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BACKGROUND. Neurofibroma/schwannoma hybrid nerve sheath tumors (N/S HNSTs) are neoplasms associated with larger 
nerves that occur sporadically and in the context of schwannomatosis or neurofibromatosis type 2 or 1. Clinical management 
of N/S HNSTs is challenging, especially for large tumors, and established systemic treatments are lacking.

METHODS. We used next-generation sequencing and array-based DNA methylation profiling to determine the clinically 
actionable genomic and epigenomic landscapes of N/S HNSTs.

RESULTS. Whole-exome sequencing within a precision oncology program identified an activating mutation (p.Asp769Tyr) 
in the catalytic domain of the ERBB2 receptor tyrosine kinase in a patient with schwannomatosis-associated N/S HNST, 
and targeted treatment with the small-molecule ERBB inhibitor lapatinib led to prolonged clinical benefit and a lasting 
radiographic and metabolic response. Analysis of a multicenter validation cohort revealed recurrent ERBB2 mutations 
(p.Leu755Ser, p.Asp769Tyr, p.Val777Leu) in N/S HNSTs occurring in patients who met diagnostic criteria for sporadic 
schwannomatosis (3 of 7 patients), but not in N/S HNSTs arising in the context of neurofibromatosis (6 patients) or outside 
a tumor syndrome (1 patient), and showed that ERBB2-mutant N/S HNSTs cluster in a distinct subgroup of peripheral nerve 
sheath tumors based on genome-wide DNA methylation patterns.

CONCLUSION. These findings uncover a key biological feature of N/S HNSTs that may have important diagnostic and 
therapeutic implications.
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options to improve clinical outcomes in patients with N/S HNSTs, 
especially those with unresectable symptomatic tumors.

We here report successful targeted treatment of an index 
patient with schwannomatosis-associated N/S HNST harboring 
an activating ERBB2 mutation within a genomics-guided preci-
sion oncology program, and describe for what we believe is the 
first time that a substantial proportion of N/S HNSTs are associat-
ed with recurrent, pharmacologically tractable ERBB2 mutations.

Results
A 30-year-old woman presented with pain in her right leg in 2004. 
Magnetic resonance imaging (MRI) showed a large tumor mass 
comprising multiple nodules located around peripheral nerves in 
the lower right body quadrant, including lumbar and sacral spinal 
nerve roots, the right lumbosacral plexus, and the right femoral 
and sciatic nerves. Additional nodules were present in the abdo-
men and the left leg. Partial resection of nodules in the ventral 
compartment of the upper right thigh and the right gluteal region 
was performed in 2005, and a diagnosis of N/S HNST was estab-
lished. There were no clinical signs of NF2, such as vestibular 
schwannomas, or dermatologic abnormalities, and the patient ful-
filled the clinical criteria of sporadic schwannomatosis (10) with 
no family history suggestive of a hereditary tumor predisposition 
syndrome. Over time, the tumor slowly progressed (Supplemental 
Figure 1; supplemental material available online with this article; 
https://doi.org/10.1172/JCI130787DS1), and partial resection of a 
large tumor mass around the right lateral femoral cutaneous nerve 
was performed in 2011. Hematoxylin and eosin (H&E) staining 
showed an encapsulated tumor with compact, cell-dense areas 
as well as areas with scattered, spindle-shaped cells with filament 
fragments. Focally, a slight lymphoid infiltrate was detectable in 
perivascular regions. The tumor cells displayed strong expression 
of S100 and slight expression of reticulin in a punctuated pattern 
around balloon-shaped swirls. The proliferation rate was low 
(average, 1%; range, 0%–3%) (Figure 1A).

Due to progressive pareses and intense neuropathic pain, and 
because no further established therapy was available, the patient 
was enrolled in the NCT MASTER (Molecularly Aided Stratifica-
tion for Tumor Eradication Research) program, a nationwide reg-
istry trial for genomics-guided stratification of younger adults with 
advanced-stage cancer across all histologies and patients with 
rare tumors who have exhausted standard treatment options (11). 
Whole-exome sequencing of tumor tissue and matched peripheral 
blood mononuclear cells showed a quiet genomic profile with only 
2 somatic missense mutations and no DNA copy number alter-
ations. Of particular clinical interest was a heterozygous ERBB2 
p.Asp769Tyr mutation (variant allele frequency, 16%), which was 
confirmed by Sanger sequencing both in the initial specimen and 
a subsequent biopsy from a different tumor nodule, and whose 
expression was verified by RNA sequencing. Analysis of germline 
sequences (Supplemental Table 1) identified no pathogenic vari-
ants in established tumor predisposition genes, including NF1, 
NF2, SMARCB1, and LZTR1.

