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Abstract 
Background.  Schwannomas are common peripheral nerve sheath tumors that can cause severe morbidity given 
their stereotypic intracranial and paraspinal locations. Similar to many solid tumors, schwannomas and other 
nerve sheath tumors are primarily thought to arise due to aberrant hyperactivation of the RAS growth factor 
signaling pathway. Here, we sought to further define the molecular pathogenesis of schwannomas.
Methods.  We performed comprehensive genomic profiling on a cohort of 96 human schwannomas, as well as DNA 
methylation profiling on a subset. Functional studies including RNA sequencing, chromatin immunoprecipitation-
DNA sequencing, electrophoretic mobility shift assay, and luciferase reporter assays were performed in a fetal glial 
cell model following transduction with wildtype and tumor-derived mutant isoforms of SOX10.
Results.  We identified that nearly one-third of sporadic schwannomas lack alterations in known nerve sheath 
tumor genes and instead harbor novel recurrent in-frame insertion/deletion mutations in SOX10, which encodes 
a transcription factor responsible for controlling Schwann cell differentiation and myelination. SOX10 indel muta-
tions were highly enriched in schwannomas arising from nonvestibular cranial nerves (eg facial, trigeminal, vagus) 
and were absent from vestibular nerve schwannomas driven by NF2 mutation. Functional studies revealed these 
SOX10 indel mutations have retained DNA binding capacity but impaired transactivation of glial differentiation and 
myelination gene programs.
Conclusions.  We thus speculate that SOX10 indel mutations drive a unique subtype of schwannomas by impeding 
proper differentiation of immature Schwann cells.

Novel SOX10 indel mutations drive schwannomas 
through impaired transactivation of myelination gene 
programs  
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Key Points

• Approximately 30% of sporadic schwannomas harbor somatic indel mutations in 
the SOX10 gene.

• Schwannomas arising from nonvestibular cranial nerves are enriched for SOX10 
indel mutations.

• SOX10 indel mutations impair transactivation of glial differentiation and 
myelination genes.

Graphical Abstract 
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Schwannomas are the most common nerve sheath tumor 
that develop from Schwann cells whose principal func-
tion is producing the myelin sheaths that insulate nerve 
fibers of the peripheral nervous system.1 Schwannomas 
occur throughout the body, arising from cranial nerves, 
paraspinal nerve roots, and peripheral nerves in the soft 
tissue and skin. While typically slow-growing benign tu-
mors, they can cause significant morbidity depending 
on location and adjacent structures that are compressed 
over time, particularly those involving cranial nerves 
such as hearing loss for schwannomas of the vestibular 
nerve. There is a peak incidence in the 4th to 6th decades 
of life, but they can arise throughout childhood or adult-
hood. Complete surgical resection can be curative but may 

result in permanent nerve injury. Furthermore, complete 
resection is not always possible depending on tumor lo-
cation that can result in local recurrence and progression 
over time, necessitating additional resection or radiation 
therapy for disease control and symptom management. 
Effective molecularly targeted therapy for schwannomas 
has not been developed to date.

A subset of schwannomas arises in the setting of her-
itable syndromes. Neurofibromatosis type 2 (NF2) is 
an autosomal dominant syndrome caused by heter-
ozygous germline mutation in the NF2 gene on chro-
mosome 22q12.2, which encodes the Merlin protein. 
Patients with NF2 often develop bilateral vestibular 
schwannomas, as well as nonvestibular schwannomas, 

Importance of the Study

We have uncovered a new molecular mech-
anism responsible for nearly one-third of sporadic 
schwannomas—recurrent insertion/deletion muta-
tions in SOX10. We demonstrate these SOX10 indel 
mutations have retained DNA binding capacity but 

impaired transactivation of glial differentiation and my-
elination gene programs, and therefore likely cause 
schwannomas by blocking differentiation of immature 
Schwann cells.
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multiple meningiomas, and spinal ependymomas.2 
Schwannomatosis is an autosomal dominant syndrome 
caused by heterozygous germline mutations in either 
the SMARCB1 gene on chromosome 22q11.23 (which en-
codes the chromatin remodeling factor INI1/BAF47) or the 
LZTR1 gene on chromosome 22q11.21 (which encodes a 
leucine zipper-like transcriptional regulator). Patients with 
SMARCB1- and LZTR1-associated schwannomatosis often 
develop multiple painful nonvestibular schwannomas 
in the absence of meningiomas or other tumor types.3–6 
Although studying patients with these heritable syn-
dromes has provided insight into schwannoma patho-
genesis, more than 90% of schwannomas are solitary 
and sporadic. Genetic analyses have revealed biallelic so-
matic NF2 inactivation in approximately 50% of sporadic 
schwannomas,7–13 while a recent study identified a novel 
SH3PXD2A-HTRA1 in-frame gene fusion in a small subset 
(<10%) of sporadic schwannomas.11 However, the molec-
ular drivers responsible for a substantial subset of spo-
radic schwannomas remain unknown.

