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Abstract Aberrant RAS/RAF signaling has been reported

to be important for many tumor types including gliomas.

Activation of the RAS/RAF pathway can result from

oncogenic mutations of RAS/RAF itself. However, such

mutations have only occasionally been reported in gliomas.

In order to further elucidate the role of RAS/RAF pathway

activation in a histopathological and genetic spectrum of

glioma subtypes (n = 93), we evaluated different types

of aberrations in this pathway. Hotspot mutation analysis of

BRAF, NRAS, KRAS, and HRAS revealed only two

mutations, V600M in BRAF and G10E in NRAS, both

occurring in pure oligodendroglial tumors. However, CGH

analysis of 87 tumors revealed copy number gains

including the above mentioned oncogenes in 38 of the

neoplasms (44%) and including the upstream growth fac-

tors EGF, PDGF, IGF, FGF, TGF and/or their receptors in

46 tumors (53%). Phosphorylated MAPK (i.e. the activated

compound downstream the RAS/RAF pathway) was

detected by immunohistochemistry using tissue micro-

arrays in the majority of gliomas. Interestingly, a signifi-

cant correlation was found for nuclear MAPK-P staining

and the number of these copy number gains ( £ 2 and ‡ 3).

These results indicate that RAS/RAF pathway activation in

gliomas is achieved much more frequently by copy number

gains including RAS/RAF and/or upstream growth factor

(receptor) than by activating RAS/RAF mutations.
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Abbreviations

a- anaplastic tumor (WHO grade III)

A diffuse astrocytoma (WHO grade II)

BRAF v-raf murine sarcoma viral oncogene

homologue B1

E ependymoma (WHO grade II)

EGF(R) epidermal growth factor (receptor)

ERK extracellular signal regulated kinase

(= MAPK)

FGF(R) fibroblast growth factor (receptor)

GBM glioblastoma multiforme (WHO grade IV

astrocytoma)

HRAS v-Ha-ras Harvey rat sarcoma viral oncogene

homologue

IGF(R) insulin-like growth factor (receptor)

KRAS v-Ki-ras2 Kirsten rat sarcoma viral oncogene

homologue

LOH loss of heterozygosity

MAPK mitogen-activated protein kinase (= ERK)

MEK MAPK/extracellular signal regulated kinase

(= MAPKK)

NRAS neuroblastoma RAS viral (v-ras) oncogene

homologue
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O oligodendroglioma (WHO grade II)

OA oligoastrocytoma (WHO grade II)

PDGF(R) platelet derived growth factor (receptor)

RAS rat sarcoma viral oncogene homologue

RAF v-raf murine sarcoma viral oncogene

homologue

TGF(R) transforming growth factor (receptor)

TMA tissue micro-array

TP53 tumor protein 53

Introduction

Gliomas form a heterogeneous group of tumors. In adult

patients most of these can be classified based on their

histopathological features as astrocytic, oligodendroglial,

oligoastrocytic or ependymal tumors [17]. Additionally a

malignancy grade is attributed to these gliomas based on

histopathological features including nuclear atypia, mitotic

activity, microvascular proliferation, and necrosis. Al-

though histopathological classification is still the gold

standard guiding therapy of glioma patients, it is increas-

ingly clear that different genetic subtypes exist within these

subgroups and that specific molecular genetic aberrations

are of prognostic and therapeutic significance. Initially,

molecular analysis revealed that genetic aberrations and

pathways may differ between the different histopathologi-

cal types: whereas a gain of chromosome 7(p) and a loss of

chromosome 10(q) (+7/–10) are considered to be charac-

teristic for glioblastoma multiforme (GBM; WHO grade IV

astrocytoma), losses of 1p and 19q (–1p/–19q) are most

frequently detected in oligodendrogliomas [11]. Subse-

quently, it was shown that different genetic subtypes exist

even within the specific histopathological groups: second-

ary GBMs that develop via progression from a less malig-

nant lesion frequently show p53 mutations, LOH 17p, and

overexpression of PDGFR, while primary GBMs that occur

without clinical evidence of a precursor lesion are often

characterized by amplification or overexpression of EGFR

(~60%) ([18] and references therein). Similarly, different

genetic subtypes have been described for oligodendroglial

tumors, some of them showing loss of 1p and 19q (–1p/

–19q), i.e. the aberrations considered to be characteristic for

oligodendrogliomas, whereas others genetically show more

resemblance to astrocytic tumors [12, 14, 16, 21, 31].

The RAS–RAF–MEK–ERK/MAPK pathway mediates

cellular responses to growth signals, differentiation and

programmed cell death (Fig. 1) [24]. Constitutive activa-

tion of this pathway has been described to occur through

RAS and RAF mutations that affect only a few critical sites

in these genes. Most BRAF mutations are located in exon

15 encoding the activation segment (which protects the

substrate binding site) and to a lesser extent in exon 11

(which represents the glycine-rich P-loop mediated binding

to ATP), whereas RAS mutations are detected in exons 2

and 3 affecting the GTP-binding domain. Mutation fre-

quencies vary among the different tumor types [27, 29].

