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Abstract Glioblastoma is the most common and the most
aggressive type of brain cancer. Aberrations of the
RTK/RAS/PI3K-, p53-, and RB cell signaling pathways
were recognized as a core requirement for pathogenesis of
glioblastoma. The p53 tumor suppressor functions as a transcription factor transactivating expression of its target genes
in response to various stress stimuli. We determined the p53
status in 36 samples of glioblastoma by functional analyses
FASAY and split assay. Seventeen p53 mutations were
detected and further analyzed by cDNA and gDNA sequencing in 17 patients (47.2 %). Fifteen (88.2 %) of the mutations
were missense mutations causing amino acid substitutions,
seven of them exhibited temperature-sensitivity. Two mutations

were determined as short deletions, one of them causing formation of premature termination codon in position 247. Fluorescent in situ hybridization revealed the loss of the p53specific 17p13.3 locus in four of 33 analyzed samples (12 %).
In 12 out of 30 samples (40 %), the p53 protein accumulation
was shown by immunoblotting. There was high (80 %) concordance between the presence of the clonal p53 mutation and
the p53 protein accumulation.
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High-grade gliomas are the most common primary brain
tumors in humans. They account for 31 % of all primary
CNS tumors and for 80 % of malignant CNS tumors. Glioblastoma is the most aggressive form of high-grade gliomas
characterized by poorly differentiated and highly proliferating cells originating from glial cells. Although new therapy
is available, prognosis remains very poor due to the tumorresistance to standard therapy.
Majority of glioblastomas, primary or de novo glioblastomas, arise from less malignant precursor lesions without
clinical or histological evidence; they are usually manifested
in people over 55 years of age. Secondary glioblastomas
develop more slowly by malignant progression from diffuse
(WHO grade II) or anaplastic astrocytoma (WHO grade III),
and they are manifested in younger patients (mean age
40 year) [1]. Thus, glioblastomas are divided into two subtypes according to patients’ age, specificity of developmental genetic pathway and RNA- and protein profiles.
Integrated and comprehensive genomic characterization of
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human glioblastoma helped to recognize aberrations of three
key signaling pathways as a core requirement for pathogenesis of glioblastoma: the RTK/RAS/PI3K signaling pathway
and the p53- and RB pathways [2, 3].
The p53 tumor suppressor mediates an adequate reaction
of cells to stress. It functions as a transcription factor
responding to various stress signals by transactivating expression of its target genes. Proteins coded by these genes
then participate in control of cell cycle, DNA repair, apoptosis, senescence, and maintaining of genome integrity [4,
5]. Mutations and allelic deletions of the p53 gene are the
most frequent genetic alterations detected in human tumors,
including glioblastomas. Inactivation of p53 usually results
from missense mutations in the core region of the p53 gene
coding for the sequence-specific DNA-binding domain. Due
to inability to transactivate its negative regulator, the E3ubiquitin ligase MDM2 [6–8], the mutant p53 protein often
accumulates in tumor cells.
In glioblastoma, the mutational status of the p53 tumor
suppressor has been analyzed several times. The most common methodical approach was based on PCR-SSCP screening of exons 4 (or 5) to 8 followed by DNA sequencing.
Frequency of detected p53 mutations ranged between approximately 20 and 60 %, and extensive collection of p53
mutations was compiled. It allowed to establish the p53
mutational spectrum of glioblastoma and to suggest the
hot-spot codons [9–17]. Similarly, the p53 protein overexpression in glioblastoma was assessed immunohistochemically several times reaching positivity from 25 to 60 %
[9, 10, 13, 17–19].
In this study, we analyzed the p53 status in 36 samples of
glioblastoma multiforme by functional analysis FASAY and
its variant called split assay. We detected 17 p53 mutations
in 17 patients (47.2 %) and analyzed them by cDNA and
gDNA sequencing. Fifteen (88.2 %) of the mutations were
missense mutations causing amino acid substitutions, seven
of them exhibited temperature-sensitivity. Two mutations
were determined as short deletions. Using FISH, we determined the loss of the p53-specific locus in four (12.1 %) of
33 samples. We tested 30 samples for p53 protein accumulation by immunoblotting and found 12 positive samples
(40.0 %).

