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1. Introduction  

Glioblastoma multiforme (GBM) is among the most lethal of all human tumors, with the 

average survival of approximately 1 year from diagnosis (Avgeropoulos and Batchelor, 

1999). In glioblastomas, LOH 10q is the most frequent genetic alteration (69%), followed by 

EGFR amplification (34%), TP53 mutations (31%), p16INK4a deletion (31%), and PTEN 

mutations (24%)(Ohgaki and Kleihues, 2005).  

Treatments of patients with GBM include surgery, radiotherapy and parallel adjuvant 

chemotherapy (Stupp et al., 2005). While radiotherapy has been found to significantly 

prolong survival rates for GBM patients, a poor prognosis and radioresistance are typical 

characteristics of this disease (Stupp et al., 2007).  

The antitumoral drug Temozolomide (TMZ) constitutes, in combination with radiotherapy, 

the current standard of care for glioblastoma (Stupp et al., 2005). However, the action of 

TMZ may be counteracted in tumors by the expression of the DNA repair enzyme MGMT, 

which repairs TMZ-induced DNA lesions (Hegi et al., 2005). MGMT activity and resistance 

to TMZ were highly correlated, indicating that MGMT is a major predictor of response to 

TMZ in glioma cells (Hermisson et al., 2006). According to the authors, collectively, MGMT 

expression and TP53 status may become valuable parameters to predict cell responses to 

TMZ treatment in patients with GBM. Modulation of MSH6, PARP1 and NTL1, DNA repair 

genes involved in mismatch repair and base excision repair (BER), were found at 

transcription and protein levels in GBM cells resistant to TMZ (Zhang et al., 2010).  

Other genotoxic agents exert different effects in GBM cells with different TP53 status. UV 

light (UV-C) (Batista et al., 2009) and chloroethylating agents (ACNU and BCNU) (Batista et 

al., 2007), significantly induce apoptosis in TP53-mutated glioma cells, while WT TP53 cells 

are more sensitive to methylating agents, including TMZ (Hermisson et al., 2006; Roos et al., 

2007).  

Efforts have been made to overcome drug and radio-resistance of GBM cells, but the 
heterogeneity of these tumors seems to be critical, and molecular analysis is an important 
tool to elucidate the mechanisms underlying cellular responses to antitumoral agents. 
Recently, application of genome-scale methodologies has opened the opportunity to study 
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transcript profiles for thousands of genes simultaneously, thus providing a picture on how 
different biological processes can be modulated under irradiation, drug treatment or even 
between different cell types, on the basis of the lists of differentially expressed genes (either 
induced or repressed genes) provided by the microarray experiments. This approach allows 
comparisons between different biological situations (Tusher et al., 2001; Sakamoto-Hojo et 
al., 2003; Fachin et al., 2007; Fachin et al., 2009). In a previous work, several stress 
response/DNA repair genes, such as HSPA9B, INPP5A, PIP5K1A, FANCG, and TPP2 were 
found up-regulated in U343MG-a GBM cells analyzed at 6 h following irradiation with 1 Gy, 
reflecting the radio-resistance of these cells; at this condition, the survival rate was 61%, and 
a broad spectrum of other biological processes was found associated to the list of 
differentially expressed genes in irradiated cells (Bassi et al., 2008). 
TP53 gene plays a role in drug and radioresistance mechanisms, but the complex network of 

signaling pathways involving this gene is not well elucidated. TP53 is a multifunctional 

protein that acts in cell cycle blockage and signaling pathways towards DNA repair, 

contributing to the maintenance of genome integrity in response to a variety of genotoxic 

stresses (Bartussek et al., 1999). Alternatively, TP53 protein triggers a cascade of signaling 

pathways culminating in apoptosis, depending on the extent of DNA damage (Prise et al., 

2005). The TP53 protein is also a transcription factor that regulates the expression of a large 

number of target genes (Vogelstein et al., 2000). Many TP53 target genes have been 

described (el-Deiry, 1998; Horn and Vousden, 2007; Laptenko and Prives, 2006; Sbisa et al., 

2007), and some other targets have been computationally predicted by the analysis of their 

binding sites (Hoh et al., 2002; Smeenk et al., 2008; Veprintsev and Fersht, 2008).  

According to the literature data, there are controversial findings about the outcome of 

patients in relation to the TP53 status of tumors; this gene may positive or negatively 

influences the cell radioresistance, as well as it can exert no influence in cellular responses to 

therapies (McIlwrath et al., 1994; Slichenmyer et al., 1993; Smith et al., 1995).  

2. Objective  

In the present work, we aim to compare gene expression profiles displayed by four GBM 

cell lines in the absence of any kind of treatment, using the microarray method, looking for 

molecular signatures that can provide new clues towards the understanding of GBM 

biology and radioresistance mechanisms. The results on the transcriptional profiles 

presented by a number of genes with different biological functions are discussed on the light 

of literature data regarding GBM cell responses to ionizing radiation and antitumor drugs, 

generally provided by survival assays. 