ERBB2 p.Asp769Tyr has been identified as a rare mutation in a 
range of carcinomas, in particular breast invasive ductal carcinoma 
(http://www.cbioportal.org), and studies in MCF10A human mam-
mary epithelial cells have shown that this variant causes constitu-

Introduction
Neurofibroma/schwannoma hybrid nerve sheath tumors (N/S 
HNSTs) are peripheral nerve sheath tumors that are recognized as 
a distinct entity by the 2016 update of the World Health Organi-
zation (WHO) Classification of Tumours of the Central Nervous 
System (1). While schwannomas are solely composed of Schwann 
cells, neurofibromas are heterogeneous tumors consisting of 
Schwann cells, axonal processes, perineurial/perineurial-like 
cells, fibroblasts, and mast cells (2). N/S HNSTs are composed of 
schwannoma-like nodules within a neurofibroma-like tumor (3), 
and more than 60% of cases are associated with an underlying 
tumor predisposition syndrome. In particular, 26%, 17%, and 9% 
of N/S HNST patients are afflicted with neurofibromatosis type 
2 (NF2), schwannomatosis, and neurofibromatosis type (NF1), 
respectively (4); 71% of patients with schwannomatosis develop 
N/S HNSTs (4); and 26% of NF2 patients undergoing resection of 
peripheral nerve sheath tumors have N/S HNSTs (5). Thus, N/S 
HNSTs may occur in up to 1 in 10,000 persons per year, assuming 
a birth incidence for schwannomatosis of 1 in 40,000 (6).

Treatment of N/S HNSTs is based on surgical resection. How-
ever, due to the association of neurofibromas, schwannomas, and 
N/S HNSTs with larger nerves as well as the number and extent 
of manifestations typically seen in cases of NF1-associated plexi-
form nerve sheath tumors (7), local control is sometimes difficult 
to achieve. Thus, despite generally being considered benign due 
to WHO grade I histology in both tumor components, N/S HNSTs 
can be associated with substantial morbidity, such as motor dis-
ability, neuropathic pain, or disfigurement (6). In patients who are 
not surgical candidates, palliative radiotherapy may be considered 
depending on the localization and extent of the tumor(s). In con-
trast, although clinical trials have been conducted in subgroups of 
schwannomas and neurofibromas (8, 9), there is no established 
systemic treatment for N/S HNSTs, and molecular drug targets 
are lacking. Thus, there is an urgent need for novel treatment 

Authorship note: JPS, DER, HG, AS, and SF share last authorship.
Conflict of interest: MWR has received research funding from UCB. VE has collected 
personal fees from AstraZeneca, Merck Sharp & Dohme, Novartis, and Thermo Fisher 
Scientific, with other support from Illumina. WW has collected personal fees from 
Amgen, Astellas, AstraZeneca, Boehringer Ingelheim, Bristol-Myers Squibb, Eli Lilly, 
Merck, Merck Sharp & Dohme, Novartis, Pfizer, Roche, and Takeda, as well as re-
search funding from Bristol-Myers Squibb, Bruker, Merck Sharp & Dohme, and Roche. 
AVD and DR have licensed an NF1 antibody to Cell Marque. JPS has a consulting or 
advisory board membership with, or has received honoraria or travel or accommoda-
tion expenses from Abbvie, Medac, Novocure, Roche, and UCB. AS has consulting or 
advisory board membership with AstraZeneca, Bayer, Bristol-Myers Squibb, Illumina, 
Novartis, Seattle Genomics, Takeda, and Thermo Fisher Scientific; received honoraria 
from AstraZeneca, Bayer, Bristol-Myers Squibb, Illumina, Merck Sharp & Dohme, 
Novartis, Pfizer, Roche, Seattle Genomics, Takeda, and Thermo Fisher Scientific; and 
received research funding from Bayer, Bristol-Myers Squibb, and Chugai. SF has a 
consulting or advisory board membership with Bayer and Roche; received honoraria 
from Amgen, Eli Lilly, PharmaMar, and Roche; received research funding from Astra-
Zeneca, Pfizer, and PharmaMar; and received travel or accommodation expenses from 
Amgen, Eli Lilly, PharmaMar, and Roche.
Copyright: © 2020, American Society for Clinical Investigation.
Submitted: June 6, 2019; Accepted: January 30, 2020; Published: April 13, 2020.
Reference information: J Clin Invest. 2020;130(5):2488–2495. 
https://doi.org/10.1172/JCI130787.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/5
https://www.jci.org/articles/view/130787#sd
https://www.jci.org/articles/view/130787#sd
https://doi.org/10.1172/JCI130787DS1
https://www.jci.org/articles/view/130787#sd
http://www.cbioportal.org
https://doi.org/10.1172/JCI130787