Material and Methods
Clinical Material
All samples were classified according to WHO guidelines.
During the study, 36 tumors and 1 normal tissue were
collected at the time of surgery. Tissues were immediately
placed into the RNA later solution (Ambion, USA) and
stored at −20 °C. Patients were included in this study only
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after signing the informed consent form that was approved
by the Ethical committee of the hospital. Patients’ characteristics are summarized in Table 1.
Cell Lines
As a reference, human glioblastoma cell lines A172
(p53wt), U87MG (p53wt) and T98G (p53mt) were used.
Cells were cultivated in DMEM media supplemented with
2 mML-glutamine, nonessential amino acids, 100 U/ml of
penicillin, 100 μg/ml of streptomycin, and 10 % fetal calf
serum in 10 % CO2.
FASAY and Split Assay
FASAY was performed as described earlier [20, 21] with
minor modifications. Prior to RNA extraction, 50 mg of
each of the frozen tumor sample was homogenized using
MagNA Lyser Green Beads (Roche, Basel, Switzerland).
Total RNA was extracted using High Pure RNA Tissue Kit
(Roche) and stored at −80 °C until further processing.
cDNA was synthesized by SuperScript II (Life Technologies
Inc., Carlsbad, CA, USA) using primer oligo(dT)12. PCR
was performed using primers P3 (5′-CCT-TGC-CGT-CCCAAG-CAA-TGG-ATG-AT-3′), P4 (5′-ACC-CTT-TTTGGA-CTT-CAG-GTG-GCT-GGA-GT-3′), and Pfu DNA
polymerase (Stratagene, La Jolla, CA, USA). Yeast cells
were co-transformed with the PCR product, linearized
pSS16 plasmid and salmon sperm DNA carrier (Life Technologies) by the lithium acetate procedure [22]. Transformed yeast cells were plated on minimal medium
lacking leucine and with 5 μg/ml of adenine, followed by
incubation at 35 °C for 2–3 days, and then for 2–3 days at
room temperature. For split assay, PCR of the p53 5′- part
was performed with primers P3 and P17 (5′-GCC-GCCTable 1 Summary of clinicopathological data of analyzed samples

Age (years)
≤50
>50
Median (range)
Gender
Male
Female
Performance status
1
2 and 3
Extent of resection
Total
Subtotal

Total (n=36)

%

5
31
54–69

14
86

22
14

61
39

27
9

75
25

4
32

11
89
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CAT-GCA-GGA-ACT-GTT-ACA-CAT-3′), the 3′- part with
primers P4 and P16 (5′-GCG-ATG-GTC-TGG-CCC-CTCCTC-AGC-ATC-TTA-3′). Yeast cells were transformed
with linearized vectors pFW35 and pFW34 [23].
Purification of the Plasmids from Transformed Yeast Cells
and Sequencing of the p53 cDNA
Yeast cells from individual yeast colonies were harvested,
resuspended in TSN (2 % Triton X-100, 1 % SDS, 100 mM
NaCl, 10 mM Tris pH8.0, 1 mM EDTA), and grinded by
vortexing with glass beads; plasmid DNA was extracted by
phenol/chloroform procedure. The p53 cDNA was amplified
using the P3 and P4 primers and Taq polymerase (Life
Technologies) and subjected to agarose gel electrophoresis.
The PCR product was purified by MinElute PCR purification kit (Qiagen) and sequenced by BigDyeTerminator
v3.1 cycle sequencing kit (Applied Biosystems, Darmstadt,
Germany) using ABI PRISM 3130 Genetic Analyzer (Applied Biosystems).
Isolation of gDNA and Amplification of Exons 4, 7,
and 8 of p53
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Immunoblotting
Tissue samples (50 mg) were homogenized by MagnaBeads
(Roche, Switzerland) on MagnaLyser according to manufacturer’s instructions and then lysed in 2 M Tris, 5 M NaCl,
0.5 M EDTA, 0.5 % NP-40, 2 % NaF, 10 % PhosSTOP and
10 % Complete (Roche, Switzerland). Equal amounts of
proteins were resolved by 10 % SDS-PAGE and transferred
onto a nitrocellulose membrane. Blots were probed with
anti-p53 mouse monoclonal antibody DO-1 (kindly provided by B. Vojtesek) and anti-GAPDH rabbit monoclonal
antibody (Cell Signaling Technology, USA) at 4 °C. Blots
were developed with Sigma peroxidase-conjugated rabbit
anti-mouse immunoglobulin and Sigma peroxidaseconjugated goat anti-rabbit immunoglobulin (Sigma, USA)
using the ECL chemiluminescence detection kit (Amersham
Biosciences, Austria).