In this study, we performed targeted genomic profiling 
with ultra-deep sequencing depth (>500× mean coverage) 
coupled with careful bioinformatic assessment for inser-
tion/deletion mutations to identify a new genetic driver 
of nearly one-third of sporadic schwannomas—in-frame 
insertion/deletion mutations in the SOX10 gene, which en-
codes a homeobox transcription factor known to be crit-
ical for differentiation of Schwann cells.14–16 Notably, these 
novel SOX10 indel mutations in schwannomas were all 
somatic (tumor-acquired) and uniformly clustered at the 
carboxy terminal end of the high-mobility group (HMG)-
box domain. This is in contrast to the mostly truncating 
loss-of-function germline mutations scattered throughout 
the SOX10 gene (or occasionally whole gene deletion) 
that are known to cause Waardenburg syndrome type 4 
(Online Mendelian Inheritance in Man # 613266), which 
is associated with a variable spectrum of sensorineural 
hearing loss, abnormal pigmentation of the hair and skin, 
aganglionic megacolon (Hirschsprung disease), periph-
eral demyelinating neuropathy, central dysmyelinating 
leukodystrophy, seizures/tremors, and early death.17–19 
Importantly, this syndrome does not include schwannoma, 
indicating a likely divergent mechanism of action of the 
somatic SOX10 indel mutations in schwannomas versus 
the mostly truncating germline mutations in patients with 
Waardenburg syndrome type 4. We therefore evaluated 
the functional mechanism by which these SOX10 indel mu-
tations fuel schwannoma development and uncovered a 
new paradigm in oncogenesis—recurrent mutations in a 
transcription factor responsible for controlling cell fate that 
promote tumorigenesis through impaired transactivation 
of tissue-specific differentiation gene programs.

Methods

Study Population and Tumor Specimens

The discovery cohort consisted of 39 pathologically con-
firmed schwannomas resected from 36 unique patients at 
a tertiary academic medical center (University of California 
San Francisco [UCSF]). The tumors were located at various 

anatomic sites and a subset had occurred in the setting of 
known genetic syndromes predisposing to schwannomas, 
which included two anatomically separate tumors each 
from three patients. The validation cohort consisted of 57 
pathologically confirmed schwannomas resected from var-
ious anatomic sites of 57 unique patients that were sent for 
comprehensive genomic profiling (FoundationOneCDx) as 
part of clinical management at medical institutions across 
North America. The discovery cohort portion of this study 
was approved by the UCSF Committee on Human Research 
with a waiver of patient consent. As part of routine clin-
ical practice at UCSF, all patients included in the discovery 
cohort signed an informed consent waiver to contribute 
de-identified data to scientific research projects. Approval 
for the validation cohort portion of the study, including 
a waiver of informed consent and a Health Insurance 
Portability and Accountability Act waiver of authorization, 
was obtained from the Western Institutional Review Board 
(Protocol No. 20152817). See Supplementary Methods for 
further details.

Histology and Immunohistochemistry

Detailed pathologic examination was performed retrospec-
tively to investigate histologic and immunohistochemical 
features. See Supplementary Methods for further details 
including primary antibodies used.

Targeted Next-generation DNA Sequencing and 
Mutational Analysis for Discovery Cohort

Genomic DNA was extracted from formalin-fixed, paraffin-
embedded tumor tissue from the 44 schwannian tumors of 
the discovery cohort using the QIAamp DNA FFPE Tissue 
Kit (Qiagen). Genomic DNA was also extracted from a pe-
ripheral blood sample from 15 patients using the QIAamp 
DNA Blood Midi Kit (Qiagen). Targeted next-generation 
sequencing was performed using the UCSF500 NGS Panel 
as previously described (gene list in Supplementary Table 
S23).20–22 See Supplementary Methods for further details.

Targeted Next-generation DNA Sequencing and 
Mutational Analysis for Validation Cohort

Comprehensive genomic profiling for the validation co-
hort of 72 unique patient schwannian tumor samples 
was performed in a Clinical Laboratory Improvement 
Amendments-certified, College of American Pathologists-
accredited laboratory (Foundation Medicine, Cambridge, 
MA) as previously described (gene list in Supplementary 
Table S24).23 See Supplementary Methods for further 
details.

DNA Methylation Profiling of Schwannoma 
Tumor Samples

Genomic DNA from a subset of the schwannomas (n = 22) 
was bisulfite converted using the EZ DNA Methylation 
kit following the manufacturer’s recommended pro-
tocol (Zymo Research). Bisulfite converted DNA was 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
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then amplified, fragmented, and hybridized to Infinium 
EPIC 850k Human DNA Methylation BeadChips fol-
lowing the manufacturer’s recommended protocol 
(Illumina). Methylation data were preprocessed using 
the minfi package (v.1.38.0) in R Bioconductor (v.3.5.3).24 
Functional normalization with NOOB background correc-
tion and dye-bias normalization was performed with the 
preprocessFunnorm function.25,26 See Supplementary 
Methods for further details.

tSNE Dimensionality Reduction of DNA 
Methylation Data from Schwannoma Tumor 
Samples

The DNA methylation profiles of the 22 schwannomas were 
assessed together with 225 reference tumors spanning 10 
nerve sheath tumor, CNS tumor, and sarcoma entities,27,28 
which were selected based on tumor types with a similar 
spinal/paraspinal or soft tissue locations and tumor types 
that might enter into the differential diagnosis based on 
overlapping morphologic appearance (sample manifest in 
Supplementary Table S9). Dimensionality reduction using 
t-distributed stochastic neighbor embedding (tSNE) was 
performed by Rtsne (v.0.16). See Supplementary Methods 
for further details.