The Journal of Clinical Investigation   C L I N I C A L  M E D I C I N E

2 4 9 0 jci.org   Volume 130   Number 5   May 2020

ed after reintroduction of therapy, indicating continued efficacy of 
ERBB2 blockade. Clinical improvement was paralleled by a reduc-
tion in size of some lesions (Figure 1B and Supplemental Figure 
2, A–C) as well as a lasting metabolic response on sequential flu-
orodeoxyglucose-positron emission tomography (FDG-PET)/MRI 
studies (Figure 1C and Supplemental Figure 2B). Together, these 
results uncover mutant ERBB2 as a potentially novel driver of N/S 
HNST that provides an immediate therapeutic opportunity.

To investigate the frequency of mutations in ERBB2 or other 
RTKs in N/S HNSTs, we collected 18 additional tumors from 14 
additional patients (Supplemental Table 2). This cohort included 7 
patients that met clinical diagnostic criteria for sporadic schwan-
nomatosis, 2 of which had unusual clinical characteristics in 
addition to peripheral nerve sheath tumors (patient 3: marfanoid 
habitus, scoliosis, bilateral acetabular protrusions, mitral valve 
prolapse, dilated ascending aorta, history of retrognathia and 
juvenile glaucoma; patient 4: generalized epileptic seizures, der-
mal neurofibromas), 6 patients with NF2, and 1 patient without a 
tumor predisposition syndrome (Table 1).

Employing targeted next-generation sequencing, we detected 
ERBB2 mutations (p.Leu755Ser, p.Asp769Tyr, p.Val777Leu) in 3 
of 7 (43%) schwannomatosis patients, whereas no ERBB2 muta-
tions were found in NF2 or sporadic N/S HNST cases, resulting in 

tive activation of the ERBB2 receptor tyrosine kinase (RTK) and 
confers sensitivity to ERBB2-directed antibodies and small-mol-
ecule tyrosine kinase inhibitors (12). Given these findings and the 
lack of therapeutic alternatives, treatment with 1500 mg lapatinib 
daily was initiated in October 2015 and has since then been well tol-
erated. Prior to lapatinib treatment, the patient had bilateral pare-
sis of foot and toe elevation (2/5 on the right and 4/5 on the left side 
according to the British Medical Research Council Scale) with cor-
responding gait impairment. There was numbness of the right foot 
and lower leg as well as the medial part of the right thigh. Severe 
neuropathic pain (5–6/10 on a numeric rating scale) was present 
at all times despite treatment with gabapentin and nortriptyline 
and caused frequent insomnia. After 6 months of therapy, pareses 
had improved to 4+/5 on the right and 4+/5 on the left side and 
gait was no longer impaired. Furthermore, neuropathic pain had 
improved (1–2/10 on a visual analog scale) and was only present on 
1–2 days per week for brief periods, and sleep was rarely affected. 
In contrast, the numbness of the right leg remained unchanged. As 
of October 2019, the patient was still on lapatinib, and the improve-
ments of motor strength and neuropathic pain, which had begun as 
early as 4 weeks after initiation of therapy, were lasting. Interest-
ingly, a 3-week interruption of lapatinib due to paronychia of the 
right hallux caused an increase in neuropathic pain, which subsid-