Results
Assessment of the p53 Status by FASAY

Genomic DNA was isolated from formalin-fixed, paraffinembedded tissue blocks using the Purogene DNA Isolation
Kit (Gentra Systems, Minneapolis, MN, USA) according to
manufacturer’s instructions. Exons 4, 7, and 8 of the p53
gene were amplified by PCR using primers p53-Pg4F (5′CCTGGTCCTCTGACTGCTCT-3′), p53-Pg4R (5′GCCAGGCATTGAAGTCTCAT-3′), p53-Pg7F (5′CTTGGGCCTGTGTTATCTCC-3′), p53-Pg7R (5′GGGTCAGAGGCAAGCAGA-3′), p53-Pg8Fb (5′-GCCTCT-TGC-TTC-TCT-TTT-TCC-3′), p53-Pg8R (5′-TAACTG-CAC-CCT-TGG-TCT-CC-3′) and Taq DNA polymerase (Life Technologies). PCR products were purified and
sequenced as described above.

First, we verified the p53 status of three human glioblastoma
cell lines A172 (p53wt), U87MG (p53wt) and T98G (p53mt)
using FASAY by obtaining 6.0, 10.0 and 100 % of red colonies,
respectively. Next, we used FASAY to determine the p53 status
of all 36 enrolled samples and control and assessed the ratio of
red colonies. Ten samples scored under the 10 % background
level and were classified as having the standard p53 variant
[20]. Split assay was performed in all samples exceeding 10 %
level. Nine samples (usually scoring only slightly above the
background level in FASAY) including control scored in both
parts of split assay under the background 10 % level, and they
were also classified as having the standard p53 variant. All
other 18 samples were suspected to bear clonal p53 mutation
and were further analyzed.

Fluorescent in Situ Hybridization (FISH)

Sequencing of the p53 cDNA and gDNA

FISH was performed in tissue sections prepared from FFPE
blocks. For the p53-specific locus analysis, the Vysis LSI
TP53 (17p13.1) Spectrum Orange probe and the centromeric CEP 17 Spectrum Green DNA probe were used (Abbott
Molecular Inc., Abbott Park, IL, USA). Hybridization was
performed according to the manufacturer’s instructions.
Images were scanned by Leica DMRXA2 microscope
equipped with CCD camera (COHU). Fluorescence signals
were analyzed using Leica Q-FISH software (Leica Microsystems GmbH, Wetzlar, Germany). 50–100 cells per case
were analyzed. The cut-off level was defined by the mean
value plus three times the SD of the frequency of control
cells exhibiting one red and two green signals (9.6 %).

All eighteen cases positive in FASAY/split assay were further
analyzed by cDNA sequencing. In ten cases, the cDNA prepared from tumor tissue was subjected to DNA sequencing. In
six cases, the p53 expression vector was recovered from 3 to 6
pink or red colonies per case, and isolated cDNAs were used
as templates for DNA sequencing. In two cases, both
approaches were combined with affirmative result.
Based on results of the cDNA sequencing, two samples
(4 and 21) were identified as potentially having two independent p53 mutations. To confirm their p53 status, gDNA
was isolated from the formalin-fixed, paraffin-embedded
tissue blocks. The relevant exons were amplified and sequenced. In both cases, only single p53 mutations were
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detected. The same approach was used to get unambiguous
conclusion on the p53 status of case 30. The presence of the
suspect p53 mutation was excluded in this case.
Altogether, we detected 17 clonal p53 mutations in 17
cases (17/36–47.2 %; Table 2). Fifteen of them (88.2 %)
were missense mutations. In addition, we detected two short
deletions: the 3 bp deletion in position c.528 and the 1 bp
deletion in position c.698 causing reading frame shift and
formation of premature termination codon in position 247.
These p53 mutations were distributed non-randomly. Six
mutations were located in exon 5, four mutations in exon
6, four mutations in exon 8 and three mutations in exon 7.
None of these mutations was detected repeatedly. All
detected mutations mapped in the DNA-binding domaincoding region. All 17 detected mutations were described
previously in various tumors (http://www-p53.iarc.fr, version R15) [24], eleven of them in brain tumors. The presence of p53 mutations T211N, R249W, I255S, and R267Q
in brain tumor is described here for the first time (Table 2).
Seven mutations (P151A, P152L, T211N, V216M, Y220C,
Y234H, and E285K) were recognized as temperaturesensitive ones according to the typical phenotype of positive
yeast colonies (Fig. 1) [20, 25]. Temperature-sensitivity of
all these mutations has been reported previously (Table 2).
FISH
We performed the FISH analysis of the p53 alleles using the
locus-specific (red - R) and centromeric (green -G) probes.
We analyzed all enrolled cases, but in three of them, the
Table 2 List of detected p53
mutations. a according to IARC
database R15 (http://wwwp53.iarc.fr) [24]; b temperaturesensitive mutation