Unsupervised Hierarchical Clustering of DNA 
Methylation Data from Nerve Sheath Tumor 
Samples

Unsupervised hierarchical clustering was performed with 
the hclust function in Rstats (v.3.6.0) to assess variation in 
DNA methylation patterns and determine any relevant ep-
igenetic subgrouping among the 22 schwannoma tumor 
samples and 9 neurofibromas (NFB), 26 malignant periph-
eral nerve sheath tumors (MPNST), and 7 malignant mela-
notic nerve sheath tumors (MEL, SCHW) (sample manifest 
in Supplementary Table S10). The lmFit function from the 
Limma package (v.3.48.3) was used, with visualization per-
formed using the R package ComplexHeatmap (v.2.0.0).29 
See Supplementary Methods for further details.

Differential DNA Methylation Analysis of 
Schwannoma Molecular Subtypes

The dmpFinder function from the minfi package (v.1.38.0) 
was applied on the β-value matrix to identify differentially 
methylated CpG sites among 17 schwannomas comprised 
of 8 with SOX10 indel mutations and 9 with inactivating 
NF2 mutations. From this differentially methylated probe 
(DMP) analysis, we identified the 1,050 CpG sites with ad-
justed P value < 0.05 and > 0.1 difference in mean β-value 
between the two molecularly defined subgroups. CpG 
annotation was performed using IlluminaHumanMeth
ylationEPICanno.ilm10b4.hg19’ (v.0.6.0). Unsupervised 
 hierarchical clustering of these 17 schwannomas was per-
formed using the derived 1,050 CpG site signature ma-
trix with the hclust function in Rstats and visualized using 
ComplexHeatmap. The volcano plot function of methylR 
(v.1.0.1) was used to visualize the 100,000 CpG sites from 

the DMP analysis with the lowest adjusted P-values. 
Visualization of methylation status at individual CpG sites 
mapped to the human genome was performed with the 
DMR.plot function in DMRcate (v.2.6.0).30

SOX10 cDNA Expression Vector Construction and 
Site-directed Mutagenesis

A human wildtype SOX10 cDNA (CCDS11664, RefSeq 
NM_006941.4) with 3xFLAG sequence inserted at the 3ʹ end 
immediately preceding the TAA stop codon with flanking 
5ʹ BamH1 and 3ʹ EcoR1 restriction sites was synthesized 
by GenScript and cloned into the pCDF1-MCS2-EF1-
Puro lentiviral expression vector (System Biosciences). 
Two insertion mutations recurrently observed in human 
schwannoma samples were engineered into the pCDF1-
SOX10-3xFLAG construct by site-directed mutagenesis 
using the QuikChange II XL kit (Stratagene) as directed by 
the manufacturer:

c.519_520insAAGTAC, p.Y173_Q174insKY (also anno-
tated as c.514_519dup, p.K172_Y173dup)

c.529_530insCCCAGCCCAGGC, p.R176_R177insPQPR
See Supplementary Methods for further details.

Lentiviral Production and Infection

Empty pCDF1 vector or pCDF1-SOX10-3xFLAG wildtype 
and mutant expression vectors were co-transfected into 
HEK-293T cells with pVSV-G and pFIV-34N helper plas-
mids (System Biosciences) using FuGENE 6 (Roche) 
following the manufacturer’s recommended protocol. 
Virus-containing conditioned medium was harvested 48 
hours after transfection, filtered, and used to infect recip-
ient SVG cells in the presence of 10 μg/mL polybrene.

Immortalized Human Fetal Glial Cell Cultures

SVG-p12 fetal glial cells derived from brain mate-
rial dissected from 8 to 12-week old human embryos 
were obtained directly from ATCC (CRL-8621). See 
Supplementary Methods for further details.

Primary Human Schwannoma Cell Culture

Schwannoma tumor tissue surgically resected from 
the right ulnar nerve of an adult male was dissociated 
by mincing and enzymatic digestion using Liberase TM 
(Sigma cat # 5401119001) for 45 min at 37°C. Cells were 
grown on laminin coated plates (Sigma cat # L2020) in 
DMEM supplemented with 10% fetal bovine serum at 37°C 
in 5% CO2. Genomic DNA was extracted, and targeted ge-
nomic profiling demonstrated a somatic NF2 p.R466* non-
sense mutation (RefSeq transcript NM_000268; chr22:g. 
30,070,880C > T).

Western Blot

Total protein was extracted from stably transduced SVG 
cells, along with a primary human schwannoma cell 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
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culture, U87MG glioblastoma cells (ATCC, cat# HTB-14), 
and SK-MEL-28 melanoma cells (ATCC, cat# HTB-72) in 
RIPA buffer supplemented with protease and phosphatase 
inhibitors (Pierce cat# PIA32959), resolved by SDS-PAGE, 
and immunoblotted following standard biochemical tech-
niques. Primary antibodies used were SOX10 (Santa Cruz 
Biotechnology, cat# sc-365692, 1:500 dilution), SOX10 
(Cell Signaling, cat #89356, clone D5V9L, 1:1,000 dilution), 
FLAG (Sigma-Aldrich, cat# F1804, clone M2, 1:1,000 dilu-
tion), phospho-ERK1/2 Thr202/Tyr204 (Cell Signaling, cat# 
4370, clone D13.14.4E, 1:500 dilution), and alpha-tubulin 
(Abcam, cat# 18251, 1:10,000 dilution).