Figure 1. Histologic appearance, tumor burden, and assessment of response to lapatinib in a patient with N/S HNST. (A) H&E, S100, reticulin, and Ki67 
staining. Scale bars: 200 μm. (B) Axial MRI studies showing decreased tumor masses over time. Upper panel, T2-weighted and fat-suppressed images  
of hyperintense tumors along the right sciatic (asterisks) and femoral (arrowhead) nerves; lower panel, T1-weighted, contrast-enhanced, and fat- 
suppressed images of slightly and inhomogeneously contrast-enhancing tumors along the right sciatic and femoral nerves. (C) FDG-PET/MRI studies 
showing decreased tracer uptake over time. Upper row, axial images of tumors along the right sciatic and femoral nerves; lower row, coronal images of 
tumors along the right sciatic nerve.
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classification of the index tumor yielded high classifier scores for the 
subgroups “melanocytic schwannoma” and “regular schwannoma”, 
indicating a potential relationship with these entities. Unsupervised 
hierarchical clustering of the DNA methylation profiles of our cohort 
of 19 N/S HNSTs and 80 benign Schwann cell tumors from previ-
ously described methylation categories (15) identified a distinct sub-
cluster of tumors (Figure 2, Subcluster A) that contained the major-
ity of N/S HNSTs associated with sporadic schwannomatosis (7 of 
9 tumors), including all ERBB2-mutant cases, whereas most N/S 
HNSTs associated with NF2 (5 of 7 tumors), which lack activating 
ERBB2 mutations, lay outside this cluster (Figure 2, Cluster B).

Discussion
We here report for the first time that a substantial proportion of 
N/S HNSTs harbor ERBB2 kinase domain mutations that have 
been shown in other tumor entities to induce constitutive ERBB2 
signaling, promote oncogenesis, and confer sensitivity to pharma-
cologic ERBB2 inhibition (12, 16). Furthermore, N/S HNSTs that 
had occurred in a patient with NF2 harbored a RET p.Tyr791Phe 
variant, which has been described as activating mutation in famil-
ial medullary thyroid carcinoma (17). Together, these findings 
indicate that N/S HNSTs are frequently driven by aberrant RTK 
signaling, and consistent with the hypothesis of a distinct molec-
ular pathogenesis, we observed that ERBB2-mutant N/S HNSTs 
cluster in a separate subgroup of peripheral nerve sheath tumors 
based on genome-wide DNA methylation analysis (Figure 2). The 
notion that these tumors might define a separate subgroup of N/S 
HNSTs is further supported by the mutual exclusivity of activating 
ERBB2 variants and mutations known to drive tumorigenesis in 
patients with schwannomatosis, NF2, and NF1 (Table 2).

a mutation frequency of 27% (4 of 15 patients) in the entire cohort 
including the index patient (Table 1). These kinase domain muta-
tions had previously been found in breast cancer and character-
ized as activating and sensitive to pan-ERBB inhibitors such as 
neratinib (12). Of the 6 patients with NF2, 1 (17%) had tumors that 
harbored a heterozygous RET p.Tyr791Phe mutation (Table 1), 
which has been identified in various cancers and characterized as 
activating, although its cancer-driving role has been disputed (13). 
Histologic analysis revealed no phenotypic differences compared 
with samples without RTK alterations (Supplemental Figure 3).

To delineate potential additional steps of tumorigenesis and 
corroborate the clinical diagnoses, we analyzed the sequencing 
data and genome-wide DNA methylation profiles of all tumors for 
mutations in NF1, NF2, SMARCB1, or LZTR1, and for loss of het-
erozygosity of chromosome 22q, where NF2 is located, respective-
ly (Table 2), and observed that ERBB2 mutations were mutually 
exclusive with alterations of NF2, SMARCB1, or LZTR1 and loss of 
heterozygosity of chromosome 22q. No NF1 mutation was detect-
ed in the study cohort (Table 2). Of note, both RET-mutant tumors 
from a patient who had been diagnosed with NF2 lacked NF2 
alterations, whereas the mutational profiles of all other tumors 
were consistent with the respective clinical diagnoses. Collective-
ly, these results identify activating ERRB2 mutations as recurrent 
events in N/S HNST arising in schwannomatosis patients, and 
suggest that this tumor entity may be driven by aberrant ERBB2 
signaling in a substantial proportion of cases.

