cell survival 

regulation via its interactions with caspases or Bcl-2 protein family (Stupack et al., 2001, 

Zhang et al. , 1995). 

 

Antagonists of the α5β1 integrin 

Integrin antagonists may be divided into three classes: antibodies, peptides and 

peptidomimetics, and non-peptidic molecules.  

A humanized monoclonal antibody against integrin α5β1, Volociximab (M200), has entered 

clinical trials (Kuwada, 2007, Ricart et al., 2008). It is a humanized antibody IIA1 (PDL 

BioPharma) specifically recognizing the α5 integrin subunit. It has been tested in vitro and 

http://cgap.nci.nih.gov/
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found to be able to counteract angiogenesis induced by VEGF and bFGF. It has also been 

shown to inhibit adhesion to fibronectin, cell proliferation and invasion of ovarian cancer cells 

(Sawada et al., 2008). 

 

Peptidic antagonists mimick the binding region of the ECM components recognized by the 

integrin of interest. In the case of the α5β1, RGD and PHSRN sequences may be targeted. The 

RGD mimetics are the most frequent ones, but these are very unspecific as multiple integrins 

recognize this motif.  

A small peptide Ac-PHSCN-NH2, ATN-161 (Attenuon LLC, San Diego, CA, USA) [Figure 

13] is a non-competitive inhibitor of the PHSRN synergy sequence, where the arginine was 

substitued by cysteine to yield a product with acceptable pharmaceutical properties. It entered 

clinical trials phase I/II in 2003 against solid tumors (Cianfrocca et al., 2006). The ATN-161 

does not block cell adhesion to fibronectin, but is supposed to inhibit integrin signaling. It has 

been shown that it does not bind exclusively the β1 subunit, but all β integrin subunits 

(Donate et al., 2008). It has been proven to bind also to αvβ3 and αvβ5 integrins.  ATN-161 

seems to be a promising anti-cancer agent as it has been shown to exhibit synergy with 

conventional chemotherapy (Stoeltzing et al., 2003). 

Pramanik et al. (2008) have tested a lipopeptide RGDK, specific to α5β1 due to the lysine 

following the RDG sequence, to be used for treatment of melanoma. Thus liposomal RGDK 

inhibited tumor growth due to the blockade of vascularization development. (Pramanik et al., 

2008) 

A small non-peptidic integrin α5β1 antagonist, SJ749 [Figure 13], is an RGD mimetic, but is 

specific for this integrin due to the conformation constraints (Smallheer et al., 2004). Indeed, 

the IC50 for α5β1-fibronectin is 1.8 nM, whereas for αvβ3-vitronectine it is 1 μM. SJ749 has 

been shown to inhibit migration of endothelial cells and adhesion of tumor cells (Kim et al. , 

2000a, Kim et al., 2000b, Maglott et al., 2006). SJ749 also blocked angiogenesis in the chick 

chorioallantoic membrane model (Kim et al. , 2000a, Maglott et al. , 2006).  

Another α5β1 non-peptidic antagonist, JSM6427 (Jerini AG Pharma, Berlin, Germany) 

blocked angiogenesis in a mouse model of choroidal neovascularization, induced apoptosis in 

endothelial cells and inhibited ERK phosphorylation upon fibronectin binding (Umeda et al., 

2006). It entered clinical trials phase I in 2007 and is being also tested for glioma treatment 

(Farber et al. , 2008).  

Very recently, Pr Kessler`s team (Heckmann et al., 2008) synthetized another α5β1 integrin 

antagonist here assigned as K34c, which have not entered any detailed biological studies, yet.  
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Figure 13: Structures of integrin α5β1 antagonists: SJ749 (LEFT); ATN-161 (RIGHT).  

 

5. Combination therapy  
 
In recent years, integrins have attracted a lot of interest as potential therapeutic targets for 

various cancers including glioblastomas. We have identified integrin α5β1 as a promising 

target as it is overexpressed in tumoral neovessels as well as in various cancer cells (Sawada 

et al. , 2008) including brain tumors. A specific non-peptidic antagonist of α5β1 integrin, 

SJ749, has been shown to inhibit glioblastoma cell lines, U87MG and A172, proliferation and 

clonogenicity (Maglott et al. , 2006). Tentori and Graziani reviewed possible approaches how 

to improve chemotherapy effects. Such novel approaches include inhibition of tumoral 

neoangiogenesis, e.g. via integrins (Tentori et al., 2008, Tentori and Graziani, 2002). Integrins 

regulate various physiological as well as pathological processes and they are known to be able 

to confer chemo- and radioresistance of various cancer types. Therefore, their inhibition in 

combination with chemotherapeutic drugs, e.g. DNA damaging compounds, could improve 

the therapy outcome. 
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Part II. Aims of the study 
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Glioblastomas are the most abundant and most aggressive type of CNS tumors in adults with 

a survival median of less than one year. Current therapeutic approaches remain inefficient 

enough, since these tumors are often chemo- and/or radioresistant and they recur easily. 

Ellipticine has been shown to be a brain-tumor-specific anti-cancer drug when screening the 

NCI-60 cell line panel, but very few studies were performed in glioblastomas using this drug.  

Therefore, the principal aims of the first part of the study were as follows: 

• to describe ellipticine`s cytotoxicity in model glioblastoma cell lines U87 and U373 

• to investigate ellipticine`s metabolism/activation in glioblastoma cell lines U87 and 

U373 

Since ellipticine is currently not used in clinical practice due to its cardiotoxicity, its potential 

re-utilisation would necessarily be linked with dose-depression or with targeting it directly to 

tumor tissue. Here, we propose a use of combination therapy of ellipticine and an α5β1 

integrin antagonist. Such novel therapeutic approach to glioblastoma treatment could lead to 

ellipticine dose-depression while final therapy outcome improves.  

The principal aim of the second part of the study was to design a combination therapy of 

integrin α5β1 antagonist and ellipticine for glioblastoma treatment and elucidate its 

mechanisms. 
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Part III. Experimental 
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Material 

1. Celular models  

U87MG cell line human glioblastoma cell line, WHO 

grade IV; p53 wild-type 

ATCC (LGC Standards Sarl, 

Molsheim, France) 

U373 cell line human glioblastoma cell line, WHO 

grade IV; p53 mutated (R273H) 

ECACC (Sigma, Lyon, France) 

HCT116 p53+/+ cells 

HCT116 p53-/- cells 

isogenic human colon carcinoma 

cell lines 

generous gift from B. Vogelstein 

(Baltimore, USA) 

 

2. Treatment agents  

Ellipticine: 5,11-dimethyl-6H-pyrido[4,3-b]carbazole Sigma (Lyon, France) 

Temozolomide: 8-carbamoyl-3-methylimidazo[5,1-d]-1,2,3,5-tetrazin-

4-(3H)- one 

gift of Schering-Plough 

(Levallois Perret, France) 

SJ749: (S)-2-[(2,4,6-trimethylphenyl) sulfonyl] amino-3-[7-

benzyloxycarbonyl-8-(2-pyridinylaminomethyl)-1-oxa-2,7-diazaspiro-

(4,4)-non-2-en-3-yl]carbonylamino] propionic acid 

synthesized in our 

laboratory according to the 

procedure described in the 

patent WO 97/33887 

K34c: 2-(S)-2,6-dimethylbenzamido)-3-[4-(3-pyridin-2-

ylaminoprooxy)-phenyl] propionic acid 

first synthesized and 

characterized by the group 

of Pr Kessler (Munchen, 

Germany); here 

synthesized in our 

laboratory according to the 

procedure described in 

(Heckmann et al. , 2008) 

Ke34a: 2-(R)-(benzamido)-3-[4[3-(pyridine-2-

ylamino)propoxy]phenyl]-propionic acid 

first synthesized and 

characterized by the group 

of Pr Kessler (Munchen, 

Germany); here 

synthesized in our 

laboratory according to the 

procedure described in 

(Heckmann et al. , 2008) 
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3. Antibodies 

 

Mouse monoclonal anti-p53 antibody BD Pharmingen San Jose, CA, USA 

Rabbit anti-phospho(Ser15)p53 antibody Cell Signaling Technology Danvers, MA, USA 

Mouse monoclonal anti-p21 antibody Cell Signaling Technology Danvers, MA, USA 

Mouse anti-mdm2 antibody Santa Cruz Biotechnology Heidelberg, Germany 

Rabbit anti-Fas antibody Santa Cruz Biotechnology Heidelberg, Germany 

Mouse monoclonal anti-GAPDH 

antibody 

Millipore Molsheim, France 

Mouse anti-β-actin antibody Sigma St. Louis, MO, USA 

Rabbit anti-α5 AB1928 antibody 

(recognizes cytoplasmic α5 integrin part) 

Chemicon International Molsheim, France 

Rabbit anti-β1 AB1952 antibody 

(recognizing cytoplasmic β1 integrin part) 

Chemicon International Molsheim, France 

TS2/16 antibody recognizing 

extracellular part of β1 integrin 

Dr E Georges-Labouesse IGBMC, Illkirch, France 

snaka51 antibody recognizing 

extracellular part of α5 integrin 

Dr M Humphries Manchester, UK 

Rabbit anti-CYP1A1 antibody Millipore Billerica, MA, USA 

Rabbit anti-CYP1B1 antibody Abcam Cambridge, MA, USA 

Rabbit anti-CYP3A4 antibody AbD Serotec Oxford, UK 

Mouse monoclonal anti-COX-1 antibody Abcam Cambridge, MA, USA 

Rabbit polyclonal anti-LPO antibody Abcam Cambridge, MA, USA 

   

HRP-conjugated secondary antibodies 

(Rabbit, Mouse) 

BioRad  

or Promega 

Herkules, CA, USA 

Madison, WI, USA 

 

 

Methods 
 

1. Cell culture 

Cells were routinely cultured in Eagle's MEM supplemented with 10% heat-inactivated FBS, 

0.6 mg/mL glutamine, 200 IU/mL penicillin/streptomycin, and 0.1 mg/mL gentamicin in 
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humidified 5% CO2 at 37°C. All experiments were performed in 2% FBS containing medium 

if not indicated otherwise. 

 

2. siRNA transfection 

U87MG cells (5,000 cells/cm2) were plated onto 6-well plates in 10% heat-inactivated FBS 

containing medium without antibiotics. The day after, attached cells were covered with fresh 

medium and transfected either with control non-targeting (siNON) siRNA (Dharmacon, 

Thermo Fisher Scientific, Waltham, USA), either with siRNA targeted against p53 (siTP53) 

(Dharmacon) at a concentration 50 nM using INTERFERinTM (Polyplus Transfection, 

Illkirch, France) as a transfection reagent following the manufacturer`s instructions. p53 

expression was examined and subsequent experiments were launched 72 hours after the 

transfection.  

 

3. pcDNA transfection 

U373 cells (5,000 cells/cm2) were plated onto 6-well plates in 10% heat-inactivated FBS 

containing medium without antibiotics. The day after, attached cells were covered with fresh 

medium and transfected with 1 μg pcDNA3.1 plasmid comporting p53 sequence a kind gift of 

C. Blattner, Karlsruhe, Germany) in 10 μl Lipofectamine 2000 (Sigma) as a transfection 

reagent in OptiMEM® (Invitrogen, Carlsbad, CA, USA) following the manufacturer`s 

instructions. The plasmid pcDNA3.1 (Invitrogen) was used as a transfection control. Cells 

were covered with fresh medium 6 hours after the transfection. The pcDNA3.1 plasmid 

comports a sequence of resistance to geneticine G418 enabling subsequent selection of 

successfully transfected cells.  

 

4. Proliferation assay 

Cells were plated onto 96-well plates and treated with respective solvents (50% 

methanol/50% H2O for SJ749, temozolomide; and DMSO for ellipticine, K34c), SJ749 

(5 μM), K34c (20 µM), ellipticine (1 μM), temozolomide (200 μM), or combination of drugs 

at the time of plating. Cell viability was determined using CellTiter 96 Aqueous One Solution 

Cell Proliferation Assay (Promega) which quantifies the tetrazolium salt degradation into 

formazan product by the respiratory chain enzymes in mitochondria. Manufacturer's 
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instructions were followed. Briefly: at the indicated time periods, MTS reagent (10 μL per 

well) was added and the plate was incubated at 37°C for 3 hours. Living (metabolically 

active) cells were quantified by measuring absorbance at 492 nm. Wells of the plating 

controls were quantified directly following plating on day 0. The relative number of living 

cells (as the combined effect of proliferation and survival) represents the portion of living 

cells at the given time point expressed as a multiple of the number of cells plated at day 0. 

IC50 were determined using the GraphPad software.  

 

5. Clonogenicity 

Cells were plated onto 6-well plates in very low densities and treated as indicated in 2% 

serum containing medium. When treatment completed, cell were covered with fresh 10% 

serum containing medium and grown for 7 days without drug. Cells were then fixed by 4% 

paraformaldehyde and stained by 0.1% crystal violet in ethanol. Results represent number of 

colonies formed by treated cells compared to colony numbers of non-treated cells. 

 

6. RT PCR assay.  

RNA was extracted with Trizol (Sigma) and was transcribed into cDNA using high capacity 

cDNA kit (Applied Biosystems, Foster City, CA, USA). Real-time quantitative PCR was 

performed using the ABI7000 SYBRGreen PCR detector with the probes purchased from 

Invitrogen (cyclophilin, p53, p21, human mdm-2, Apaf-1, Fas, E2F1, ATM, Bad, Bax) or 

Generi Biotech, Hradec Králové, Czech Republic (CYP1A1, CYP1B1, CYP3A4, POLR2A).  

 

 Relative levels of mRNA gene expression were calculated using the 2-ΔΔCt method as 

previously described (Livak and Schmittgen, 2001). 

 

7. Western blot.  

Detached cells were washed with PBS and lysed in ice-cold lysis buffer (1% Triton X-100, 

100 mM NaF, 10 mM NaPPi, 1 mM Na3VO4 in PBS supplemented with Complete anti-

protease cocktail; Roche, Meylan, France) for 1 hour at 4°C. Suspension was sonicated (10 

sec) and centrifugated at 12,000g for 15 min at 4°C. Protein concentration in the supernatant 

was assessed by DC Protein Assay (BioRad, Hercules, CA, USA). Proteins 
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were electrophoresed by SDS-PAGE (8-15% acrylamide gels according to protein of interest) 

and transferred to PVDF membranes (Amersham Bioscience, Fairfield, CT, USA). For p53, 

p21, AB1952, and AB1928, non-specific binding sites were saturated by casein (I-Block™ 

Tropix/Applied Biosystems) in PBS for 1 hour at room temperature. For phospho-p53,  

CYP1A1, CYP1B1, CYP3A4, LPO, and COX-1, non-specific binding sites were saturated 

using 5 % Blotting Grade Blocker Non-Fat Dry Milk (BioRad) in TBS for 1 hour at room 

temperature. Afterwards, membranes were incubated with appropriate primary antibodies 

overnight at 4°C, washed and incubated for 1 hour with HRP–conjugated secondary 

antibodies (Promega/BioRad) at room temperature. Immun-StarTM HRP Substrate Kit 

(BioRad) with chemiluminescence reaction followed by exposure to CL-Xposure films 

(Sigma) was used to visualize proteins. Equal protein quantities in all samples were verified 

by GAPDH or β-actin markage. Band intensities were quantified using the GeneTools or 

Elfoman software.  