RNA-Seq Analysis of SVG Cells Transduced with 
Wildtype and Mutant SOX10 Isoforms

Total RNA was extracted from SVG cells stably trans-
duced with empty vector, SOX10 wildtype, or SOX10 mu-
tant isoforms using TRIzol (Invitrogen). RNA sequencing 
libraries were prepared from oligo-d(T) selected RNA 
using the KAPA Stranded RNA-seq Library Prep Kit fol-
lowing the manufacturer’s protocols. Paired-end (150 bp) 
sequencing was performed in a NovaSeq S4 flowcell on 
the NovaSeq 6000 platform (Illumina) at the QB3-Berkeley 
Genomics center at the University of California, Berkeley. 
Three separate library preparations and sequencing runs 
were performed for each sample. Trimmed sequence 
reads were mapped to GRCh38 using HISAT2 version 
2.2.1 using default parameters.31 Transcript count extrac-
tion was performed using the featureCounts function in 
the subRead package version 2.0.3. Differential gene ex-
pression analysis was performed using DESeq2 v3.10.32 
Volcano plots of significantly differentially expressed 
genes were generated using EnhancedVolcano package 
v1.10.0.33 Differentially expressed transcripts with p-values 
of < 1 × 10-5 and log2 fold change > 1.2 were identified and 
prioritized as potentially biologically relevant genes. See 
Supplementary Methods for further details.

Quantitative RT-PCR Analysis

Total RNA was extracted from SVG cells stably transduced 
with empty pCDF1 vector, SOX10 wildtype, or SOX10 mu-
tant isoforms using TRIzol (Invitrogen). RNA was reverse-
transcribed and PCR-amplified using the StepOnePlus 
system (Applied Biosystems) with the Luna Universal One-
Step RT-qPCR Kit (New England Biolabs, cat #E3005). See 
Supplementary Methods for further details including primers.

ChIP-seq Analysis of SVG Cells Transduced with 
Wildtype and Mutant SOX10 Isoforms

Chromatin immunoprecipitation coupled with DNA 
sequencing (ChIP-seq) was performed on SVG cells 
stably transduced with FLAG-tagged SOX10 wildtype 
or two tumor-derived SOX10 mutant isoforms using 
the SimpleChIP Plus Sonication Chromatin IP Kit (Cell 
Signaling cat # 56383) with the mouse anti-FLAG 
clone M2 antibody (Sigma cat # F1804) following the 
manufacturer’s instructions. See Supplementary Methods 

for further details. Two independent ChIP reactions and 
DNA sequencing replicates were performed for each ex-
perimental sample.

Determination of Genome-wide SOX10 Binding 
Sites

Paired-end ChIP-seq reads were mapped to the human ge-
nome (GRCh38) using bowtie2 (version 2.4.2).34 Mapped 
reads were filtered using the view command in samtools 
(version 1.12) with the options -h -F 4 -q 10.35 Reads mapped 
to the same genomic coordinates were deduplicated using 
the markdup command in samtools with the option -r. 
Normalized signal tracks representing the genome-wide 
fragment density of samples were obtained by using the 
bamCoverage function in deepTools (version 3.2.1) with the 
options --normalizeUsing RPGC --extendReads --binSize 10 
and bigwigCompare function with the options --operation 
ratio --binSize 10.36 Peak calling for deduplicated reads de-
rived from individual samples was performed using the 
callpeak command in MACS2 (version 2.2.5) with the op-
tions --format BAMPE --min-length 150 -g hs -q 0.3.37 Peak 
locations were pooled across the two independent repli-
cates to determine a consensus set of peaks using IDR (ver-
sion 2.0.4) with the commands --input-file-type narrowPeak 
--rank q.value.38 Genomic locations of consensus peaks 
were determined by keeping only intersecting peaks with 
irreproducible discovery rate < 0.1.

Gene Ontology Analysis of SOX10 Chromatin 
Binding Sites

The GREAT (version 4.0.4) web tool was used to perform gene 
ontology (GO) analysis of gene sets enriched near SOX10 
binding sites.39 All genomic peak locations derived from IDR 
were used as inputs to GREAT. For every gene, regulatory re-
gions were constructed by first defining a proximal regula-
tory region consisting of genomic locations 5 kilobases (kb) 
upstream and 1 kb downstream of the transcription start site 
(TSS). Distal regulatory regions were defined by extending 
the proximal regulatory region by 500 kb or until the proximal 
regulatory region meets the edge of the proximal regulatory 
region of the nearest gene, whichever is shorter. Full regula-
tory regions were defined to consist of the union of proximal 
and distal regulatory regions. Genes were considered bound 
by SOX10 if the SOX10 binding site was located within the full 
regulatory region. Gene set annotations were selected from 
the Gene Ontology Biological Process database.40 Functional 
gene sets enriched in SOX10 binding sites were determined 
using Fisher’s exact test with q < 0.05.

DNA Motif Analysis of SOX10 Binding Sites

Motif analysis was performed using the default parameters 
of the STREME web tool from the MEME suite (version 
5.5.1).41,42 Input sequences to STREME were derived from 
the sequences in a 201 bp region centered at the peak sum-
mits in the SOX10 wildtype samples as determined by IDR, 
where nucleotides in known genomic repeat regions were 
masked. Sequence motifs were determined by computing 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noad121#supplementary-data
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the Kullback-Leibler (KL) divergence of the resulting position-
specific scoring matrix (PSSM) with the uniform distribution.