DNA methylation profiling has emerged as a powerful tool to 
distinguish biologically distinct tumor entities (14), and a recent 
analysis of peripheral nerve sheath tumors revealed several clinical-
ly important methylation subgroups (15). DNA methylation-based 

Table 1. RTK mutations in the study cohort

Patient Tumor no. Tumor syndrome Gene Exon Mutation (cDNA) Mutation (protein) COSMIC ID Methylation 
cluster

1 1 Schwannomatosis  
(index patient)

ERBB2 19 c.2305G>T Asp769Tyr COSM1251412 A

2 2 Schwannomatosis ERBB2 19 c.2305G>T Asp769Tyr COSM1251412 A
3 3 Schwannomatosis ERBB2 19 c.2264T>C Leu755Ser COSM14060 A
4 4 Schwannomatosis ERBB2 20 c.2329G>T Val777Leu COSM14062 A

5 Schwannomatosis ERBB2 20 c.2329G>T Val777Leu COSM14062 A
6 Schwannomatosis ERBB2 20 c.2329G>T Val777Leu COSM14062 A

5 7 Schwannomatosis None A
8 Schwannomatosis None A

6 9 Schwannomatosis None B
7 10 Schwannomatosis None A
8 11 NF2 RET 13 c.2372A>T Tyr791Phe COSM1159820 B

12 NF2 RET 13 c.2372A>T Tyr791Phe COSM1159820 A
9 13 NF2 None B
10 14 NF2 None B
11 15 NF2 None B
12 16 NF2 None B
13 17 NF2 None A
14 18 None None B
15 19 Schwannomatosis None B

COSMIC, Catalogue of Somatic Mutations in Cancer (http://cancer.sanger.ac.uk/cosmic).
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Our findings may also have diagnostic implications as they 
indicate that the heterogeneous group of N/S HNSTs, which is 
currently defined based on histologic criteria alone (1), may be 
deciphered further using molecular analyses. ERBB2-mutant N/S 
HNSTs were exclusively associated with schwannomatosis, and 
future diagnostic algorithms may therefore incorporate the pres-
ence of an ERBB2 mutation as supportive or even core criterion 
(6, 10). Such additional parameters are urgently needed given that 
the differential diagnosis of tumor syndromes can be challenging 
due to overlap between entities, diverse mutations causing com-
mon phenotypes, and continuously evolving clinical criteria.

Finally, our results add to an emerging body of evidence indi-
cating that oncogenic driver mutations can also be found in benign 
conditions and in premalignant lesions (20), and it will be interest-
ing to study the impact of mutant ERBB2 signaling on the course 
of disease in N/S HNST patients and to identify individuals who 
may be candidates for preemptive therapeutic strategies.

Methods
Tumor samples. For whole-exome and RNA sequencing of the index 
case, a fresh-frozen tumor specimen and matched peripheral blood 
mononuclear cells were collected. Samples were pseudonymized, 
and tumor histology and cellularity were assessed at the Institute of 
Pathology, Heidelberg University Hospital, prior to further process-
ing. For targeted next-generation sequencing, sections of 18 formalin- 
fixed paraffin-embedded (FFPE) tumors from 14 patients were pro-
vided by the Institute of Pathology and Neuropathology, University 
Hospital Tübingen, and the Institute of Neurology, University Hospi-