3. Materials and methods  

3.1 GBM cell lines  
Human GBM U343 MG-a cell line was kindly donated by Dr. James T. Rutka (The Arthur 

and Sonia Labatt Brain Tumour Research Center, Canada), while T98G, U251MG, and 

U87MG were supplied by the American Type Culture Collection (ATCC) (Rockville, 

Maryland, USA). T98G and U251MG cell lines harbor three mutations (TP53, CDKN2A, and 

PTEN) while U343MG-a and U87MG cells are wild-type (WT) for TP53, and mutant (MT) 

for CDKN2A and PTEN genes (Ishii et al., 1999). 
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3.2 Cell culture and total RNA extraction 
For gene expression analysis, cells were thawed from the nitrogen and sub-cultured for four 

passages in the presence of HAM F10 + DEM medium plus 15% fetal bovine serum and kept 

at 37°C and 5% CO2. After the fourth sub-culturing, they were incubated for two days, and 

total RNA extraction was performed in replicate at 48 h, by using the Trizol reagent 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The quality of 

RNA samples was evaluated by denaturing agarose gel electrophoresis under standard 

conditions. To remove the contaminating DNA, RNA samples used in cDNA microarrays 

were treated with the Deoxyribonuclease I (Amplification Grade kit, Invitrogen), according 

to manufacturer’s instructions.  

3.3 cDNA microarray method 
Four experiments in duplicate using GBM cells were carried out using a glass slide 
microarray containing 4500 clones of cDNA probe (in duplicates) from the human IMAGE 
Consortium cDNA library [http://image.llnl.gov/image/; kindly provided by Dr. 
Catherine Nguyen (INSERM-CNRS, Marseille, France)], and prepared according to the 
protocol described by Hegde et al (2000).  
Microarrays were spotted onto glass slides (Corning) using a Generation III Array Spotter 

Amersham-Molecular Dynamics according to the manufacturer’s instructions. Each cDNA 

sample was spotted twice on the slide (duplicate spots). The cDNA complex probes were 

prepared using the CyScribe Post Labelling Kit (Amersham Biosciences, England) (Fachin et 

al., 2009). Hybridizations were carried out using an automatic system (Automatic Slide 

Processor, Amersham Biosciences, England) and signals were immediately captured after 

the final wash procedure, using a Generation III laser scanner (Amersham Biosciences, 

England). 

In an attempt to characterize the clones present in the array slide, the gene set was 
submitted to the NIH-DAVID bioinformatic tool, in order to obtain biological functions 
associated with the gene sequences present in the arrays, as well as the number of genes 
associated with each biological process. Among all clones, 2334 were identified by official 
gene symbol (HUGO), distributed in classes according to biological processes (Table 1). 

3.3.1 Data acquisition and gene expression analysis 
The image quantification was performed using the Spot software, 
(http://spot.cmis.csiro.au/spot/, CSIRO, Australia). Filtering, normalization and data 
analysis were done using the R statistical environment (Ihaka and Gentleman, 1996), in 
addition to Limma (Smyth et al., 2005), Bioconductor (Ihaka and Gentleman, 1996), Aroma 
(Bengtsson, 2004) and KTH (Wirta, 2004). The background to each feature was subtracted 
from the foreground value. Furthermore, the spots were evaluated by their circularity and 
calculations on the median versus mean deviation, so that those presenting irregular 
circularity, or with large differences between mean and median values, were considered 
unreliable. The raw data (red – R and green – G) was transformed into MA format before 
normalization, where M = log2(R/G) and A = 1/2 × log2(R × G). These procedures were 
followed by the application of the Print-tip Lowess normalization for each slide. Following 
the normalization procedure, microarray data were exported to tab-delimited tables in MEV 
format and analyzed in MEV (v. 3.1) software (Saeed et al., 2003). The microarrays data 
analysis involved the application of the statistical method SAM - Significance Analysis of  
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GOTERM-BIOLOGICAL PROCESS - FAT % PValue 

GO:0007242~intracellular signaling cascade 10.28 3.90E-09 

GO:0006793~phosphorus metabolic process 9.43 8.50E-16 

GO:0006468~protein amino acid phosphorylation 6.73 6.81E-13 

GO:0008104~protein localization 6.68 2.00E-04 

GO:0042981~regulation of apoptosis 6.47 1.20E-05 

GO:0007049~cell cycle 5.96 2.63E-04 

GO:0033554~cellular response to stress 5.78 1.27E-11 

GO:0006259~DNA metabolic process 4.50 4.42E-06 

GO:0006974~Response to DNA damage stimulus 4.07 5.32E-10 

GO:0006281~DNA repair 3.43 8.95E-11 

GO:0007243~protein kinase cascade 3.43 1.53E-05 

GO:0007167~enzyme linked receptor protein 
signaling pathway 

3.08 1.04E-04 

GO:0009314~response to radiation 1.93 5.82E-04 

GO:0000165~MAPKKK cascade 1.89 1.69E-04 

GO:0022604~regulation of cell morphogenesis 1.41 4.85E-04 

GO:0006310~DNA recombination 1.29 9.19E-05 

GO:0031344~regulation of cell projection 
organization 

1.11 2.05E-04 

GO:0006302~double-strand break repair 0.94 3.35E-05 

GO:0006289~nucleotide-excision repair 0.86 5.76E-05 

GO:0050770~regulation of axonogenesis 0.81 3.26E-04 

GO:0051291~protein heterooligomerization 0.77 2.99E-04 

GO:0050772~positive regulation of axonogenesis 0.51 1.85E-04 

GO:0000723~telomere maintenance 0.51 6.05E-04 

GO:0032925~regulation of activin receptor 
signaling pathway 

0.30 7.62E-04 

Table 1. Percentage of genes for each biological process analyzed for a total of 2334 genes 
present in a glass slide microarray. The array gene set (containing 4300 image clones) was 
submitted to NIH-DAVID (Dennis et al. 2003).  

Microarray (Tusher et al., 2001), with the objective to compare MT versus WT TP53 cell lines 

in terms of expression profiles. We used FDR< 0.68% to select only highly significant 

differentially expressed genes. 