Moreover, it was reported for various tumor types that

aberrations may only be detected in specific histopatho-

logical or genetic subtypes and that specific RAS and RAF

mutations may be mutually exclusive [28, 29].

It has already been shown that the RAS pathway

is important for glioma oncogenesis. In comparison with

normal brain and low-grade astrocytomas, increased

expression of RAS and high levels of RAS-GTP have been

demonstrated in GBM cell-lines and tumor specimens [7,

10]. Furthermore, overexpression of HRAS in a transgenic

mouse model resulted in multifocal astrocytomas [5]. The

importance of increased RAS-activity in GBMs is further

supported by studies demonstrating reduced growth of

GBM cell lines when treated with dominant-negative RAS

mutants or RAS pathway inhibitor drugs [10]. So far RAS/

RAF mutations, however, have only occasionally been

reported in gliomas [2–4, 19].

The goal of the present study was to provide a more

comprehensive overview of the genetic background of

RAS/RAF pathway activation in gliomas. As previous

studies usually evaluated a specific RAS gene or a specific

glioma type, we first performed mutation analysis of BRAF

and all three oncogenic RAS genes (NRAS, HRAS and

KRAS) in a spectrum of histopathologically and geneti-

cally different gliomas (n = 93). We secondly evaluated

Fig. 1 A schematic summary of the RAS/RAF pathway. Growth

factor ligands (GF), including EGF, PDGF, TGFA, FGF, and IGF,

bind to the extracellular portion of protein tyrosine kinase receptors

(growth factor receptor, GF-R), inducing dimerization of two

receptors and autophosphorylation of the catalytic domain tyrosine

kinase residues. Receptor activation leads to activation of different

downstream signaling pathways that promote proliferation, gene

transcription and cell survival. For the RAS/RAF pathway, RAS is

activated which in turn stimulates downstream effectors including

RAF, MEK and ERK (=MAPK)
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the presence of gains of the regions containing the RAF/

RAS genes in these tumors by CGH analysis (n = 87) as

this can also result in activation of the corresponding

pathways. For example, performing a parallel analysis of

DNA copy number changes and mRNA levels using micro-

arrays it was shown for breast cancer that indeed DNA

copy number alterations (including low-level amplifica-

tions (gains) as well as high-level amplifications) can lead

directly to deregulation of gene expression [25]. Thirdly, as

increased copy number of upstream growth factors and

their receptors may have a comparable (activating) effect

as RAS/RAF mutations or gains, the presence of gains

carrying the genes for such growth factor(s) or their

receptors was evaluated in these tumors by CGH analysis

(n = 87). Fourth, immunohistochemistry for phosphory-

lated (phospho-p42/44) MAPK (MAPK-P), the activated,

downstream compound of the RAS/RAF pathway, was

performed on tissue micro-arrays (containing at least three

cores of 60 of these glial tumors) to evaluate the impact of

the aberrations. As for the majority of tumors the histo-

pathological as well as genetic subtype were known, the

distribution of the detected aberrations among the different

glioma types was evaluated. While RAS/RAF pathway

activation is considered important for glioma oncogenesis

[2–5, 7, 10, 19], our results corroborate that RAS/RAF

mutations are only occasionally present in the spectrum of

glioma types (2/93). However, as copy number gains

including these RAS/RAF genes and of the genes of up-

stream growth factors and their receptors (especially

EFG(R) and PDGF(R)) were detected in approximately

half of the cases (38/87 and 46/87, respectively), and nu-

clear MAPK-P expression significantly correlated with the

number of such gains, our study indicates that copy number

gains may frequently be responsible for RAS/RAF pathway

activation in gliomas.

Material and methods

Tumor samples

Ninety-three glioma samples were retrieved from our

neuro-oncology archive at the Department of Pathology of

the Radboud University Nijmegen Medical Centre (RUN-

MC), The Netherlands. The use of brain tumor tissue after

completing histopathological diagnosis for research pur-

poses has been approved by the ethics committee of the

RUNMC and informed consent was given by the patients.

Tumors were classified according to the WHO-2000 clas-

sification [17] and included 9 diffuse astrocytomas (WHO

grade II; As), 1 anaplastic astrocytoma (WHO grade III;

a-A), 19 glioblastomas multiforme (WHO grade IV;

GBMs), 7 ependymomas (WHO grade II; Es), 2 anaplastic

ependymomas (WHO grade III; a-Es), 12 oligodendro-

gliomas (WHO grade II; Os), 11 anaplastic oligodendro-

gliomas (WHO grade III; a-Os), 16 oligoastrocytomas

(WHO grade II; OAs) and 16 anaplastic oligoastrocytomas

(WHO grade III; a-OAs).

DNA isolation

Sections (50 lm) of formalin-fixed and paraffin-embedded

tumor tissue were collected in a tube and incubated in 125 ll

P-buffer (50 mM Tris–HCl pH 8.2, 100 mM NaCl, 1 mM

EDTA, 0.5% Tween-20, 0.5% NP40, 20 mM DTT) for

15 min at 90�C. Protein digestion was performed by adding

proteinase K (Roche Diagnostics GBMH, Mannheim, Ger-

many) (final concentration of 0.5 mg/ml) and incubation at

55�C for 24 h followed by incubation at 37�C for 48 h with

addition of 5 ll fresh proteinase K (20 mg/ml) every 24 h.

