
946Neuro-Oncology■JULY 2006

Neuro-Oncology

Malignant peripheral nerve sheath tumors (MPNSTs) 
are sarcomas with poor prognosis and limited treat-
ment options. Evidence for a role of epidermal growth 
factor receptor (EGFR) and receptor tyrosine kinase 
erbB2 in MPNSTs led us to systematically study these 
potential therapeutic targets in a larger tumor panel  
(n 5 37). Multiplex ligation-dependent probe ampli-
fication and fluorescence in situ hybridization analysis 
revealed increased EGFR dosage in 28% of MPNSTs. 
ERBB2 and three tumor suppressor genes (PTEN [phos-
phatase and tensin homolog deleted on chromosome 
10], CDKN2A [cyclin-dependent kinase inhibitor 2A], 
and TP53 [tumor protein p53]) were frequently lost or 
reduced. Reduction of CDKN2A was linked to appear-
ance of metastasis. Comparison of corresponding neu-
rofibromas and MPNSTs revealed an increase in genetic 
lesions in MPNSTs. No somatic mutations were found 
within tyrosine-kinase–encoding exons of EGFR and 
ERBB2. However, at the protein level, expression of 
EGFR and erbB2 was frequently detected in MPNSTs. 
EGFR expression was significantly associated with 
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increased EGFR gene dosage. The EGFR ligands trans-
forming growth factor a and EGF were more strongly 
expressed in MPNSTs than in neurofibromas. The 
effects of the drugs erlotinib and trastuzumab, which 
target EGFR and erbB2, were determined on MPNST 
cell lines. In contrast to trastuzumab, erlotinib medi-
ated dose-dependent inhibition of cell proliferation. 
EGF-induced EGFR phosphorylation was attenuated 
by erlotinib. Summarized, our data indicate that EGFR 
and erbB2 are potential targets in treatment of MPNST 
patients. Neuro-Oncology 10, 946–957, 2008 (Posted to 
Neuro-Oncology [serial online], Doc. D07-00250, July 
23, 2008. URL http://neuro-oncology.dukejournals.org;  
DOI: 10.1215/15228517-2008-053)
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Approximately half of malignant peripheral nerve 
sheath tumors (MPNSTs) develop in the setting 
of neurofibromatosis type 1 (NF1), a hereditary 

tumor syndrome with an incidence of 1:3,500.1 NF1-as-
sociated MPNSTs generally arise from plexiform neuro-
fibromas (pNFs). Loss of the tumor suppressor gene NF1 
constitutes only a first step in tumorigenesis. During the 
course of malignant progression, further genetic and 
regulatory alterations, such as mutations in TP53 (tu-
mor protein p53), CDKN2A (cyclin-dependent kinase 

Copyright 2008 by the Society for Neuro-Oncology



Holtkamp et al.: EGFR and erbB2 in MPNST

Neuro-Oncology  •  december         2 0 0 8       947

inhibitor 2A), or PDGFRA (platelet-derived growth fac-
tor receptor a) or upregulation of MMP-13 (matrix me
talloprotease 13), are acquired.2–6 Furthermore, EGFR 
(epidermal growth factor receptor) gene amplification 
and increased transcript levels have been detected.7,8

Currently, treatment options for MPNST patients are 
still unsatisfactory. Thus, a better knowledge of molecu-
lar alterations in MPNSTs is of major importance for 
therapeutic strategies that aim to target proteins specifi-
cally altered in tumor cells (targeted therapy).

Several observations point toward a role of the erbB 
family, which consists of four members (erbB1–4), in 
nerve sheath tumors. It has been shown that normal 
Schwann cells are EGFR (erbB1) negative, whereas neu-
rofibromas and MPNSTs express EGFR.9 Evidence for 
a causal role of EGFR in nerve sheath tumor forma-
tion comes from transgenic mice expressing EGFR in 
Schwann and other glial cells. These animals developed 
neurofibromas and occasionally MPNSTs.10 EGFR and 
receptor tyrosine kinase erbB2 (HER2/Neu) were also 
expressed in sarcoma cell lines generated from an NF1 
mouse model.11 Moreover, Schwann cell tumors from 
animals exposed to the carcinogen N-ethyl-N-nitrosou-
rea harbor ERBB2 mutations.12,13

EGFR and erbB2 are of special therapeutic inter-
est because drugs targeting these receptors, including  
erlotinib (Tarceva) and trastuzumab (Herceptin), are 
already available for cancer treatment. Erlotinib is a 
low-molecular-weight inhibitor that binds to the kinase 
domain of EGFR, thereby inhibiting signal transduc-
tion. Trastuzumab is a humanized antibody targeting 
the extracellular domain of erbB2.

Although there is cumulating evidence of a role for 
EGFR and erbB2 in nerve sheath tumors,14,15 previous 
studies did not systematically analyze these potential 
therapeutic targets in larger panels of human MPNSTs. 
We therefore studied genetic alterations and expression of 
erbB2 and EGFR in a set of 37 human MPNSTs and four 
MPNST cell lines. We also examined the effect of trastu-
zumab and erlotinib treatment on MPNST cell lines.

Materials and Methods

Tumor Tissue, DNA, and RNA Extraction

Tumor samples were collected from University Hospital 
Eppendorf (Hamburg, Germany), Robert-Rössle-Hos-
pital (Berlin, Germany), Otto-von-Guericke-University 
(Magdeburg, Germany), and Charité-Universitätsme-
dizin Berlin (Berlin, Germany). MPNSTs of 37 patients 
were analyzed for genetic alterations and receptor expres-
sion. Four patients also contributed corresponding pNFs. 
Frozen tissue from eight neurofibromas was used for 
Western blotting. In addition, DNA and lysates from cell 
lines S462, ST88-14, NSF-1 (kindly provided by V.M. 
Riccardi from the Neurofibromatosis Institute, La Cres-
centa, CA, USA), and low-passage culture 31002 (,8 
passages) were examined. The S462 cell line was estab-
lished from MPNST 24472. Twenty-nine patients were 
diagnosed with NF1, and one patient with NF2; seven 

individuals were non-NF1 patients. Following initial 
diagnosis by local neuropathologists, all tumor samples 
were reviewed by the same pathologist. Histopathologi-
cal examination was based on the modified Fédération 
Nationale des Centres de Lutte Contre le Cancer sys-
tem.16 Tumor sections were examined histologically 
prior to extraction of DNA and proteins. Tumor areas 
were scraped from the slides for subsequent extraction. 
In cases of frozen tissue, DNA was extracted using Tri-
zol reagent from Invitrogen (Karlsruhe, Germany). DNA 
extraction from paraffin-embedded material was carried 
out according to the QIAamp DNA Mini Kit protocol 
(Qiagen, Hilden, Germany). Adjacent pNF was available 
for MPNSTs 24626, 24772, 24776, and 24324. DNA 
from pNF and MPNST areas was separately extracted. 
Breast cancer sample 31842, which served as control 
for ERBB2 amplification, was kindly provided by Dr. 
Konrad Kölble (Department of Pathology, Charité- 
Universitätsmedizin Berlin). The investigations were car-
ried out with the informed consent of the patients.

