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Abstract. The cancer is one of the most common and severe problems 
in clinical medicine, and nervous system tumors represent about 2% of the 
types of cancer. The central role of the nervous system in the maintenance 
of vital activities and the functional consequences of the loss of neurons 
can explain how severe brain cancers are. The cell cycle is a highly com-
plex process, with a wide number of regulatory proteins involved, and such 
proteins can suffer alterations that transform normal cells into malignant 
ones. The INK4 family members (CDK inhibitors) are the cell cycle regu-
lators that block the progression of the cycle through the R point, causing 
an arrest in G1 stage. The p14ARF (alternative reading frame) gene is a tu-
mor suppressor that inhibits p53 degradation during the progression of the 
cell cycle. The PTEN gene is related to the induction of growth suppression 
through cell cycle arrest, to apoptosis and to the inhibition of cell adhesion 
and migration. The purpose of the present study was to assess the muta-
tional state of the genes p14ARF, p15INK4b, p16INK4a, and PTEN in 64 
human nervous system tumor samples. Homozygous deletions were found 
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in exon 2 of the p15INK4b gene and exon 3 of the p16INK4a gene in two 
schwannomas. Three samples showed a guanine deletion (63 codon) which 
led to a loss of heterozygosity in the p15 gene, and no alterations could be 
seen in the PTEN gene. Although the group of patients was heterogeneous, 
our results are in accordance with other different studies that indicate that 
homozygous deletion and loss of heterozygosity in the INK4 family mem-
bers are frequently observed in nervous system tumors.
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Introduction

Although the incidence of human nervous system tumors is small when compared to 
other neoplasms, they are among the most serious human malignancies because they affect 
the organ responsible for the coordination and integration of all life activities. Human nervous 
system tumors represent about 2% of all types of cancer, with an incidence estimated between 
4.2 and 5.4 per 100,000 individuals per year (Ohgaki and Kleihues, 2005). 

The formation of brain tumors is a complex process, which involves an accumulation of 
genetic alterations that together give each tumor its own molecular identification, making it pos-
sible to group them into distinct molecular types, and still distinguish them within the same group 
in relation to their biological behavior (Rocha, 2001). Pilocytic astrocytomas (grade I) frequently 
show allelic losses in 17p and 17q, including the TP53 and the NF1 genes. Around 60% of the dif-
fuse astrocytomas (grade II) have deletions or mutations in TP53, allelic losses of RB1 and NF2 
and overexpression of PDGFA. Glioblastomas have the highest number of alterations among the 
glial tumors; TP53 demonstrates mutations in 37% of the cases of glioblastomas, and other genes 
such as p14ARF and HDM2, which control p53 levels in the cell, are also frequently mutated. 
The PTEN gene seems to be mutated in 45% of glioblastomas, and genes involved in the RB1 
pathway of cell cycle control demonstrate abnormalities in 90% of the cases (Collins, 2004).

The cascade RB/E2F/INK4/cyclin D - Cdk4-6 - acts in an important way in the control of 
cell growth, integrating multiple mitogenic and anti-mitogenic stimuli. The INK4 family members 
act in a competitive way linking directly to the CDKs 4 and 6 and preventing the association with 
cyclin D, keeping the RB proteins active and preventing the progression of the cell cycle through 
the R point, causing an arrest in G1 (Sherr and Roberts, 1999). The p14ARF activity is related to 
the p53 regulation in response to uncontrolled growth or an oncogenic stress. ARF binds to and in-
activates the HDM2 protein that negatively regulates p53 (Ghimenti et al., 2003). In a small 25-kb 
region of the human genome (9p21), the locus encodes three important related tumor suppressor 
genes (p14ARF, p15INK4b and p16INK4a). The INK4/ARF locus is deleted in a wide variety of 
tumors, including melanoma, pancreatic adenocarcinoma, gliomas, leukemias, and bladder car-
cinomas (Cánepa et al., 2007). The p15INK4b gene has a different open reading frame, while 
p16INK4a and p14ARF genes have different first exons, and due to splicing, they share the same 
second and third exons. However, because of an alternative reading frame, their proteins are not 
isoforms and their amino acids do not show homology (Kim and Sharpless, 2006). 

The PTEN gene was first described in 1997, and its inactivation takes part in the formation 
of several types of malignant tumors such as glioblastomas, breast and prostate tumors, endome-
trial neoplasias, and hematological malignancies (Rasheed et al., 1995; Li et al., 1997; Liu et al., 
2005; Maehama, 2007). It is a tumor suppressor gene located on chromosome 10 (Li and Sun, 
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1997; Di vizio et al., 2005), which induces the suppression of growth through the arrest of the cell 
cycle and/or apoptosis induction and inhibits cell adhesion and migration (Marino et al., 2002; 
Liu et al., 2005). The PTEN gene acts like an inhibitor factor of the phosphatidylinositol 3-kinase 
pathway, and its function is to transfer a phosphate group to phosphatidylinositol 4-5 biphosphate, 
giving rise to phosphatidylinositol 3,4,5-trisphosphate.