Information regarding biological functions were obtained at S.O.U.R.C.E. (http://genome-

www5.stanford.edu/cgi-bin/SMD/source/source), and NCBI (http://www.ncbi. 

nlm.nih.gov/). Gene functional groups were given by DAVID tool (Dunne et al., 2003), 
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choosing Homo sapiens as the current background, Gene Ontology: GOTERM_BP_FAT as 

parameters, and Functional Annotation Chart as the analyzing tool. The main biological 

functions associated to the list of differentially expressed genes were selected.   

Every modulated gene was compared to a list of previously identified genes with TP53 
binding sites using genome-wide tiling Chromatin immunoprecipitation (ChIP)-on-chip 
approach (Smeenk et al., 2008) or (ChIP) with the paired-end ditag (PET) (Wei et al., 2006) in 
order to point out genes that could be modulated by TP53 transactivation.  

4. Results  

4.1 Transcript profiles displayed by GBM cell lines  
4.1.1 Hierarchical cluster analysis 
Gene expression profiles studied by the cDNA microarray method generated interesting 

results about the transcriptional profiles exhibited by each cell line. Analysis of gene cluster 

uses standard statistical algorithms in order to arrange genes according to similarity of 

expression patterns, and the results can be graphically represented (Eisen et al., 1998). The 

analysis of hierarchical clustering was performed to compare MT and WT TP53 cells 

regarding transcript profiles by using a set of genes previously selected by the SAM 

analysis. The results of the hierarchical clustering showed that MT TP53 cells were grouped 

apart from the WT TP53 cells. The mutant cell lines (T98G and U251) were not separated 

within a gene cluster, indicating more similarity in the basal transcription levels between 

cell lines; in contrast, the proficient cell lines (U87 and U343) were clustered apart from each 

other (Fig.1). 

4.1.2 Differentially expressed genes indicated by Significant Analysis of Microarrays 
(SAM) 
The statistical analysis performed by SAM indicated that MT TP53 cell lines showed 29 
down-regulated and 68 up-regulated genes, compared with WT TP53 cells, for FDR ≤ 0.68%. 
For this small list of highly significant differentially expressed genes, the magnitude of fold-
changes ranged from –1.68 to +1.93 by comparing MT versus WT TP53 (Supp. Table 1). 
For the list of differentially expressed genes, biological gene functions were studied by the 

DAVID-NIH bioinformatic tool (Dennis et al., 2003; Huang da et al., 2009). Out of 97 

modulated genes, 73 were suitable for functional grouping procedure, since 10 genes were 

not grouped and 14 I.D. clones were still unknown. The most relevant categories 

(represented by a variable number of genes) were related to neurological system process 

(11%), regulation of apoptosis (10%), cellular response to stress (8%), regulation of cell 

proliferation (8%), cell-cell adhesion (5%), DNA repair (5%), response to ionizing radiation 

(4%), histone modification (4%), cell division (4%), etc. (Fig.2.). For discussion, we selected 

36 genes on the basis of biological functions that can be possibly related to responses to 

genotoxic agents (Table-2), in order to find out clues for understanding the mechanisms 

underlying the sensitivity or resistance to anticancer therapies. Some of candidate genes that 

may participate in chemo- and/or radioresistance are involved in stress responses (RUVBL2, 

ASNS, RNF8, LIG4 and CAV1) and cell adhesion (CDH8, CDH13, CD93 and ITGA5), and 

other important cathegories, such as regulation of cell proliferation (IGF1R, CDH13, CAV1, 

DUSP22, ADAMTS1, LIG4) and apoptosis (IGF1R, CDH13, IFT57, CRH, HSPB1, ASNS and 

LIG4.  
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Fig. 1. Hierarchical clustering obtained for a gene set previously selected by the SAM 
method (FDR≤0.68%) for the results displayed by four GBM cell lines (T98G, U251MG, 
U343MG-a e U87MG), under normal proliferation in culture. The data set was provided by 4 
experiments in duplicate. Experiments are represented by numbers (1-4) and the replicates 
are represented by letters (A and B). The expression level of each gene is represented 
according to the scale at the top (red indicates induction; green means repression; grey color 
represents data loss). 
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Fig. 2. Main Biological functions associated to the list of differentially expressed genes (out 
of 97 genes, 73 genes were recognized by the system) when comparing MT and WT TP53 
GBM cell lines. The results were analyzed by DAVID-NIH (Dennis et al., 2003; Huang da et 
al., 2009) as a bioinformatic tool to group differentially expressed genes according to their 
functions. 
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A comparative analysis of differentially expressed genes (obtained by SAM) was carried out 
with previously identified genes with TP53 binding sites using ChIP-PET and ChIP-on-chip 
analysis (Smeenk et al., 2008; Wei et al., 2006). When comparing with ChIP- PET gene lists, 
we observed only one common gene (LASS6), while the comparison involving the gene list 
of our work with the ChIP-on-chip list, we found five common genes (ARSJ, RCC2, CDH8, 
CDH13 and HTRA1). 