In addition to providing new insights into underlying pathoge-
netic mechanisms, our findings may broaden the therapeutic arma-
mentarium against N/S HNSTs. Pharmacologic treatment options 
for schwannomas or neurofibromas have been explored previously 
in the context of NF2 and NF1. In patients with NF2-associated ves-
tibular schwannomas, both the dual EGFR/ERBB2 inhibitor lapa-
tinib and the anti-VEGF antibody bevacizumab induced transient 
responses in a subset of tumors; in patients with NF1-associated 
plexiform neurofibromas, the MEK inhibitor selumetinib caused a 
decrease in tumor volume in 70% of cases (8, 9, 18, 19). The ratio-
nale to investigate the activity of lapatinib and selumetinib, respec-
tively, was that loss of the Merlin tumor suppressor encoded by 
NF2 is frequently associated with activation of EGFR or ERBB2 sig-
naling (9), and that inactivation of the RAS GTPase-activating pro-
tein encoded by NF1 stimulates the RAS-MEK-ERK pathway (18). 
Our finding of recurrent ERBB2 kinase domain mutations now also 
suggests a targeted therapeutic strategy for N/S HNSTs occurring 
in non-NF patients. Importantly, the efficacy of ERBB2 kinase inhi-
bition in ERBB2-mutant cancers varies across tumor entities and 
mutation types, with the greatest activity seen in breast, cervical, 
and biliary cancers, and in tumors that contain missense variants 
in the catalytic domain (16). The prolonged response to lapatinib 
we observed in a patient with ERBB2-mutant N/S HNST is encour-
aging and supports prospective mutational profiling in N/S HNST 
patients with unresectable tumors as well as a molecularly guided 
clinical trial of ERBB2 inhibitors such as lapatinib, afatinib, or nera-
tinib to establish mutant ERBB2 as valid therapeutic target in this 
disease and to identify modifiers of response.

Table 2. NF1, NF2, SMARCB1, and LTZR1 mutations and chromosome 22q status in the study cohort

Patient Tumor no. Germline mutation NF1 mutation 
(tumor)

NF2 mutation  
(tumor)

SMARCB1 mutation  
(tumor)

LZTR1 mutation 
(tumor)

Chromosome 22q status 
(tumor)

1 1 No NF1, NF2, SMARCB1, or 
LZTR1 mutation

None None None None Normal

2 2 NA None None None None Normal
3 3 No NF1 or NF2 mutation None None None None Normal
4 4 NA None None None None Normal

5 NA None None None None Normal
6 NA None None None None Normal

5 7 No NF2 mutation None None c.130_138del; p.Lys45_
Tyr47delLysArgTyr

None Heterozygous deletion

8 No NF2 mutation None c.955C>T; p.Gln319* c.130_138del; p.Lys45_
Tyr47delLysArgTyr

None Heterozygous deletion

6 9 No NF2 mutation None c.817_824del; p.Ile273fs*3 None None Heterozygous deletion
7 10 No NF2 mutation None c.623T>C; p.Leu208Pro c.987_987del; p.Ser329fs*28 None Heterozygous deletion
8 11 NA None None c.1130G>A; p.Arg377His None Heterozygous deletion

12 NA None None None None Heterozygous deletion
9 13 No NF2 mutation None c.491delC; p.Gln165fs*9 None None Normal
10 14 NF2: c.1145-1149insT 

p.Leu384fs*42
None c.1149delG; p.Leu384fs*42 None c.614T>C;  

p.Ile205Thr
Heterozygous deletion

11 15 No NF2 mutation None c.561delA; p.Ile188fs*21 None None Normal
12 16 NF2: c.576C>G; p.Tyr192X ND ND ND ND Heterozygous deletion
13 17 No NF2 mutation None c.1447-2A>C None None Heterozygous deletion
14 18 NA None c.674delG p.spl? c.1130G>A; p.Arg377His None Heterozygous deletion
15 19 No NF2 mutation None None None None Heterozygous deletion

NA, not assessed; ND, not done. 
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tal Frankfurt. These tumors were evaluated by a board-certified neu-
ropathologist at the Institute of Pathology and Neuropathology, Uni-
versity Hospital Tübingen, and original diagnoses were independently 
confirmed by another board-certified neuropathologist at the Institute 
of Neurology, University Hospital Frankfurt. Tumor tissue was micro-
dissected to achieve a tumor cell content of at least 15%.

Whole-exome and RNA sequencing. DNA and RNA from the tumor 
specimen and DNA from the blood sample were isolated using the 
AllPrep DNA/RNA/Protein Mini Kit (Qiagen), followed by quality 
control and quantification using a Qubit 2.0 Fluorometer (Life Tech-
nologies), a 2200 TapeStation system (Agilent), and a 2100 Bioana-
lyzer system (Agilent).