 

8. Senescence assay 

The β-galactosidase activity at pH 6 was determined using the Senescence β-Galactosidase 

Staining Kit (Cell Signaling Technology) according to the manufacturer's instructions. 

Briefly, cells were plated onto 6-well plates. After completion of the treatment, cell were 

washed with PBS and fixed using the Fixative Solution for 15 minutes at room temperature. 

After washing, cells were covered with Staining Solution overnight at 37°C. The day after, 

percentage of positively perinuclearly blue stained cells indicating β-galactosidase activity at 

pH 6 was quantified under microscope (Leica, magnification 200x). At least 200 cells were 

counted per condition.  

 

9. Apoptosis assays 

Apoptotic programmed cell death was assesed by several techniques:  

a) subG1 cell cycle phase 

Cells were plated onto 24- or 6-well plates and treated as indicated. After the treatment 

completion, medium and trypsinized cells were harvested, washed with PBS and resuspended 

in hypotonic buffer containing 3.4 mM sodium citrate and 0.1 % Triton X-100 in PBS and 

stained by 50 μg/mL propidium iodide. SubG1 cell population was determined by flow 

cytometry (FACSCalibur, BD Biosciences) analysis after propidium iodide staining. Ten 
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thousand events per sample were acquired and the percentage of cells in the subG1 phase was 

quantified by the CellQuest computer software.  

 

b) Annexin V/PI staining 

Cells were plated onto 6-well plates. After the treatment, trypsinized cells and medium were 

harvested and washed with PBS. Apoptosis was assessed using the Annexin V-FITC Kit 

(MACS Miltenyi Biotec, Bergish Gladbach, Germany). Briefly, cells were plated onto 6-well 

plates and treated as indicated. When treatment completed, medium was harvested together 

with cells detached by trypsine. Cells were washed with Binding Buffer and stained with 

Annexin V-FITC in Binding Buffer for 15 minutes at room temperature. After washing the 

cells, propidium iodide was added and cells were analysed by flow cytometry (FACSCalibur, 

BD Biosciences). Apoptotic cell populations positively stained with Annexin V, but not with 

propidium iodide, were quantified using the CellQuest software.  

 

c) Hoechst 33342 nuclear staining 

Cells were plated onto cover glasses placed at the bottom of 24-well plates and treated as 

indicated. Culture medium was discarded and cells were fixed by 4% paraformaldehyde for 

15 min. After washing with PBS, Hoechst 33342 dye (1/1,000 in PBS, Sigma) staining was 

performed. Abundant dye was washed out, cover slips were transferred onto microscopic 

slides and nuclei morphology was analyzed by fluorescence microscopy. Results are 

represented as a percentage of cells with fragmented nuclei. At least 200 cells were counted 

per condition.  

 

10. Cell cycle analysis 

Cells were plated onto 24- or 6-well plates and treated as indicated. After the treatment 

completion, medium and trypsinized cells were harvested, washed with PBS and resuspended 

in hypotonic buffer containing 3.4 mM sodium citrate and 0.1 % Triton X-100 in PBS and 

stained by 50 μg/ml propidium iodide. The DNA content of the cells was quantified by flow 

cytometry (FACSCalibur, BD Biosciences, San Jose, CA, USA). Cell cycle analysis was 

perfomed using the ModFit software.  
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11. Oxidation of ellipticine by human recombinant cytochromes P450 in 

Supersomes™  

Incubations, where the efficiency of human recombinant CYPs was investigated, contained in 

a final volume of 250 µl: 100 mM potassium phosphate buffer (pH 7.4), NADPH-generating 

system (1 mM NADP+, 10 mM D-glucose 6-phosphate, 1 unit/mL D- glucose 6-phosphate 

dehydrogenase, 10 mM MgCl2), 10 µM ellipticine dissolved in 1 µl methanol and from 10 to 

200 nM CYP in Supersomes™ (Gentest Corp., Woburn, MA, USA). The reaction was started 

by adding NADPH-generating system. After the incubation (37°C, 30 min), the reaction was 

terminated by adding 750 µl ethyl acetate and 2.5 µl phenacetin (1 mM solution in methanol) 

was added as an internal standard. Ellipticine and its metabolites were extracted and separated 

by HPLC as described below (see § 12. HPLC, p 62). 

 

12. HPLC (High-performance liquid chromatography) 

Cells were treated with ellipticine for indicated times, detached by trypsine and harvested. 

After washing with PBS, they were stored at -80°C overnight. Defrosted cell pellets were 

resuspended in PBS and sonicated for 15 sec. Ellipticine and its metabolites were extracted 

with equal volume (750 μl) of ethyl acetate. After centrifugation (7 min at 13,000 RPM 

centrifuge MSE Micro Centaur, Sanyo, UK), organic phase was collected and evaporated to 

dryness, then resuspended in 20 μl methanol and separated by HPLC (Stiborova et al. , 2004). 

The column used was a 5-μm Ultrasphere ODS (4.6 x 250 mm; Beckman, Fullerton, CA), the 

eluent was 64% methanol plus 36% of 5 mM heptane sulfonic acid containing 32 mM acetic 

acid in water with flow rate of 0.8 mL/minute, and detection was at 296 nm (Stiborova et al. , 

2004).  

 

13. 32P-postlabeling assay 

Procedures for analysis of ellipticine-derived DNA adducts by the 32P-postlabeling assay were 

performed with nuclease P1 enrichment, the procedure found to be appropriate to detect and 

quantify ellipticine-derived DNA adducts (Stiborova et al. , 2001, Stiborova et al. , 2004). 

Briefly, DNA samples (12.5 μg) were digested with micrococcal nuclease (750 mU) and 

spleen phosphodiesterase (12.5 mU) in digestion buffer (20 mM sodium succinate, 8 mM 

CaCl2, pH 6.0) for 3 h at 37°C in a total volume of 12.5 μl. Here, 2.5 μL of the digests were 

removed and diluted 1:1500 to determine the amount of normal nucleotides. The digests 
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(10 μL) were enriched for adducts by incubating with 5 μg (5 U) of nuclease P1 in 3 μL of a 

buffer containing 0.8 M sodium acetate, pH 5.0, and 2 mM ZnCl2 for 30 min at 37°C. The 

reaction was stopped by adding 3 μl of 427 mM Tris base. Four microliters of labeling mix 

consisting of 400 mM bicine, pH 9.5, 300 mM dithiothreitol, 200 mM MgCl2, 10 mM 

spermidine, 100 μCi [γ-32P]ATP (15 pmol) (ICN Biochemicals, Costa Mesa, CA, USA), 

0.5 μl 90 μM ATP, and 10 U T4 polynucleotide kinase were added. After incubation for 

30 min at room temperature, 20 μl were applied to a polyethylenimine (PEI)-coated cellulose 

TLC plate (Macherey-Nagel, Duren, Germany) and were chromatographed as described 

previously (Stiborova et al. , 2001, Stiborova et al., 1994), except that D3 and D4 were 

adjusted to pH 4.0 and 9.1, respectively, for better resolution. To determine the amount of 

normal nucleotides 5 μl of the 1:1500 dilution of digests were mixed with 2.5 μL of Tris 

buffer (10 mM, pH 9.0) and 2.5 μL of labeling mix (see above) and incubated for 30 min at 

room temperature. The samples were then diluted by mixing 4 μL with 750 μL of 10 mM Tris 

buffer, pH 9.0. Five microliters of this solution were applied to a PEI-cellulose TLC plate and 

run in 0.28 M (NH4)2SO4, 50 mM NaH2PO4, pH 6.5. Adducts and normal nucleotides were 

detected and quantified by storage phosphor imaging on a Packard Instant Imager. Count rates 

of adducted fractions were determined from triplicate maps after subtraction of count rates 

from adjacent blank areas. Excess [γ-32P]ATP after the postlabeling reaction was confirmed. 

Adduct levels were calculated in units of relative adduct labeling (RAL), which is the ratio of 

cpm of adducted nucleotides to cpm of total nucleotides in the assay (Stiborova et al. , 2001) 

 

14. Statistical analysis 

Data are represented as mean ± SEM. In all cases, n refers to the number of independent 

experiments. Statistical analyses were performed by the Student's t test. P < 0.05 was 

considered significant (*, P < 0.05 ; **, P < 0.01, ***, P < 0.001).  
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Part IV. Results & Discussion 
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Part IV.A: Ellipticine chemotherapy 
 
 
Glioblastoma is a hardly treatable tumor type, often chemo- and radio-resistant (Penas-Prado 

and Gilbert, 2007, Sathornsumetee et al., 2007). Ellipticine is highly cytotoxic for various 

cancer cell types (for review see (Garbett and Graves, 2004, Stiborova et al. , 2006) and it has 

been evaluated as a brain tumor-specific drug when screening the cell lines in NCI database 

(Shi et al. , 1998a, Shi et al. , 1998b). In the 80`s and 90`s, ellipticine was extensively studied 

as a promising chemotherapy drug for diverse cancers  such as breast cancer, 

hepatocarcinomas, acute myeloblastic leukemia etc. Nevertheless, very few studies were 

performed with brain tumors. 

 

1. Ellipticine effects on U87MG glioblastoma cell line 

Firstly, we evaluated the cytotoxicity of ellipticine to U87MG glioblastoma cell line using the MTS 
proliferation assay. Ellipticine inhibited U87MG cell proliferation with IC50 of 1.48 ± 0.08 μM after 72 
hours of ellipticine treatment in reduced serum conditions 
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[

 
Figure 14a]. For the majority of further experiments, 1 μM ellipticine concentration was used. Various 
treatment times indicated gradual increase in cytotoxic effect of ellipticine starting at 21.5 % after 24 
hours and raising to up to 56.8 % growth inhibition after 72 hours of ellipticine treatment 
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[

 
Figure 14b].  

 

Next, mechanisms implicated in ellipticine cytotoxic effect were investigated in more detail. 

Ellipticine has been reported to arrest cell cycle progression by regulating the expression of 

cyclin B1 and Cdc2 as well as phosphorylation of Cdc2 in breast cancer cell lines (Kuo et al., 

2005a, Kuo et al., 2005b), to induce apoptotic cell death by the generation of cytotoxic free 

radicals, the activation of Fas/Fas ligand system, the regulation of Bcl-2 family proteins (Kuo 

et al. , 2005a, Kuo et al. , 2005b, Kuo et al., 2006), an increase of wild-type p53, the rescue of 

mutant p53 activity and the initiation of the mitochondrial apoptosis pathway (Garbett and 

Graves, 2004, Kuo et al. , 2005a, Kuo et al. , 2005b, Kuo et al. , 2006).  
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Chemotherapy-induced cell cycle arrest was shown to result from DNA damages caused by a 

variety of chemotherapeutics. In the case of ellipticine, it was suggested that the prevalent 

DNA-mediated mechanisms of its antitumor, mutagenic and cytotoxic activities are 1. 

intercalation into DNA, 2. inhibition of DNA topoisomerase II activity (Garbett and Graves, 

2004, Stiborova et al. , 2006), and 3. covalent DNA adduct formation after its metabolic 

activation. Ellipticine chemotherapy induces DNA damage and results in cell cycle arrest 

predominantly at the G1/S and G2/M checkpoints.  

 

We therefore examined the progression of U87MG through the cell cycle in presence of ellipticine 
[

 
Figure 14c]. Ellipticine arrested the U87MG cells in G0/G1 phase and slightly also in G2/M 

phase, accompanied by a decrease of synthetic S phase. G0/G1 cell cycle arrest appeared as 
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soon as after 24 hours of treatment blocking cycle progression of almost 80% of cells 

compared to 60% of non-treated cells present in G0/G1 phase. In contrast, G2/M cycle arrest 

became significant much later, reaching maximum 18% of cell population after 72 hours of 

ellipticine treatment compared to 9.8% of control cells.  

 

In additional work, we examined what were the consequences of genotoxic ellipticine`s action 
regarding programmed cell death induction in U87MG cells. Although high ellipticine concentrations 
(5-10 μM) induce cell death, 1 μM ellipticine did not provoke apoptotic cell death as late as after 72 
hours of treatment and still not exceeding 18% as assessed by any of the three experimental 
approaches: propidium iodide-stained cells in subG1 cell cycle phase, Annexin V staining combined 
with propidium iodide staining, both analyzed by flow cytometry, and Hoechst 33342 nuclear staining 
and subsequent nuclei morphology analysis using fluorescent microscopy 
[

 
Figure 14d].  
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Since such a low percentage of apoptotic population could not clarify the U87MG 

proliferation inhibition induced by 1 μM ellipticine treatment, we regarded cellular 

senescence as it is another common cellular answer to chemotherapy resulting in irreversible 

cell cycle arrest accompanied by typical morphological changes such as platitude or large 

perinuclear cellular regions. 

  

The expression of the senescence–associated acidic β-galactosidase (SA-β-Gal) was therefore 
determined in ellipticine-treated cells. Blue perinuclear positive staining for SA-β-Gal activity was 
detected in 32.3 ± 4.6 and 53.7 ± 4.6 of ellipticine-treated U87MG cells after 3 and 5 days, 
respectively 
[

 
Figure 14e]. U87MG cells exhibited also morphological changes characteristic to senescence, as they 
appeared more flattened compared to control cells 
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[

 
Figure 14e].  