Subsequently, DNA was purified using the DNeasy tissue kit

(Qiagen, Venlo, The Netherlands) and the DNA concentra-

tion was measured using the NanoDrop spectrophotometer

(NanoDrop Technologies, Wilmington, USA).

RAS/RAF mutation analysis

Hotspot mutations in N-RAS and H-RAS genes are often

reported to be located on exons 1 and 2 as these are the first

two translated exons. As, however, there is an exon before

the first translated exon which is transcribed into RNA but

not translated into a protein (5¢ untranslated region), the

hotspot mutations are actually located in exons 2 and 3. In

this paper, we therefore refer to these exons as exon 2 and

3. For BRAF mutations, different reports refer to one and

the same hotspot mutation codon in exon 15 as either

codon 599 or 600. The initial mutations reported by

Davies et al. were mapped to the DNA sequence NM

004333[gi;4757867] [4]. In July 2003, however, this se-

quence was updated to NM 004333[gi;33188458] with the

insertion of 3 bp in the coding sequence resulting in a new

codon number (600 instead of 599). In this paper, we will

therefore refer to this codon as codon 600.

For mutation analysis, B-RAF exon 11 and 15 [4],

N-RAS exon 2 and 3 [4], H-RAS exon 2 and 3 [1], and

K-RAS exon 2 and 3 [9] primers and protocols were used

as previously described [29]. Primer sequences used are

shown in Table 1. Briefly, PCR amplification was per-

formed in a total volume of 20 ll containing at least 40 ng

template DNA, buffer IV (Integro, Dieren, The Nether-

lands), 200 lm of each deoxynucleotide triphospate, 3 mM

MgCl2, 0.5 pmol of each primer, 30 lg bovine serum

albumin (BSA, Sigma-Aldrich Chemie BV, Zwijndrecht,

The Netherlands) and 0.25 units of thermostable DNA

polymerase (Integro). An initial denaturation at 94�C for

5 min was followed by 30 cycles of denaturation at 94�C
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for 45 s, annealing at 60�C for 45 s, and extension at 72�C

for 45 s with a final extension of 5 min at 72�C. DNA

amplification was performed in a PTC 200 thermal cycler

(MJ Research, Inc. Waltham, MA, USA). PCR products

were purified using the PCR Product Pre-Sequencing kit

(USB Corporation, Cleveland, OH, USA). A measure of 1–

2 ll of the PCR product was used for the sequence reac-

tion, using the Big Dye terminator kit and ABI PRISM

3700 DNA analyzer (Applied Biosystems, Foster City, CA,

USA). Sequencing of both strands was performed.

Copy number analysis

In gliomas screened for RAS/RAF mutations, 87 of the 93

were genetically characterized by conventional compara-

tive genomic hybridization (CGH) detecting copy number

changes (>2 Mb) as described previously [14–16]. Briefly,

control and tumor DNA were labeled by nick-translation

with digoxigenin-dUTP and biotin-dUTP, respectively

(Roche Molecular Biochemicals, The Netherlands), and

precipitated in the presence of human COT-1 DNA (Invi-

trogen, Paisley, UK) and herring sperm DNA. The probe

and the metaphase slides were denatured simultaneously.

After hybridization and post-hybridization washes, biotin

and digoxigenin were detected using streptavidin-

FITC and sheep-anti-digoxigenin-TRITC (Roche Molecu-

lar Biochemicals). The chromosomes were counterstained

with 4,6¢-diamino-2-phenylindole-dihydrochloride (DAPI)

(Merck, Darmstadt, Germany) and the slides were mounted

in Fluoroguard (Biorad, Veenendaal, The Netherlands). For

CGH analysis Quips CGH software (Applied Imaging, UK)

was used. Detection thresholds for losses and gains were

set at 0.8 and 1.2, respectively.

Immunohistochemical detection of MAPK-P

Tissue micro-arrays (TMAs) were constructed including 60

of the 87 CGH characterized gliomas. Representative regions

were identified and 3 to 4 cores (2 mm diameter) were in-

cluded in the TMAs which were subsequently stained using a

polyclonal antibody against phosphorylated MAPK (phos-

phor-p44/42 MAPK, clone 9101, Cell Signaling, Danvers,

USA) generously provided by Dr. Jeroen EM van Leeuwen

(Department of Cell Biology, Nijmegen Centre for Molec-

ular Life Sciences (NCMLS), RUNMC Nijmegen, The

Netherlands), as described by the manufacturer. Testing

different antibodies, this clone was identified as reliable for

the detection of phosphorylated MAPK when using formalin

fixed and paraffin embedded tissue. Analysis was performed

when at least 3 evaluable cores were present (n = 60). All

cores were individually scored for extent of staining

(extensive = +++, moderate = ++, focal = +, absent = –) as

well as for staining intensity (strong = s, moderate = m,

weak = w, or absent = –). Based on the 3–4 individual cores,

an average score was established for each tumor. As MAPK-

P can be present in both the nucleus and cytoplasm, cyto-

plasmic and nuclear staining were scored separately.