Single-Strand Conformational Polymorphism  
and Sequencing

Electrophoresis of PCR products (ranging from 170 
to 270 bp) was performed on polyacrylamide gels. To 
enhance sensitivity, two different gel and running con-
ditions were applied. Detailed information on primer 
sequences, amplification, and gel conditions is provided 
in Table 1. All PCR products showing mobility shifts 
were confirmed by independent PCRs and compared 
with PCR products of corresponding normal tissue. 
Aberrantly migrating bands were excised, and the DNA 
was extracted. After reamplification, PCR products 
were sequenced bidirectionally (model 3730; Applied 
Biosystems, Foster City, CA, USA). MPNST 24776 was 
analyzed for only ERBB2, and cell line ST88-14 only for 
EGFR. Sequences were compared to accession numbers 
AF288738 (EGFR) and AC079199 (ERBB2).

Multiplex Ligation-Dependent Probe Amplification 
Performance and Analysis

The SALSA P105 Oligodendroglioma-2 kit (Vs. 03, lot 
0804) containing 9 PTEN probes, 5 CDKN2A probes, 8 
TP53 probes, 3 EGFR probes, 2 ERBB2 probes, and 16 
control probes was employed (MRC Holland, Amster-
dam, the Netherlands). Five control probes were omitted 
from the panel of probes used for internal normalization 
because of their localization to chromosomal segments 
that are frequently altered in MPNSTs (11q23.3, 3p22, 
16q24.3, 22q11.21, and 7q31.2).

Samples suspected of harboring EGFR amplification 
were also analyzed with the new version of the P105 
kit (Vs. 04, lot 0306), which contains 11 EGFR probes, 
to detect possible EGFRvIII mutants lacking exons 2–7 
that are frequently found in glioblastomas (GBMs). We 
used 150 mg of template DNA for hybridization and per-
formed PCR reactions in a volume of 25 ml for 30 cycles. 
The PCR products were analyzed on a semiautomated 
sequencer (ABI377, Applied Biosystems). We mixed 1 ml 
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tion. Values between 1.9 and 1.31 were interpreted as 
increased gene dosage (borderline). Values between 1.3 
and 0.8 were scored as normal gene dosage. Recently, 
thresholds of 1.2 and 0.8 were suggested for gains and 
losses with this kit.17 We interpreted values between 
0.79 and 0.4 as reduced gene dosage, caused by loss of 
one allele. Values below 0.4 were interpreted as loss of 
both alleles. GBM 6236 and the breast cancer sample 
31842 with known gene amplification served as positive 
controls for EGFR (31 copies) and ERBB2 (4 copies) 
amplification, respectively. Interpretation was some-
times difficult because probes that localized to different 
regions of a gene produced nonuniform results. If two or 
more probes produced signals below 0.8, we scored the 
gene dosage to be reduced. Few cases showed reduced 
gene dosage according to single probes. The results were 

of the PCR product with 4 ml loading buffer and heat 
denatured it. We loaded 0.5 ml on acrylamide gels. The 
GeneScan 500 TAMRA size Standard (Applied Biosys-
tems) served as molecular weight marker. 

Samples were normalized by dividing each peak area 
by the combined peak areas of all peaks in a lane. This 
procedure generates proportions of individual peaks of 
the total peak area (relative peak value). The mean value 
of the 11 internal control probes was calculated, and 
all relative peak values were divided by the mean value 
of the controls. Tumor values were then divided by the 
values obtained from normal control DNA to calculate a 
ratio. Mean values of the probes binding a distinct gene 
were calculated. Samples exceeding twice the standard 
deviation of normal DNA were scored as genetically 
altered. Values . 1.9 were scored as gene amplifica-

Table 1. Primer sequences, amplification, and gel conditions 

	            Condition 1b 	          Condition 2b	

	 Primer	 Product 	 Temp  
Primer Name	 Sequence (5’–3’)	 Size	 (°C)a	 Gel	 Run	 Gel	 Run

ERBB2 Ex17f	 aatccctgaccctggcttc	 196 bp	 59.0	 10% A 	 3 W; 15 h	 14% A 	 3 W; 18 h

ERBB2 Ex17r 	 cgggctgggaggacttca						    

ERBB2 Ex18f	 acccaccaccccctcac 	 211 bp	 61.0	 8% A 1 10% Gly	 7 W; 15 h	 14% A 	 3 W; 18 h

ERBB2 Ex18r	 cgaccacacccctcca						    

ERBB2 Ex19f	 cccacgctcttctcactcat 	 183 bp	 58.6	 14% A 	 3 W; 18 h	 8% A 1 10% Gly	 7 W; 15 h

ERBB2 Ex19r	 gggtccttcctgtcctccta						    

ERBB2 Ex20f 	 ctctcagcgtacccttgtcc	 230 bp	 58.6	 10% A 	 3 W; 15 h	 14% A 	 3 W; 18 h

ERBB2 Ex20r	 caaagagcccaggtgcatac						    

ERBB2 Ex21f	 tacatgggtgcttcccattc	 204 bp	 58.6	 10% A 	 3 W; 15 h	 14% A 	 3 W; 18 h

ERBB2 Ex21r	 tctgctccttggtccttcac						    

ERBB2 Ex22f	 tagcccatgggagaactctg	 243 bp	 61.0	 10% A 	 3 W; 15 h	 14% A 	 3 W; 18 h

ERBB2 Ex22r	 agctctcatcctccctccag						    

ERBB2 Ex23f	 actcctgaccctgtctctgc	 200 bp	 58.6	 10% A 	 3 W; 15 h	 14% A 	 3 W; 18 h