Case

Mutation

Fig. 1 Examples of phenotypes of yeast colonies expressing different
temperature-sensitive p53 variants

result could not be assessed probably due to suboptimal
tissue fixation. Twenty-nine cases were negative as the
portion of positive nuclei ranged between 0 and 9 % and
did not reach the cut-off level of 9.6 %. In four cases
(12.1 %), the p53-specific locus was clearly lost. The portion of positive nuclei ranged from 34.6 to 58.1 %. The
nuclei were considered positive having either two centromeric signals plus one locus-specific signal (2 G+1R) or

DNA sequence

Exon

Reported as
somatic
mutation/in brain

33
13
5
12
1
10
24

K132R
P151Ab
P152Lb
H178Q
S183P
L188W fsX59

528_530delCAA
AAG-AGG
CCC-GCC
CCG-CTG
CAC-CAA
TCA-CCA
698delC

5
5
5
5
5
5
6

57/5
18/2
83/15
6/1
3/1

2
26
29
4
18
17
21
3
28
16

T211Nb
V216Mb
Y220Cb
I255S
Y234Hb
R249W
R267Q
G279E
R280G
E285Kb

ACT-AAT
GTG-ATG
TAT-TGT
ATC-AGC
TAC-CAC
CGG-TGG
CGG-CAG
GGG-GAG
AGA-GGA
GAG-AAG

6
6
6
7
7
7
8
8
8
8

4/0
76/7
360/19
9/0
27/2
40/0
12/0
47/4
41/5
169/6

Reported as
temperature-sensitive

IB

a

[31]
[43]

[31]
[25]
[44, 45]
[43]

[25, 31, 45–47]

+++
++
++
++
ND
+++
−
ND
+++
ND
ND
++
+
+/−
ND
+++
+++
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having one centromeric and one locus-specific signal (1 G+
1R). We proved earlier that in the later case the lost part of
the chromosome comprises also the centromeric region [26].
In all four p53-positive cases determined by FISH, both
kinds of positive nuclei were observed. In only one of these
cases (26), the p53 mutation was detected by FASAY. In the
other three cases, no other p53 aberration was found.
Analysis of the p53 Protein Accumulation
We examined the level of the p53 protein in tumor tissue of
30 cases by immunoblotting (IB). Seven glioblastoma samples were strongly p53 positive (+++) when analyzed by
immunoblotting. Five samples were positive (++), providing
intermediate level of p53. Fourteen samples exhibited low
level of the p53 protein (+), four other samples were negative (−) (Fig. 2, Table 2). Overall p53 positivity (+++ or ++)
was 40.0 % (12 cases); concordance between p53 mutations
and p53 protein accumulation was found in 24 cases
(80.0 %). Of the 12 samples positive for the p53 protein
(+++ or ++), 9 exhibited clonal p53 mutation. Samples 8, 22
and 32 contained high level of the p53 protein but they did
not exhibit any clonal p53 mutation. Of the 18 negative
samples (+ or -), only 3 cases (17, 21, 24) featured the p53
mutation including 1 frameshift mutation in case 24. Control
sample and the cell lines A172, U87MG, and T98G were
also included in the analysis. Only T98G cells having p53
mutation M237I [26] provided high level of the p53 protein,
the other samples scored negative (Fig. 2).