For statistical analysis, extent and intensity of immu-

nohistochemical stainings were converted into numerical

data ranging from 0 to 3 (0 = – or –, 1 = + or w, 2 = ++

or m, 3 = +++ or s, addressing extent and intensity,

respectively). Subsequently, both scores were multiplied

and the product was defined as the immunohistochemical

score which was used for statistical analysis using the

Mann-Whitney U test. Nuclear and cytoplasmic staining

were evaluated separately and P-values below 0.05 were

considered to be statistically significant.

Table 1 Primer sequences used

for mutation analysis of the

RAS/RAF oncogenes

Primer Length

(bp)

Primer sequence References

B-RAF exon 15 224 F : GGCCAAAAATTTAATCAGTGGA

R : TCATAATGCTTGCTCTGATAGGA

[4]

B-RAF exon 11 323 F : CGAACAGTGAATATTTCCTTTGAT

R : TCCCTCTCAGGCATAAGGTAA

[4]

N-RAS exon 2 301 F : GAACCAAATGGAAGGTCACA

R : TGGGTAAAGATGATCCGACA

[4]

N-RAS exon 3 272 F : GGTGAAACCTGTTTGTTGGA

R : AACCTAAAACCAACTCTTCCCA

[4]

H-RAS exon 2 169 F : AGGAGACCCTGTAGGAGGA

R : CGCTAGGCTCACCTCTATAGTG

[1]

H-RAS exon 3 160 F : CTGCAGGATTCCTACCGGA

R : ACTTGGTGTTGTTGATGGCA

[1]

K-RAS exon 2 172 F : AAGGCCTGCTGAAAATGACTG

R : AAAGAATGGTCCTGCACCAG

[23]

K-RAS exon 3 240 F : TGTAATAATCCAGACTGTGTTTCTCC

R : AGCTTATTATATTCAATTTAAACCCACC

[23]
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Results

Mutations in BRAF, NRAS, HRAS, or KRAS

Mutation analysis was performed for both exons of BRAF,

NRAS, HRAS and KRAS containing the hotspot mutation

site in a total of 93 different gliomas. Only 2 mutations were

detected, these were found in histologically pure oligoden-

droglial tumors harboring -1p and -19q. As shown in Fig. 2a,

tumor N78 (O) contains a G fi A mutation in the hotspot

codon 600 of BRAF exon 15, resulting in the substitution of

valine by methionine (V600M). The second mutation was

detected in N303 (a-O; Fig. 2b) and involved a G fi A

mutation in codon 10 of NRAS exon 2 resulting in an amino

acid change of glycine by glutamate (G10E). Furthermore,

some SNPs were detected during direct sequencing, the most

frequent one being the C/T polymorphism in codon 27 of

NRAS exon 2 (data not shown) showing an allele frequency

of 45% (TT), 35% (CT), and 20% (CC) without resulting in a

substitution of the histidine amino acid. Allele frequencies

were not correlated with histopathological or genetic subtype.

Gains including the genes for BRAF, NRAS, HRAS,

and KRAS

Alternatively to oncogenic mutations, an increased copy

number of the above mentioned oncogene(s) can result in

activation of the RAS/RAF pathway. We performed CGH

analysis (detecting chromosomal copy number aberrations

>2 Mb) (87/93 cases) and studied the occurrence of gains

including the BRAF, NRAS, HRAS, and KRAS genes lo-

cated at chromosomal regions 7q35, 1p13, 11p15, and

12p12, respectively. Aberrations detected in the individual

tumors are summarized in Table 2, whereas Table 3 shows

an overview among the different histopathological sub-

types represented by at least nine cases. Gains including

the RAS/RAF genes occurred most frequently in WHO

grade III and IV gliomas. In pure oligodendroglial tumors,

4/21 (19%) tumors were affected including gains carrying

NRAS, HRAS, and BRAF (twice). These gains were

present both in tumors with or without –1p/–19q. In mixed

oligodendroglial tumors (i.e. oligoastrocytic tumors) 13/31

(42%) tumors showed gains including KRAS (2·), NRAS

(1·), HRAS (1·), and BRAF (11·). In two cases, a gain

including BRAF coincided with a gain including RAS

(either HRAS or KRAS). A relatively high number of

astrocytic tumors contained a gain including BRAF (17/27

cases; 63%), mainly in GBMs (13 of the 17 gains), which is

not surprising as BRAF is located on chromosome 7(q35)

and +7 is frequently detected in GBMs. Additionally, gains

including HRAS and KRAS were detected in 2 As (2/9). In

ependymal tumors, 4/9 (44%) tumors contained gain(s)

involving KRAS (2·), BRAF (3·), or HRAS (1·). In two

of these tumors a gain including BRAF coincided with

either gains including KRAS or HRAS. In contrast to the

other glioma types these aberrations occurred in the grade

II (4/7) but not in the two a-Es.