ERBB2 Ex23r	 aggcagccagcacagctc						    

ERBB2 Ex24f	 atgctgacctccctcctg	 170 bp	 63.0	 14% A 1 5% Gly	 6 W; 18 h	 10% A 	 3 W, 15 h

ERBB2 Ex24r	 gagggtgctcttagccacag						    

EGFR Ex18f	 catggtgagggctgaggtga	 202 bp 	 61.0	 14% A 	 3 W, 18 h	 8% A 1 10% Gly	 7 W; 15 h

EGFR Ex18r	 agcccagaggcctgtgcca						    

EGFR Ex19f	 cacaattgccagttaacgtc	 189 bp	 54.0	 8% A 1 10% Gly	 7 W; 15 h	 14% A 	 3 W; 18 h

EGFR Ex19r	 gcctgaggttcagagccat						    

EGFR Ex20f	 cttctggccaccatgcgaa	 270 bp	 56.0	 14% A 1 5% Gly	 6 W; 20 h	 14% A 	 3 W, 18 h

EGFR Ex20r	 atctcccctccccgtatct						    

EGFR Ex21f	 atgatgatctgtccctcacag	 222 bp	 58.0	 14% A	 3 W; 18 h	 18% A 1 10% Gly	 7 W; 15 h

EGFR Ex21r	 tggctgacctaaagccacct						    

EGFR Ex22f	 taggtccagagtgagttaac	 205 bp	 57.6	 10% A 	 3 W; 15 h	 14% A 	 3 W; 18 h

EGFR Ex22r	 agccagcttggcctcagtac						    

EGFR Ex23f	 gttcattcatgatcccactgcc	 221 bp	 60.9	 10% A 	 3 W; 15 h	 14% A 	 3 W; 18 h

EGFR Ex23r	 agtgtggacagacccaccag						    

EGFR Ex24f	 caatgccatctttatcatttc	 191 bp	 54.8	 10% A 	 3 W; 15 h	 14% A 	 3 W; 18 h

EGFR Ex24r	 caatggaagcacagactgc						    

Abbreviations: ERBB2, receptor tyrosine-protein kinase; Ex, exon; f, forward; r, reverse; EGFR, epidermal growth factor receptor. 

aPrimer annealing temperature.

bGel and running condition of single-strand conformational polymorphism analysis: A, acrylamide; Gly, glycerin.
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accepted if they were reproducible and if adjacent probes 
yielded normal gene dosage.

Fluorescence In Situ Hybridization

Slices 3–4 mm thick from paraffin material and cytospins, 
fixed in 3:1 methanol:acetic acid, were used for fluores-
cence in situ hybridization (FISH). Samples were incu-
bated according to the manufacturer’s recommendations 
in pretreatment solution (Abbott, Ludwigshafen, Ger-
many) and then in protease or pepsin. The LSI EGFR 
SpectrumOrange/CEP 7 SpectrumGreen probes (Abbott) 
were used for overnight hybridization in a HYBrite 
denaturation/hybridization system (Abbott) accord-
ing to the manufacturer’s protocol. Slides were slightly 
counterstained with 4',6-diamidino-2-phenylindole  
(DAPI) and analyzed using a fluorescence microscope 
with appropriate filters (Leica, Wetzlar, Germany). For 
each FISH analysis, 60 tumor cells were analyzed. Green 
and red signals were counted for each cell. Amplification 
was noted if the ratio of target signals to CEP 7 probe 
signals was >2 or if clusters (i.e., more than 15 or innu-
merable target signals) were seen. 

Reverse Transcriptase PCR Analysis of EGFR, EGF, 
and Transforming Growth Factor a Gene TGFA

Real-time PCR was performed as reported previously.5 
EGFR primers 5'-ATGCCCG-CATTAGCTCTTAG-3' 
and 5'-GCAACTTCCCAAAATGTGCC-3' generated 
a product of 98 bp. Desmin primers 5'-actcccagc-
ccctggtatag-3' and 5'-agggtaaggagccca-
gacag-3' served as reference and generated a product 
of 180 bp. Conventional reverse transcriptase (RT)-
PCR was performed for the EGFR ligands using EGF 
primers (5'-cctgcctagtctgcgtcttt-3' and 
5'-cacaatacccagagcgaaca-3') and transform-
ing growth factor a (TGFA) primers (5'-ggattgaca-
cagaaggaacca-3' and 5'-gccttgacccat-
tcagaaaa-3') in a volume of 12.5 ml. Optimal PCR 
cycles for semiquantitative analysis were determined to 
be 36 cycles for EGF and TGFA (155 bp and 150 bp) 
and 32 cycles for the reference gene RPS3 (205 bp). PCR 
fragments (5 ml) were separated on 2% agarose gels.

Western Blotting

Tissues and cell cultures were homogenized in ice-cold 
lysis buffer (1% Triton X-100, 100 mM NaCl, 50 mM 
Tris-HCl [pH 7.5], 5 mM EDTA) containing protease 
and phosphatase inhibitor cocktail. Homogenization 
was enhanced by sonification. Tumor lysates were heat 
denaturated and loaded onto 7.5% acrylamide gels for 
subsequent protein separation. MagicMark XP from 
Invitrogen was applied as a size standard. After trans-
fer of proteins to nitrocellulose membranes (Invitrogen), 
the membranes were blocked in 3% nonfat dry milk 
with 0.05% Tween/Tris-buffered saline for 1 h and 
incubated overnight at 4°C with antibodies to cellular-
erbB2 (diluted 1:600; A0485), EGFR (diluted 1:200; 
sc-03), phosphorylated EGFR (diluted 1:200; sc-12351), 

and phosphorylated tyrosine residues (diluted 1:10,000; 
sc-7020). All antibodies were purchased from Santa 
Cruz Biotechnology (Heidelberg, Germany), with the 
exception of c-erbB2 antibody (DakoCytomation, Ham-
burg, Germany). After washing, the membranes were 
incubated for 1 h with a secondary peroxidase-labeled 
antibody. Visualization was performed with enhanced 
chemiluminescence (ECL 1&2 Substrate or Advanced 
ECL 1&2 Substrate; Amersham Biosciences, Freiburg, 
Germany). Sensitivity of erbB2 detection was enhanced 
by biotin-conjugated second antibodies, followed by 
1 h incubation with a 1:2,000 dilution of ExtrAvidin 
from Sigma (Munich, Germany). Rehybridization of 
membranes was performed with anti-b-actin antibody 
(diluted 1:6,000; AC-15) from Sigma.