5. Discussion  

Expression profiles displayed by GBM cells provided results to compare these cells  with 
other tumor types (Castells et al., 2010; Castells et al., 2009; Dreyfuss et al., 2009; Marucci et 
al., 2008; Reddy et al., 2008),  normal tissues  (Sallinen et al., 2000), or even regions in the 
same tumor (Mehrian Shai et al., 2005). However, there is no data in the literature 
comparing transcript profiles of GBM cell lines presenting similar genetic background. 
While T98G and U251MG harbor mutations for TP53, CDKN2A, and PTEN, U343MG-a and 
U87MG cell lines differ from others by the presence of a known WT TP53 (Ishii et al., 1999). 
Expression profiles displayed by GBM cell lines were studied in the absence of any 
treatment. The hierarchical clustering analysis compared WT and MT TP53 GBM cells 
regarding transcript profiles using a set of highly significant differentially expressed genes 
previously selected by SAM (FDR ≤ 0.68%). The results showed distinct expression profiles 
for WT TP53 and MT TP53 cells, whose patterns separate the mutant from WT cells. The 
mutant cell lines (T98G and U251MG) were not completely separated from each other 
within the cluster, indicating similarity of transcript patterns between the two cell lines. In 
contrast, TP53 proficient cell lines (U87MG and U343MG-a) were clustered apart from each 
other. These results indicate the potential of the DNA microarray analysis to discriminate 
molecular profiles displayed by GBM cell lines presenting similar mutational background 
for CDKN2A and PTEN genes, but with different TP53 status. 
The statistical analysis performed by SAM (FDR ≤ 0.68%) indicated that MT TP53 cell lines 
showed 28 down-regulated and 66 up-regulated genes, when compared to WT TP53 cells 
(Table. 2). For the list of differentially expressed genes, biological gene functions were 
studied by the DAVID-NIH bioinformatic tool (Dennis et al., 2003; Huang da et al., 2009), 
and several biological processes were associated to the list of significant differentially 
expressed genes, such as: metabolism, response to ionizing radiation, cell adhesion, cell 
motion, apoptosis, DNA repair and transcription. 
In addition, metabolic process was directly related with several biological functions as 
follow: insulin receptor signalling, water soluble vitamin metabolic process, steroid 
hormone receptor signalling, cellular response to nutrient levels, amine biosynthetic process, 
lipid biosynthetic process, calcium ion transport, lipid transport, glucose metabolic process, 
carboxylic acid biosynthetic process, and cellular amino acid derivative metabolic process.  
Other gene functions related to learning/memory, regulation of neuron apoptosis, synaptic 
transmission, and neurological system processes are intrinsic to the neural nature of GBM 
cells. DNA and RNA metabolism/regulation were also associated to several differentially 
expressed genes (Table. 2).  
Three genes (RNF8, CAV1 and LIG4) playing roles in ionizing radiation responses were 
found up-regulated in MT TP53 cells, and this feature may influence the responsiveness to 
radiotherapy. It is already known that ionizing radiation causes DNA double-strand breaks 
(DSBs) that are highly cytotoxic lesions. Cells have a complex DNA-damage response that  
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Symbol CloneID Biological Process 
Fold 

change 

q-
value 
(%) 

SPRY2 40262 
cell-cell signaling, development, organogenesis, 

regulation of signal transduction 
1.93 0.00 

CAV1 24651 
cellular calcium ion homeostasis, cholesterol efflux, 

response to gamma radiation, regulation of apoptosis, 
1.86 0.00 

CDH13 31093 cell adhesion, homophilic cell adhesion 1.61 0.00 

HTRA1 132044 proteolysis and peptidolysis, regulation of cell growth 1.55 0.00 

ADAMT
S1 

34684 

integrin-mediated signaling pathway, negative 
regulation of cell proliferation, heart trabecula formation, 

kidney development, ovulation from ovarian follicle, 
proteolysis 

1.54 0.00 

ITGA5 135671 
cell-matrix adhesion, integrin-mediated signaling 

pathway 
1.35 0.75 

GPR68 22652 
G-protein coupled receptor protein signaling pathway, 

inflammatory response, signal transduction 
1.34 0.00 

GPR44 25625 
G-protein coupled receptor protein signaling pathway, 

immune response, calcium-mediated signaling, 
chemotaxis 

1.34 0.75 

RUVBL2 22267 
chromatin modification, DNA recombination, DNA 

repair, regulation of growth, regulation of transcription 
1.33 0.00 

MKLN1 33715 cell motility, cell-matrix adhesion, signal transduction 1.31 0.00 

KSR1 220655 
Ras protein signal transduction, intracellular signaling 

cascade, protein amino acid phosphorylation 
1.31 0.75 

GNG13 178213 
G-protein coupled receptor protein signaling pathway, 

signal transduction 
1.30 0.75 

CDH8 38939 cell adhesion, homophilic cell adhesion 1.30 0.00 

DNAJA
1 

24473 protein folding, response to unfolded protein 1.28 0.75 

RHOQ 131061 small GTPase mediated signal transduction 1.26 0.00 

FBXL3 25778 protein ubiquitination 1.26 0.00 

CRH 34671 
immune response, learning and/or memory, pregnancy, 

signal transduction,  synaptic transmission 
1.24 0.00 

IGF1R 21519 
axonogenesis, brain development, exocrine pancreas 
development, male sex determination, regulation of 

apoptosis 
1.24 0.00 

ASNS 27208 amino acid biosynthesis 1.23 0.90 

CD93 35503 cell-cell adhesion, macrophage activation, phagocytosis 1.19 0.00 

COPB2 24627 
intracellular protein transport, vesicle-mediated 

transport 
1.18 0.00 

CACNB
2 

34651 Synaptic transmission, ion transport 1.16 0.71 

LASS6 35147 
lipid biosynthetic process, regulation of transcription, 

DNA-dependent 
1.15 0.75 

LIG4 39274 single strand break repair 1.14 0.75 

RNF8 39161 protein ubiquitination 1.14 0.00 
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Symbol CloneID Biological Process 
Fold 

change 

q-
value 
(%) 