Phosphatidylinositol 3,4,5-trisphosphate along with other factors sends signals to acti-
vate the proto-oncogene PKB/AKT pathway, which leads to cell proliferation and inhibition of 
apoptosis (Sansal and Sellers, 2004; Chu and Tarnawski, 2004; Maehama, 2007). The PTEN 
gene can also act on the focal adhesion kinase dephosphorylating the signal transduction mol-
ecules, potentially inhibiting cellular migration and adhesion. Therefore, the loss of the PTEN 
gene can lead to cell migration and a high tendency to metastasis (Gunther et al., 2003; Chu 
and Tarnawski, 2004; Maehama, 2007).

The focus of this study was to assess the mutational profile of the tumor suppressor genes 
of major importance to the genesis and to the progression of different types of human cancers, genes 
directly involved in the regulation of the cell cycle, such as p16INK4a and p15INK4b, and genes 
involved in the regulation of other proteins connected to cancer such as p14ARF and PTEN.

Material and Methods

Sixty-four samples of nervous system tumors, surgically removed from previously 
untreated patients under care at the Neurosurgery Department of Fundação Pio XII, Cancer 
Hospital of Barretos, Barretos, SP, Brazil, were analyzed.

The samples, classified according to the WHO criteria were: 15 meningiomas, 5 
schwannomas, 15 gliomas (grades I and II), 17 gliomas (grades III and IV), 8 metastatic 
tumors, and 4 embryonic tumors.

For DNA extraction, approximately 1 cm3 of freshly microdissected samples was used. 
DNA extraction was performed using proteinase K and phenol-chloroform according to the method 
described by Rey et al. (1992). The primers used for polymerase chain reaction-single-strand con-
formation polymorphism (PCR-SSCP) analysis were constructed using the Gene Runner program 
(version 3.05, Hasting Software, Inc.) and are shown in Table 1.

Exon		 Primer sense	 Primer antisense

P14E1	 5’-TGGGGGTGAAGGTGGGGGGC-3’	 5’-CGGTTATCTCCTCCTCCTCC-3’
P15E1	 5’-GGAGCAGCGTGGGAAAGAAGGGG-3’	 5’-GATCTAGGTTCCAGCCCCGA-3’
P15E2	 5’-AACACCAGACATCAGAGACC-3’	 5’-AATAAAGTCGTTGTGGGCGG-3’
P16E1	 5’-GAGAGGGGGAGAGCAGGCAG-3’	 5’-AGAGTCGCCCGCCATCCCCT-3’
P16E2	 5’-CTGCTTGGCGGTGAGGGGGC-3’	 5’-TCAGGCCGTCCCACCGATTG-3’
P16E3	 5’-ACGGCAAGAGAGGAGGGCGG-3’	 5’-AAAGCGGGGTGGGTTGTGGC-3’
PTEN E1	 5’-TCTGCCATCTCTCTCCTCCT-3’	 5’-CCGCAGAAATGGATACAGGT-3’
PTEN E2	 5’-TGACCACCTTTTATTACTCCA-3’	 5’-AGTATCTTTTTCTGTGGC-3’
PTEN E3	 5’-TGTTAATGGTGGCTTTTTG-3’ 	 5’-TGTTAATGGTGGCTTTTTG-3’
PTEN E4	 5’-CCTAAGTTCAAAAGATAAC-3’	 5’-TACAGTCTATCGGGTTTA-3’
PTEN E5A 	 5’-TTCTTATTCTGAGGTTATC-3’	 5’-GCACATATCATTACACCAG-3’ 
PTEN E5B	 5’-GCACATATCATTACACCAG-3’	 5’-GAAGAGGAAAGGAAAAACATC-3’
PTEN E6	 5’-CTTCTCTTTTTTTTCTGTCCACC-3’	 5’-AGCACTTACTGCAAGTTCCGCCAC-3’
PTEN E7	 5’-ATCGTTTTTGACAGTTTG-3’	 5’-CTCCCAATGAAAGTAAAG-3’
PTEN E8A	 5’-CAGATAACTCAGATTGCC-3’	 5’-TTTCTACTTTTTCTGAGG-3’ 
PTEN 8B	 5’-CCAGGACCAGACCAAACC-3’	 5’-ACATCACATACATACAAGTC-3’
PTEN 9	 5’-GTCATATTTGTGGGTTTTC-3’	 5’-GGTGTTTTATCCCTCTTG-3’

Table 1. Primers for the amplification of the genes.
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PCR was carried out in a final volume of 25 μL containing 50 ng DNA, 50 μM dNTPs 
(Amersham Biosciences), 1X PCR buffer (Biotools, Madrid, Spain) with 2 mM MgCl2, 0.4 
μM of each oligonucleotide (primer) (Invitrogen, USA), and 0.5 U DNA polymerase (Bi-
otools). PCR was performed utilizing the programmable Mastercycler thermocycler (Eppen-
dorf, Inc.), and the conditions for the amplification were: one initial denaturation step at 94°C 
for 5 min, followed by 35 denaturation cycles of 30 s at 94°C, 30 s of annealing at 53-69°C 
(specific for each primer), and 30 s of extension at 72°C, followed by a final elongation cycle 
at 72°C for 5 min.