PMP2 Promoter Reporter Assay

Luciferase reporter assays were performed in SVG cells 
stably transduced with empty vector, SOX10 wildtype, 
or SOX10 mutant isoforms using a luciferase reporter 
construct in the pGL2 vector backbone containing a seg-
ment of the promoter region of the PMP2 gene as previ-
ously described that includes a known SOX10 binding 
site.43 Luciferase activity was measured using the Dual 
Luciferase Reporter Assay System (Promega cat# E1910). 
See Supplementary Methods for further details.

PMP2 Promoter Electrophoretic Mobility Shift 
Assay

Nuclear extracts were prepared from SVG cells stably 
transduced with empty vector, SOX10 wildtype, or SOX10 
mutant isoforms using the Nuclear Extract kit (Active Motif 
cat# 40010) according to the manufacturer’s protocol. A 
26 base pair oligonucleotide segment of the human PMP2 
promoter containing a confirmed SOX10 binding site43 
was synthesized with and without a 5ʹ biotin end-label 
(Integrated DNA Technologies). This double-stranded ol-
igonucleotide segment of the human PMP2 promoter 
was used to perform electrophoretic mobility shift assays 
(EMSA) using the Gelshift Chemiluminescent EMSA kit 
(Active Motif cat# 37341) according to the manufacturer’s 
instructions. See Supplementary Methods for further de-
tails including oligonucleotide probe sequence.

Statistics

Student’s t- and χ2 tests were used to compare variables 
between patient cohorts. Kaplan–Meier plots were used to 
estimate disease-specific and progression-free survival. 
Disease-specific survival was defined as the time from in-
itial diagnostic surgical procedure until death due to dis-
ease. Progression-free survival was defined as the time 
from initial diagnostic surgical procedure until local re-
currence for gross totally resected tumors or progressive 
tumor growth for subtotally resected tumors. Censoring 
was performed at either the last clinical follow-up visit or 
death due to unrelated cause. All statistical analyses were 
performed using GraphPad Prism version 7.04. All experi-
ments were performed with independent biological repli-
cates, and statistics were derived from biological replicates 
as indicated in each figure legend. Bar plots show means, 
and error bars represent standard deviation of the means.

Results

Novel SOX10 Indel Mutations in Sporadic 
Schwannomas

To advance understanding of schwannoma pathogenesis, 
we performed genomic profiling on a discovery cohort of 
39 pathologically confirmed schwannomas resected from 

36 patients (Figure 1A, Supplementary Tables S1–S4). 
Biallelic NF2 inactivation was identified in 24 tumors (62%), 
of which a subset had accompanying mutations in LZTR1 
or SMARCB1. SH3PXD2A-HTRA1 fusion was identified in 5 
tumors (13%). The remaining 10 schwannomas lacked alter-
ations in known nerve sheath tumor genes. Eight of these 
schwannomas (21% of the discovery cohort) were discov-
ered to harbor previously unrecognized in-frame insertion 
or deletion (indel) mutations within the SOX10 gene. There 
were six tumors with insertions ranging in length from 3 to 
15 bp, and two tumors with the identical 69 base pair de-
letion. These novel indel mutations were uniformly located 
in the region encoding the C-terminal end of the HMG-box 
domain (Figure 1B), which is the DNA binding motif of the 
SOX10 protein and is a region that is highly conserved from 
humans through lower vertebrates (Figure 1C). The SOX10 
indel mutations were confirmed to be somatic in origin in 
five of the patients for whom sequencing of a normal con-
stitutional DNA sample was performed. In the other three 
SOX10-mutant tumors, the variant allele frequency was 
consistent with being somatically acquired as well. To con-
firm these findings, we performed genomic profiling on a 
separate validation cohort of 57 pathologically confirmed 
schwannomas (Supplementary Figure S1, Supplementary 
Tables S5-S6). Similar SOX10 indel mutations were found 
in 14 tumors (25%) that were also present at variant allele 
frequencies consistent with somatically acquired origin.

Combining the discovery and validation cohorts, we 
identified a total of 22 unique patients with SOX10-mutant 
schwannomas. None of these 22 patients had clinical ev-
idence of NF2 or schwannomatosis, with an overall fre-
quency of SOX10 mutation in sporadic/non-syndromic 
schwannomas of 29% (22/77). The 22 SOX10-mutant 
tumors lacked alterations in known genetic drivers of 
schwannomas (NF2, HTRA1, LZTR1, SMARCB1), neuro-
fibromas (NF1), or malignant peripheral nerve sheath tu-
mors (NF1, CDKN2A, SUZ12, EED, TP53).44 Moreover, we 
found that these novel SOX10 indel mutations were absent 
from other schwannian lineage nerve sheath tumors, in-
cluding ERBB2-mutant hybrid schwannoma-neurofibromas 
(n = 8) and PRKAR1A-mutant malignant melanotic nerve 
sheath tumors (formerly termed melanotic schwannoma, 
n = 12) (Figure 1A, Supplementary Figure S1).45,46 A large 
majority of NF2-mutant schwannomas (96% in the dis-
covery cohort, 78% in the validation cohort) had either 
monosomy or copy-neutral loss of heterozygosity (LOH) 
of chromosome 22q that functions as the mechanism for 
eliminating the wildtype NF2 allele (Supplementary Table 
S4, Supplementary Figure S1). In contrast, although the 
SOX10 locus is also on chromosome 22q, monosomy or 
LOH of chromosome 22q was present in only 9 of the 22 
SOX10-mutant schwannomas (41%).