KCNIP4 21478 ion transport -1.13 0.00 

RCC2 136887 cell cycle, cell division, mitosis -1.14 0.90 

RBM4 141446 
DNA recombination, DNA repair, DNA replication, 
estrogen receptor signaling pathway, glucocorticoid 

receptor signaling pathway, mRNA splicing 
-1.19 0.00 

DENND
1A 

21467 synaptic vesicle endocytosis -1.21 0.74 

HSPB1 23827 cell death, response to heat -1.23 0.00 

ARSJ 32854 Unknown -1.24 0.00 

ATP6AP
2 

131821 
angiotensin maturation, positive regulation of 

transforming growth factor-beta1 production, regulation 
of MAPKKK cascade 

-1.29 0.00 

UGDH 139835 UDP-glucose metabolism, electron transport -1.41 0.00 

DUSP22 182999 
apoptosis, cell proliferation, development, inactivation of 

MAPK, protein amino acid dephosphorylation 
-1.55 0.00 

PFKFB2 53158 
glucose catabolic process, positive regulation of insulin 

secretion, pyruvate metabolic process 
-1.68 0.00 

Table 2. List of highly significant differentially expressed genes provided by SAM (FDR 
≤0.68%), comparing MT and WT TP53 GBM cell lines. Positive fold-change value means up-
regulation, while negative fold-change value means down-regulation in MT TP53 cells, 
compared to WT TP53 cells. 

includes the spatial reorganization of DSB repair and signalling proteins into subnuclear 

structures surrounding DSB sites (Bartek and Lukas, 2007; Maser et al., 1997). In this context, 

RNF8 protein is an important component of the DNA damage response; it can be recruited 

to the DNA damage sites, thus triggering the formation of ubiquitin conjugates, promoting 

the recruitment of important proteins to DSB sites, thereby enhancing DNA-damage 

checkpoint events (G2/M) and guaranting cell survival (Kolas et al., 2007). There is also 

evidence that RNF8 participates in histone ubiquitylation and protects the genome integrity 

by licensing the DSB-flanking chromatin to concentrate repair factors near the DNA lesions 

(Mailand et al., 2007). LIG4 is also a key protein playing role in DSB repair by non-

homologous end joining (NHEJ) pathway (Helleday et al., 2007), while CAV1 presents a 

tumor suppressor function in non-neoplastic tissue, being down-regulated upon 

transformation, but re-expressed upon progression in metastatic and multidrug-resistant 

tumors (Burgermeister et al., 2008). CAV1 was also associated with multidrug resistance 

(Belanger et al., 2004; Belanger et al., 2003), and radioresistance (Barzan et al., 2010; Cordes 

et al., 2007; Li et al., 2005). 

In MT TP53 cells, other stress response genes (RUVBL2 and ASNS) were up-regulated, while 

RBM4 was down-regulated. RUVBL2 participates in chromatin-remodelling (Lee et al., 

2010), which could also let the lesion available to DNA repair genes. ASNS is a gene whose 

response elements function as an enhancer to mediate the transcriptional activation of the 

gene, either by the amino acid response (AAR) or the unfolded protein response (UPR 

pathway), triggered by amino acid limitation or endoplasmic reticulum stress (Siu et al., 
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2002), respectively. These pathways initiate a wide array of adaptive mechanisms and 

ultimately, if necessary, programmed cell death (Harding et al., 2003; Zinszner et al., 1998);  

The role of RBM4 in response to stress stimulus is the activation of internal ribosome entry 

site (IRES)-mediated translation, promoting the expression of stress-response genes; 

therefore, the down-regulation of RBM4 in MT TP53 cells might compromise  the 

translational regulation of stress-associated mRNAs (Markus and Morris, 2009).  

 Several genes playing roles in cell adhesion were also differentially expressed in GBM cell 
lines, and this result is in accordance with the association of these genes in acquired chemo- 
and radioresistance (Kraus et al., 2002). In the present work, three cadherins (CDH8, CDH13 
and CD93), and one integrin ITGA5 were found up-regulated in MT TP53 cells, relatively to 
WT counterparts. Cadherins are integral membrane proteins that mediate calcium-
dependent cell-cell adhesion. They may play an important role in the development and 
maintenance of tissues, and possibly are involved in the invasion and metastasis of 
malignant tumors. While CDH8 participates in neural circuitry, CD93 is involved in 
phagocytosis (Bohlson et al., 2005), CDH13 play a role in apoptosis (Chan et al., 2008), and 
ITGA5 in cell spreading (Fang et al., 2010).  
A comparative analysis of differentially expressed genes (provided by SAM) was performed 
with previously identified genes with TP53 binding sites; this comparison was possible by 
using ChIP-PET and ChIP-on-chip analyses (Smeenk et al., 2008; Wei et al., 2006).  For the 
ChIP- PET gene lists, we observed only one common gene (LASS6), which was up-regulated 
in MT TP53 cells. LASS6 is a ceramide sintase, producing ceramides that have 
antiproliferative and pro-apoptotic effects (Ruvolo, 2003). This gene plays a role in apoptosis 
induction in colon cancer cells (Schiffmann et al., 2010), and enhanced tumor development 
and growth in vivo in human head and neck squamous cell carcinomas (HNSCCs) (Senkal et 
al., 2010). 
In addition, the comparison involving our modulated gene list, comparing MT and WT 

TP53 GBM cells, using the ChIP-on-chip list, provided five common genes: ARSJ, RCC2, 

CDH8, CDH13 and HTRA1). While CDH8, CDH13 and HTRA1 were up-regulated, ARSJ 

and RCC2 were down-regulated in MT TP53 cells. CDH8 and CDH13 are cadherins and 

were already discussed as possible targets to chemo- and radioresistance (Kraus et al., 

2002). HTRA1 is a tumor suppressor-like factor when overexpressed in cancer cell lines. 