To screen the possible genetic alterations, the PCR-SSCP technique was applied (Kuki-
ta et al., 1997). For the subsequent sequencing, the PCR products were purified with ExoSAP-
IT kit (USB - Amersham Biosciences), and the DYEnamic ET Terminator Cycle Sequencing 
Kit (Amersham Biosciences) was used. As positive control, a polymorphic mutation (dbSNP: 
rs2156310) of exon 1 of the TFF gene was used. It consists of a transition of C/T in region 5’-UTR 
of the mRNA at TFF1 at position 38, and the primers are (F): 5’-GCCTGCCCTATAAAATCC-
3’and (R): 5’-CACAGAGCAGGAAGAAGC-3’, generating a 189-bp fragment that presents a 
characteristic migration pattern when submitted to the SSCP technique.

In the investigation of homozygous deletions, the samples were submitted to the com-
parative multiplex PCR technique (Ono et al., 1996). Exons of the PTEN gene previously 
amplified with the same samples and primers of the β-globin gene were used as positive con-
trols. The product of the reaction was submitted to electrophoresis on 2% agarose gel, and the 
intensity of the DNA fragments was evaluated using the 1-D Image Analysis Software (Kodak 
Digital Science) and compared to the control samples.

After sequencing, some samples were submitted to enzymatic digestion, to confirm 
the possibility of deletion of a nucleotide. AluI enzyme (Invitrogen) was used, whose restric-
tion site is 5’-AG/CT-3’ and 3’-TC/GA-5’. The PCR product was precipitated with absolute 
ethanol, and 46 µL water, 5 µL buffer (React1) and 1 µL AluI were added. The samples were 
incubated at 37°C overnight and were analyzed on 2% polyacrylamide gel.

Results

No alterations were found in the exons of the genes PTEN, p14ARF, p15INK4b 
exon 1 or gene p16INK4a exons 1 and 2. Homozygous deletions were observed in all exon 
2 of the p15INK4b gene and in exon 3 of the p16 INK4a gene in two samples of schwan-
nomas (Figure 1a and b).

Figure 1. Electrophoresis on agarose gel. A. homozygous deletion in the p15INK4b gene, C (control) 
shows bands of 448 and 219 bp of exon 2 of p15INK4b and exon 8B of the PTEN gene, respectively. B. 
Homozygous deletion in the p16INK4a gene, C (control) shows bands of 261 and 197 bp regarding exon 8A 
of PTEN and exon 3 of p16INK4a, respectively.
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After the sequencing reaction, a deletion of a G base (guanine) was found in exon 2, 
codon 63 (Glu) of the p15 protein, only in the sense strand in three samples (astrocytoma grade 
II, glioblastoma and metastasis) (Figure 2a to f). The deletion was confirmed with enzymatic 
digestion with the AluI enzyme (Figure 3).

Figure 2. Chromatograms of the altered samples. A, C and E represent the sense strand sequencing; the arrows 
indicate the place of the deletion. B, D and F represent the antisense strand sequencing.

Figure 3. Digestion of the gene p15INK4b exon 2 by the AluI enzyme (polyacrylamide gel); the fragment of 448 
bp represents non-digestion due to the deletion of the base G in the DNA sense strand. The fragments of 184 and 
283 bp indicate the enzymatic digestion of the DNA antisense strand.
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Discussion 

Most authors suggest that more than 70% of all types of human cancers can be attrib-
uted to the genetics and epigenetic alterations of the tumor suppressor genes, mainly involving 
alterations in proteins associated with checkpoints in G1/S of the cell cycle (Wolff et al., 2005; 
Bartoletti et al., 2007).

Different mechanisms of inactivation of the INK4 genes have been observed, includ-
ing homozygous deletions, mutations and hypermethylation of the promoter region. Homozy-
gous deletions in the CDKN2A-CDKN2B (INK4 locus) region, which involves the p16 and 
p15 genes, are observed in 34 to 56% of glioblastomas and in a variety of other human cancers 
(Jen et al., 1994; Cairns et al., 1995; Moulton et al., 1995; Sherr, 1996; Schmidt et al., 1997; 
Simon et al., 1999). 