Exome capturing was performed using SureSelect Human All 
Exon V5 in-solution capture reagents (Agilent). Briefly, 1.5 μg genom-
ic DNA was fragmented to 150–200 bp (paired-end) insert size with a 
Covaris S2 device, and 250 ng Illumina adapter-containing libraries 
were hybridized with exome baits at 65°C for 16 hours. Paired-end 
sequencing (101 bp) was carried out with a HiSeq 2500 instrument 
(Illumina) in rapid mode. RNA sequencing libraries were prepared 
using the TruSeq RNA Sample Preparation Kit v2 (Illumina). Brief-
ly, mRNA was purified from 1 μg total RNA using oligo(dT) beads, 
poly(A)+ RNA was fragmented to 150 bp and converted into cDNA, 
and cDNA fragments were end-repaired, adenylated on the 3′ end, 
adapter-ligated, and amplified with 12 cycles of PCR. The final librar-
ies were validated using a Qubit 2.0 Fluorometer (Life Technologies) 
and a Bioanalyzer 2100 system (Agilent). Paired-end sequencing (2 
× 101 bp) was carried out with a HiSeq 2500 instrument (Illumina) 
in rapid mode.

Exome sequencing reads were mapped to the 1000 Genomes 
Phase 2 assembly of the human reference genome (NCBI build 
37.1) using BWA (version 0.6.2) with default parameters and max-

imum insert size set to 1000 bp (21). BAM files were sorted with 
SAMtools (version 0.1.19) (22), and duplicates were marked with 
Picard tools (version 1.90). Average target coverage was ×180 for 
the tumor and ×160 for the control. For the detection of single- 
nucleotide variants (SNVs), we applied an in-house analysis pipeline 
based on SAMtools mpileup and bcftools with parameter adjust-
ments to allow for calling of somatic variants with heuristic filter-
ing as previously described (23–25). After annotation with RefSeq 
(version September 2013) using ANNOVAR (26), somatic, nonsilent 
coding variants of high confidence were selected. Short insertions 
and deletions (indels) were identified using Platypus (version 0.5.2; 
parameters genIndels = 1, genSNPs = 0, ploidy = 2, nIndividuals = 
2) by providing the tumor and control BAM files (27). To be of high 
confidence, somatic calls (control genotype 0/0) were required to 
either have the Platypus filter flag PASS or pass custom filters allow-
ing for low variant frequency using a scoring scheme. Candidates 
with the badReads flag, alleleBias, or strandBias if the variant allele 
frequency was less than 10%, or more than 2 of the remaining flags 
were discarded. Additionally, combinations of Platypus non-PASS 
filter flags, bad quality values, low genotype quality, very low vari-
ant counts in the tumor, and presence of variant reads in the con-
trol were not tolerated. Indels were annotated with ANNOVAR, 
and somatic high-confidence indels falling into a coding sequence 
or splice site were extracted. Copy number variants were analyzed 
by read-depth plots and an in-house pipeline using the VarScan2 
copynumber and copyCaller modules (28). Regions were filtered 
for unmappable genomic stretches, merged by requiring at least 70 
markers per called copy number event, and annotated with RefSeq 
genes using BEDtools (29).

RNA sequencing reads were mapped with STAR (version 2.3.0e) 
(30). For building the index, the 1000 Genomes reference sequence 

Figure 2. DNA methylation profiling of peripheral nerve sheath tumors. Dendrogram showing the results of unsupervised hierarchical clustering of the 
DNA methylation profiles of N/S HNSTs and 80 benign Schwann cell tumors. “Schwannoma I-IV” refers to previously described methylation subgroups 
(15). DNA methylation levels (beta values) are represented as heatmap. mut, mutant; WT, wild-type. *, §, and # identify tumors from the same patient.
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with GENCODE version 17 transcript annotations were used. For 
alignment, the following parameters were used: alignIntronMax 
500000, alignMatesGapMax 500000, outSAMunmapped Within, 
outFilterMultimapNmax 1, outFilterMismatchNmax 3, outFilterMis-
matchNoverLmax 0.3, sjdbOverhang 50, chimSegmentMin 15, chim-
ScoreMin 1, chimScoreJunctionNonGTAG 0, chimJunctionOverhang-
Min 15. The output was converted to sorted BAM files with SAMtools, 
and duplicates were marked with Picard tools (version 1.90).