Histopathologic analysis of SOX10-mutant 
schwannomas revealed conventional morphologic fea-
tures of schwannoma including spindled tumor cells 
and nuclear palisades termed Verocay bodies (Figure 1D, 
Supplementary Figure S2, Supplementary Table S7). As 
with normal Schwann cells and schwannomas with other 
molecular drivers, SOX10-mutant schwannoma tumor 
cells were found to robustly express nuclear SOX10 protein 
by immunohistochemistry, indicating the indel mutations 
do not cause protein degradation or abnormal intracel-
lular trafficking/localization (Figure 1D, Supplementary 
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Figure 1. Recurrent SOX10 indel mutations in sporadic schwannomas lacking alterations in known nerve sheath tumor 
genes. (A) Genomic profiling on a discovery cohort of 39 schwannomas identified recurrent somatic mutations of the SOX10 gene in 8/30 (27%) 
sporadic/nonsyndromic schwannomas that lacked alterations in all other known nerve sheath tumor genes. See Supplementary Figure S1 for 
results of genomic profiling on an independent validation cohort of 57 additional schwannomas. (B) Diagram of the recurrent in-frame insertion 
and deletion mutations identified in SOX10, which all cluster at the C-terminus of the HMG-box DNA-binding domain of the encoded homeobox 
transcription factor. The two bolded mutations (p.Y173_Q174insKY [also annotated p.K172_Y173dup] and p.R176_R177insPQPR) were those used 
in functional studies. (C) Amino acid sequence of SOX10 in the region of the carboxy terminal end of the HMG domain (green shading) where the 
recurrent indel mutations in schwannomas are located demonstrating a high degree of conservation from humans through lower vertebrates 
including mouse and zebrafish. Uniprot ID for amino acid sequence: Homo sapiens, P56693-1; Pan troglodytes, A0A2J8LNY1; Loxodonta 
africana, G3U829; Mus musculus, Q04888; Rattus norvegicus, O55170; Gallus gallus, Q9W757; Danio rerio, Q90XD1. (D) Histopathology 
of the SOX10-mutant schwannoma arising from the right trigeminal nerve (cranial nerve V) in a 12-year-old male patient. Scale bar, 50 μm. (E) 
Unsupervised hierarchical clustering of genome-wide DNA methylation data for 22 schwannomas of varying genotypes along with 42 reference 
nerve sheath tumors. K-means clustering segregated these tumors into 4 epigenetic groups, which recapitulated the associated histopathologic 
diagnoses. Shown is a heatmap of the 20,000 most differentially methylated probes amongst the 64 tumors. See Supplementary Table S10 for 
sample manifest.
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Figure S3, Supplementary Table S8). Genome-wide 
DNA methylation interrogation of SOX10-mutant, NF2-
mutant, and SH3PXD2A-HTRA1-fused schwannomas re-
vealed an overall similar epigenetic profile (Figure 1E, 
Supplementary Figure S4, Supplementary Tables S9-S10), 
thereby providing further support that SOX10-mutant tu-
mors are a molecular subtype of schwannoma and not an 
altogether divergent nerve sheath tumor entity.

Fine Epigenetic Mapping Reveals Schwannomas 
with SOX10 Indel Mutation have a Distinct 
Signature Compared to Those with NF2 Mutation

We derived a signature matrix of 1,050 differentially meth-
ylated CpG sites that reliably segregated a cohort of 17 
schwannomas into those with SOX10 indel mutation versus 
those with NF2 mutation (Figure 2A, Supplementary Table 
S11). Several of the most differentially methylated CpG sites 
between the two molecular subgroups were clustered to-
gether at the 5ʹ end of the MEIS1 gene (Figure 2B-C), which 
encodes a member of the three amino acid loop extension 
(TALE) homeodomain transcription factor family that is crit-
ical for neural crest development including cranial nerves.47 
These CpG sites in the 5ʹ end of MEIS1 were significantly 
hypomethylated in SOX10-mutant schwannomas com-
pared to NF2-mutant tumors, indicating that DNA meth-
ylation status of the MEIS1 gene may be a hallmark for 
distinguishing schwannomas arising due to different ge-
netic alterations and its differential methylation might po-
tentially be critical to their underlying pathogenesis.