Immunohistochemistry and Scoring

Detection of EGFR was performed with the Ventana 
Benchmark system (Ventana, Strasbourg, France). 
EGFR antibody (diluted 1:100; M3563) was obtained 
from DakoCytomation. Antigen retrieval was achieved 
by pretreatment of the tissue slices for 8 min with pro-
nase. Visualization was performed with diaminobenzi-
dine. Expression of erbB2 was analyzed by immunofluo-
rescence using an erbB2 antibody (diluted 1:50; A0485 
from DakoCytomation) and a second Cy3-conjugated 
antibody. Nuclei were counterstained with DAPI I from 
Abbott, and antigen retrieval was enhanced by heating. 
Negative controls without primary antibodies were car-
ried out and did not produce signals. As positive controls, 
we used skin for EGFR expression and a breast cancer 
metastasis for erbB2 expression. Scoring was performed 
according to the percentage of positive cells: ,5% was 
classified as negative (–), and 6%–100% was classified 
as positive: 6%–30% of positive cells were scored with 
1, 31%–60% with 11, and .60% with 111. A blinded 
repeated test produced similar results.

Cell Culture Assays

MPNST cell lines S462, ST88-14, NSF-1, and low-
passage culture 31002 were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM) plus Glutamax-I 
(1,000 mg/l glucose; Invitrogen) containing 10% fetal 
bovine serum (FBS) and 5 mg/ml gentamycin. During 
the drug assays, cells were maintained in DMEM con-
taining 5% FBS. We seeded 3 3 103 cells (4 3 103 for 
ST88-14) in 300 ml medium into 24-well plates and 
allowed them to adhere overnight. Erlotinib and trastu-
zumab (kindly provided by Genentech, San Francisco, 
CA, USA) and imatinib (kindly provided by Novartis 
Pharma AG, Basel, Switzerland) were added in 100 ml 
medium to obtain the indicated concentrations. Nega-
tive controls contained vehicle only. We exchanged 300 
ml medium containing respective drug concentrations on 
days 3 and 5. Cell proliferation was evaluated on days 4 
and 7 posttreatment with the CellTiter 96 AQueous One 
Solution Cell Proliferation Assay (Promega, Mannheim, 
Germany). The experiments were performed in duplicate 
and repeated three times. The fractional product con-
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cept was used to determine whether drug combinations 
yielded additive or synergistic effects. Erlotinib effects 
on EGFR phosphorylation were determined in cell cul-
ture dishes (diameter, 10 cm). Semiconfluent cells were 
serum starved for 24 h. Erlotinib was added to a final 
concentration of 5 mM and incubated for 1 h. Cells were 
then stimulated with EGF (100–50 ng/ml) for 10 min at 
37°C, washed with phosphate-buffered saline, scraped, 
centrifuged, and resuspended in 70 ml lysis buffer.

Statistical Methods

SPSS version 12.0 (SPSS, Chicago, IL, USA) was used for 
statistical analysis. Survival rates were determined using 
the Kaplan-Meier method and the log rank test. Associa-
tion of parameters was assessed with the Pearson correla-
tion and Fisher exact test. A p-value of ,0.05 was consid-
ered significant.

Results

Genetic Alterations of EGFR, ERBB2,  
and Tumor Suppressor Genes

Tyrosine-kinase–encoding domains (exon 18–24) of 
EGFR and ERBB2 were screened for sequence altera-
tions by single-strand conformational polymorphism in 
samples from 34 patients (37 MPNSTs, 4 correspond-
ing pNFs, and MPNST cell lines S462 and ST88-14). In 
addition, ERBB2 exon 17, encoding the transmembrane 
domain, was analyzed because point mutations have 
been described in this region in peripheral nerve sheath 
tumors of domesticated animals.18 Somatic mutations 
were not found, but polymorphisms were detected in 
exons 20, 21, and 23 of EGFR and in exon 17 of ERBB2 
(Table 2). All EGFR variants were silent. The ERBB2 
variant in codon 655 results in an exchange from iso-
leucine to valine. Comparison with the National Center 
for Biotechnology Information’s dbSNP database (www 
.ncbi.nlm.nih.gov/SNP) revealed no significant differ-
ences in polymorphism frequency in our series compared 
to that in the normal population (data not shown). 

DNA from 31 patients was available for gene dosage 
analysis by multiplex ligation-dependent probe amplifi-
cation (MLPA; Table 3). Initial analysis of EGFR dosage 
was performed by real-time PCR and produced results 
similar to those from MLPA. For nine samples, indicated 
in Table 3, only PCR data are available. Increased EGFR 
dosage was observed in 28% of MPNSTs. Most of these 
samples yielded borderline values between 1.3 and 1.9. 
However, three MPNSTs harbored EGFR gene dos-
ages . 4.0. EGFR amplification in MPNST 21914 was 
repeatedly shown to be restricted to exon 1 (Fig. 1A). 
ERBB2 gene dosage was reduced in 32% of MPNSTs. 
Reduction in gene dosage was also observed for TP53 
(39%) and for PTEN and CDKN2A (58% each). The 
PTEN pattern of MPNST 26584 was remarkable (and 
reproducible) because two probes recognizing exon 1 
yielded values of 0.5, whereas probes binding to exons 
2–9 generated values of 2.0.

Benign precursor pNFs were available from three 
patients and were compared to corresponding MPNSTs 
(Table 4). MPNST 21914 exhibited multiple genetic 
alterations, whereas the corresponding pNF had normal 
gene dosage within the analyzed genes (Fig. 1A). EGFR 
gene dosage was increased in MPNST 24324 by a factor 
of 6.9, whereas the corresponding pNF 28580 showed an 
increase by a factor of 2.2 relative to the normal dosage. 
MPNST 24626 had stronger alterations in, for example, 
CDKN2A than in two corresponding pNFs. pNF 24624 
was pure neurofibroma, whereas pNF 28578 was scraped 
from a slice also containing MPNSTs. One patient con-
tributed primary MPNST 21852 and corresponding 
relapse 22318 (resected 5 months later). The relapse had 
acquired a reduction of ERBB2 and CDKN2A.