(Baldi et al., 2002; Chien et al., 2004). This gene was also associated to cisplatin therapy 

responses in various cancer types (Catalano et al., 2011; Chien et al., 2006; Komatsu et al., 

2006). These genes cannot be transactivated by TP53, according to the TP53 status in T98G 

and U251MG cells. However, the majority of the genome-wide TP53 target sites can also 

be bounded by overexpressed p63 and p73 in vivo, suggesting that they may possibly 

play an important role at TP53 binding sites (Smeenk et al., 2008). ARSJ and RCC2 genes 

were not described to be related with stress responses or cancer, and were up-regulated in 

WT TP53 GBM cells, compared to MT, and probably, they can be associated to 

transactivation properties of TP53. 

Thus, in the present work, most genes involved in stress responses (RUVBL2, ASNS, 

RNF8, LIG4 and CAV1), cell adhesion (CDH8, CDH13, CD93 and ITGA5), and genes 

associated to p63 and p73 binding sites (LASS6 and HTRA1) were up-regulated in MT 

TP53 cells. At least some of them may have the potential to be directly involved in radio- 

or chemoresistance. Therefore, the loss of TP53 function may compromise cellular 

responses to anticancer agents. 
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It is already known that mechanisms underlying the cellular radiosensitivity seem to vary 

among different cell lineages, but at what extent the radiosensitivity depends on TP53 

function is a matter of investigation since long time ago. Several authors demonstrated that 

the loss of TP53 function decreases the sensitivity of GBM cells to irradiation (Bartussek et 

al., 1999; McIlwrath et al., 1994; Roy et al., 2006; Yount et al., 1996), and the same was 

observed for other tumor types (Fan et al., 1994; Komarova et al., 1997; Merritt et al., 1994). 

However, in primary gliomas, the TP53 mutation confers an improved prognosis in adult 

glioma patients due to a better response to radiation therapy (Tada et al., 1998). This is 

consistent with the results obtained in in vitro studies, in which glioma cells lacking WT 

TP53 function were more susceptible to radiation-induced apoptosis than their isogenic 

counterparts expressing WT TP53 (Hara et al., 2004).  

It is important to emphasize that all these articles in the literature took into account the TP53 

status, but not other mutations inherent to GBM. In the present work, we studied four GBM 

cell lines with different TP53 status; T98G and U251MG are mutated and U343MG-a and 

U87MG are wild-type for TP53 gene, but they are similar regarding the fact that they harbor 

mutations for CDKN2A and PTEN, according to Ishi et al. (1999). In experiments on cell 

survival performed by the  clonogenic survival assay, the results provided by several 

authors indicated that MT TP53 cells were, in general, more radioresistant than WT TP53 

cells (Bassi et al., 2008; Chautard et al., 2010; de la Pena et al., 2006; Lee et al., 2006; Roy et al., 

2006). 

As described above, several differentially expressed genes provided by the comparison 

between MT versus WT TP53 GBM cells are involved in the mechanism of resistance to 

ionizing radiation and/or multidrug resistance. In general, cytotoxicity of DNA damaging 

agents correlates with the induction of DSB, which can be produced directly or indirectly 

into the DNA molecule. Whereas ionizing radiation induces DSB directly, the drug TMZ 

generates DSB only after two or more cycles of DNA replication, as a secondary effect 

(Caporali et al., 2004). Therefore, TP53 mutation has the potential to change the sensitivity of 

GBM cells to anticancer agents currently used in therapy, and probably, the changes in the 

expression profiles exhibited by several genes acting down-stream in the signalling cascade 

of damage responses may compromise the outcome of drug- and radio- therapies. In order 

to understand these alterations in terms of transcript profiles, we are currently studying at 

what extent TP53 status influences gene expression profiles in irradiated GBM cells 

(manuscript in preparation); we found several differentially expressed genes in irradiated MT 

TP53 cells that are probably implicated in tumor resistance; among them, we can mention 

CLSTN2, ROBO2, and BMPR1B (with role in cell-cell adhesion), BTRC, CYP26B1, and ANLN 

(cell cycle regulators). 

However, the data in the literature regarding the role of TP53 in mediating sensitivity to 

anticancer agents still present controversies. It has been reported that the absence of a 

functional TP53 increases TMZ sensitivity in glioma cell lines, an effect that is independent 

of MGMT status (Blough et al., 2011). Glioma cell lines that did not express a functional 

TP53 were significantly more sensitive to TMZ than cell lines that were functionally intact 

for TP53 expression (Blough et al., 2011). An example of this inconsistency comes from the 

results obtained with T98G cell line (MT TP53), in with the role of MGMT in mediating TMZ 

resistance was confirmed by the co-exposure to the MGMT inhibitor O6-BG, causing a 

reduction in the EC50, as evaluated by the clonogenic survival assay (Hermisson et al., 
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2006). Nevertheless, the roles of TP53 in terms of its influence on drug sensitivity are 

difficult to elucidate, since the dependence on the cell type, and the kind of antitumor agent 

used(Fukushima et al., 2009). In addition, the genetic background is also critical, since GBM 

cells often harbor other mutations for cell cycle regulator genes, and other tumor suppressor 

genes, as already mentioned for the four GBM cell lines studied in the present work, which 

carry two other mutations (CDKN2A and PTEN). 

The control of cell proliferation is very critical in the tumor development, and may also be 

influenced by the TP53 status (Facoetti et al., 2008). Several genes playing roles in the 

regulation of cell proliferation were found differentially expressed in MT TP53 cells, 

relatively to WT: IGFR1, CDH13, DUSP22, ADAMTS1, CAV1, and LIG4. These last two 

genes also play a role in stress responses, as mentioned before.  