 



73 
 

 
Figure 14: A. Proliferation assay. U87MG cells were treated 72 hours in 2% FBS containing medium 
with either solvent (DMSO) or ellipticine (0.1 - 20 μM). Proliferation is expressed as the percentage of 
living cells after ellipticine treatment compared to untreated cells grown in the presence of solvent 
considered as 100%. IC50 were determined using GraphPad Prism software, non-linear sigmoidal 
dose-response regression.  B. U87MG cells were treated 24, 48 or 72 hours in 2% FBS medium with 
either solvent (DMSO), or 1 μM ellipticine. C. Cell cycle analysis. U87MG and U373 cells were 
treated for 24, 48, and 72 hours in 2% serum medium with DMSO or ellipticine (1 µM) before 
propidium iodide staining and cell cycle analysis by flow cytometry. Data represent the percentage of 
cells in G0/G1, S, G2/M cycle phases. D. Apoptosis. U87MG cells were treated with 1 µM ellipticine 
for the times as indicated and percentage of apoptotic cells was assessed using different techniques: 
PI-stained cells in subG1 cell cycle phase were quantified by FACS (LEFT); cell were fixed and 
stained by Hoechst 33342 dye. Percentage of cells with fragmented nuclei (apoptotic) was determined 
using fluorescent microscopy. At least 200 cells were analyzed per condition (CENTER); apoptosis 
was assessed using Annexin-V and PI staining (RIGHT). E. Senescence. U87MG cells plated in 6-
well plates and left untreated or treated for 3 or 5 days in 2% FBS medium with 1 µM ellipticine 
before the detection of β-galactosidase activity at pH 6. Data represent positive cells percentage of at 
least 200 total cell number per condition (n=3). Representative photographs are shown on the right.  
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2. Ellipticine effects on U373 glioblastoma cell line 

To confirm our results, we used another glioblastoma cell line U373. We examined cytotoxicity of 
ellipticine on U373 cells. Ellipticine inhibited cellular proliferation of these cells with IC50 of 1.92 ± 
0.64 μM after 72 hours of treatment 
[

 
Figure 15a]. As contrasted to U87MG cells, U373 cells did not recover so easily after 48 hours of 
ellipticine treatment. Six days after the completion of 48-hours ellipticine treatment U87MG 
proliferation was inhibited by 23% compared to 54% in U373 
[

 
Figure 15b].  

 

The proliferation inhibition could be partially explained by cell cycle arrest in G2/M phase provoked 
as soon as after 24 hours of ellipticine treatment reaching 19.9 % and even increasing to up to 39.8 % 
after 72 hours of ellipticine treatment. In contrast to U87MG cell cycle, population of U373 cells 
present in G0/G1 cycle phase was reduced by half starting at 48 hours of ellipticine treatment 
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[

 
Figure 15c]. 

 

Ellipticine induced apoptotic cell death in nearly 44% of U373 cells after 5 days of ellipticine 
treatment as assessed by Hoechst 33342 dye staining and subsequent nuclei morphology analysis by 
fluorescence microscopy 
[

 
Figure 15d]. As contrasted to U87MG cell line, U373 cells hardly senesced, not exceeding 11% of 
cells expressing senescence–associated acidic β-galactosidase (SA-β-Gal) after 5 days of ellipticine 
treatment 
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[

 
Figure 15e].  
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Figure 15: Comparison of ellipticine effects on U373 (LEFT) and U87MG (RIGHT) glioblastoma cell 
lines. A. Proliferation assay. U87MG cells were treated 72 hours in 2% FBS containing medium with 
either solvent (DMSO) or ellipticine (0.1 - 20 μM). Proliferation was expressed as the percentage of 
living cells after ellipticine treatment compared to untreated cells grown in the presence of solvent 
considered as 100%. IC50 were determined using GraphPad Prism software, non-linear sigmoidal 
dose-response regression. B. Proliferation assay. U87MG cells were treated 24, 48, 72, 96, 168 or 192 
hours in 2% FBS medium with either solvent (DMSO) or 1 μM ellipticine. Alternatively, medium was 
replaced after 48 hours of ellipticine treatment (elli 1 μM 48h) and cells were then grown in 
ellipticine-free medium. C. Cell cycle analysis of U373 (LEFT) and U87MG (RIGHT) cells. Cells 
were treated 24, 48 or 72 hours with solvent, or ellipticine (1 µM), stained with propidium iodide and 
cell populations detected by FACS analysis (n=5-10). D. Induction of apoptosis in U373 and U87MG 
cell lines. Cells were treated with 1 µM ellipticine for the times as indicated and fixed and stained by 
Hoechst 33342 dye. Percentage of cells with fragmented nuclei (apoptotic) was determined using 
fluorescent microscopy. At least 200 cells were analyzed per condition. E. Induction of senescence in 
U373 and U87MG cell lines. Cells plated in 6-well plates and left untreated or treated for 3 or 5 days 
in 2% FBS medium with 1 µM ellipticine before the detection of β-galactosidase activity at pH 6. Data 
represent positive cells percentage of at least 200 total cell number per condition (n=3). 

 
Taken together, both glioblastoma cell lines, U87MG and U373, are sensitive to 

ellipticine. However, the mechanisms how ellipticine inhibits their proliferation are 

different. In U87MG cell line ellipticine induces G0/G1 cell cycle arrest, whereas U373 

cells are blocked in S and G2/M cycle phase after ellipticine treatment. Ellipticine 

induces senescence but not apoptosis in U87MG cells, while U373 cells die from 

apoptosis and hardly senesce.  

 

3. Role of the p53 pathway in ellipticine effects on human glioblastoma cell lines 

To elucidate the molecular background of these ellipticine`s effects on U87MG and U373 

cells, we investigated the effect of ellipticine on the regulatory proteins and genes 
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implemented in cell cycle and cellular survival regulation. We focused on the p53 signaling 

pathway, as the p53 is a key regulator of cell cycle and apoptotic processes and as it is known 

to be affected by ellipticine in diverse cell types (Kuo et al. , 2006, Peng et al., 2003). 

Moreover, U373 glioblastoma cell line expresses mutated (R273H) and non-functional p53.  

In U87MG cells, p53 signaling pathway was strongly activated by ellipticine treatment, 

resulting in a very fast increase in p53 protein quantity present in the cell. As soon as after 3 

hours of ellipticine treatment, the p53 protein level increased 2.6 times [Figure 16a]. The 

p53 activity is known to be regulated predominantly by two phenomena: i) stabilization of the 

protein, and ii) preservation against its ubiquitination. Therefore, such a protein quantity 

increase should indicate also p53 signaling pathway activation. This phenomenon was 

confirmed via quantification of the mRNA levels of some of the p53 downstream and 

upstream targets such as p21 (He et al., 2005), Fas (O'Connor et al., 1999), Mdm-2 (Moll and 

Petrenko, 2003), E2F1 (Wunderlich and Berberich, 2002), and ATM (Morgan and Kastan, 

1997) [Figure 16b].  

 

p21 is a cyclin-dependent kinase inhibitor blocking cell cycle progression in G1 phase due to 

inhibition of cyclin CDK-2 or -CDK4 complexes.  

Mdm-2 indirectly participates at p53`s proteasomal degradation, whereas it acts as an E3 

ubiquitin ligase recognizing the N-terminal trans-activation domain (TAD) of the p53. 

Moreover, it functions as an inhibitor of p53 transcriptional activation.  

Fas is an important pro-apoptotic protein, which plays a central role in extrinsic apoptotic 

pathway initiation due to DISC (Death Inducing Signaling Complex) assembly and 

subsequent caspase-8 activation.  

Ellipticine treatment apparently selectively activates the p53 signaling pathway, as the mRNA 

expression levels of the three p53 target proteins mentioned above (Mdm-2, p21 and Fas) 

were potentiated after 12 and 24 hours of ellipticine treatment while others remained 

unchanged or even inhibited. p21 induction by ellipticine was also confirmed at protein level 

[Figure 16c].  

ATM is a specific serine/threonine kinase that is recruited and activated by DNA double-

strand breaks. It phosphorylates p53 as well as other key proteins that initiate activation of the 

DNA damage checkpoint, leading to cell cycle arrest, DNA repair or apoptosis. 
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Messenger RNA level of p53 itself remained at the basal level after ellipticine treatment 

compared to un-treated cells, suggesting that the p53 expression occured at the protein level 

[Figure 16b].  

 

 

Figure 16: p53 pathway activation by ellipticine in U87MG and U373 cells. A. p53 protein expression 
in U87MG cells. Western blot analysis of U87MG cells treated with 1 μM ellipticine in 2% FBS 
containing medium for indicated times. GAPDH was used as a loading control. B. ATM, p53, E2F1, 
human mdm2, p21, and Fas mRNA levels in U87MG were determined by qPCR. Scattergrams 
represent the fold increase of mRNA in U87MG cells treated during 12 hours as compared to control 
cells and normalised with the reporter gene, cyclophilin (n=3). C. p21 protein expression. Western blot 
analysis of U87MG cells treated with 1 μM ellipticine in 2% FBS containing medium for 12 hours. 
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D. p53 protein expression in U373 cells. Western blot analysis of U373 cells treated with 1 μM 
ellipticine in 2% FBS containing medium for indicated times. GAPDH was used as a loading control. 
E. p53,  human mdm2, p21, and Fas mRNA levels in U87MG were determined by qPCR. 
Scattergrams represent the fold increase of mRNA in U373 cells treated during 12 hours as compared 
to control cells and normalised with the reporter gene, cyclophilin (n=3). 

 
In U373 glioblastoma cell line expressing mutated (R273H) and non-functional p53, the 

situation is different. Mutated p53 was reported to be expressed usually at high levels even in 

non-stimulated cells as its expression cannot be regulated by binding to Mdm-2 (Blandino et 

al., 1999). Therefore, we compared the p53 protein level in untreated U87MG (p53 wild type 

expressing) and in U373 (p53 mutated R273H) cell lines. At the basal level, U373 (p53mt) 

expressed much more p53 protein compared to U87MG (p53wt) cells. Moreover, the mutated 

p53 expressed in U373 seemed to be non-inducible by ellipticine by contrast to the wild type 

p53 in U87MG cell line [Figure 16d]. To confirm the malfunction of the p53mt (R273H), 

downstream targets of p53 were examined at the mRNA level. Ellipticine induced neither 

p21, nor Fas mRNA expression in U373 cells. Similarly, p53 mRNA level remained 

unaffected after ellipticine treatment [Figure 16e].  

 
To summarize the results obtained in this very first part of our study, the functional p53 

pathway is strongly activated by ellipticine treatment. Upon p53 activation, ellipticine 

induces senescence rather than apoptosis, whereas in the context of non-functional p53, 

ellipticine induces apoptosis, but not senescence. These data suggest that different 

responses of U87MG and U373 cells to ellipticine treatment originate from the different 

p53 status.  

 

4. Ellipticine metabolism by human recombinant cytochromes P450  

Oxidation of ellipticine by human recombinant cytochrome P450 1A1 (CYP1A1) 

Human recombinant CYP1A1 in Supersomes® oxidized ellipticine mainly to 9-

hydroxyellipticine, while other ellipticine metabolites were formed only in a minority [Figure 

17a]. The peak of 12-hydroxyellipticine was not detected in this system. Nevertheless, its 

formation could not be excluded because it could have been covered by the great peak area of 

9-hydroxyellipticine.  

Formation of 13-hydroxyellipticine and 7-hydroxyellipticine was not quantified separately as 

they were eluted with similar retention times showing only shoulders in one broad peak.  

Covalent DNA adducts 1 and 2 were generated in comparable amounts [Figure 17b]. 
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Oxidation of ellipticine by human recombinant cytochrome P450 1B1 (CYP1B1) 

Similarly to CYP1A1, 9-hydroxyellipticine was the major metabolite formed by human 

recombinant Supersomal CYP1B1 [Figure 17a]. Other ellipticine metabolites were formed 

only in a minority, similar to the case of CYP enzymes of the 1A subfamily. Formation of 12-

hydroxyellipticine was not quantified.  

Covalent DNA adducts 1 and 2 were generated in comparable amounts [Figure 17b]. 

 

 

Figure 17: A. Quantification of formation of ellipticine metabolites by human recombinant CYP1A1, 
1B1 and 3A4 enzymes in Supersomes. Ellipticine metabolites were separated by HPLC with UV 
detection. HPLC column: C18, 250 x 4.6 mm, 5 µm (Beckman, Fullerton, CA, USA), mobile phase: 
64% methanol and 36% of 0.005 M heptane sulfonic acid and 0.032 M acetic acid in distilled water, 
detection wavelength: 296 nm. B. Quantification of the ellipticine-DNA adduct levels generated by 
human recombinant CYP1A1, 1B1 and 3A4 enzymes in Supersomes. Analyses were performed by the 
nuclease P1 version of the 32P-postlabeling assay. Film exposure was 4 hr at -80°C. Origins are located 
at the bottom left corners (D3 from bottom to top and D4 from left to right) (n = 3).  
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Oxidation of ellipticine by human recombinant cytochrome P450 3A4 (CYP3A4) 

CYP3A4 is the most abundant CYP isoform in human liver. Human recombinant CYP3A4 in 

Supersomes generated from ellipticine four metabolites: ellipticine N2-oxide, 9-

hydroxyellipticine, 13-hydroxyellipticine and 12-hydroxyellipticine [Figure 17a]. CYP3A4 

was the only CYP enzyme metabolizing ellipticine primarily to DNA adducts-forming 

metabolites. 

CYP3A4 generated high amounts of DNA adduct 1, while adduct 2 was formed to a lower 

extent, comparable to other CYPs tested [Figure 17b]. 

 

Among the CYPs tested, human recombinant CYP3A4 activates ellipticine most efficiently, 

as this enzyme generates high amounts of ellipticine metabolites responsible for covalent 

DNA adduct formation, which was confirmed by the 32P-postlabeling technique.  

 

5. Expression of ellipticine-metabolizing enzymes in U87MG and U373 

Ellipticine has been shown to act via several mechanisms of action (Stiborova et al. , 2006). 

We are focusing at covalent DNA modifications - formation of DNA adducts, as it is a 

mechanism, which can at least partially explain ellipticine`s selectivity to tumor tissues. Such 

DNA adducts are not formed by ellipticine itself, but it needs to be metabolically activated. It 

has been reported to be metabolized by cytochromes P450 and/or peroxidases (Stiborova et al. 

, 2008, Stiborova et al. , 2007a) [see Figure 5]. Therefore, cell lines U87MG and U373 

employed in the study were analyzed for the expression of biotransformation enzymes known 

to activate ellipticine: CYP1A1, 1B1, 3A4, cyclooxygenase 1 (COX-1), and lactoperoxidase 

(LPO) [Figure 18].  

 

Expression of cytochrome P450 1A1 (CYP1A1) 

CYP1A1 expression was tested at both, mRNA and protein levels. U87MG cells expressed 8 

times more CYP1A1 mRNA and 1.5 times more CYP1A1 protein than U373 [Figure 18a]. 

Ellipticine induced CYP1A1 protein expression in U87MG cells in concentration dependent 

manner. Similarly, CYP1A1 mRNA level increased 6.5 times after 72 hours of 1 μM 

ellipticine treatment in U87MG cells [Figure 18b]. However, in U373 such treatment 

resulted in no significant change regarding both, mRNA and protein levels [Figure 18a,b].  
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Expression of cytochrome P450 1B1 (CYP1B1) 

CYP1B1 expression in U87MG cell line was very strong at both, mRNA and protein levels. 