In order to verify MLPA data with an independent 
method we applied FISH in selected cases with increased 
EGFR values. FISH analysis revealed chromosome 7 
polysomy in all samples. Moreover, MPNSTs 21914 
and 24256 also harbored EGFR gene amplification in 
most cells (Table 5 and Fig. 1A). MPNST 21852 and 
the corresponding recurrent MPNST 22318 had border-
line amplifications (1.6 and 2.0) that matched well with 
MLPA data (1.5 and 1.8).

Expression of EGFR, erbB2, and EGFR Ligands

EGFR and erbB2 expression was determined by immu-
nohistochemistry in MPNSTs from 28 patients (Table 
2; Fig. 1, B and C). EGFR was detected in 29% (8 of 
28) and erbB2 in 82% (23 of 28) of MPNSTs. Stronger 
EGFR expression in MPNST 24324 than in adjacent 
pNF (Fig. 1B) corresponds well with underlying EGFR 
amplification in these tumors (Table 4).

Western blot detected EGFR in all five MPNSTs, four 
MPNST cell cultures, and seven of eight neurofibromas 
(Fig. 2A). Interestingly, different EGFR isoforms were 
detected in MPNSTs (170 kDa) and in neurofibromas 
(150 kDa), as depicted in Fig. 2, A and B. MPNST 21914 
was exceptional because the major signal was detected 
at 50 kDa (Fig. 2C). To determine whether this small 
EGFR isoform was active, we examined phosphoryla-
tion of tyrosine residues. EGF-stimulated A431 carci-
noma cells served as positive control. Phosphorylated 
EGFR was detected at 170 kDa in A431 lysate and at 
50 kDa in MPNST 21914. ErbB2 was present in four of 
five MPNSTs and all MPNST cultures but in only one of 
eight neurofibromas (Fig. 2A). The signals were detected 
at the expected size of 185 kDa. For comparison, EGFR 
and erbB2 were also examined in nontumorous cells 
(dermal fibroblasts), which showed weak expression of 
both receptors.

EGFR ligand expression (EGF, TGFA) was per-
formed with RT-PCR on five MPNSTs, two MPNST cell 
lines, and six neurofibromas (Fig. 2D). EGF was absent 
in neurofibromas and expressed in two of five MPNSTs 
and in both MPNST cell lines. Weak TGFA expression 
was detected in three of six neurofibromas. By contrast, 
MPNSTs showed stronger expression, with the excep-
tion of MPNST 26580 and cell line S462, which were 
negative.
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Table 2. Genetic alterations and expression of epidermal growth factor receptor (EGFR) and receptor tyrosine-protein kinase (erbB2) in 
malignant peripheral nerve sheath tumors (MPNSTs) and MPNST cell lines 

MPNST			   EGFR	 EGFR	 ERBB2	 erbB2	 	  
ID	 NF1a	 Gradeb	 ampc,d	 IHC/WBe	 ampc,d	 IHC/WBe	 PTENd	 CDKN2Ad	 TP53d

24256	 Y	 3	 4.5 amp	 1	 R	 111	 R	 L	 n

24326	 Y	 2	 nf	 –	 NA	 111			 

24626	 Y	 2	 R	 –	 n	 111	 R	 L	 n

24534	 Y	 3	 nf	 –	 NA	 11			 

24668	 Y	 3	 nf	 –	 –	 1			 

24670	 Y	 3	 n	 –	 n	 1	 R	 L	 R

24748	 Y	 2	 n	 –	 n	 111	 L	 R	 R

24772	 Y	 2	 1.36 amp	 11	 R	 111	 L	 L	 n

24776	 Y	 1	 nf	 –	 NA	 –			 

24472g	 Y	 3	 n	 1/WB11	 R	 –/WB11	 n	 n	 R

24480	 Y	 2	 n	 1	 n	 –	 R	 n	 n

24484	 Y	 3	 n	 NA	 n	 11	 n	 n	 n

24476	 Y	 2	 n	 –	 n	 –	 n	 n	 n

24784	 Y	 1	 n	 –/WB11	 n	 11/WB11	 n	 n	 n

21914	 Y	 2	 7.5 amp exon 1	 –/WB111	 R	 –	 R	 L	 R 
				    truncated	

21852	 Y	 2	 1.45 amp	 WB1	 n	 WB1	 R	 n	 R

24308	 Y	 3	 n	 NA	 R	 NA	 R	 R	 n

24310	 Y	 2	 n	 NA	 n	 NA	 L	 R	 n

24324	 Y	 1	 6.9 amp	 111	 R	 1	 n	 L	 R

24332	 Y	 2	 nf	 –	 NA	 11			 

24354	 Y	 1	 nf	 –	 NA	 1			 

24694	 Y	 2	 n	 –	 n	 111	 R	 n	 n

26592	 Y	 2	 nf	 –	 NA	 111			 

28650	 Y	 2	 n	 –	 n	 111	 n	 n	 n

28652	 Y	 1	 n	 –	 n	 111	 n	 n	 n

27724	 Y	 3	 nf	 –	 NA	 111			 

26580	 N	 3	 n	 NA	 R	 NA	 n	 L	 R

26582	 N	 3	 n	 –	 R	 111	 R	 n	 R

26584	 N	 2	 R	 (1)	 n	 11	 Amp/R	 L	 L

26586	 N	 2	 nf	 –	 NA	 111			 

26588	 N	 3	 1.38 amp	 –	 n	 NA	 R	 R	 R

168	 NF2	 NA	 n	 NA	 n	 NA	 n	 R	 n

524	 N	 NA	 1.8 amp	 NA	 n	 NA	 R	 R	 n

5050	 N	 NA	 R	 NA	 1.33 amp	 NA	 n	 n	 n

29250	 Y	 3	 n	 WB1	 n	 WB11	 n	 L	 n

31472	 Y	 3	 1.42 amp	 111	 n	 11	 1.43 amp	 L	 n

31474	 Y	 3	 n	 111	 n	 11	 n	 L	 R

S462g	 Y	 —	 1.47 amp	 WB111	 R	 WB11	 n	 n	 R

ST88-14	 Y	 —	 n	 WB111	 R	 WB1	 R	 n	 R

31002	 N	 —	 1.48 amp	 WB11	 n	 WB11	 R	 n	 n

NFS-1	 Y	 —	 1.76 amp	 WB111	 n	 WB111	 R	 L	 n

Abbreviations: PTEN, phosphatase and tensin homolog deleted on chromosome 10; CDKN2A, cyclin-dependent kinase inhibitor 2A; TP53, tumor protein p53; NA, not assessed 