Discussion
In this study, we analyzed the p53 status of 36 samples of
primary glioblastoma. We detected p53 mutations in 17
patients (45.9 %). The p53 tumor suppressor in glioblastoma
has been analyzed several times, and the frequency of
detected mutations ranged from as low as 20 % to as high
as 60 % [2, 9]. Our results thus fit within this range.
Previous studies preferentially used PCR-SSCP analyses of
Fig. 2 Assessment of the p53
protein level in tumor tissue and
control samples by
immunoblotting using DO-1
antibody; the GAPDH protein
was used as a loading control
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exons 4 (or 5) to 8 followed by DNA sequencing to identify
the p53 mutations. We used functional analyses called
FASAY and its split assay variant followed by DNA sequencing instead. The same approach was already used for
analysis of the p53 status in collection of 54 malignant
astrocytomas revealing the p53 mutations in 26 samples
(48 %) [27]. Similarly 18 p53 mutations were detected in
42 patients with glioblastoma (43 %) [28]. This rather high
frequency of the p53 mutations was explained by specificity
of the analyzed Northern Japanese population and greater
sensitivity of the method. Increased frequency of the p53
mutations in our study also results from high sensitivity of
FASAY. In addition, it corresponds well with two recent
comprehensive genomic analyses documenting the p53
mutations in 41.8 % and 59.1 % of glioblastoma cases,
respectively [2, 3].
Inactivation of p53 usually results from a missense mutation in the core region of the p53 gene coding for the
sequence-specific DNA-binding domain. According to the
IARC database proportion of the missense mutations represents 73.6 % on average (http://www-p53.iarc.fr) [24, 29].
In our samples, missense mutations occur more frequently
representing 82.2 %. This result is well comparable with the
data published for glioblastomas previously ranging from
about 75 % [2] through about 85 % [9, 12, 15, 30] up to
more than 95 % [13]. We also have to consider the fact that
there are specific types of non-missense p53 mutations, such
as splite-site mutations, promoter mutations, mutations inducing RNA decay that might be omitted by FASAY, thus
causing relative increase of the ratio of detected missense
mutations detected. In addition, the results can be also
affected by a relatively small size of our data set of the
p53 mutations, at least to some extent.
In one of the fundamental studies in the field [9], codons
175, 273, and 248 of the p53 gene were identified as hotspots in glioblastoma representing together 43 % of all
detected mutations in primary glioblastoma and even more
in secondary glioblastomas. In subsequent works, similarly
high frequency was rather exceptional (43 %) [13], but some
increase was detected also by others (17 %) [15], including
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the team employing functional analysis FASAY. These
authors detected 8 mutations (28.6 %) in codons 175, 273,
and 248 [27]. Surprisingly, none of 17 p53 mutations of our
collection was detected in these three codons. On the other
hand, rather lower percentage of these mutants was also
described by others. For example, Schmidt et al. [12]
detected mutations in codons 273 and 248 but each in single
case while mutation R213R in three cases. Similarly,
Schiebe et al. [11] revealed new hot-spot mutation P156R
as they detected this mutation in 17 % of their cases. In our
study, no mutation was found in more than a single sample.
This result presumably reflects limited size of our collection.
Seven of our 17 p53 mutations exhibited temperaturedependent character. For all of these seven p53 mutations
the temperature-dependency has been already recognized
previously (Table 2). This documents reliability of FASAY
in exact determination of these mutations. According to the
comprehensive study by Siraishi et al. [31], temperaturesensitive mutants comprise about 10 % of all cancer-related
p53 mutants exhibiting single amino acid substitutions. In
our collection, they represent 41 % of all mutations and even
47 % of missense p53 mutations, thus extremely exceeding
the average estimation. Nevertheless, we have already
detected comparably frequent temperature-dependent p53
mutations in AML (38.5 %), HNSCC (head and neck squamous cell carcinomas; 16.7 %) and DLBCL (diffuse large
B-cell lymphoma; 21.4 %) [32–34]. In contrast, in other
tumors, such as breast and ovarian carcinomas, the proportion of temperature-sensitive mutants was much lower [35,
36]. This raises interesting possibility of cell type- or tissuespecific frequency of temperature-dependent p53 mutations.
Multiple p53 mutations per case are not exceptional in
various tumors, and they were also reported several times in