Expression levels were determined per gene and sample as reads 
per kilobase (kb) of exon model per million mapped reads, and Ref-
Seq was used as gene model. For each gene, overlapping annotated 
exons from all transcript variants were merged into nonredundant 
exon units with a custom Perl script. Nonduplicate reads with map-
ping quality above zero were counted for all exon units with cover-
ageBed from the BEDtools package. Read counts were summarized 
per gene and divided by the combined length of its exon units (in 
kb), and the total number of reads (in millions) was counted by cov-
erageBed. SNVs and indels were annotated with RNA information 
by generating a pileup of the DNA variant position in the RNA BAM 
file with SAMtools.

Hybrid capture-based panel sequencing. DNA was extracted using 
a Maxwell 16 Research System (Promega), followed by quantification 
using the QuBit 2.0 DNA High Sensitivity Kit (Thermo Fisher Scientif-
ic). Library preparation for the capture-based TruSight Oncology 500 
panel (Illumina) (Supplemental Table 3)was performed as previously 
described (31). DNA integrity was assessed using the Genomic DNA 
ScreenTape Analysis on a 4150 TapeStation System (Agilent). To frag-
ment DNA to a length of 90–250 bp, 80 ng DNA was sheared for 50–78 
seconds using an ME220 Focused-Ultrasonicator (Covaris). Following 
target capture and purification steps, enriched libraries were ampli-
fied by 15 cycles of PCR and subsequently quality controlled using the 
KAPA SYBR Library Quantification Kit (Thermo Fisher Scientific) on a 
StepOnePlus qPCR system (Thermo Fisher Scientific). Libraries were 
sequenced on a NextSeq 500 instrument (Illumina) to a mean cover-
age of ×1096 using high-output cartridge and v2 chemistry. All assays 
were performed according to the manufacturers’ protocols.

Processing of raw sequencing data and variant calling was carried 
out using the TruSight Oncology 500 Local App (version 1.3.0.39). 
Called variants were verified by visual inspection in the Integrative 
Genomics Viewer (32). Only variants with an allele frequency above 5% 
and a minimum coverage of greater than ×100 were taken into account.

DNA methylation profiling. Tumor DNA was analyzed using 
Infinium Human Methylation 450K BeadChip or Infinium Methyla-
tionEPIC BeadChip arrays (Illumina) at the DKFZ Genomics and Pro-
teomics Core Facility. Data were processed with the R/Bioconductor 
package minfi (version 1.20). 

Immunohistochemistry. Immunohistochemical stainings were 
performed on FFPE whole-tissue slides using the following primary 
antibodies: S100 (polyclonal rabbit, 1:5000, Dako), Ki67 (monoclo-
nal mouse, clone MIB-1, 1:200, Dako) and reticulin (Reticulum II 
Staining Kit, Ventana).

Sequencing data deposition. Sequencing data were deposit-
ed in the European Genome-Phenome Archive under accession 
EGAS00001003776.

Statistics. For unsupervised hierarchical clustering, the 25,000 
probes with the highest median absolute deviation (MAD) across 
the beta values of 80 benign Schwann cell tumors (15) were select-
ed. Samples were hierarchically clustered using Euclidean distance 
and Ward’s linkage method. Filtering and genome-wide DNA copy 
number analyses were performed using the R/Bioconductor package 
conumee as described (33).

Study approval. Tissue samples were used in accordance with the 
regulations of the respective tissue bank and after approval by the eth-
ics committees of Heidelberg University (Ethik-Kommission, Medical 
Faculty Heidelberg, Heidelberg, Germany) and Frankfurt University 
(Ethik-Kommission, University Hospital Frankfurt, Goethe Universi-
ty, Frankfurt, Germany) as well as the Neuro-Oncology Biobank Board 
Tübingen (Tübingen, Germany) (protocol numbers S-206/2011, 
SNO-05-2017, and ZNO32, respectively). Written informed consent 
was obtained prior to the study. Research was conducted in accor-
dance with the Declaration of Helsinki.
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