Expression of the CYP1B1 mRNA in U87MG exceeded that in U373 8.2 fold. One 

micromolar ellipticine treatment slightly induced CYP1B1 mRNA in U87MG (1.7 fold) but 

not in U373 [Figure 18a]. At the protein level, ellipticine treatment led to an outstanding 

induction of CYP1B1 expression. Further substantial increase of CYP1B1 level was not 

observed when higher (10 μM) ellipticine used [Figure 18c]. In contrast, in U373 cells, 

CYP1B1 protein was expressed in much lower levels and no induction was observed [Figure 

18b].  

 

 

Figure 18: A. CYP1A1, 1B1 and 3A4 mRNA levels were determined by qPCR. Scattergrams represent 
the fold increase of mRNA in U87MG cells treated during 72 hours in 2 % FBS containing EMEM 
medium as compared to control cells and normalized with the reporter gene, POLR2 (n=3). B. The 
CYP1A1, 1B1, 3A4, LPO and COX-1 protein expression in U87MG cells treated with 1 µM (and 
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10 µM) ellipticine in 2% FBS medium for 72 hours. Total protein extracts were resolved by SDS-
PAGE, transferred to PVDF membranes and probed with anti-CYP antibodies. GAPDH was used as a 
loading control. A representative blot is shown and the graph on the right displays means relative band 
intensities quantified using Elfoman software (n=3, S.E.M. < 10%). C. The CYP1A1, 1B1, 3A4, LPO 
and COX-1 protein expression in U373 cells treated with 1 µM ellipticine in 2% FBS medium for 72 
hours. Total protein extracts were resolved by SDS-PAGE, transferred to PVDF membranes and 
probed with anti-CYP antibodies. GAPDH was used as a loading control. A representative blot is 
shown. 

 
Expression of cytochrome P450 3A4 (CYP3A4) 

We detected small amounts of CYP3A4 mRNA in U87MG glioblastoma cells as well as 

apparent amounts of CYP3A4 protein. The mRNA content was slightly lower in U373 

compared to U87MG cells [Figure 18a]. Ellipticine treatment (1 μM, 72 hours) induced 

CYP3A4 in U87MG 7-fold at the mRNA level. Likewise, CYP3A4 protein expression in 

U87MG was induced by ellipticine in concentration-dependent manner [Figure 18c].  

 
Expression of lactoperoxidase (LPO) 

LPO expression was examined at the protein level and indispensable amounts of this enzyme 

were detected in both cell lines tested. Ellipticine treatment (1 and 10 μM for 48 hours) did 

not affect the LPO expression in either of the cell types [Figure 18 b,c]. 

 

Expression of cyclooxygenase 1 (COX-1) 

COX-1 protein was also found to be expressed in both cell lines, U87 and U373. However, 

ellipticine treatment did not induce or inhibit its protein expression [Figure 18 b,c].  

 

6. Ellipticine metabolism in U87MG and U373  

In additional part of our work, ellipticine metabolism in U87MG and U373 cells was studied. 

HPLC was used to separate and detect them. Interestingly, ellipticine metabolite profiles 

differed significantly according to the cell type as well as to ellipticine concentration [Figure 

19a,b].  

Treatment of U373 cells with ellipticine, both its concentrations used (1 and 10 μM) resulted 

in predominant generation of 13-hydroxyellipticine (M3) and ellipticine-N2-oxide (M5). 

Their amount was ellipticine concentration-dependent [Figure 19b].  

In contrast, when low concentrations (1 μM) of ellipticine were used for the U87MG 

treatment, detoxifying metabolite 9-hydroxyellipticine (M1) was formed predominantly. 

However, when 10 μM ellipticine was administered to U87MG cells, detoxification/activation 
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metabolites ratio inversed completely resulting in predominant formation of 13-

hydroxyellipticine (M3) and ellipticine-N2-oxide (M5), which are ellipticine metabolites 

responsible for covalent DNA modifications [Figure 19a].   

 

Therefore, we examined whether ellipticine modifies covalently DNA in glioblastoma cell 

line U87MG as it occurs in vivo in rat brain [Figure 19c]. We proved ellipticine dose-

dependent covalent DNA adduct formation using the technique of 32P-postlabeling. The 

amounts of adduct 2, which is generated from ellipticine-12-ylium, were 2.2 times higher than 

those of adduct 1, formed from ellipticine-13-ylium [Figure 19d,e].  
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Figure 19: A. HPLC separation of ellipticine metabolites formed in U87MG cells, and B. U373 cells. 
Cells were treated with 1 μM (A) and 10 μM (B) ellipticine for 72 hours in 2 % FBS containing 
EMEM. HPLC column: C18, 250 x 4.6 mm, 5 µm (Beckman, Fullerton, CA, USA), mobile phase: 
64% methanol and 36% of 0.005 M heptane sulfonic acid and 0.032 M acetic acid in distilled water, 
detection wavelength: 296 nm. C. Autoradiograph of PEI-cellulose TLC maps of 32P-labeled digests of 
DNA isolated from brain of rats treated with 40 mg ellipticine per kg body weight (Stiborová et al., 
2003a), D. U87MG cells treated with 1 μM ellipticine. E. Quantification of the ellipticine-DNA 
adduct levels generated in U87MG cells treated with ellipticine for 72 hours. Analyses were performed 
by the nuclease P1 version of the assay (Stiborova et al. , 2001, Stiborova et al., 2003). Film exposure 
was 4 hr at -80°C. Origins are located at the bottom left corners (D3 from bottom to top and D4 from 
left to right) (n = 3).  

 

Ellipticine chemotherapy : Conclusions and discussion  

In the first part of this work, we investigated ellipticine effects on two glioblastoma cell lines 

varying in the p53 status, U87MG and U373.  

Ellipticine was chosen as a model chemotherapeutic drug known to act via multiple 

mechanisms of action. It was used in clinical medicine, primarily against advanced breast 

cancer. Moreover, it exhibits a high potential to reduce growth of diverse other cancers and it 

has been proven to exhibit a certain specificity to brain tumors (Acton et al. , 1994). Although 

the former study of Gouyette et al. claimed low distribution of ellipticine salts into brain 

parenchyma (Gouyette et al., 1982), our recent work has proven ellipticine covalent DNA-

adduct formation in rat brain (Stiborova et al., 2007b). These findings together with 

ellipticine`s hydrophobic character suggest it to be able to overcome the blood-brain barrier.  

Ellipticine derivatives have been studied for the glioma therapy in combination with 

topoisomerase I inhibitors (Ciesielski and Fenstermaker, 1999), or alone in vitro. The 9-

chloro-2-methylellipticinium acetate (NMHE) was studied in vivo on human brain tumor 

xenografts in combination with carmustine, but these studies did not give encouraging results 

(Arguello et al., 1998). 

 

Here we evaluated ellipticine`s cytotoxic effects showing it inhibited U87MG and U373 cell 

proliferation with IC50 in micromolar ranges, which is comparable to other ellipticine-

sensitive cancer cell lines. However, regarding these effects in more detail, we found that the 

response to ellipticine treatment was completely different comparing these two cellular 

models.  

In p53wt expressing U87MG cells, ellipticine provoked an early G0/G1 cell cycle arrest, 

whereas in U373 (p53mt) cells were blocked in S and G2/M phase. It has been previously 

reported, that the p53 mutation sensitizes some cancer cells to chemotherapy (Yamasaki et al., 
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2009). Here, ellipticine therapy induced premature senescence but not apoptosis in U87MG 

cells, while U373 cells reacted inversely. Since the functional p53 pathway is strongly 

activated by ellipticine treatment, we hypothesize that different answers of U87MG and U373 

cells to ellipticine treatment originate from their different p53 status. The p21 is supposed to 

be primarily responsible for senescence regulation. Since p21 is a p53`s downstream target, 

our results suggest, that it is due the p53 non-functionality, why U373 cells hardly senesced 

when treated with ellipticine. Senescent cells remain alive and may even stimulate their 

environment by secretion of pro-proliferative factors. Therefore, ellipticine treatment of U373 

cells expressing p53 mutant is more efficient than that of U87MG p53-wt expressing cells, 

since non-functional p53 results in ellipticine-induced apoptosis. 

 

The mode of antitumor, cytotoxic and mutagenic action of ellipticine is considered to be 

based mainly on DNA damage such as intercalation into DNA, inhibition of topoisomerase II  

and formation of covalent DNA adducts. Intercalation of ellipticine into DNA and inhibition 

of topoisomerase II occur in all cell types irrespective of their metabolic capacity, because of 

the general chemical properties of this drug and its affinity to DNA and topoisomerase II 

protein (Garbett and Graves, 2004). In contrast, the formation of ellipticine-DNA adducts is 

dependent on ellipticine activation by CYPs and peroxidases. Therefore, this anticancer agent 

should be considered a drug, whose pharmacological efficiency and/or genotoxic side effects 

are dependent on its cytochrome P450 (CYP) and/or peroxidase-mediated activation 

(Stiborova et al., 2004). 

 

We were thus investigating, whether our model glioblastoma cell lines U87MG and U373 

express such biotransformation enzymes. Both cell lines were found to express enzymes 

metabolizing ellipticine, namely CYP1A1, CYP1B1, CYP3A4, lactoperoxidase (LPO) and 

cyclooxygenase-1 (COX-1). Moreover, ellipticine induced expression of the CYP enzymes in 

U87MG suggesting that it is regulating its own metabolism. On the contrary, the pattern of 

expression of biotransformation enzymes in U373 was much poorer. Moreover, neither of the 

enzymes exhibited inducibility by ellipticine.  

These results were in accordance with ellipticine metabolites profiles generated in both cell 

lines employed in the study. In U87MG cells, ellipticine concentration dictated the ratio 

between the detoxifying and activating metabolites. At higher concentrations, ellipticine 

metabolites responsible for DNA adducts formation became predominant. However, in U373 

cells, ellipticine generated its metabolites also in a concentration-dependent manner but 
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without affecting the relative metabolite pattern. Such results may be explained by different 

extends of inductions of individual CYPs in U87MG.  

 

We observed certain discrepancies between ellipticine-mediated CYP induction at protein and 

mRNA level. Similar differences between induction of mRNA of several CYPs and protein 

levels were found also for other compounds by other authors in rats treated with ellipticine 

(Aimova et al., 2007) and for other compounds as found by several authors (Chen et al., 1998, 

Dickins, 2004). This might be due to the fact that some inducers might prolong half-lives of 

mRNAs, whereas others increase their transcription.  

 

Human recombinant CYP3A4 generated primarily 12-, 13-hydroxyellipticine and ellipticine 

N2-oxide (all three metabolites that are responsible for covalent DNA modifications). 

CYP1A1 metabolized ellipticine mainly to 9-hydroxyellipticine and in a minority also to 13-

hydroellipticine. Likewise, CYP1B1 generated primarily detoxifying 9-hydroxyellipticine. 

Since CYP1A1 and CYP3A4 enzymes were inducible by ellipticine in a concentration-

dependent manner, whereas low ellipticine concentrations already led to CYP1B1 expression 

saturation, we hypothesize, that this could at least partially explain inverse ratio between 

detoxifying and activating ellipticine metabolites when changing the drug concentration.  

However, the systems containing human recombinant CYPs (Supersomes®) are only 

approximate models of the situation in human tissues. Other CYP forms may be involved in 

ellipticine metabolis in brain tumoral tissue. Furthermore, the enzymatic activity of the CYPs 

is known to be influenced by presence of cytochrome b5 widely expressed in all tissues 

(Porter, 2002).  

Taken together, we confirmed that U87MG cell line expressed biotransformation enzymes 

generating ellipticine metabolites known to covalently bind to deoxyguanosine in DNA as 

well as formation of these ellipticine metabolites: 13-hydroxyellipticine and ellipticine N2-

oxide. Subsequently, we found indispensable amounts of two major ellipticine-DNA adducts 

formed in U87MG cells. Their levels were comparable to those found in neuroblastoma or 

leukemia cells (Poljakova et al., 2009, Poljakova et al., 2007). Because the covalent 

ellipticine-derived DNA adducts are also generated in brain tissues in vivo, in rats treated with 

ellipticine [see Figure 19c], ellipticine and/or its metabolites probably overcome the blood-

brain barrier, which is an important criteria in brain tumor chemotherapy.  
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Part IV.B: Combination therapy of chemotherapeutics and α5β1 
integrin antagonists 

 

Currently, ellipticine is not being used in clinic, as it exhibits important toxicity in vivo. Since 

it seems to be highly efficient and rather selective against glioblastoma, it is worth to reduce 

its toxic side effects by reducing the dose e.g. by combining it with α5β1 integrin-targeted 

therapy. In this study, we were searching whether such combination therapy would be 

profitable for the final therapy outcome in glioblastomas.  

Recent results from our laboratory showed the effects of a specific non-peptidic α5β1 integrin 

antagonist, SJ749, on glioblastoma cell lines U87MG and A172 in vitro (Maglott et al. , 

2006). In the first part of this work we were investigating ellipticine`s effects on U87MG and 

U373 glioblastoma cell lines. Based on these data, here we study the effects of the 

combination therapy (ellipticine chemotherapy with α5β1 integrin antagonists, SJ749 or 

K34c) on human glioblastoma cell lines U87MG and U373 in vitro. To confirm the most 

important results, we used temozolomide, which is a reference chemotherapeutic drug used 

currently in clinical practice against glioblastoma.  

 

1. Analysis of different experimental conditions of drug combinations 

Combination therapy of glioblastoma: ellipticine with SJ749;  

Three different treatment schedules were tested:  

1. Cells were treated concomitantly with ellipticine and SJ749 at the time of plating, thus both 

drugs were administered to non-attached cells. In 10 % serum containing medium, SJ749 had 

no effect on U87MG cell proliferation. Ellipticine effect reached up to 26.2% inhibition of 

cell proliferation at 72 hours of treatment. Addition of integrin antagonist did not significantly 

increase the proliferation inhibition compared to single ellipticine treatment [Figure 20a 

LEFT]. More promising results were reached, when we performed similar experiments under 

reduced serum conditions (2% serum containing medium). Despite non-treated cells 

proliferated normally, efficacy of SJ749 seemed to be dependent on serum concentration as it 

was able to inhibit cell proliferation to up to 33.6%. Ellipticine was also more efficient under 

reduced serum conditions inhibiting U87MG cell proliferation by 56.8% compared to 26.2%. 

Combination of both drugs resulted in 85.2% proliferation inhibition [Figure 20a RIGHT]. 
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2. Cells were treated with the first drug (SJ749 or ellipticine) at the time of plating and 24 

hours later, the second drug was added. Here, the first drug was administered to non-attached 

cells, whereas the second one to already attached cells. When SJ749 administered prior to 

ellipticine, it had weak but significant inhibitory effect on U87MG cell proliferation in 10% 

FBS containing medium, which increased under reduced serum conditions [Figure 20b 

LEFT in 10% FBS; RIGHT in 2% FBS]. When ellipticine administered prior to SJ749 

[Figure 20c LEFT in 10% FBS; RIGHT in 2% FBS], SJ749 had no significant effect on cell 

proliferation either in 10%, or in 2% FBS containing medium. Combination therapy resulted 

in same inhibitory effects as the single ellipticine treatment. 