(lack of material). Cell lines are listed in the lower part of the table. 

aNeurofibromatosis type 1 status of the patient: N, no; Y, yes; NF2, neurofibromatosis type 2. 

bTumor grade according to the modified Fédération Nationale des Centres de Lutte Contre le Cancer system. 

cAmplification status (amp) according to multiplex ligation-dependent probe amplification is indicated by fold increase relative to the normal gene dose. ErbB2, receptor tyrosine-

protein kinase. 

dR, monoallelic loss; L, biallelic loss; n, normal gene dose.

eImmunohistochemistry (IHC)/Western blot quantification (WB): strong (111), medium (11), weak (1). 

fSamples analyzed for EGFR dosage by real-time PCR.

gSamples belonging to the same patient. 
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Effect of Receptor Tyrosine Kinase Inhibitors on 
MPNST Cells

The effects of erlotinib and trastuzumab on MPNST 
cells were examined. Trastuzumab, tested in a concen-
tration range of 10–100 mg/ml on S462 and ST88-14 
cells, yielded a 20%–30% reduction of proliferation on 
S462 cells with concentrations of 10 mg/ml and 50 mg/ml 
(data not shown). A concentration of 100 mg/ml resulted 
in 20% inhibition, demonstrating that a dose-dependent 
effect was not achieved. ST88-14 cells were not affected 
by trastuzumab treatment.

Erlotinib concentrations of 1, 5, and 10 mM were 
tested on MPNST cell lines S462, ST88-14, NSF-1, and 
low-passage culture 31002 (Fig. 3A). Morphology of 
low-passage culture 31002 and cell line NSF-1 is shown 
in Fig. 1, D and E. Proliferation was measured on days 
4 and 7 posttreatment. Effect of incubation times on 
cell growth was negligible (data not shown). The erlo-
tinib concentration inhibiting cell growth by 50% (IC50) 
on day 7 posttreatment was 7 mM for 31002, 5 mM 
for S462, and 4 mM for ST88-14. NSF-1 cells were not 
affected by erlotinib treatment. The fractional product 
concept was applied to determine the effect of drug com-
bination. This method can be used for drugs that act 

Table 3. Allelic variants of epidermal growth factor receptor (EGFR) and receptor tyrosine-
protein kinase (erbB2) in malignant peripheral nerve sheath tumor patients

Gene	 Codon	 Triplet	 Amino acid	 Allele frequency (f)

EGFR exon 20	 787	 CAG.CAA	 Silent	 A787 5 0.63

				    G787 5 0.37

EGFR exon 21	 836	 CGC.CGT	 Silent	 C836 5 0.97

				    T836 5 0.03

EGFR exon 23	 903	 ACC.ACT	 Silent	 C903 5 0.80

				    T903 5 0.20

ERBB2 exon 17	 655	 ATC.GTC	 I .V	 Ile655 5 0.74

				    Val655 5 0.26

Fig. 1. Genetic alterations, receptor expression, and morphology of 
malignant peripheral nerve sheath tumors (MPNSTs) and MPNST 
cell cultures. (A) Electropherograms depicting gene dosage of 
MPNST 21914 (lower panel) and corresponding plexiform neurofi-
broma (pNF) 21912 (upper panel) generated with the SALSA P105 
Oligodendroglioma-2 multiplex ligation-dependent probe ampli-
fication kit (Vs. 04). The arrows indicate signal reduction of the 
five CDKN2A probes in the MPNSTs. The star marks the increased 
signal of the EGFR exon 1 probe (inset). Fluorescence in situ hybrid-
ization analysis demonstrates cluster amplification of epidermal 
growth factor receptor gene EGFR (red signals; centromer: green 
signals). (B) Immunohistochemistry of EGFR on MPNST 24324. 
Note the strong EGFR expression in the cellular MPNSTs compared 
to the area with differentiation corresponding to pNF. Original 
magnification: 3200; right corner, 3400. (C) Receptor tyrosine-
protein kinase erbB2 immunofluorescence of MPNST 24626. Origi-
nal magnification: 3400. (D and E) Morphology of low-passage 
MPNST culture 31002 and MPNST cell line NSF-1, respectively.
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mutually nonexclusively. Fractions of unaffected, pro-
liferating cells treated with single drugs were multiplied. 
The result is the calculated effect for additive-acting 
drugs. Experimental data were compared to the calcu-
lated value. If experimental and calculated data match, 
the effect is additive. Smaller experimental values indi-
cate a synergistic effect, whereas larger values indicate 
an antagonistic mode of action.

Combinations of erlotinib and imatinib (5 mM each) 
approximated an additive effect on S462 and 31002 cells 
(Fig. 3B). The effect on ST88-14 appeared to be stronger 
than additive. While erlotinib and imatinib had similar 
effects on S462 and 31002 cells, imatinib was superior 
on ST88-14. To determine if growth inhibition of erlo-
tinib is actually mediated by inhibition of EGFR signal-
ing, the effect of 5 mM erlotinib on EGF-induced EGFR 
phosphorylation was determined. Reduction of EGFR 
phosphorylation was achieved in 31002 and S462 but not 
in ST88-14 cells (Fig. 3C). To clarify whether stimulation 
with 100 ng/ml EGF may override the effect of erlotinib, 
we tested 50 ng/ml EGF. Under these conditions, erlo-
tinib inhibited EGFR phosphorylation (Fig. 3D).

Statistical Analysis

Molecular characteristics of the tumors as determined 
by MLPA, immunohistochemistry, and Western blot-
ting were compared with each other and with clinical 
information of MPNST patients. Presence of metasta-
sis was associated with reduced CDKN2A (p 5 0.054, 
Fisher exact test; n 5 22). Survival analysis was close to 
significance (p 5 0.09, log rank). Notably, all patients 
with metastases (n 5 5) had reduced CDKN2A. EGFR 
status and EGFR protein expression were significantly 
associated (p 5 0.026, Fisher exact test; n 5 26). When 
the four different staining and gene status levels were 
taken into account, the correlation was even more signif-
icant (p 5 0.016, Pearson correlation). Tumor grade was 
linked to PTEN gene dosage (p 5 0.017, Fisher exact 
test; n 5 24). None of the grade 1 MPNSTs had affected 
PTEN, whereas 82% of grade 2 and 40% of grade 3 
MPNSTs had reduced PTEN.