Tumor growth also depends on the rate of apoptosis (Amirlak and Couldwell, 2003), and 

apoptosis is directly involved in gliomagenesis and resistance towards classical genotoxic 

approaches in cancer therapy. It has been reported that GBM cells are virtually resistant to 

different apoptotic stimuli (Adamson et al., 2009; Eisele and Weller, 2011), but the 

mechanisms underlying these responses are still unclear, and may depend on several 

treatment conditions and type of genotoxic agent. In the present work, the list of 

differentially expressed genes also indicated several genes implicated in apoptosis. Those 

genes, such as IGF1R, CDH13, IFT57, CRH, HSPB1 and ASNS, were up-regulated in MT 

TP53 GBM cells, relatively to WT cells. IGF1R participates in cell proliferation and protection 

of cell death (Trojan et al., 2007), while CDH13, ITF57, CRH and ASNS participates in 

apoptosis induction (Andreeva and Kutuzov, 2010; Chan et al., 2008; Gdynia et al., 2008; 

Gervais et al., 2002; Minas et al., 2007; Siu et al., 2002). Considering that the ability of cells to 

undergo apoptosis is dependent of a complex signaling cascade involving pro- and anti-

apoptotic genes, among other gene classes, the up-regulation of several apoptosis related 

genes in MT TP53 cells might influence responses of GBM cells submitted to anticancer 

agents.  

In this work, we showed some distinct transcript profiles for MT and WT TP53 GBM cells, 

pointing out several genes that might influence cell sensitivity to chemo- and/or 

radiotherapy.  

6. Conclusions 

The present data comparing transcript profiles displayed by GBM cell lines with different 

TP53 status showed that several biological processes were associated to the list of highly 

significant differentially expressed genes. Gene classes associated with those genes (stress 

response, DNA repair, proliferation, cell division, cell adhesion, apoptosis, etc) provided a 

picture on transcript profiles under normal conditions of cell proliferation in cultured GBM 

cell lines. However, these gene classes reflect wide amplitude of cellular processes that 

might be involved in cellular defense mechanisms under conditions of cell injury provoked 

by irradiation or drug treatment. These results support the hypothesis that MT TP53 cells 

might be more resistant than WT TP53 cells to some genotoxic stresses, such as ionizing 

radiation and TMZ. While this hypothesis still should be tested, altogether, the information 

obtained in this work provides a relevant basic contribution towards the understanding of 

GBM responses to therapies, and for designing novel therapeutic strategies for patients with 

GBM, based on their TP53 status, but also considering other gene mutations.  
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7. Supplementary data 

Symbol Gene Name CloneID 
Fold 

change 

q-
value 
(%) 

SPRY2 Sprouty homolog 2 (Drosophila) 40262 1.93 0.00 

CAV1 Caveolin 1, caveolae protein, 22kDa 24651 1.86 0.00 

MINA MYC induced nuclear antigen 139217 1.79 0.00 

 Clone 25220 mRNA sequence 25220 1.63 0.00 

CDH13 Cadherin 13, H-cadherin (heart) 31093 1.61 0.00 

HTRA1 HtrA serine peptidase 1 132044 1.55 0.00 

ADAMTS1 
ADAM metallopeptidase with 

thrombospondin type 1 motif, 1 
34684 1.54 0.00 

MPND MPN domain containing 24532 1.39 0.00 

ARRB1 Arrestin, beta 1 21814 1.38 0.00 

ACSL4 
Acyl-CoA synthetase long-chain family 

member 4 
133988 1.36 0.00 

ITGA5 
Integrin, alpha 5 (fibronectin receptor, alpha 

polypeptide) 
135671 1.35 0.75 

P4HB Prolyl 4-hydroxylase, beta polypeptide 132702 1.34 0.00 

GPR68 G protein-coupled receptor 68 22652 1.34 0.00 

GPR44 G protein-coupled receptor 44 25625 1.34 0.75 

PDLIM1 PDZ and LIM domain 1 135689 1.33 0.00 

RUVBL2 RuvB-like 2 (E. coli) 22267 1.33 0.00 

 In multiple ClusterIDs 261714 1.32 0.00 

 Unknown 134004 1.32 0.00 

ZXDB Zinc finger, X-linked, duplicated B 38972 1.31 0.90 

MKLN1 
Muskelin 1, intracellular mediator 

containing kelch motifs 
33715 1.31 0.00 

LARP4 
La ribonucleoprotein domain family, 

member 4 
41347 1.31 0.71 

KSR1 Kinase suppressor of ras 1 220655 1.31 0.75 

JAKMIP1 
Janus kinase and microtubule interacting 

protein 1 
32109 1.30 0.00 
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GNG13 
Guanine nucleotide binding protein (G 