 

3. To avoid drug interferences, we tried to withdraw the first drug before the second treatment 

launch. Non-attached cells were treated with the first drug. Twenty-four hours later, drug-

containing medium was replaced for the fresh one, which was containing the second drug. 

Nevertheless, it did not improve the result compared to the second treatment schedule without 

media change. When 5 μM SJ749 administered prior to 1 μM ellipticine treatment, 72 hours 

after the addition of the second drug, inhibition of proliferation reached 37.2% [Figure 20d 

LEFT]. The reverse treatment order resulted in 45.4% inhibition of proliferation (5 μM SJ749 

+ 2 μM ellipticine) [Figure 20d RIGHT].  
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Figure 20: Effect of an α5β1 integrin antagonist SJ749, ellipticine and their combination on 
glioblastoma cell viability under various experimental conditions. Viability was measured every 24 
hours using the MTS assay. Results are expressed as the relative number of living cells versus cells at 
the time of plating (n=3 in sextuplates). A. U87MG cells were treated either with solvent (black), 
5 µM SJ749 (blue), 1 µM ellipticine (orange) or with a combination of both drugs (violet) at the time 
of plating. LEFT: in 10% FBS; RIGHT: in 2% FBS. B. U87MG cells were treated either with solvent 
(black) or 5 µM SJ749 (blue) at the time of plating. 1 µM ellipticine was added to solvent-treated 
(orange) or to SJ749-treated (violet) cells 24 hours after plating. LEFT: in 10% FBS; RIGHT: in 2% 
FBS. C. U87MG cells were treated either with solvent (black) or 1 µM (orange) / 2 µM (red) 
ellipticine at the time of plating. 5 µM SJ749 was added to solvent-treated (blue) or to ellipticine-
treated (violet) cells 24 hours after plating. LEFT: in 10% FBS; RIGHT: in 2% FBS. D. U87MG cells 
were treated either with solvent (black) or 5 µM SJ749 (blue) at the time of plating. 1 µM ellipticine 
was added to solvent-treated (orange) or to SJ749-treated (violet) cells 24 hours after plating. Before 
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ellipticine addition, medium was replaced. Experiment performed in 10% FBS containing medium. E. 
U87MG cells were treated either with solvent (black) or 2 µM ellipticine (red) at the time of plating. 
5 µM SJ749 was added to solvent-treated (blue) or to ellipticine-treated (violet) cells 24 hours after 
plating. Before SJ749 addition, medium was replaced. Experiment performed in 10% FBS containing 
medium. 

 
These results revealed that SJ749 was more potent to inhibit proliferation when it acts 

before the adhesion of cells. No floating cells corresponding to unattached cells could be 

observed during the experiment. Results also show that inhibition of cell proliferation by 

SJ749 was sensitive to the level of serum in the medium possibly related to the integrin-

growth factor receptors interactions.  Similarly, ellipticine efficiency was also dependent 

on serum level, possibly due to its interactions with serum proteins that are decreasing 

the free drug concentration. Taken together, both drugs were most efficient when used 

under reduced serum conditions and on non-attached cells. Therefore, immediate co-

treatment with 5 μM SJ749 and 1 μM ellipticine in 2 % serum was evaluated as the 

optimal combination therapy protocol and was used in all subsequent experiments. 

 

 

2. Effects of chemotherapy combined with an integrin antagonist on the U87MG 

cell cycle  

Combination therapy of glioblastoma: ellipticine with SJ749 

Using the optimized treatment protocol of combination therapy of 5 μM SJ749 with 1 μM ellipticine, 
we analyzed cell cycle using flow cytometry 12, 24, 48, and 72 hours of treatment. Previous results of 
our laboratory showed that SJ749 transiently blocked the cell cycle progression in G0/G1 phase 
persisting for 48 hours without affecting other phases markedly (Maglott et al. , 2006). As stated in the 
first part of this work, single ellipticine treatment resulted in a transient G0/G1 cycle arrest and slight 
G2/M cycle block starting at 72 hours of treatment 
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[

 
Figure 15c, p 71].  

Combination of both agents resulted in persisting G0/G1 cell cycle arrest reaching 90.4 % 

compared to 76.7 % for single ellipticine treatment. Ellipticine-induced depression of the 

synthetic phase (18.1 % to 5.3 %) was even more pronounced when integrin antagonist added 

reaching only 2.5 % after 72 hours of treatment. G2/M phase was not affected compared to 

non-treated cells, counteracting the ellipticine-induced G2/M cell cycle arrest [Figure 21a].  
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Figure 21: Effects of the chemotherapy combined with an α5β1 integrin antagonist on U87MG 
glioblastoma cell line. A. Cell cycle analysis. U87MG cells were treated for 24, 48, and 72 hours in 
2% serum medium either with solvent, 5 µM SJ749, 1 µM ellipticine or with a combination of both 
drugs before propidium iodide staining and cell cycle analysis by flow cytometry. B. Proliferation 
assay. Cells were grown in 2% FBS containing medium and treated either with solvent (DMSO), or 
K34c (20 µM). Viability was measured every 24 hours using the MTS assay. Results are expressed as 
the relative number of living cells versus cells at the time of plating (n=3 in sextuplates). C. U87MG 
cells were treated for 24, 48, and 72 hours in 2% serum medium either with solvent, 20 µM K34c, 
1 µM ellipticine or with a combination of both drugs before propidium iodide staining and cell cycle 
analysis by flow cytometry. D. Clonogenicity. Cells were grown in 2% FBS containing medium and 
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treated either with different concentrations of temozolomide (0 - 500 µM) for 72 hours and then grown 
in 10% FBS containing medium for 7 more days. After fixtion and staining, numver of colonies was 
determined. E. U87MG cells were treated for 24 and 48 hours in 2% serum medium either with 
solvent, 20 µM K34c, 200 µM temozolomide or with a combination of both drugs before propidium 
iodide staining and cell cycle analysis by flow cytometry. Data represent the percentage of cells in 
G0/G1, S, G2/M. 

 

Combination therapy of glioblastoma:  ellipticine with K34c 

We used also another α5β1 integrin antagonist, K34c, first synthetized by Pr Kessler`s team 

(Heckmann et al. , 2008). It antagonizes α5β1 integrin as well as αvβ3, but its affinity for the 

α5β1 is much more important compared to that for αvβ3. Our previous results have shown 

that K34c significantly inhibits cell proliferation of U87MG at the concentration of 20 μM 

after 48 hours of treatment [Figure 21b].   

K34c had similar effects on U87MG cell cycle progression as SJ749: 20 μM K34c treatment 

led to the G0/G1 cycle arrest at 24 and 48 hours reaching 58% and 78% respectively, but did 

not persist till 72 hours. Simultaneously, S and G2/M phase populations decreased.  

Concomitant K34c-ellipticine treatment affected U87MG cell cycle in the same manner like 

SJ749 + ellipticine did, that is G0/G1 cell cycle arrest that persisted till 72 hours [Figure 21c].  

 

Combination therapy of glioblastoma: temozolomide with K34c 
Recently, temozolomide (TMZ) became a reference drug for glioblastoma chemotherapy. 

Therefore we employed this agent to expand our study. We have shown that temozolomide 

inhibits clonogenicity of U87MG cells [Figure 21d]. Two-hundred micromolar concentration 

was used in combination therapy experiments.  

Temozolomide blocked cell cycle of U87MG cells in S (rising from 19.8 % to 22.0 %) and 

G2/M (rising from 13.1 % to 27.0 %) phases instead of the G0/G1 phase. In combination with 

K34c, the G2/M cycle arrest was even more pronounced (27.0 % compared to 19.2 % for 

temozolomide alone) [Figure 21e].  

 

These results show that the two integrin antagonists, SJ749 and K34c, arrest U87MG 

cell cycle in G0/G1 phase. However, such cycle arrest did not persist more than 48 

hours. Ellipticine-induced G0/G1 cell cycle arrest was intensified and prolonged by 

addition of integrin antagonist. Since temozolomide blocked the cell cycle rather in S 

and G2/M phases, integrin antagonist tended to exhibit inverse effects on cell cycle 

distribution when used in combination. However, temozolomide effects overrode those 
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of integrin antagonist. This finding underlines the importance of chemotherapeutic drug 

mechanisms of action when used in combination with integrin antagonist, since their 

effect on the cell cycle distribution might be either additive, or inverse. 

 

3. Apoptosis and senescence in U87MG induced by the chemotherapy combined 

with an α5β1 integrin antagonist 

We have shown that cytotoxic effects of the SJ749 and ellipticine therapy are additive at least 

in case of proliferation inhibition. As we showed in the first part of this work, ellipticine 

treatment induces senescence in U87MG cells. Therefore, we examined senescence induction 

in U87MG after its combination with α5β1 integrin antagonists, SJ749 and K34c.  

 

Senescence induction in U87MG cells 

Integrin α5β1 antagonists, SJ749 or K34c, themselves did not affect senescence. Interestingly, 

senescence induced by ellipticine treatment (29.6% at 72 hours) was repressed by both, SJ749 

or K34c, to basal levels (4.1 % for non-treated cells). SJ749 decreased ellipticine-induced 

senescence from to 3.3% and K34c to 8.8% [Figure 22a LEFT]. Effects of integrin 

antagonists on chemotherapy-induced senescence were confirmed by combining 

temozolomide with K34c. Single temozolomide treatment resulted in 23.2 % senescence 

induction, which was decreased by K34c addition to 4.1% [Figure 22a RIGHT].  

 

Apoptosis induction in U87MG cells 

Since integrin antagonists counteracted chemotherapy induced senescence, while cell 

proliferation was inhibited more importantly after the combination therapy, we regarded 

apoptotic cell death as another possible cellular answer to drug-induced stress. 

Analyzing the subG1 cell cycle population, we detected a significant increase of apoptotic 

population after 24 and 48 hours of concomitant treatment with ellipticine and any of the 

α5β1 integrin antagonists, SJ749 (5 μM) or K34c (20 μM). Single ellipticine treatment did not 

significantly increase apoptotic population, whereas SJ749 addition led to apoptosis induction 

reaching 15.8% and 15.1% after 24 and 48 hours, respectively. K34c in combination with 

ellipticine induced 18.2% and 22.3% after 24 and 48 hours, respectively [Figure 22b LEFT].  

These important results were confirmed by another drug combination: temozolomide + K34c. 

After 24 hours of treatment, such combination therapy resulted in 11.5% apoptosis. Although 



98 
 

temozolomide induced apoptotic cell death itself after 48 hours of treatment, its combination 

with K34c led to further significant apoptotic population increase reaching 16.6 % compared 

to 9.0% for single temozolomide treatment [Figure 22b RIGHT].  

 

Figure 22: Effect of α5β1 integrin antagonists, chemotherapy and their combination on apoptosis and 
senescence of U87MG cells. A. LEFT: U87MG cells were treated 3 days with either solvent, SJ749 (5 
µM), K34c (20µM), ellipticine (1 µM) or combinations before the detection of β-galactosidase activity 
at pH 6. (n=3). RIGHT:  Similar experiments with temozolomide (200 μM) and K34c combination 
(n=3). B. LEFT: U87MG cells were treated 24 or 48 hours with solvent, SJ749 (5 µM), K34c (20 
µM), ellipticine (1 µM) or combinations, stained with propidium iodide and subG1 cell population 
detected by FACS analysis (n=5-10). RIGHT: Similar experiments with K34c and temozolomide 
(200 μM) (n=4).  

 
These key results of our study show for the first time that α5β1 antagonists modulate 

cellular response to chemotherapy. Chemotherapy-induced senescence is depressed by 

the addition of an α5β1 antagonist, while apoptosis is concomitantly increased. Integrin 

antagonists are thus favoring apoptotic cell death to senescence after drug-induced 

stress stimuli.  
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4. The role of the p53 pathway in cellular response of the U87MG cell line (p53wt) 

to the chemotherapy combined with α5β1 integrin antagonists 

We further investigated the effects of the combination therapy on regulatory proteins and 

genes implemented in senescence and cellular survival regulation. We focused on the p53 

signaling pathway as a key regulator of cell cycle, senescence and apoptosis. p53 pathway is 

known to be affected by ellipticine in diverse cell types (Kuo et al. , 2006, Peng et al. , 2003) 

and was shown to be strongly activated in U87MG cells in the first part of this work. 

Similarly, temozolomide chemotherapy was reported to have a connection with the p53 

pathway (Li et al., 2009b). Therefore, we examined how the various treatment combinations 

influenced the p53 expression and activity.  
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As shown in 

 
Figure 23a, SJ749 did not affect p53 basal level at any time tested, which contrasts with the striking 
increase of p53 protein cells exposed to ellipticine with a maximal activity at 12 hours. Combination 
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of both drugs increased p53 protein, but not mRNA expression above the basal level but significantly 
less than with ellipticine alone after 12 hours co-treatment. 
[
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Figure 23a,b]. In addition, p53 activity measured by its phosphorylation at Ser15 was increased by 
ellipticine and temozolomide and decreased by K34c 
[
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Figure 23b].  

To confirm the specificity of the antagonists for the integrin α5β1, we used another integrin antagonist 
Ke34a, which is structurally similar to K34c, but exhibits 2000 times less affinity to α5β1 integrin than 
K34c (Heckmann et al. , 2008). Ke34a exhibited no effect on stabilization or activation of p53 protein 
confirming that α5β1 integrin and p53 functions are related 
[
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Figure 23b]. 
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The effects on p53 activity were confirmed regarding mRNA expression of the p53 downstream 
targets: p21, Mdm-2, Fas, and Apaf-1. All these genes were induced by ellipticine and temozolomide 
treatment. However, the expression of p21 and Mdm-2 mRNA was significantly decreased by adding 
integrin antagonist, either SJ749 or K34c, whereas Fas and Apaf-1 levels remained unchanged 
[
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Figure 23c-e].  
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Figure 23: Integrin antagonists modulate the chemotherapy-induced p53 signaling. A. Protein p53 
expression in U87MG cells treated with SJ749 (5 µM) and/or ellipticine (1 µM) for 3, 6, 12, 24 and 48 
hours. Membranes were probed with anti-p53 antibodies. GAPDH was used as a loading control. A 
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representative blot is shown and the graph displays means of the p53/GAPDH ratios (n=3-4). B. 
Protein p53 expression and activation in U87MG cells treated for 24 hours with ellipticine (1 µM) or 
temozolomide (200 µM) in combination with the α5β1 integrin antagonist K34c (20 µM) or the 2000 
times less affine α5β1 integrin ligand Ke34a (20 µM). Membranes were probed with anti-phospho p53 
Ser15 antibodies followed by anti- p53 antibodies. GAPDH was used as loading control. A 
representative blot out of three is shown. C. qPCR analysis of p53, p21, human mdm2, Fas, Apaf-1, 
Bad and Bax mRNA levels. Cells were treated with SJ749 (5 µM) and/or ellipticine (1 µM). D. qPCR 
analysis of p21, human mdm2, Fas and Apaf-1 mRNA levels. Cells were treated with K34c (20 µM) 
and/or ellipticine (1 µM). E. qPCR analysis of p21, human mdm2, Fas and Apaf-1 mRNA levels. 
Cells were treated with SJ749 (5 µM), K34c (20 µM), temozolomide (200 µM) or combinations of 
drugs. (n=3). Scattergrams represent the fold increase of mRNA in U87MG cells treated during 
12 hours as compared to control cells and normalised with the reporter gene, cyclophilin (n=3).  