Table 4. Multiplex ligation-dependent probe amplification analysis on tumor pairs

Tumor ID	 EGFR	 ERBB2	 PTEN	 CDKN2A	 TP53

21914 MPNST	 7.5 amp	 R	 R	 L	 R

21912 pNF	 n	 n	 n	 n	 n

24324 MPNST	 6.9 amp (7.6)a	 R	 n	 L	 R

28580 pNF	 NA (2.2)a	 NA	 NA	 NA	 NA

24626 MPNST	 R	 n	 R	 L	 n

28578 pNF I	 n	 n	 R	 R	 n

24624 pNF II	 n	 n	 R	 n	 n

21852 MPNST	 1.5 amp	 n	 R	 n	 R

22138 relapse	 1.8 amp (2.4)a	 R	 R	 R	 R

Abbreviations: EGFR, epidermal growth factor receptor; erbB2, receptor tyrosine-protein kinase; PTEN, phosphatase 

and tensin homolog deleted on chromosome 10; CDKN2A, cyclin-dependent kinase inhibitor 2A; TP53, tumor 

protein p53; MPNST, malignant peripheral nerve sheath tumor; amp, amplification status; R, monoallelic loss; L, 

biallelic loss; pNF, plexiform neurofibroma; n, normal gene dose; NA, not assessed.

aEGFR dosage determined by real-time PCR. 

Table 5. Fluorescence in situ hybridization analysis of malignant peripheral nerve sheath 
tumors with increased epidermal growth factor receptor (EGFR) dosage

Tumor ID	 % Ampa	 % Polysomyb	 Ratioc

21914	 90	 40	 Clusterd

21852	 ,10	 60	 1.6

22138	 50	 55	 2.0

24772	 ,10	 15	 1.3

S462 cells	 0	 90	 1.0

24256	 80	 30	 Clusterd

aGene amplification was accepted when target gene/centromer was >2 and is given as percentage of cells with 

gene amplification. 

bPolysomy was accepted when centromer signals were three or more per nucleus and is given as percentage of cells 

with polysomy. 

cRatio: EGFR signals/centromer signals. 

dCluster indicates >15 signals per target and nucleus.
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Discussion

We detected gene dosage alterations in the oncogenes 
EGFR and ERBB2 and in the tumor suppressor genes 
PTEN, CDKN2A, and TP53. Increased EGFR dosage 
was present in 28% of MPNSTs and resulted from chro-
mosome 7 polysomy sometimes combined with EGFR 
amplification. Gain of chromosome 7 in MPNSTs has 
been reported previously.7,19,20 Most cell lines (three of 
four) showed slightly elevated EGFR values. Enrichment 
of cells with EGFR amplifications under culture condi-
tions is possible but appears unlikely since EGFR ampli-
fications have been reported to disappear under culture 
conditions.21

The frequent reduction of ERBB2 dosage may be 
explained by its colocalization with the NF1 gene on the 
long arm of chromosome 17. Frequent loss of chromo-
some 17 in MPNSTs has been shown.19 TP53, localizing 
to the short arm of chromosome 17, showed reduced gene 
dosage in 40% of MPNSTs (3% corresponding to bial-
lelic inactivation) and might also be caused by chromo-
some 17 loss. However, 9 of 31 MPNSTs showed altera-
tions in either ERBB2 or TP53, indicating that their 
loss is not always combined. Reduced CDKN2A dosage 
in 57% of MPNSTs (37% with values corresponding 
to homozygous deletions) agrees with a previous study 
showing CDKN2A deletions in 75% of MPNSTs (45% 

Fig. 2. Detection of epidermal growth factor receptor (EGFR), EGFR ligands, and receptor tyrosine-protein kinase (erbB2). (A) Western blot 
showing EGFR and erbB2 expression in malignant peripheral nerve sheath tumors (MPNSTs), MPNST cell lines, fibroblasts (Fibrobl.), and 
neurofibromas (NF). Lysate of EGF-stimulated A431 carcinoma cells served as EGFR positive control. Detection of b-actin demonstrates 
equal loading. (B) Different EGFR isoforms in MPNSTs and plexiform neurofibromas (pNFs) separated on the same gel. (C) Detection of 
phosphorylated proteins using the p-Tyr antibody specific for phosphotyrosine residues. Two sets of A431 and 21914 lysates were run on the 
same gel and blotted. After cutting the membrane one set was incubated with an EGFR antibody, the other set was incubated with p-Tyr. 
MM, MagicMark XP size standard. (D) Expression of EGFR ligands EGF and transforming growth factor a (TGFA) was determined by reverse 
transcriptase  PCR in neurofibromas, MPNSTs, and MPNST cell lines ST88-14 and S462. RPS3 served as housekeeping gene. Abbreviations: 
M, size standard PUC 19 DNA/MspI; GBM, glioblastoma cell line DBTRG-05 MG, serving as positive control; dNF, dermal neurofibromas.

with homozygous deletions).7 Similar results were found 
by other groups.4,22 Here, we provide evidence for an 
association of reduced CDKN2A with metastasis. How-
ever, these results need confirmation with larger patient 
numbers. Nevertheless, the association of CDKN2A 
alteration and disease progression, including metastasis, 
has been reported for other cancers.23,24 We show for 
the first time reduced PTEN dosage, which was present 
in 57% of MPNSTs (10% with values corresponding to 
homozygous deletions). PTEN reduction corresponded 
mainly to monoallelic loss. It remains to be clarified 
whether the remaining allele is also inactivated. Up to 
now, only one study determined PTEN mutations in 12 
MPNSTs but did not detect any.25 However, epigenetic 
regulation of PTEN has been reported for different 
tumors26–28 and could also take place in MPNSTs. In 
fact, our preliminary data point toward PTEN promoter 
methylation in the majority of MPNSTs but not in neu-
rofibromas. A detailed analysis of PTEN alterations is 
currently being performed.