Gains including upstream growth factors

and their receptors

Increased copy number of growth factors and their recep-

tors upstream of RAF/RAS can have similar effects as

activating mutations or increased copy number of the

Fig. 2 BRAF and NRAS Mutations as detected in two pure

oligodendroglial tumors. a A BRAF exon 15 mutation in a WHO

grade II oligodendroglioma (N78). A guanine (G) to adenine (A)

substitution at codon 600 is present resulting in an amino acid change

of valine to methionine (V600M). b A NRAS exon 2 mutation in an

anaplastic oligodendroglioma (WHO grade III) (N303). The guanine

to adenine substitution at codon 10 results in an amino acid change of

glycine to glutamate (G10E)
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investigated oncogenes. Based on CGH analysis we eval-

uated the gains including the growth factor(s) and their

receptors that are known to play a role upstream of RAS/

RAF: EGF(R), PDGF(R), IGF(R), TGF(R), and FGF(R)

(Tables 2 and 3). Overall, gains including growth factor

(receptor) genes were more frequently detected in WHO

grade III and IV than WHO grade II gliomas and occurred

at an increasing frequency in pure oligodendroglial tumors

(5/21; 24%), oligoastrocytic tumors (13/30; 43%) and

astrocytic tumors (20/27; 74%). In ependymal tumors,

however, most low-grade tumors were affected (6/7) and

contained multiple gains whereas no gains were detected in

both a-Es.

PDGF(R), EGF(R), and TGF(R) were most frequently

affected (gains encompassing genes for these GF(R)s are

detected in 47, 34 and 27 cases, respectively). Gains

including EGF were only detected twice (in 2/9 Es) and

only once this coincided with a gain including EGFR. In

contrast, as described above, gains of chromosome 7

harboring the EGFR gene (7p12) were frequently de-

tected, especially in GBMs. For PDGF, the majority of

gains encompass PDGFA (30·) which is also localized on

chromosome 7p(22) and therefore coincides with a gain

of EGFR (29 cases). Other members of the PDGF(R)

family are gained in tumors without gains on 7p (10

cases), in non-ependymal gliomas, PDGFD being the

most frequent alternative (7·) whereas in ependymal tu-

mors PDGFC and PDGFRA are the detected alternatives

(3 and 3 cases, respectively). The highest frequency of

gains encompassing TGF(R) was present in ependymal

tumors (5/9), whereas in other histopathological glioma

types this was up to approximately one third (3/21 pure

oligodendroglial tumors, 4/30 oligoastrocytic tumors, and

8/27 astrocytic tumors). With the exception of gains

including TGFBRII and TGFA (1·), other family mem-

bers are included in gained regions at approximately the

same frequency (TGFB1 and TGFBRI each six times,

TGFBRIII five times, and TGFB2 and TGFB3 each four

times). FGF(R) and IGF(R) are only occasionally affected

by gains of different FGF(R) family members or IGFI (8·
and 5·, respectively).

Immunohistochemical detection of phosphorylated

MAPK

Activation (i.e. phosphorylation) of MAPK (MAPK-P) was

evaluated using TMAs containing 60 cases analyzed for

copy number changes (3–4 cores of each tumor). Results

are summarized in Table 2. Overall, MAPK-P was detected

in the majority of cases (53/60), usually showing cyto-

plasmic (site of phosphorylation) as well as nuclear (site of

functional effect) staining (48/53 and 53/53, respectively).

MAPK-P expression was absent in 7 cases either without

(n = 3) or with (n = 4) copy number gains as described

above. Statistical significant differences were detected for

the MAPK-P nuclear staining patterns comparing cases

with £ 2 and ‡ 3 gains encompassing the RAS/RAF or

upstream growth factor (receptor) genes (P = 0.017), as

well as for cases with or without a gain of chromosome 7

(P = 0.029). No significant correlation was detected for

cytoplasmic staining (P = 0.061 and P = 0.076, respec-

tively) nor for MAPK-P staining and histopathological

classification.

Discussion

Neoplastic transformation is often a result of constitutive

activation of genes in signaling pathways that regulate cell

proliferation and differentiation. Indeed, the RAS–RAF–

MEK–ERK/MAPK signaling pathway is constitutively

activated in a large number of cancers.

There is ample evidence that such activation is also

important for glioma oncogenesis [2–5, 7, 10, 19, 24, 28,

29]. This study provides an overview of aberrations de-

tected in different types of gliomas that can result in RAS/

RAF pathway activation. We not only evaluated mutations

in BRAF and the oncogenic RAS family members (KRAS,

Table 3 Overview of the distribution of copy number gains including the RAS/RAF genes and their upstream growth factor (receptor) genes

among the different histopathological types represented by at least 9 tumors

WHO Case

(n)

–1p/–19q

(%)

+7p/–10q

(%)

RAS/RAF

(%)

PDGF(R)

(%)

EGF(R)

(%)

TGF(R)

(%)

FGF(R)

(%)

IGF(R)

(%)

Total cases

affected (%)

O 10 100 0 10 10 0 0 0 0 10

a-O 11 91 27 27 27 9 27 9 9 36

OA 14 20 20 14 7 7 14 0 0 29

a-OA 16 25 25 69 63 56 13 0 0 75

A 9 44 11 44 44 33 22 11 0 56

GBM 17 12 88 76 88 82 29 0 12 94

Acta Neuropathol (2007) 114:121–133 129

123



HRAS, and NRAS) but also DNA copy number changes

(gains) including these genes as well as the genes for the

growth factors and their receptors upstream the RAS/RAF

pathway, as the latter can have a comparable RAS/RAF

pathway activating effect.