In agreement with these and other studies, we found a homozygous deletion in exon 
2 of the p15INK4b and exon 3 of the p16INK4a gene in two schwannoma samples. Although 
studies of these genes are less frequent in tumors of peripheral nerves, such as schwannomas, 
deletions are frequently observed in other tumors of the nervous system. Losses of the 9p 
chromosome are often found in anaplastic meningioma and more rarely in atypical or benign 
meningiomas. Analyses of the 9p21 region indicate that more than 20% of the anaplastic 
meningiomas have a loss of heterozygosity of the p16 gene (Bostrom et al., 2001). Losses in 
the 9p21 region are also connected to the progression of oligodendrogliomas from grade II 
to grade III. In a series of tumors studied by Godfraind et al. (2003), deletions of 9p21 were 
observed in 62% of the oligodendrogliomas grade III.

Point mutations or small deletions of the p15 gene seem to be rare events. Yonghao et al. 
(1999) studied 357 samples of different primary tumors, and they observed that most of the dele-
tions found involve genes p15 and p16 and that some tumors show loss of heterozygosity for all 
9p region, but they did not observe small deletions or point mutations. When studying 35 cases 
of primary hepatocellular carcinoma with the PCR-SSCP technique, Qin et al. (1998) found a 
sample with the pattern of abnormal migration of a single strand in exon 2 of the p15 gene, but 
the sequencing revealed that it was a polymorphism of this exon, reinforcing the fact that small 
deletions and point mutations are rare events of inactivation of this gene in most tumors.

Although these events are uncommon, this study presented three samples with a gua-
nine deletion at 63 codon (glu) only in the sense strand in the exon 2 of this gene, leading 
to a loss of heterozygosity of this gene, changing the product transcribed in this strand, and 
consequently, it can inactivate or modify the function of the protein produced, impairing the 
mechanism of the inhibitor action of CDKs. Point mutations, mainly in exon 2, promote the 
loss of inhibitory activity of p15 and p16 in relation to CDK4 (Reymond and Brent, 1995; 
Yoshida et al., 1995; Quelle et al., 1997).

Ghimenti et al. (2003) analyzed 61 samples of glioblastomas, in relation to the gene 
silencing of genes p14ARF and p16. They found homozygous deletions in 48% of the cases for 
the p16 gene and 54% for the p14ARF, and methylation of the promoter region in 13% of the 
cases for the p16 and 67% for the p14ARF. Methylation of the promoter region of the p14ARF 
gene is considered an initial event in the tumorigenesis of oligodendrogliomas (Watanabe et 
al., 2002), and point mutations restricted to exon 1β are not frequently observed (Simon et al., 
1999). The samples studied showed no alterations in the p14ARF; perhaps, epigenetic events 
may be responsible for the silencing of this gene. 
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The inactivation of the tumor suppressor gene PTEN has been described in a variety of 
human tumors, including brain tumors (Ali et al., 1999). The loss of the PTEN function may oc-
cur by different mechanisms, including mutations, loss of heterozygosity of the PTEN locus on 
the 10q23 chromosome and epigenetic silencing of PTEN expression (Xiao et al., 2005; Ohgaki 
and Kleihues et al., 2007). Mutations in the PTEN gene occur frequently in gliomas, mainly in 
glioblastoma multiforme, indicating that alterations in the PTEN gene contribute to the neoplas-
tic progression of gliomas (Xiao et al., 2005; Ohgaki, 2005; Ohgaki and Kleihues, 2007).

In our samples, we did not find any alteration in the PTEN gene. The PTEN gene is 
mutated mainly in malignant tumors, and our sample group consisted mainly of benign tumors. 
In relation to malignant tumors such as gliobastoma multiforme, the literature quotes a high 
frequency of alterations related to the PTEN gene. In a total of 634 cases of malignant glioma 
described in the literature, only 159 (24%) showed mutations in the PTEN gene (Ali et al., 
1999). Our group of patients had only 9 samples of glioblastomas and we found no alteration.

In summary, homozygous deletions of p15 and p16 were observed in two schwanno-
mas and deletions of a single base occurred in three samples of p15, causing loss of heterozy-
gosity of this gene. Homozygous deletions and loss of heterozygosity are often found in ner-
vous system tumors, and they seem to be initial events in tumor formation. Although p14ARF 
share exon 2 of p16 through an alternative reading frame, changes in this gene were not ob-
served in our samples; however, epigenetic events are silencing mechanisms that are very 
frequent in p14ARF, and analyses in this direction need to be carried out with our samples. 
We also did not find alterations in the PTEN, perhaps due to the fact that this gene is mainly 
related to the tumor progression process, being mainly mutated in gliobastomas, and that our 
group of glioblastoma patients was small.
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