 

5. Effects of chemotherapy combined with α5β1 integrin antagonists in U373 cell 

line with non-functional p53 pathway  

Since chemotherapy-induced p53 pathway activation was shown to be modulated by the addition of 
integrin antagonists, we further investigated effects of such combination treatment on glioblastoma 
cell line expressing non-functional p53, U373. We confirmed previously that the p53 in U373 was not 
functional, nor inducible by ellipticine treatment 
[

 
Figure 15a,b, p 71].  

In contrast to U87MG cells, single ellipticine therapy significantly increased apoptotic 

population in the U373 cell line reaching 14 %, but had no ability to induce senescence. 

Addition of an integrin antagonist, SJ749, had no additional effect either on apoptosis [Figure 

24a], or senescence [Figure 24b]. Senescent population did not exceed 10 % whatever the 

treatment tested.  
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Figure 24: Effect of α5β1 integrin antagonists, chemotherapy and their combination on apoptosis and 
senescence in U373 glioblastoma cells. A. U373 cells were treated 24 or 48 hours with solvent, SJ749 
(5 µM), K34c (20 µM), ellipticine (1 µM) or combinations, stained with propidium iodide and subG1 
cell population detected by FACS analysis. B. U373 cells were treated 3 days with either solvent, 
SJ749 (5 µM), K34c (20µM), ellipticine (1 µM) or combinations before the detection of β-
galactosidase activity at pH 6. 

 

The results mentioned above suggest that the cellular response to such therapy depends on 

p53 pathway status. To elucidate the results obtained, we continued our further work with 

several models:  

1. Chemical inhibition of the functional p53 in U87MG cells by its specific inhibitor 

pifithrin-α; 

2. U373 cells transfected by a p53wt-expressing plasmid;  

3. U87MG cells with suppressed p53 expression using small interfering RNA (siRNA) 
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4. Isogenic colon carcinoma cell lines HCT116 either expressing p53wt (HCT116+/+), or 

p53 knock-outed (HCT116-/-).  

 

Ad. Model 1: Effects of ellipticine chemotherapy in U87MG cells with p53wt 

chemically inhibited by pifithrin-α (PFT-α)  

Pifithrin-α at the concentration of 20 μM repressed the ellipticine-induced p53 protein 

expression starting at 6 hours of co-treatment, while the p53 mRNA level remained 

unchanged. In contrast, mRNA levels of p53 downstream targets p21 and Fas, which are 

induced by ellipticine treatment, were affected by addition of pifithrin-α. While p21 induction 

was decreased, Fas was even more induced when ellipticine and pifithrin-α were administered 

together compared to single ellipticine treatment [Figure 25a].  

At the concentration used, pifithrin-α had no significant effects on the U87MG cell cycle 

itself at any time tested (24, 48 and 72 hours). Moreover, it did not modify ellipticine-induced 

G0/G1 cycle arrest. In accordance with SJ749 + ellipticine co-treatment, pifithrin-α in 

combination with ellipticine significantly increased apoptosis reaching 28% after 72 hours of 

treatment. As well, ellipticine-induced senescence was altered by pifithrin-α in the same 

manner as in the case of SJ749, reducing it from 22% to 8% [Figure 25b]. 

To confirm whether these effects of pifithrin-α were due to the chemical inhibition of p53, 

U373 cells expressing p53mut were co-treated with ellipticine and pifithrin-α. It was found 

out that ellipticine-induced apoptosis was not further increased by the PFT-α addition [Figure 

25c LEFT]. As well, senescence was induced neither by pifithrin-α separately, nor in 

combination with ellipticine [Figure 25c RIGHT]. 
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Figure 25: Effects of chemical inhibition of p53 protein by pifithrin-α on U87MG cellular response to 
ellipticine chemotherapy. A. LEFT: Protein p53 expression in U87MG cells treated with pifithrin-α 
(20 µM) and/or ellipticine (1 µM) for 12 hours. Membranes were probed with anti-p53 antibodies. 
GAPDH was used as a loading control. A representative blot is shown. RIGHT: qPCR analysis of p53, 
p21 and Fas mRNA levels. Cells were treated with pifithrin-α (20 µM) and/or ellipticine (1 µM). 
Scattergram represents the fold increase of mRNA in U87MG cells treated during 12 hours as 
compared to control cells and normalised with the reporter gene, cyclophilin (n=3). B. Cell cycle 
analysis. Cells were treated for 24, 48, and 72 hours in 2% serum medium either with solvent, 
20 µM pifithrin-α and/or 1 µM ellipticine before propidium iodide staining and cell cycle analysis by 
flow cytometry. Data represent the percentage of cells in G0/G1, S, G2/M. C. LEFT: Cells were 
treated 24, 48 or 72 hours with pifithrin-α (20 µM) and/or ellipticine (1 µM), stained with propidium 
iodide and subG1 cell population detected by FACS analysis. RIGHT: Cells were treated 3 or 8 days 
with pifithrin-α (20 µM) and/or ellipticine (1 µM) before the detection of β-galactosidase activity at 
pH 6.  
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Ad. Model 2: Effects of ellipticine chemotherapy in U373 cells transfected with a 

p53wt expressing plasmid 

The p53wt expression [Figure 26a] into U373 cells resulted in an important cell cycle 

perturbation as shown in Figure 26b. After 3 days of treatment, U373-p53wt cells appeared 

more sensitive to SJ749-induced or ellipticine-induced apoptosis as compared to mock-

transfected cells  (24% compared to 14%). SJ749 combination with ellipticine resulted in no 

further significant apoptosis increase either in mock-transfected cells, or in U373-p53wt 

[Figure 26c].  

 
Figure 26: Effect of p53wt transfection in U373 response to ellipticine. A. Protein p53 expression in 
U373 mock or p53wt-transfected cells. Membranes were probed with anti-p53 antibodies. GAPDH 
was used as a loading control. B. U373 mock or p53wt-transfected cells were treated for 48 and 72 
hours in 2% FBS medium with 5 µM SJ749 and/or 1 µM ellipticine before propidium iodide staining 
and flow cytometry analysis. Data represent the percentage of cells in G0/G1, S and G2/M phases. C. 
U373 mock or p53wt-transfected cells were treated for 48 and 72 hours with 5 µM SJ749 and/or 
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1 µM ellipticine before propidium iodide staining. Apoptotic cells quantified by FACS analysis of the 
cell cycle are represented as the percent of cells in the subG1 phase. 

 

Ad. Model 3: Effects of the combination therapy in U87MG cells transfected with p53-

targeted siRNA  

The expression of p53 protein was inhibited by siRNA in U87MG cells. As the basal level of 

this tumor suppressor is very low, we stimulated the cells by 6 hours ellipticine treatment to 

insure fruitfulness of the siRNA transfection. In contrast to mock-transfected U87MG, no  

significant induction of p53 protein expression was detected in transfected cells [Figure 27a].  

The p53-siRNA alone slightly changed the U87MG cell cycle distribution towards G2/M 

phase. Ellipticine treatment (48 hours) yielded to important S (rising from 37% to 46%) and 

G2/M (rising from 15% to 27%) cell cycle arrests in p53-siRNA U87MG cells instead of 

G0/G1 block in mock-transfected ones. Simultaneously, G0/G1 population decreased 

(lowering from 48% tp 27%). K34c addition resulted in no further important cell cycle 

alterations when p53 was inhibited. As temozolomide blocks the cell cycle rather G2/M than 

the G0/G1 phase, p53-inhibition had no fundamental effects when comparing to mock-

transfected cells [Figure 27b].  

Ellipticine induced apoptosis in p53-siRNA transfected, but not in mock-transfected U87MG 

cells. As expected, integrin antagonist K34c increased the ellipticine- or temozolomide-

induced apoptosis in mock-transfected cells reaching 16% without affecting significantly the 

chemotherapy-induced apoptosis in p53-siRNA transfected cells [Figure 27c]. 

In addition, temozolomide-induced senescence was decreased by silencing the p53 in U87MG 

cells. Moreover, K34c decreased significantly the temozolomide-induced senescence in cells 

transfected with control non-targeting siRNA without affecting significantly the residual 

senescence of cells transfected with siRNA targeted on p53 [Figure 27d].   
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Figure 27: Effects of depletion of p53wt in U87MG cells on the cell answer to chemotherapy and  
integrin antagonists. A. U87MG cells were transfected with non targeting (siNON) or p53 targeted 
siRNA (siTP53). Western blot with anti p53 antibodies of transfected cells before and after 1 µM 
ellipticine treatment. B. Transfected cells were treated for 72 hours in 2% FBS medium with 20 µM 
K34c and/or 1 µM ellipticine and/or 200 µM temozolomide before propidium iodide staining and flow 
cytometry analysis. Data represent the percentage of cells in G0/G1, S and G2/M phases. C. 
Transfected cells were treated for 72 hours in 2% FBS medium with 20 µM K34c and/or 1 µM 
ellipticine and/or 200 µM temozolomide before propidium iodide staining. Apoptotic cells quantified 
by FACS analysis of the cell cycle are represented as the percent of cells in the subG1 phase. D. 
Transfected cells were treated for 72 hours in 2% FBS medium with 20 µM K34c and/or 1 µM 
ellipticine and/or 200 µM temozolomide before the detection of β-galactosidase activity at pH 6. 

 

 



115 
 

Ad. Model 4: Effects of the combination therapy in colon carcinoma cell lines 

HCT116+/+ and HCT116-/-  

To confirm our results suggesting the p53 responsibility of the cellular responses, we used 

isogenic colon cancer cell lines HCT116 p53+/+ and HCT116 p53-/-. Both cell lines express 

identical levels of α5 integrin subunit [Figure 28a LEFT]. As well, p53 knock-out was proven 

[Figure 28a RIGHT]. 

Analogically to U87MG and U373, ellipticine provoked cell cycle arrest in G0/G1 phase in 

HCT116 p53+/+, whereas HCT116 p53-/- were blocked in G2/M phase. K34c molecule 

tended to block the cell cycle in G0/G1 phase regardless of the p53 status. Its combination 

with ellipticine either intensified the G0/G1 arrest, either acted against G2/M cycle block in 

HCT116 p53-/- [Figure 28b]. 

As expected, HCT116 p53+/+ senesced significantly more than HCT116 p53 -/- after 

ellipticine treatment and integrin antagonist K34c inhibited senescence in HCT116 p53+/+ 

cells without affecting senescence in HCT116 p53-/- cells [Figure 28c]. 

Inversely, the HCT116 p53-/- cells exhibited significantly more apoptosis in the presence of 

ellipticine compared to HCT116 p53+/+. The SJ749 integrin antagonist significantly 

increased the ellipticine-induced apoptosis in HCT116 p53+/+ but did not induce further 

apoptosis when combined with ellipticine in HCT116 p53 -/- [Figure 28d]. 

 

 

As confirmed using various models, in p53wt-expressing cells, single chemotherapy 

induced preferentially senescence than apoptosis. This phenomenon is accompanied by a 

strong activation of the p53 pathway. Such p53 signaling is down-modulated by integrin 

α5β1 addition and leads to favorization of apoptosis against senescence. In contrast, in 

the system, where p53 is not functional/present, single chemotherapy induces apoptotic 

cell death, but no or little senescence. Here, the α5β1 integrin antagonist addition brings 

no further benefits such as further apoptotic population increase.  
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Figure 28: Effects of integrin antagonists on apoptosis and senescence in HCT116 p53+/+ and 
HCT116 p53-/- cells treated with ellipticine. A. Western blot analysis of α5 integrin subunit 
expression in HCT116 p53+/+ and HCT116 p53 -/- total protein extracts. GAPDH was used as a 
loading control.  B. HCT116 p53+/+ and HCT116 p53-/- cells were treated for 48 hours with 
ellipticine (1 µM), K34c (20 µM) or combination of both drugs before propidium iodide staining and 
flow cytometry analysis. Data represent the percentage of cells in G0/G1, S and G2/M phases. C. 
HCT116 p53+/+ and HCT116 p53-/- cells were treated for 5 days with ellipticine (1 µM), K34c (20 
µM) or combination of both drugs before detection of senescent cells. (n=3) D.  HCT116 p53+/+ and 
HCT116 p53-/- cells were treated for 3 days with ellipticine (1 µM), SJ749 (5 µM) or combination of 
both drugs. After propidium iodide staining, population of subG1 cell population was detected by 
FACS analysis. (n=3). 
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6. The α5β1 role in cellular response of human glioblastoma cell lines to the 

chemotherapy combined with α5β1 integrin antagonists 

6.1 Ellipticine chemotherapy in U87MG cells with integrin α5β1 activated by 

fibronectin  

Apparently, antagonizing integrin α5β1 leads to and altered ellipticine chemotherapy outcome 

in U87MG cells as it favors apoptosis to senescence. Therefore, we activated integrin by 

plating the U87MG cells on its specific ECM ligand, fibronectin.  

Cell proliferation neither of non-treated cells, nor of ellipticine-treated cells was affected 

[Figure 29a].  As well, cell cycle alterations induced by ellipticine described in the first part 

of this work seemed unaffected by fibronectin binding to α5β1 [Figure 29b].  

Similarly, ellipticine-induced apoptosis did not reach significantly different levels when cells 

were placed on fibronectin compared to plastic [Figure 29c]. In contrast, after ellipticine 

treatment they senesced more easily in presence of fibronectin reaching 46% compared to 

22% for cells cultured on plastic [Figure 29d].   
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Figure 29: Effects of α5β1 integrin activation by fibronectin on U87MG cellular response to 
ellipticine chemotherapy. A. Proliferation assay. U87MG cells were plated either on plastic, or 
1 μg/ml bovine fibronectine treated 24, 48 or 72 hours in 2% FBS medium with either solvent 
(dimethyl sulfoxide) or 1 μM ellipticine before measuring mitochondrial activity. B. Cell cycle 
analysis. U87MG cells were plated either on plastic, or 1 μg/ml bovine fibronectine and treated 24, 48 
or 72 hours in 2% FBS medium with either solvent or 1 μM ellipticine before propidium iodide 
staining and cell cycle analysis by flow cytometry. Data represent the percentage of cells in G0/G1, S, 
G2/M. C. Apoptosis. cells were plated either on plastic, or 1 μg/ml bovine fibronectine and treated 24, 
48 or 72 hours in 2% FBS medium with either solvent or 1 μM ellipticine before propidium iodide 
staining, population of subG1 cell population was detected by FACS analysis. D. Senescence. Cells 
were plated either on plastic, or 1 μg/ml bovine fibronectine and treated 3 days in 2% FBS medium 
with either solvent or 1 μM ellipticine before the detection of β-galactosidase activity at pH 6.  