The rational for DNA copy number analysis is the fact

that DNA copy number alterations, including low-level

amplifications (gains) as well as high-level amplifications

were reported to have a direct effect on gene expression,

e.g. in a study of Pollack et al. who performed a parallel

analysis of DNA copy number changes and mRNA levels

using micro-arrays in breast cancer biopsies and cell-lines

[25]. The importance of copy number changes is under-

scored by the recent discovery of an abundance of DNA

copy number variations (CNVs) in the human genome

([26] and references therein). CNVs contribute to nucleo-

tide diversity to an even larger extent than single nuc-

leotide polymorphisms (SNPs). They influence gene

expression, phenotypic variation and adaptation by dis-

rupting genes and altering gene dosage, can cause disease

as in microdeletion or microduplication disorders, and their

contribution to human disease (susceptibility) may be

greater than previously expected.

In our present study, copy number changes were eval-

uated using CGH analysis. Although such analysis does not

provide gene specific information, it is clear that the gene

will be lost or gained if its coding sequence is localized in

the aberrant region detected by CGH. This was confirmed

by comparing our conventional CGH data to our new array

CGH data generated using a 32K array [30] as performed

on approximately 25 gliomas for different research pur-

poses. Furthermore, MLPA (multiplex ligation-dependent

probe amplification) was used to detect gains/amplification

of the EGFR gene (data not shown) and concordance be-

tween MLPA and CGH was found in 90% of the cases

[13]. Using conventional CGH analysis, however, small

gains of a low copy number will not be detected which

might result in an underestimation of the gained regions

(genes). Next to the widespread evaluation of DNA copy

number gains and increase of corresponding mRNA levels

as described above [25], it was clearly demonstrated in

gliomas that an increased copy number of EGFR invariably

results in increased expression of its coding mRNA and

protein [6, 20, 32].

KRAS, HRAS, NRAS, and BRAF mutations

Mutations in B-RAF and RAS genes are frequently found

in various forms of cancer. BRAF is often mutated in

malignant melanomas and colorectal carcinomas and the

most common oncogenic mutation occurs in the activation

segment of its kinase domain [4]. It involves a valine to

glutamate substitution at codon 600 and represents 90% of

the BRAF mutations. Another relatively common B-RAF

mutation affects the GXGXXG motif within the glycine-

rich loop in exon 11 [4]. In contrast to the mutations in

codon 600, exon 11 mutations are often associated with

RAS mutations. RAS mutations are relative frequent in

carcinomas of the pancreas, colon and thyroid [3]. The

most common RAS mutations affect codons 12, 13 and 61,

which all form part of the GTP-binding domain.

So far both BRAF and RAS mutations have been found

in only a small fraction of human gliomas. A combined

analysis of BRAF, NRAS, HRAS, and KRAS has been

previously performed analyzing 94 GBMs [19]. Mutations

were detected in either NRAS (n = 2) or BRAF (n = 3) in

5% of the cases. Furthermore, mutation analysis of BRAF

was performed on a subset of 82 gliomas including 49

astrocytic (including 34 GBMs) and 33 oligodendroglial

tumors and only 2 mutations were detected in GBMs

(2/34; 6%) [2]. As RAS/RAF mutation analysis studies

usually evaluated a specific subgroup of gliomas or a

specific RAS/RAF oncogene, we conducted an extensive

mutation analysis of all 3 oncogenic RAS genes and

BRAF in different glioma types. In line with these pre-

vious reports, we analyzed that mutations were only

sporadically (n = 2) detected in the 93 gliomas. Interest-

ingly, in our series both mutations detected in either

BRAF (V600M) or NRAS (G10E) occurred in two tumors

with typical histopathological and genetic characteristics

of pure oligodendroglial tumors. No mutations were de-

tected in any of the other glioma types, not even in the

GBMs (n = 28) for which a mutation rate of 5% has been

reported [2, 19]. KRAS, HRAS, and NRAS mutations

were investigated by us and Knobbe et al. [19] and we

both only found evidence for involvement of NRAS (3/

187 gliomas). This was rather surprising as of the dif-

ferent types of RAS proto-oncogenes (HRAS, KRAS, and

NRAS) mutations are most frequently detected in KRAS

and less often in NRAS. Comparing our results for BRAF

mutation analysis on different glioma types with those of

Basto et al. and Knobbe et al. [2, 19], we show that

similar to NRAS, B-RAF mutations may occasionally (6/

269) be involved in the development of not only GBMs

but also of oligodendroglial tumors.

Both mutations detected (BRAF V600M and NRAS

G10E) are different from the mutations most frequently

reported in literature. An overview of RAS/RAF mutations

can be found at the Catalogue of Somatic Mutations in

Cancer, COSMIC, (http://www.sanger.ac.uk/cosmic) [8].