protein), gamma 13 
178213 1.30 0.75 

ANKRD42 
MRNA; cDNA DKFZp761C0524 (from clone 

DKFZp761C0524) 
30094 1.30 0.00 

CDH8 cadherin 8, type 2 38939 1.30 0.00 

NRGN 
Neurogranin (protein kinase C substrate, 

RC3) 
178825 1.30 0.75 

USP53 Ubiquitin specific peptidase 53 142468 1.30 0.69 

PIP5K2C 
Phosphatidylinositol-5-phosphate 4-kinase, 

type II, gamma 
133173 1.30 0.75 

WDR34 WD repeat domain 34 133474 1.29 0.00 

TCBA1 Na+/K+ transporting ATPase interacting 2 41427 1.29 0.00 

MGC14376 Chromosome 17 open reading frame 91 24659 1.28 0.00 

DNAJA1 
DnaJ (Hsp40) homolog, subfamily A, 

member 1 
24473 1.28 0.75 

KLF12 Kruppel-like factor 12 34367 1.28 0.00 

UNC13C unc-13 homolog C (C. elegans) 22137 1.27 0.00 

RHOQ Ras homolog gene family, member Q 131061 1.26 0.00 

FBXL3 F-box and leucine-rich repeat protein 3 25778 1.26 0.00 

RP11-
484I6.3 

Chromosome 13 open reading frame 27 24463 1.25 0.00 

 Unknown 132487 1.25 0.75 

CRH Corticotropin releasing hormone 34671 1.24 0.00 

IGF1R insulin-like growth factor 1 receptor 21519 1.24 0.00 

ASNS 
Asparagine synthetase (glutamine-

hydrolyzing) 
27208 1.23 0.90 

CSGlcA-T Chondroitin polymerizing factor 2 39955 1.23 0.75 

NBPF12 Neuroblastoma breakpoint family, member 1 24976 1.23 0.90 

BAMBI 
BMP and activin membrane-bound inhibitor 

homolog (Xenopus laevis) 
41406 1.22 0.00 

PDXK Pyridoxal (pyridoxine, vitamin B6) kinase 25360 1.22 0.00 

 Transcribed locus 136399 1.21 0.75 

TNRC15 Transcribed locus 37482 1.21 0.75 
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 Calneuron 1 39092 1.20 0.75 

3-Mar Membrane-associated ring finger (C3HC4) 3 24707 1.20 0.00 

  Unknown 39306 1.19 0.69 

CD93 CD93 molecule 35503 1.19 0.00 

C20orf39 Transmembrane protein 90B 35704 1.19 0.00 

 In multiple ClusterIDs 41186 1.19 0.71 

 CXXC finger protein 5 136782 1.18 0.00 

PPCDC Phosphopantothenoylcysteine decarboxylase 135984 1.18 0.00 

COPB2 Clone 24627 mRNA sequence 24627 1.18 0.00 

 CDNA FLJ34038 fis, clone FCBBF2005645 38618 1.18 0.00 

FLJ41130 hypothetical LOC401113 40009 1.18 0.00 

CPD Carboxypeptidase D 40521 1.18 0.75 

 Unknown 34967 1.16 0.90 

CACNB2 
calcium channel, voltage-dependent, beta 2 

subunit 
34651 1.16 0.71 

CUTL2 Cut-like homeobox 2 41354 1.16 0.90 

 Unknown 34966 1.15 0.00 

LASS6 LAG1 homolog, ceramide synthase 6 35147 1.15 0.75 

LIG4 Ligase IV, DNA, ATP-dependent 39274 1.14 0.75 

RNF8 Ring finger protein 8 39161 1.14 0.00 

IFT57 
Intraflagellar transport 57 homolog 

(Chlamydomonas) 
34942 1.12 0.00 

PIGO 
Phosphatidylinositol glycan anchor 

biosynthesis, class O 
21678 -1.12 0.71 

KCNIP4 Kv channel interacting protein 4 21478 -1.13 0.00 

RCC2 Regulator of chromosome condensation 2 136887 -1.16 0.90 

PKIB 
Protein kinase (cAMP-dependent, catalytic) 

inhibitor beta 
152289 -1.17 0.00 

DDX18 
DEAD (Asp-Glu-Ala-Asp) box polypeptide 

18 
149416 -1.17 0.00 

SIN3A 
SIN3 homolog A, transcription regulator 

(yeast) 
26455 -1.18 0.00 
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RBM4 RNA binding motif protein 4 141446 -1.19 0.00 

NKIRAS2 NFKB inhibitor interacting Ras-like 2 137971 -1.20 0.00 

DENND1A DENN/MADD domain containing 1A 21467 -1.21 0.74 

TMLHE Trimethyllysine hydroxylase, epsilon 21457 -1.22 0.00 

HSPB1 heat shock 27kDa protein 1 23827 -1.23 0.00 

ZNF630 Zinc finger protein 630 141069 -1.24 0.00 

ARSJ Arylsulfatase family, member J 32854 -1.24 0.00 

NUP160 Nucleoporin 160kDa 33299 -1.25 0.00 

SCP2 Sterol carrier protein 2 137004 -1.26 0.68 

NRN1 Neuritin 1 140197 -1.28 0.00 

ATP6AP2 
ATPase, H+ transporting, lysosomal 

accessory protein 2 
131821 -1.29 0.00 

PRPS2 Phosphoribosyl pyrophosphate synthetase 2 146194 -1.32 0.00 

 
Transcribed locus, weakly similar to 

XP_933787.2 PREDICTED: hypothetical 
protein [Homo sapiens] 

53331 -1.34 0.00 

PRSS23 Protease, serine, 23 143887 -1.35 0.00 

CMPK 
Cytidine monophosphate (UMP-CMP) 

kinase 1, cytosolic 
140570 -1.36 0.00 

UGDH UDP-glucose 6-dehydrogenase 139835 -1.41 0.00 

VSNL1 Visinin-like 1 26570 -1.42 0.00 

 Transcribed locus 139645 -1.44 0.00 

SSFA2 Sperm specific antigen 2 140589 -1.45 0.00 

ABCA7 
ATP-binding cassette, sub-family A (ABC1), 

member 7 
182933 -1.45 0.00 

 Unknown 181796 -1.54 0.00 

DUSP22 Dual specificity phosphatase 22 182999 -1.55 0.00 

PFKFB2 
6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 2 
53158 -1.68 0.00 

 

 

Table 1. List of significantly modulated genes provided by the statistical analysis by SAM 
(FDR ≤0.68%), comparing MT versus WT TP53 GBM cell lines. 
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