Schwannomas Arising from Nonvestibular 
Cranial Nerves are Enriched for SOX10 Indel 
Mutations

Among the 22 patients with SOX10-mutant schwannomas, 
there was a near-equal sex distribution (10 males, 12 fe-
males). Median age at initial schwannoma diagnosis was 
52 years (range 12–75 years), which included multiple ado-
lescents (Figure 3A). Many SOX10-mutant schwannomas 
involved nonvestibular cranial nerves including the facial, 
trigeminal, vagus, and spinal accessory nerves, but also 
the paraspinal nerve roots or more distally along nerves in 
the extremities (eg median nerve, brachial plexus) (Figure 
3B-C). Among the 96 total genotyped schwannomas, 8 
involved nonvestibular cranial nerves that included 7 
with SOX10 mutation (88%) and only 1 with NF2 muta-
tion (12%). Additionally, 25 of the 96 involved the vestib-
ular nerve that included none with SOX10 mutation (0%) 
and 23 with NF2 mutation (95%). Thus, there was an en-
richment for SOX10 mutation in nonvestibular cranial 
nerve schwannomas versus NF2 mutation in vestibular 
schwannomas (P < 0.0001 by Chi-square test). While no 
patients with SOX10-mutant schwannomas developed me-
tastasis or died of disease during the available period of 
clinical follow-up, many of these patients had tumors that 
were challenging to completely surgically remove (particu-
larly those involving the facial, trigeminal, or vagus nerves). 
Several patients with SOX10-mutant schwannomas experi-
enced local recurrence after gross-total resection or tumor 
progression after subtotal resection which necessitated 

additional treatment including radiotherapy (Figure 3D, 
Supplementary Tables S1 and S5). Thus, there is a clinical 
need to better understand the biology of and develop ef-
fective treatments for SOX10-mutant schwannomas.

Wildtype SOX10 Controls Expression of Glial 
Differentiation and Myelination Gene Programs

Given the presence of recurrent in-frame variants that uni-
formly cluster at the C-terminal end of the HMG-box DNA-
binding domain, we hypothesized that these novel SOX10 
indel mutations might drive schwannoma formation 
through either perturbing chromatin binding or impairing 
transcriptional activity after chromatin binding. To inves-
tigate this, we stably transduced SVG-p12 human fetal 
glial cells with either empty vector, a full-length wildtype 
human SOX10 cDNA, or two different tumor-derived inser-
tion mutant isoforms of SOX10. We utilized SVG-p12 cells 
as they are nonterminally differentiated glial cells from 
a fetal source that only express a minimal amount of en-
dogenous SOX10 protein, thereby enabling our study of 
exogenous wildtype and mutant SOX10 isoforms to con-
trol gene expression programs responsible for glial differ-
entiation and myelination in the context of immature glial 
cells. We observed a similar abundance of SOX10 protein 
following stable lentiviral transduction of SVG cells com-
pared to the endogenous SOX10 protein levels present in 
a primary human schwannoma cell culture (Figure 4A), 
indicating that these stably transduced SVG cells repre-
sent an appropriate model system in which to investigate 
the effects of physiologic levels of exogenously expressed 
wildtype and mutant SOX10 isoforms.

Whole transcriptome RNA-sequencing with differen-
tial gene expression analysis of this SVG cell model re-
vealed that wildtype SOX10 induced a group of genes 
characteristic of mature myelinating glial cells, including 
PMP2 (peripheral myelin protein 2), PLP1 (proteolipid pro-
tein 1), S100A1 (S100 calcium-binding protein A1), and 
L1CAM (L1 neuronal cell adhesion molecule) (Figure 4B-D, 
Supplementary Tables S12-S13). Gene Ontology analysis 
revealed enrichment of biologic processes including my-
elin biosynthesis and glial cell differentiation (Figure 4B, 
Supplementary Table S14).

SOX10 Indel Mutations Impair Transactivation of 
Myelination Gene Programs

Despite being expressed at equal or slightly higher levels 
than the wildtype protein, both SOX10 indel mutants failed 
to activate expression of the myelination and glial differ-
entiation gene programs induced by wildtype SOX10, in-
cluding the PMP2, PLP1, and L1CAM genes (Figure 4C 
and E-F, Supplementary Figure S5, Supplementary Tables 
S15-S20). In contrast to other genetic alterations that drive 
nerve sheath tumors through hyperactivation of the RAS 
growth factor signaling pathway (eg NF1, NF2, and LZTR1 
mutations, SH3PXD2A-HTRA1 fusion),11,44,48,49 expres-
sion of SOX10 mutant isoforms did not lead to increased 
ERK1/2 phosphorylation in SVG fetal glial cells (Figure 4G).

To study chromatin binding of the wildtype and mutant 
SOX10 isoforms, we performed genome-wide ChIP-seq on 
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the SVG cells. We identified 1,777 high-confidence chro-
matin binding peaks in cells transduced with wildtype 
SOX10, which contained the known SOX10 DNA sequence 
binding motif ACAAAG (Figure 5A).50 Gene Ontology bio-
logic processes enriched in genes with chromatin binding 
peaks in the SOX10 wildtype samples included myelin as-
sembly, neuron recognition, and regulation of neuronal 
synaptic plasticity (Figure 5B, Supplementary Table S21). 
We found that both mutant isoforms had retained DNA 
binding at the majority of chromatin binding peaks in the 
wildtype isoform samples, including known glial differenti-
ation and myelin genes (Figure 5C,D).

The promoter of the PMP2 gene (which encodes one of the 
major myelin proteins in Schwann cells) contains a confirmed 

SOX10 binding site, and SOX10 binding causes PMP2 trans-
activation.43 We performed an electrophoretic mobility shift 
assay (EMSA) in the SVG fetal glial cells transduced with 
wildtype and mutant SOX10 isoforms using a biotin-labeled 
oligonucleotide corresponding to the PMP2 promoter region 
containing the SOX10 binding site (Figure 6A). This analysis 
revealed that the indel mutant isoforms retained their DNA 
binding capacity to the SOX10 binding site in the PMP2 pro-
moter. However, a luciferase reporter assay using a reporter 
construct with the identical segment of the PMP2 promoter 
revealed transactivation by wildtype SOX10 but not by the 
mutant isoforms (Figure 6B, Supplementary Table S22).