While the V600E substitution (also known as V599E) ac-

counts for 90% of the BRAF mutations, over 30 other

mutations in exon 15 are described. Usually, a negatively

charged residue is inserted adjacent to a regulatory phos-

phorylation site, mimicking phosphorylation and thus

leading to BRAF activation [4]. The V600M mutation

130 Acta Neuropathol (2007) 114:121–133

123



detected by us has been previously identified in tumors of

the stomach and large intestine (10/793 and 1/23 cases

evaluated, respectively) and results in a non-polar amino

acid. A substitution for a non-polar amino acid represents

only 2% of the codon 600 mutations, most frequently

involving V600M (6/2851 mutations in codon 600) and

occasionally V600G (1/2851) or V600L (1/2851). The not

yet reported N-RAS exon 2 mutation (G10E) may affect

the intrinsic GTPase function, since codon 10 is part of the

GTP-binding domain and results in constitutive activation

of the RAS/RAF pathway. In line with previous experi-

mental data, inhibition of the GTPase activity is the pre-

ferred mechanism of activation of oncogenic RAS proteins.

The V600M mutation detected in our case did not coincide

with other activating aberrations of the RAS/RAF pathway

as evaluated in the current study. In contrast, the NRAS

G10E mutation occurred in combination with an increased

copy number of multiple upstream growth factors and/or

their receptors (IGFI, FGF1, TGFB2, TGFB3, TGFBRIII,

and PDGFRB).

Gains including the KRAS, HRAS, NRAS,

and BRAF genes

Next to activating mutations, oncogene expression can

be upregulated by an increased copy number. Using CGH

we showed that indeed gains are detected in gliomas

encompassing the RAS and BRAF genes. We show that

especially WHO grade III and IV oligodendroglial and

astrocytic tumors, and WHO grade II ependymal tumors

(Es) contain such gains. The BRAF gene is located on

chromosome 7q35 and a gain of the complete chromosome

7 is frequently detected, especially in GBMs and a-OAs.

A gain including the BRAF gene was detected in app-

roximately one third of the analyzed gliomas. Although

mutation analysis suggests that NRAS is the most impor-

tant RAS gene for gliomagenesis, an increased copy

number of NRAS was only detected twice whereas KRAS

or HRAS were gained in 5 and 4 cases, respectively,

suggesting different modes of oncogene activation for the

different RAS genes in gliomas. Multiple gains including

the different RAS genes within a tumor were not detected

and in 6 cases a gain encompassing BRAF coincided with a

gain encompassing KRAS or HRAS (6/33 BRAF gains).

Gains including the RAS genes can occur in tumors with or

without –1p/–19q or +7/–10. In contrast, gains encom-

passing BRAF are present in the majority of gliomas of the

+7/–10 genetic subtype (containing +7p and/or –10q).

Overall 38/87 (44%) gliomas contained a gain including a

RAS (11·) or BRAF (33·) gene suggesting that RAS/RAF

pathway activation by an increased gene dosage through an

increase in copy number is a rather common event in

gliomas.

Gains including the growth factor (receptor) genes

upstream of RAS/RAF

As described above, activation of the RAS/RAF pathway

through mutation in the RAS or BRAF genes occurs only

occasionally in the different glioma types, whereas 44% of

the gliomas contain gains including at least one of these

genes. Alternatively, gains including growth factors and

their receptors can result in RAS/RAF-pathway activation

as well. Indeed such gains encompassing the genes for

growth factors and their receptors that are known as up-

stream activators of the RAS/RAF pathway (EGF(R),

PDGF(R), TGF(R), IGF(R) or FGF(R)) were detected in

half of the gliomas (46/87). Interestingly, gains involving

such growth factors and their receptors occurred in the

majority of cases in which a gain encompassing RAS or

BRAF was detected (90%; 34/38) and less frequently in

cases without such gains (25%; 12/49). Gains including

growth factor (receptor) genes are more frequently detected

in WHO grade III and IV than WHO grade II gliomas and

occur at an increasing frequency in pure oligodendroglial

tumors (24%; 5/21), oligoastrocytic tumors (42%; 13/31)

and astrocytic tumors (77%; 21/27). In ependymal tumors,

however, WHO grade II tumors were frequently affected

(85%, 6/7) and often contained multiple gains. In concor-

dance with previous reports [22], in our group of gliomas

EGF(R) and PDGF(R) are most frequently affected and

additionally TGF(R) was affected at a slightly lower fre-

quency than EGF(R).