 
 
Expectedly, α5β1 integrin activation by fibronectin resulted in increase of ellipticine-

induced senescence. These results are in accordance with the study of combination of 

ellipticine with integrin antagonists, in which antagonizing integrin led to ellipticine-

induced senescence depression.  
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6.2 Ellipticine chemotherapy in U87MG overexpressing α5 integrin subunit  

Since SJ749 antagonist effects were shown to be influenced by the α5β1 integrin expression 

levels (Maglott et al. , 2006, Martin et al., 2009), we transfected U87MG cells with a α5 

integrin-containing plasmid to obtain a model clone F8 overexpressing this integrin. β1 

integrin subunit expression remained unchanged [Figure 30a]. 

Having such a model, we studied effects of ellipticine on F8 clone compared to mock-

transfected cells (empty pcDNA3.1 plasmid). Neither proliferation, nor cell cycle was 

affected in a different manner in F8 compared to control pcDNA cells [Figure 30b,c]. 

In contrast, F8 cells exhibited resistance to 72 hours of 1 μM ellipticine therapy followed by 

one week without treatment in the test of clonogenicity. Sixty-seven percent F8 cells 

developed colonies compared to only 40% pcDNA. In the same experiment, 200 μM 

temozolomide therapy resulted in 90% colony formation in F8 compared to 43% in pcDNA 

cells [Figure 30d].  

Ellipticine-induced senescence was significantly more important in F8 than in pcDNA cells 

(46.5 % for F8 and 25.6 % for pcDNA) [Figure 30e]. However, ellipticine treatment led to 

same levels of apoptosis in both these models [Figure 30f].  

 

Although α5 integrin overexpression in U87MG cells did not represent any advantage 

regarding cell proliferation, high levels of this integrin confer chemoresistance to 

U87MG cells to ellipticine and temozolomide treatment regarding clonogenicity. The 

increased senescence induction by ellipticine in F8 (α5-overexpressing) compared to 

pcDNA cells may at least partially contribute to the explanation of this chemoresistance. 
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Figure 30: Ellipticine effects on U87MG cells overexpressing α5 integrin (clone F8). A. Western blot 
analysis of α5 integrin subunit expression in mock-transfected (pcDNA) and α5-transfected (F8) 
U87MG cells` total protein extracts. GAPDH was used as a loading control. B. Proliferation assay. 
Control (pcDNA) and F8 cells were treated 24, 48, 72, 96, 168 or 192 hours in 2% FBS medium with 
either solvent (dimethyl sulfoxide) or 1 μM ellipticine (n=7-8). C. Control (pcDNA) and F8 cells were 
treated for 72 hours in 2% FBS medium with 1 µM ellipticine before propidium iodide staining and 
flow cytometry analysis. Data represent the percentage of cells in G0/G1, S and G2/M phases. D. 
Clonogenicity of control (pcDNA) and F8 cells after 72 hours temozolomide (LEFT) or ellipticine 
(RIGHT) treatment, different drug concentrations. Results are represented as percentage of number of 
colonies compared to non-treated cells (n=5-8). E. Control (pcDNA) and F8 cells were treated for 72 
hours in 2% FBS medium with 1 µM ellipticine before the detection of β-galactosidase activity at pH 
6. F. Control (pcDNA) and F8 cells were treated for 72 hours in 2% FBS medium with 1 µM before 
propidium iodide staining. Apoptotic cells quantified by FACS analysis of the cell cycle are 
represented as the percent of cells in the subG1 phase. 
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6.3 Ellipticine chemotherapy in U87MG depleted from α5 integrin subunit  

To repress the α5 integrin subunit expression in U87MG cell line, we used an α5-targeted shRNA and 
selected clone D4 for further studies. β1 integrin subunit expression remained unaffected 
[

 
Figure 31a]. Control cells (NS1) were stably transfected with non-silencing shRNA. 

D4 cells prolifered significantly more than control NS1 cells. However, proliferation of both, NS1 and 
D4 cells, was completely blocked by ellipticine treatment 



122 
 

[

 
Figure 31b]. As well, cell cycle was altered in the same manner by ellipticine in NS1 as in D4 
[

 
Figure 31c]. 

Unlike our expectations, no sensibilization to ellipticine treatment was observed regarding 
clonogenicity 
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[

 
Figure 31d LEFT].  On the contrary, D4 cells were more sensitive to 200 and 500 μM temozolomide 
in the clonogenicity test 
[

 
Figure 31d RIGHT].  
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Surprisingly, α5 integrin depletion yielded to premature senescence even in non-treated cells. 
Furthermore, 72 hours ellipticine treatment led to an outstanding senescence increase reaching 74% 
compared to 25% senescent NS1 cells 
[

 
Figure 31e]. Apoptosis remained unaffected 
[

 
Figure 31f]. 
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U87MG cells stably depleted in the α5 integrin subunit (D4) hardly stabilized and activated 

the p53 protein after ellipticine treatment as compared to control cells [Figure 31g]. 

 

Based on our results with α5 integrin overexpressing U87MG cells (F8) and our 

experiments with integrin antagonists, we expected higher sensitivity of α5-depleted 

U87MG cells (D4) to chemotherapeutic agents tested. Surprisingly, D4 cells were more 

sensitive to temozolomide, but not to ellipticine treatment. Even more surprisingly, D4 

cells responded to ellipticine treatment by strong senescence induction as contrasted to 

integrin antagonizing.   
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Figure 31: Ellipticine effects on U87MG cells depleted from α5 integrin using shRNA(clone D4). A. 
Western blot analysis of α5 integrin subunit expression in mock-transfected (NS1) and shRNA-α5-
transfected (D4) U87MG cells` total protein extracts. GAPDH was used as a loading control. B. 
Proliferation assay. Control (NS1) and D4 cells were treated 24, 48, 72, 96, 168 or 192 hours in 2% 
FBS medium with either solvent (DMSO) or 1 μM ellipticine (n=7-8). C. Control (NS1) and D4 cells 
were treated for 72 hours in 2% FBS medium with 1 µM ellipticine before propidium iodide staining 
and flow cytometry analysis. Data represent the percentage of cells in G0/G1, S and G2/M phases. D. 
Clonogenicity of control (NS1) and D4 cells after 72 hours ellipticine (LEFT) or temozolomide 
(RIGHT) treatment, different drug concentrations. Results are represented as percentage of number of 
colonies compared to non-treated cells (n=5-8). E. Control (NS1) and D4 cells were treated for 72 
hours in 2% FBS medium with 1 µM ellipticine before the detection of β-galactosidase activity at pH 
6. F. Control (NS1) and D4 cells were treated for 72 hours in 2% FBS medium with 1 µM before 
propidium iodide staining. Apoptotic cells quantified by FACS analysis of the cell cycle are 
represented as the percent of cells in the subG1 phase. G. Protein p53 expression and activation in 
control (NS1) and D4 cells treated for 6, 12 or 24 hours with ellipticine (1 µM) Membranes were 
probed with anti-phospho p53 Ser15 antibodies followed by anti-p53 antibodies. GAPDH was used as 
loading control. A representative blot out of three is shown. 

 
 

6.4 Ellipticine chemotherapy in U373 overexpressing or depleted from α5 

integrin subunit  

U373 cells expressed lower amounts of α5 and higher amounts of β1 integrin in comparison 

to U87MG cell line. The U373α5+ clone D7, generated by transfecting pcDNA plasmid 

containing α5 integrin subunit into U373 cells, got closer to U87MG line regarding the α5 
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level [Figure 32a]. Such α5 level increase resulted in an unusual cell phenotype with altered 

internal structure [Figure 32b] and multiple nuclei [Figure 32c]. 

A large portion of these multinucleated cells exhibited hallmarks of premature senescence.  

The percentage of senescent cells even increased after the treatment with ellipticine 

(increasing from 19% to 27% for D7 compared to 3% for pcDNA) [Figure 32d]. Treatment 

with integrin antagonist SJ749 also resulted in senescence induction in dose-dependent 

manner. 

Interestingly, when antagonists combined with ellipticine, D7 cells senesced even more easily 

reaching 54.2 % for 1 μM SJ749 after 72 hours treatment [Figure 32d].   
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Figure 32: Ellipticine effects on U373 cells overexpressing α5 integrin (clone D7). A. Western blot 
analysis of α5 and β1 integrin subunits expression in mock-transfected (pcDNA) and α5-transfected 
(D7) U87MG cells` total protein extracts. GAPDH was used as a loading control. B. 
Immunocytochemical colocalization of actin fibres (phalloidin-rhodamine) and paxillin (FITC), 
scale = 10 μm. C. Cell cycle analysis by flow cytometry after propidium iodide staining. D. 
Senescence. Cells were treated for 72 hours as indicated before the detection of β-galactosidase 
activity at pH 6.  

 
Interestingly, in the context of non-functional p53, α5 integrin overexpression resulted in 

multinucleated cell phenotype and senescence induction even in non-treated cells. This 

senescence is increased by both, single (SJ749 or ellipticine) and combination treatment.  

 

Combination therapy of chemotherapeutics and α5β1 integrin antagonists:  

Conclusions and discussion 

The second part of this work is dealing with combination of a conventional chemotherapy 

with an integrin α5β1-targeted therapy in glioblastomas. The integrin α5β1 has been reported 

to be overexpressed in a high percentage of these brain tumors (Uhm et al., 1999b). Moreover, 

its expression seems to be related to tumor aggressiveness (Martin et al. , 2009). Recently, 

SJ749, a specific α5β1 integrin antagonist, has been shown to inhibit proliferation and 

clonogenicity of U87MG glioblastoma cell line (Maglott et al. , 2006). From this point of 

view, antagonizing this integrin might have a positive impact on a chemotherapy outcome. 

Most of currently tested anti-cancer therapeutic approaches combine a specifically targeted 

therapy with some conventional chemotherapeutic agent or radiotherapy. Targeted therapies 

present molecules interfering with altered tumor signaling pathways. For example, perifosin, 

an Akt inhibitor, is undergoing phase II clinical trials (Omuro, 2008), and enzastaurin, a 

GSK3β (PKC-activated kinase) inhibitor is being tested in single glioma therapy as well in 

combination with radiotherapy (Rieger et al. , 2008, Sathornsumetee and Rich, 2008). 

 

a) combination therapy: effect on cell cycle 

Combination of SJ749 with ellipticine led to a complete block of U87MG cell proliferation, 

which was not achieved by either of the agents when used separately. Both integrin 

antagonists were found to arrest the cell cycle in G0/G1 phase. Therefore, ellipticine-induced 

G0/G1 cell cycle arrest was intensified and prolonged by addition of integrin antagonist. 

Since temozolomide blocks the cell cycle rather in S and G2/M phases (Mhaidat et al., 2007), 

integrin antagonist tended to exhibit inverse effects on cell cycle distribution when used in 
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combination. However, temozolomide effects overrode those of integrin antagonist. This 

finding underlines the importance of chemotherapeutic drug mechanisms of action when used 

in combination with integrin antagonist, since their effect on the cell cycle distribution might 

be either additive, or inverse. 

 

b) combination therapy: senescence versus apoptosis 

What is more important than the therapy effects on cell cycle distribution, the are effects of 

such a therapy on programmed cell death and premature drug-induced senescence. Integrin 

antagonists in combination with ellipticine or temozolomide induced significantly higher 

apoptosis compared to any of the agents used separately. Simultaneously, chemotherapy-

induced senescence was notably decreased in presence of integrin antagonist. These results 

suggest an existence of a sort of balance between senescence and apoptosis, where blockade 

of integrin function by its antagonist shifts this balance towards apoptosis. Moreover, this 

phenomenon seems to be independent from mechanisms of action of the chemotherapeutic 

agent, as it was identical for both drugs tested.  

Senescence has been first described in human fibroblasts as a phenomenon related to ageing 

including end of proliferation capacity of the cells (Hayflick, 1965). Nowadays, it is known to 

be one of common cellular answers to stress stimuli including DNA damage (te Poele et al., 

2002, Xue et al., 2007). Senescent cells do not proliferate, but conserve their metabolic 

activation as well as capacity of signal transduction. After some specific mutations, they 

might also re-enter the cell cycle (Sage et al., 2003). Altogether, senescent phenotype may 

provide a sort of protection against therapy effects. Furthermore, senescent cells were 

reported to have capacity to secrete growth factors even stimulating surrounding cells to 

proliferate and thus may modulate the overall sensitivity to chemotherapy (Schmitt, 2007, 

Schmitt et al., 2002).  

Our results suggested that the α5β1 integrin is positively implicated in the premature 

senescence obtained after chemotherapy, which may be blocked by the specific antagonists. 

Indeed, when integrins were activated by fibronectin, we observed a significant senescence 

increase after ellipticine treatment. Moreover, same results were obtained in U87MG cells 

overexpressing the α5 integrin subunit. In U373 cells, overexpression of α5 subunit restores 

the capability of cells to exhibit senescence with or without chemotherapy. These results 

confirm a role of α5β1 integrin in the phenomenon of senescence.  
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In line with this finding, we expected that α5 integrin repression in U87MG cells should favor 

apoptosis and not senescence upon chemotherapy treatment, same as integrin antagonists. 

Surprisingly, U87MG cells depleted in α5 integrin subunit senesced even in absence of 

chemotherapy stress. When treated with ellipticine, senescent population reached extreme 

percentage. To entirely explain these contradictory results requires further investigations. 

 

 

 

c) combination therapy: impact of p53 status 

It was previously reported that inhibition of p53 sensitizes cells to temozolomide treatment 

(Dinca et al., 2008, Xu et al., 2005) and topoisomerase I inhibitors (Wang et al., 2004). In 

contrast, some works had inverse results claiming that p53wt expressing gliomas were more 

sensitive to temozolomide (Roos et al., 2007). Therefore, p53 status plays an important, 

although sometimes contradictory, role in cellular response to diverse therapies.  