In keeping with the observed transactivation of 
gene programs involved in maturation and terminal 
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differentiation of Schwann cells, expression of wildtype 
SOX10 was selected against over time in the SVG fetal 
glial cells (Figure 6C). In contrast, the mutant isoforms 
continued to be robustly expressed over time under the 
identical growth conditions, indicating that they did not 
promote terminal differentiation or halt proliferation 
(Figure 6C). Based on these findings, we conclude that 
SOX10 indel mutations are likely to drive schwannoma de-
velopment through occupation of SOX10 binding sites but 
impaired transactivation of Schwann cell differentiation 
and myelination gene programs, resulting in a persistent 
immature progenitor-like cell state (Figure 6D).

Discussion

Here we have identified a new recurrent genetic event, 
SOX10 indel mutations, occurring in 29% of sporadic 
schwannomas that is mutually exclusive with all other 
known nerve sheath molecular drivers. These SOX10 
mutations were enriched in schwannomas arising from 
non-vestibular cranial nerves, occurred from adoles-
cence through adulthood, and several recurred locally. 
Intriguingly, we found that SOX10 indel mutations were 
absent in vestibular nerve schwannomas, the vast majority 
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of which had NF2 mutations/deletions. This indicates a 
propensity for different mechanisms of Schwann cell tu-
morigenesis depending on anatomic location, perhaps 
indicating divergent subtypes of specialized Schwann 
cells that myelinate the vestibular nerve versus other cra-
nial nerves. Furthermore, we identified subtly different 
epigenetic profiles of SOX10-mutant versus NF2-mutant 
schwannomas, which further suggests either a divergent 
cell of origin or a differential developmental cell state of 
these two molecularly distinct schwannoma subtypes.

Whereas nerve sheath tumors were primarily thought 
to arise from genetic aberrations causing hyperactivation 
of the RAS signaling pathway, our studies have revealed 
a unique group of schwannomas lacking hyperactivation 
of RAS signaling and instead driven by blocked differenti-
ation resulting from mutations in the transcription factor 
responsible for Schwann cell fate determination. Our 
functional investigation demonstrated that the SOX10 
indel mutant isoforms retain DNA binding capacity 
but have impaired transactivation of PMP2 and other 
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Figure 6. SOX10 indel mutations have retained DNA binding capacity but impaired transactivation at the Peripheral Myelin 
Protein 2 (PMP2) gene promoter. (A) Electrophoretic mobility shift assay (EMSA) of nuclear lysates from SVG cells stably transduced with 
empty vector, wildtype SOX10, or two tumor-derived SOX10 mutant isoforms using a biotinylated oligonucleotide probe corresponding to a seg-
ment of the PMP2 gene promoter containing a known SOX10 binding site. Binding reactions of the oligonucleotide probe with and without nuclear 
lysate and unlabeled oligonucleotide competitive inhibitor were resolved on a DNA retarding gel, and SOX10 bound DNA complexes were visual-
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a known SOX10 binding site transfected into SVG cells stably transduced with empty vector, wildtype SOX10, or two SOX10 indel mutants. Plots 
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myelination genes, thereby suggesting SOX10-mutant 
schwannomas develop due to impaired differentiation 
of immature Schwann cells. We are unaware of any other 
solid tumor type whose central genetic driver is recurrent 
mutations in a transcription factor responsible for con-
trolling cell fate and differentiation like the SOX10 indel 
mutations we have identified in nearly one-third of spo-
radic schwannomas.

We speculate that the SOX10 indel mutations we have 
identified may potentially have been overlooked in prior 
genomic investigations of schwannomas due to the bi-
oinformatic challenges associated with insertion/dele-
tion detection of this size (mostly 6 to 69 base pairs in 
length), as sequencing analysis pipelines often focus 
on single nucleotide variants or short indels less than 
3 base pairs in length. As such, our study suggests the 
potential of other as-yet undiscovered oncogenes and 
tumor suppressor genes harboring recurrent indel muta-
tions that may have been overlooked to date in the many 
tumor types wherein no recurrent driver event has yet 
been detected (eg childhood ependymomas of the pos-
terior fossa, choroid plexus tumors, and many neuro-
blastomas and medulloblastomas to name just a few). 
Thus, we advocate to the cancer genomics community 
for careful evaluation of larger (>3 bp) insertion/deletion 
mutations and highlight the potential for new discoveries 
from further analysis of prior cancer genome sequencing 
datasets.

Given that SOX10 indel mutations in most schwannomas 
are present in the heterozygous state with an intact 
wildtype SOX10 allele, we postulate that SOX10 indel mu-
tations may have a dominant tumorigenic effect. As such, 
suppression of the mutant SOX10 allele using antisense ol-
igonucleotide technology or other approach may represent 
a potential therapeutic approach for the treatment of recur-
rent or unresectable SOX10-mutant schwannomas that we 
aim to explore in future studies.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (http://neuro-oncology.oxfordjournals.org/).
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