glioblastomas. Especially, Oghaki et al. [15] detected as
many as 26 cases bearing two different p53 mutations (representing 21 % of their collection) and even 7 cases bearing
three different p53 mutations. The cases featuring multiple
p53 mutations were reported also by others but frequency of
these cases has never exceeded 10 % [9, 12, 13, 27, 30].
Based on the sequencing analysis of cDNA isolated from
yeast colonies, we captured two suspected samples bearing
two independent p53 mutations in separated alleles: cases
21 and 4. In both cases, only one mutation was confirmed
by sequencing of gDNA. The other mutations might be only
artificial products of RT-PCR. On the other hand, they might
be real, and the negative result might reflect lower sensitivity of gDNA sequencing.
There is an interesting report concerning multiple p53
mutations as well as partially inactivating (temperature-sensitive) mutations by Fulci et al. [37]. The authors successfully traced progressive loss of the p53 function during
development of human astrocytoma. In their study, the p53
abrogation started in germ-line as temperature-sensitive
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mutation R238H providing pink colonies in FASAY. During
development of astrocytoma, the first somatic p53 mutation
R267W inactivated the allele hit by germ-line mutation; the
second allele was inactivated by another p53 mutation, the
E258D. This work offers a possibility that the very early
phase of astrocytoma development is compatible with only
partial abrogation of the p53 function, represented e.g. by
temperature-dependent mutation, followed by stronger p53
dysfunction later caused e.g. by fully inactivating mutation.
This model would explain higher occurrence of
temperature-dependent mutations, as well as higher occurrence of multiple p53 mutations.
The idea that loss of the p53 function may occur progressively during development of glioblastoma, has been suggested repeatedly and multiple possible scenarios were
proposed. Besides missense and other types of mutations
of the p53 gene, also deletions of the p53-specific locus
17p13.3 have been suggested [26, 38]. Loss of the locus has
been studied in astrocytomas and glioblastomas by several
techniques reaching frequency from 12 to 50 % [9, 39–42].
Similarly, both recent comprehensive genomic studies identified 14 and 18 % of positive cases [2, 3]. The 12.1 %
frequency of positive cases obtained in our study is rather
low but it fits within the range of the previous findings and
is in a good agreement with the both comprehensive studies.
Interestingly, we found rather low overlap of the p53 gene
mutation as inactivation of one p53 allele and loss of the
p53-specific locus as the second hit. But the number of
FISH positive cases in this study is too low to make reliable
conclusions.
The p53 protein positivity has been repeatedly tested in
glioblastoma. It usually scored between 25 and 50 % and
concordance ranged between 72 up to 89 % [9, 10, 17–19,
30]. Therefore, our result of 40.0 % positivity and the
80.0 % concordance with mutation analysis perfectly correspond to result described by others. Some discordant results
are easily explicable. This is the case of sample 24 scoring
negativity by immunohistochemical analyses although the
clonal mutation was clearly detected. This mutation, one
nucleotide deletion in codon 188, causes frame shift and
premature termination codon formation in position 247. We
presume that it induces RNA decay mechanism of mRNA
degradation, thus interfering with proteosynthesis. Although
the majority of discrepancies between the p53 protein level
and the detection of p53 mutation detection are hard to trace,
they are rather common and usually connected with impairment of other parts of the p53 functional pathway.
It has been reported several times that age of patients
with glioblastoma bearing mutated p53 gene or high level of
the p53 protein is significantly lower than age of patients
without p53 aberration [11, 12, 14, 18]. In contrast, the
mean age of our patients having the p53 mutations was
65.1 years, while the mean age of patients without p53
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mutations was 57.0 years. Also, from the five patients
younger than 50 years in our collection, only one (20 %)
was shown to have a p53 mutation. This confirms that there
are many conflicting results and ambiguities in question of
contribution of the p53 tumor suppressor aberrations to
development of glioblastoma.
In conclusion, we performed complex analysis of the p53
tumor suppressor in glioblastoma by employing combination of several alternative methods to provide insight into
the ways of the p53 impairment.
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