In presence of functional p53 (U87MG), ellipticine therapy provoked premature senescence, 

whereas in U373 expressing p53 mutant, cells died from apoptosis after ellipticine treatment 

(see Part IV.A). In combination with integrin antagonists, ellipticine induced apoptosis 

instead of senescence in U87MG cells [Figure 22]. In contrast, in U373 cells expressing p53 

mutant, ellipticine treatment itself resulted in apoptosis, which was not further affected by 

addition of integrin antagonists. We observed similar differences in cellular responses to 

ellipticine single therapy when comparing U87MG and U373 cells as when comparing 

ellipticine mono-therapy and ellipticine plus integrin antagonist combination treatment in 

U87MG cells.  

Moreover we showed that the integrin antagonists decreased the p53 pathway activation 

elicited by ellipticine and selectively affect p53 target genes. α5β1 antagonists selectively 

inhibit or rather modulate the p53 signaling pathway and such selectivity may at least partially 

explain the switch of cellular response to chemotherapy-induced DNA damages from 

senescence to apoptosis in p53wt cells.  

p21 has been reported to be the main senescence regulator (Han et al., 2002), whereas Fas and 

Apaf-1 both act as pro-apoptotic proteins involved in death-receptor and mitochondrial 

pathway, respectively. The currently accepted model is that p53 shift cells towards apoptosis 
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or senescence after a genotoxic stress by transactivating genes involved either in apoptosis 

(BAX, PUMA, Fas, PIG3, Apaf-1…), or in cell cycle arrest (p21, 14-3-3δ, GADD-45…). 

Such selectivity seems to be related to modulators directing p53 binding to promoters of 

genes involved in growth arrest or in apoptosis (Das et al., 2007, Tanaka et al., 2007). It 

should be noted that p53-dependent proapoptotic genes (for example the Fas and APAF1 

genes in our experiments) could be activated by chemotherapeutic stress even without 

inducing apoptosis (Chang et al., 2002). It was previously reported that p21 overexpression 

may confer glioblastomas chemoresistance (Ruan et al., 1998), while its attenuation sensitizes 

these cells to apoptosis induced by carmustine and cisplatin (Ruan et al., 1999). We thus 

hypothesize that if p21 levels are strongly induced by single ellipticine or temozolomide, cell 

tends to senesce, while upon integrin antagonist-mediated p53 modulation leading to weaker 

p21 activation, other pro-apoptotic signals (here Fas and Apaf-1) outbalance the system 

towards apoptosis.  

Another integrin antagonist Ke34a, which has affinity rather to αvβ3 than to α5β1, did not 

affect either the p53 stabilization or activity. This finding confirms the specificity of α5β1 in 

the impact on p53 pathway. Thereby, we confirmed our hypothesis and we demonstrated for 

the first time a relationship between the α5β1 integrin and p53 tumor suppressor. 

To elucidate whether the differences in cellular responses to chemotherapy alone and in 

combination with an α5β1 antagonist are really due to altered p53 pathway activation, 

different approaches were used:  

⇒ inhibition of p53wt by pifithrin-α in U87MG cells; 

⇒ silencing of p53wt with specific siRNA in U87MG cells;  

⇒ expression of p53wt in U373 mutant p53-expressing cells; 

⇒ exploration of isogenic cell lines either expressing or not p53wt (colon carcinoma 

HCT116) 

Chemical inhibition of p53 by pifithrin-α resulted in apoptosis induction after ellipticine 

treatment and concomitantly repressed ellipticine-induced senescence. Pifithrin-α-mediated 

p53 inhibition led to similar impacts on ellipticine-stimulated p53 downstream targets, same 

as in the case of integrin α5β1 antagonists. Such results underline the complexity of p53 

signaling pathway regulation. Similarly, temozolomide`s cytotoxic effects on U87MG cell 

line were increased in presence of pifithrin-α and these results were confirmed also with 

intracranial glioblastoma xenografts (Dinca et al. , 2008). 
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We further confirmed the key role of p53, since significantly lower percentage of U87MG 

cells with silenced p53 expression senesced cells upon temozolomide treatment (compared to 

p53wt-expressing cells. Ellipticine induced apoptotic cell death only in p53-lacking cells, as 

expected from experiments with U373 cell line. In addition, integrin antagonist addition 

resulted in apoptosis increase only in control cells, but not in those depleted from p53.  

As already described, U373 cells exhibited apoptosis rather than senescence after ellipticine 

treatment. Integrin antagonist had no additional effects on ellipticine-induced apoptosis, nor 

any impact on senescence. In these cells, expression of p53wt by itself completely perturbated 

cell cycle and the system seems to be already stimulated by the p53wt transfection-mediated 

stress. However, SJ749 treatment increased cell apoptosis significantly more in U373 cells 

expressing a p53wt protein than in mock-transfected cells. Results thus revealed again a 

functional link between α5β1 integrin and p53.  

Our results were confirmed even in isogenic colon carcinoma cell lines HCT116, expressing 

p53wt, and its analogue with p53 knock-out, which are widely used as model systems when 

studying p53 pathway (Kim et al., 2009). Similarly to U87MG, HCT116 expressing 

functional p53 reacted on ellipticine therapy by senescence induction. Presence of integrin 

antagonist yielded to a decrease of senescent cells and a simultaneous increase of apoptotic 

cell population. Ellipticine induced apoptosis in HCT116 p53KO and low senescence, which 

was not affected by the presence of α5β1 integrin antagonists.  

All these data suggest that functional p53 is essential for integrin α5β1 antagonists to affect 

cellular response to chemotherapy. Disruption of α5β1 integrin function using small molecule 

inhibitors might enhance the chemotherapeutic effect in glioblastoma expressing wild-type 

p53 and indispensable level of α5β1 integrin. Molecular mechanisms controlling the α5β1 

integrin-dependent input to the p53 pathway as well as senescence regulation remain to be 

characterized.  

In p53 mutant and high α5β1 levels-expression cell context, the combination therapy may also 

bring benefits due to an increased senescence induction.  

Integrins have been reported to regulate DNA damage-induced apoptosis by modulating p53 

in some cell types, which do not require adhesion for their survival. In such context cell 

detachment from ECM confers resistance to DNA damages, which is related with p53 and Arf 

levels repression (Lewis et al. , 2002). We observed chemoresistance to ellipticine and 

temozolomide treatment in U87MG cells overexpressing α5 integrin (F8) clonogenicity 
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pointing out that especially integrin α5β1 could have the primary role among other β1 subunit 

containing integrins in conferring chemoresistance.  

We expected higher sensitivity of α5-depleted U87MG cells (D4) to chemotherapeutic agents 

tested. Surprisingly, D4 cells were more sensitive to temozolomide, but not ellipticine 

treatment. Here, such chemosensitization might be due to different mechanism of action of 

both drugs. Temozolomide is a methylating agent, whose DNA damages are repaired by a 

specific enzyme O6-methylguanine methyltransferase (MGMT). MGMT promoter is 

methylated in 40-50% glioblastoma, which leads to MGMT gene silencing. These 

glioblastomas are then supposed to respond to temozolomide chemotherapy. Interestingly, 

MGMT is strongly downregulated by absence or inhibition of p53 (Blough et al., 2007). Our 

results have revealed lower activation and p53 protein stabilization in D4 (α5-depleted) cells 

compared to control after ellipticine treatment. Our preliminary results confirmed absence of 

MGMT enzyme in D4 but not in normal U87MG cells. Thus D4 sensitivity to temozolomide 

might be explained by the downregulation of MGMT repairing temozolomide-induced DNA 

damages. In contrast, in D4 cells, strong senescence induction might prevent the 

consequences of ellipticine treatment-induced DNA damages, which do not depend on 

MGMT activity. Here, senescence may have protective effects as discussed above. However, 

these findings have just a preliminary character and need further detailed investigation, which 

are currently being performed in our laboratory.  

 

Taken together, combination therapy outcome of glioblastoma cell lines is principally 

dependent on p53 pathway status. In the presence of functional p53, integrin α5β1 antagonists 

seem to be able to counteract its chemotherapy-mediated stabilization and activation resulting 

in block of senescence induction and simultaneous apoptosis favoring. While in absence of 

functional p53, cells seem to hardly senesce upon ellipticine treatment, whereas they are more 

sensitive to ellipticine treatment-mediated apoptosis induction. In such context, integrin 

blockade represents no further benefits when combined with the conventional 

chemotherapeutics.  

According to our results, one original way to alter p53 signaling in glioblastoma is through 

the inhibition of the α5β1 integrin, which modulates rather than completely inhibits p53 

pathway. Thus genotoxic therapies with concomitant partial and selective inhibition of the 

transcriptional activity of p53 by α5β1 integrin antagonists may be of outstanding interest in 

glioblastoma therapy.  
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General Conclusions & Perspectives 

Current oncology is still lacking therapies efficient enough to cure highly aggressive tumors 

such as glioblastomas. Neither of the conventional therapeutic approaches brings crucial 

survival benefits for patients suffering from this aggressive type of cancer. Therefore, 

strategies aimed to target specifically altered pathways in tumor cells in combination with 

conventional approaches represent a great challenge for scientists and clinicians nowadays.  

This work is dealing with ellipticine and its combination with α5β1 integrin-targeted therapy 

of glioblastomas. Ellipticine has already been used in clinical praxis against other aggressive 

and metastatic cancers. It has been reported to exhibit certain specificity for brain tumors in 

studies in vitro as well. Former results of our laboratory provided evidences that it overcomes 

the blood-brain barrier in rats and thus is able to reach the tumor of interest. Since it is 

considered a pro-drug being metabolized by cytochrome P450 and peroxidases, its activity 

depends on these biotransformation enzymes expression pattern of each patient as well as of 

the tumoral tissue. Among the ellipticine-activating enzymatic systems, e.g. CYP1B1 has 

been reported to be specifically expressed in astrocytic tumours but not in healthy brain tissue 

(Murray et al. , 1997).  Due to its selective activation, ellipticine exhibits certain specificity to 

tumors.  

Here we demonstrated sensitivity of two glioblastoma cell lines to ellipticine treatment and 

pointed out the importance of p53 status in cellular response to ellipticine therapy. Whereas 

both, p53wt and p53mt expressing, cell lines were sensitive to ellipticine, the mechanisms of 

their cellular answers were completely different. While p53wt-expressing U87MG cell line 

answered to ellipticine treatment by senescence induction, in U373 (p53mt) ellipticine 

provoked apoptotic cell death. Both cell lines were proven to express biotransformation 

enzymes metabolizing ellipticine. Moreover, in U87MG cells, some of these enzymes were 

ellipticine-inducible. Thereby, ellipticine is regulating its own metabolism in targeted tissue. 

Ellipticine concentration and thus degree of selective cytochrome P450 induction plays a key 

role in metabolic activation-dependent mechanisms of ellipticine`s action such as covalent 

DNA adducts formation. 

Despite these promising findings, possible extensive utilization of ellipticine in clinical praxis 

remains a bit quastionable. Firstly, it considers a drug that was already withdrawn in the past 
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from the pharmaceutical market due to its cardiotoxicity. Thus it has a kind of negative stigma 

in view of clinical oncologists. Secondly, its relaunch into clinical practice would not get 

along without expensive clinical trials. Since ellipticine has already lost its patent protection, 

it is questionable, whether pharmaceutical industry would be keen on financing its clinical 

research. Modifying the molecule or patenting a new drug form could overcome this problem. 

However, ellipticine`s mechanisms of action in the combination therapy may be generalized 

to other anticancer drugs. Here, all our important results regarding the combination therapy 

were confirmed with temozolomide, which is currently a reference drug in glioblastoma 

therapy. 

 

As stated above, glioblastomas are highly aggressive, but also highly resistant tumors, heavily 

vascularized. As integrins have been reported to possibly confer chemo- or radio-resistance 

and are simultaneously involved in angiogenesis, integrin-targeted therapies evoke a lot of 

interest nowadays. Historically, αvβ3 integrin was the first and most extensively explored 

therapeutic target among the integrin family. Integrin αvβ3-targeted therapy was 

predominantly aimed on angiogenesis inhibiton. Integrin α5β1 has recently been identified as 

even more promising therapeutic target for glioblastomas, as it is implicated in multiple stages 

of tumorigenesis as well as in processes such as tumoral neoangiogenesis and cell 

invasiveness. Moreover, its expression positively correlates with tumor grade. Here, α5β1 

integrin targeted-therapy does not deal with anti-angiogenesis, but rather explores its 

signalization modulation potential with its effects on tumoral cells directly. 

The key finding of our work is that a specific α5β1 integrin non-peptidic small antagonists 

(SJ749 or K34c) modulates cellular response of p53wt-expressing glioblastoma to 

conventional chemotherapy (ellipticine or temozolomide) by triggering apoptotic cell death 

instead of premature senescence. Having noted that senescent cells may re-enter cell cycle 

and excrete stimulating signals to the cell in their neighborhood, whereas triggering apoptosis 

brings unexceptional benefits for tumor repression, this results is of great importance. We 

demonstrated and confirmed a key role of the p53 signaling in this phenomenon, since 

integrin antagonists were shown to specifically modulate the p53 pathway resulting in 

affecting the balance between senescence and apoptosis favoring programmed cell death. 

Thus we presented for the first time a functional link between p53 and α5β1 integrin. 

Furthermore, our results suggest an unexpected role for the α5β1 integrin in the phenomenon 
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of senescence. The mechanisms involved remain to be elucidated and are currently under 

investigation.  

We further pointed out that the p53 status is crucial for such combination therapy outcome. In 

the context of non-functional p53 and high α5 integrin level, ellipticine treatment combined 

with integrin antagonist resulted not in apoptosis, but senescence induction. Despite 

combination of chemotherapy with α5β1 integrin antagonist presents certain benefits 

regardless the p53 status, such combination therapy is supposed to be more suitable for 

p53wt-expressing tumors due to the controversial benefits of senescence discussed above.  

Since all experiments presented in this work were performed in vitro, further in vivo studies 

are essential. First and foremost, no studies of SJ749 or K34c integrin antagonist regarding 

their toxicity in animal models have been realized till today. Similarly, no indications whether 

these molecules will be able to penetrate through the blood brain barrier do not exist, although 

such a difficulty might perhaps be solved by use of drug-containing capsules implanted 

intracranially, similar to Gleevec® (http://www.gleevec.com/patient/gleevec-prescription-

medication-information.jsp; cached 15.2.2010). Work is in progress to answer these questions in 

xenografted human glioblastoma.  

 In summary, this work provides novel evidences of profitability of combining conventional 

chemotherapy with α5β1 integrin-targeted therapy underlying the importance of knowing 

basic tumor characteristics to may estimate the final therapy outcome. The status of p53 has 

hardly been demonstrated as a predictor of the chemotherapeutic response in glioblastoma 

(Leuraud et al., 2004, Weller et al., 1998), but concomitant screening of tumors for α5β1 

integrin level and p53 status may be more predictive in patients with brain cancer resistant to 

chemotherapy.   

 

 

http://www.gleevec.com/patient/gleevec-prescription
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