Further, PTEN haploinsufficiency may be sufficient 
to promote tumor progression.29 PTEN controls the 
Akt/mTOR (mammalian target of rapamycin) pathway 
by antagonizing phosphoinositide 3-kinase. MPNST cell 
lines were found to be sensitive to the mTOR inhibitor 
rapamycin.30 It is possible that PTEN loss contributes to 
the activation of this pathway. Therefore, it might be of 
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interest to test whether MPNSTs with affected PTEN 
respond better to mTOR inhibitors than do those with 
unaffected PTEN.

EGFR and erbB2 were frequently expressed in 
MPNSTs, as shown by immunohistochemistry and 
Western blotting. ErbB2, detected in the vast majority 
of MPNSTs, was rarely expressed in neurofibromas, 
thereby pointing toward a progression-associated event. 
The proliferation-associated expression of erbB2 is also 
observed physiologically, with erbB2 being expressed in 
developing Schwann cells and downregulated in adult-
hood, but reexpressed in proliferating Schwann cells of 
traumatic neuromas or upon stimulation with growth 
factors.31,32 Although reduction of ERBB2 dosage was 
detected in 32% of MPNSTs, most of the affected cases 
still expressed erbB2. This result may appear contradic-
tory, but haploinsufficiency does not necessarily lead to 
reduced expression. Given a scenario in which one allele 
of ERBB2 is accidentally co-deleted with NF1, regu-
latory processes could account for erbB2 expression, 
which might be important for tumor cell proliferation. 
EGFR was detected in MPNSTs and neurofibromas, but 
the isoforms differed. In MPNSTs, we detected bands 
at 170 kDa, which correspond to glycosylated EGFR. 
Neurofibromas mainly showed bands at 150 kDa, pos-
sibly representing an unglycosylated isoform of EGFR.33 
Proper glycosylation is important for ligand binding, cor-
rect folding, and kinase activity.33 Therefore, it is tempt-
ing to speculate that glycosylated EGFR in MPNSTs 
is more potent in transmitting mitogenic signals upon 
ligand binding than is the unglycosylated form in neu-

Fig. 3. Effect of erlotinib and imatinib on proliferation and epidermal growth factor receptor (EGFR) phosphorylation. (A) Effect of differ-
ent erlotinib concentrations on cell proliferation in four malignant peripheral nerve sheath tumor lines after 7 days of incubation. (B) Single 
and combination (Combi) treatment with 5 mM of erlotinib and imatinib. Error bars represent the SEM of three independent experiments. 
ST88-14 in B was tested once in duplicate. (C) Effect of erlotinib on EGF-induced EGFR phosphorylation. The cells were cultivated 24 h 
without serum and then treated with vehicle, EGF (100 ng/ml), or erlotinib (5 mM) plus EGF. (D) Cells were stimulated with 50 ng/ml EGF. 
The phosphorylated form of EGFR (pEGFR) was detected by a phospho-specific EGFR antibody. Rehybridization of the membranes with 
an EGFR antibody shows equal loading.

rofibromas. EGFR may also be upregulated during dis-
ease progression, as shown in Fig. 1B. In general, EGFR 
expression was associated with increased EGFR dosage, 
thereby providing evidence for the underlying mecha-
nism. Furthermore, increased transcript levels of EGF 
and TGFa were detected in MPNSTs compared to neu-
rofibromas. Thus, stronger expression of EGF ligands 
might contribute to tumor progression.

Our in vitro assays demonstrated a dose-dependent 
effect of erlotinib but not trastuzumab on MPNST cell 
proliferation. Trastuzumab is approved for treatment 
of erbB2-overexpressing breast cancers with underly-
ing ERBB2 amplification. Although the exact mode of  
trastuzumab action is not fully understood, it is antici-
pated that trastuzumab is effective only in tumor cells 
with ERBB2 amplification surpassing a certain erbB2 
expression threshold.34 A unique feature of erbB2 is 
its ability for spontaneous dimerization when overex-
pressed. Further, antibody-dependent cell-mediated 
cytotoxicity is thought to contribute to the effect medi-
ated by trastuzumab in vivo.35 Absence of ERBB2 ampli-
fication in MPNST cell lines and lack of immune cells in 
our assay may explain failure of trastuzumab. Erlotinib, 
targeting the kinase domain of EGFR, inhibited most 
tested cell lines. NSF-1 cells were not affected, although 
they express EGFR. Independence from EGFR signaling 
may be explained by numerous other alterations. Mod-
ulating effects of tumor suppressor genes on therapy 
have been reported.36 Recently, an inhibitory effect of 
erlotinib on MPNST cell lines S462 and STS26T was 
reported.37 IC50 values in S462 cells were similar to ours, 
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and an antiangiogenic effect was observed in an STS26T 
xenograft model. Taken together, IC50 values of our cell 
culture assays were similar to plasma concentrations in 
patients38 and suggest that erlotinib may be a candidate 
for therapeutic use in MPNST patients.

Combination therapies are likely to yield best results 
in highly malignant tumors with numerous genetic and 
epigenetic alterations. Therefore, we combined imatinib, 
previously shown to be effective on S462 cells,5 with 
erlotinib. ST88-14 cells were more sensitive to combi-
nation treatment than were the other cells. A possible 
explanation is the TP53 wild-type status of ST88-14, 
whereas S462 cells harbor mutant TP53 (unpublished 
observation, Nikola Holtkamp). A modulating effect of 
p53 status on sensitivity to the EGFR inhibitor cetux-
imab was observed in two hepatocellular cancer cell 
lines. Despite strong EGFR expression in both cell lines, 
the one with mutant p53 responded less to cetuximab 
than the one with wild-type p53.39 Thus, TP53 altera-
tions may be considered for individualized therapies of 
MPNSTs.

In summary, our results provide a molecular ratio-

nale for clinical application of EGFR inhibitors. Further, 
erbB2 was expressed by most MPNSTs. In contrast to 
other erbB family members (EGFR, erbB3, erbB4), erbB2 
lacks a ligand-binding domain. ErbB2 must therefore 
form heterodimers with other family members, all of 
which were detected in MPNSTs,15 to respond to growth 
factors. Application of pan-erbB inhibitors appears 
tempting to inhibit this cross talk (heterodimerization). 
Prior analysis of EGFR and erbB2 expression in tumors 
will probably help to choose patient subgroups most 
likely to benefit from treatment with specific inhibitors. 
Finally, a combination of drugs is likely to be most effec-
tive in combating MPNSTs.
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