Because of their chromosomal location, gains including

the genes for EGFR (7p12), PDGFA (7p22), and BRAF

(7q35) frequently coincide in +7/–10 tumors. A gain of

chromosome 7 is, therefore, theoretically a rather effec-

tive way of RAS/RAF pathway activation which is de-

tected in the majority of a-OAs (56%) and GBMs (76%)

and less frequently in other glioma types. Gains encom-

passing EGF were only occasionally detected (2% of the

cases) whereas gains including other members of the

PDGF(R) family were somewhat more frequently detected

(15% of the cases). These gains only occasionally coin-

cided with those including EGFR or PDGFA (4/13 cases),

suggesting that they may serve as alternatives for gains

including EGFR or PDGFA occurring in tumors not

containing a gain of chromosome 7. A gain of chromo-

some 4 would, therefore, also be an effective way of

RAS/RAF pathway activation as this chromosome con-

tains multiple growth factor (receptor) genes (FGFR3

(4p16), PDGFRA (4q12), EGF (4q25), FGF2 (4q27), and

PDGFC (4q32)). However, chromosome 4 gains are only

occasionally detected, and encompassing partial gains in 2

of the 3 tumors, involving only part of the growth factor

(receptor) genes on this chromosome involved in the

RAS/RAF pathway.
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Immunohistochemical analysis of RAS/RAF pathway

activation

Activation of the RAS/RAF pathway was evaluated using

immunohistochemical detection of MAPK-P (i.e. activated

MAPK downstream the RAS/RAF pathway) using TMAs,

and was identified in the majority of cases in our present

series. MAPK-P expression was absent in 7 cases either

without (n = 3) or with (n = 4) copy number gains as de-

scribed above. Although, the latter may suggest that these

gains do not always result in MAPK activation, it is more

likely that our approach results in an underestimation of

MAPK-P due to either sampling artifacts when using

TMAs or the detection threshold of immunohistochemical

analysis. Furthermore, MAPK-P expression was detected

in cases in which no copy number gains were detected

which may reflect the underestimation of copy number

gains due to the CGH resolution (as discussed above), may

be the result of alternative changes (not detected in the

present study) causing RAS/RAF pathway activation, or

represent basic levels of MAPK-P. More refined techniques

(e.g. immunoblotting, RNA-ISH, fluorescent immunohis-

tochemistry) need to be applied to detect the actual impact

of expression level changes for the genes described in the

present study as well as for detection of activated down-

stream effector molecules.

Although more refined techniques will even further

elucidate the exact role of the described copy number gains

on RAS/RAF pathway activation, the significant correlation

detected for nuclear MAPK-P (site of functional effect) and

the number of gains ( £ 2 and ‡ 3) involving RAS/RAF or

upstream growth factors and/or their receptors corroborates

our hypothesis that these copy number gains, rather than

activating RAS/RAF mutations, are involved in RAS/RAF

pathway activation in gliomas. Furthermore, the significant

correlation between MAPK-P expression and a gain of

chromosome 7 confirms that this aberration, which is fre-

quently detected in gliomas (especially in GBMs), can be

rather effective in activating the RAS/RAF pathway.

In summary

Mutations in the exons containing the mutation hotspot

sites of NRAS, KRAS, HRAS or BRAF were only spo-

radically detected in gliomas and can occur in different

histopathological glioma types: GBMs (as reported by

others) as well as pure oligodendroglial tumors (present

study). Gains involving these genes, however, were de-

tected in 44% (38 cases) of our series of gliomas. The

BRAF gene is most frequently included in a gain (38% of

the gliomas) and only occasionally coincides with gains

including RAS (6 cases). Copy number gains including

genes for upstream growth factors and their receptors were

also frequently detected (53%; 46 cases) and usually

coincide with gains encompassing RAS or BRAF (34

cases). Overall, 57% of the gliomas contained gains that

can result in increased gene dosage and subsequent acti-

vation of the RAS/RAF pathway (50/87 cases), whereas

only 2 (2/93) tumors contained a mutation. A significant

correlation was indeed detected between nuclear MAPK-P

(i.e. activated MAPK downstream the RAS/RAF pathway)

staining and the number of genes involved in gains. Our

results thus indicate that RAS/RAF pathway activation in

gliomas is achieved by copy number gains rather than by

activating mutations. Although it was shown for EGFR that

copy number gains result in increased expression [6, 20,

32], and activation of MAPK was detected in the majority

of cases using TMAs and immunohistochemistry, the ac-

tual consequences of the aberrations described in this study

need to be further investigated using e.g. immunoblotting,

RNA-ISH, or fluorescent immunohistochemistry, detecting

expression level changes for the genes gained as well as for

the detection of activated MAP and MAPK.

Regarding the distribution of the detected aberrations

among the different glioma types we showed that copy

number gains were most frequently detected in WHO grade

III and IV gliomas with an increasing frequency in pure

oligodendroglial tumors, oligoastrocytic tumors and astro-

cytic tumors. Interestingly, WHO grade II ependymal

tumors were also relatively often affected. No correlation

between histopathological subtype and MAPK-P staining

were detected. Gains encompassing BRAF (7q35) were

mainly detected in gliomas of the +7/–10 genetic subtype,

whereas gains encompassing RAS were more evenly dis-

tributed among the different genetic glioma subtypes. As

gains were studied using CGH detecting only copy number

changes of at least 2 Mb and alternative mechanisms (next

to an increased copy number) might also account for

upregulation of gene expression and activation of corre-

sponding pathway(s), our results are most likely an

underestimation of the involvement of the above men-

tioned genes and pathway(s) in gliomas.
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