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Linked-read Sequencing Analysis Reveals Tumor-specific
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(NF2) Patients

Downloaded from http://journals.lww.com/otology-neurotology by gRW4PMC3excGD4pg9YrQD/4Zhu6vIY3+awYt66okEOpIPIO2PqgqWTg67RkAWOtVUolzKkdJDccN4mPqt3F7rQcFxsM8HxX8E8tRBL+llpyri0JgH+XGnw== on 01/14/2019

Daniel S. Roberts, yRahul Maurya, z§Yuka Takemon, jjJeremie Vitte, yLiang Gong
yJuanjuan Zhao, yChee-Hong Wong, {William Slattery, {Kevin A. Peng, {Gregory Lekovic,
Marc S. Schwartz, Ketan Bulsara, yChew Yee Ngan, jjMarco Giovannini, and yChia-Lin Wei
School of Medicine, University of Connecticut; yThe Jackson Laboratory for Genomic Medicine, Farmington, Connecticut; zThe
Jackson Laboratory, Bar Harbor; §Graduate School of Biomedical Science and Engineering, University of Maine, Orono, Maine;
jjDepartment of Head and Neck Surgery, David Geffen School of Medicine at UCLA and Jonsson Comprehensive Cancer Center
(JCCC), University of California, Los Angeles; {House Clinic and House Ear Institute, Los Angeles; and University of California,
San Diego, San Diego, California

Hypothesis: We hypothesize that genomic variants including
deletions, insertions, inversions, and tandem duplications
beyond the changes in tumor suppressor NF2 gene affect
gene expression of tumor-specific pathways in vestibular
schwannomas (VS) patients with Neurofibromatosis type 2
(NF2), thus contributing to their clinical behavior.
Background: Genomic variation could reconfigure transcription in NF2 transformation process. Therefore, genome-wide
high-resolution characterization of structural variants (SV) landscapes in NF2 tumors can expand our understanding of the
genes regulating the clinical phenotypes in NF2-associated VS.
Methods: We performed whole-genome haplotype-specific
structural variation analysis using synthetic linked reads
generated through microfluidics-based barcoding of high
molecular weight DNA followed by high-coverage Illumina
paired-end whole-genome sequencing from 10 patients’

tumors of different growth rates and their matching blood
samples.
Results: NF2 tumor-specific deletions and large SVs were
detected and can be classified based on their association with
tumor growth rates. Through detailed annotation of these
mutations, we uncover common alleles affected by these
deletions and large SVs that can be associated with signaling
pathways implicated in cell proliferation and tumorigenesis.
Conclusion: The genomic variation landscape of NF2-related
VS was investigated through whole-genome linked-read
sequencing. Large SVs, in addition to deletions, were identified and may serve as modulators of clinical behavior. Key
Words: Acoustic neuroma—Linked-read sequencing—
NF2—Structural variants—Vestibular schwannoma.

Vestibular schwannoma (VS) is the most common
tumor of the cerebellopontine angle and arises from
Schwann cells of vestibular nerves and is thought to

result from mutations in the tumor suppressor NF2/
Merlin gene. Neurofibromatosis type 2 (NF2) is located
on chromosome 22 and regulates cell proliferation in
response to adhesive signaling. Physiological roles
include inhibition of signaling by integrins, receptor
tyrosine kinases (1), and E3 ubiquitin ligase CRL4DCAF1
activity (2).
NF2 is a dominantly inherited genetic disorder
caused by germline or mosaic mutations in NF2 (3)
and characterized by bilateral VS, schwannomas of
other cranial, spinal, and cutaneous nerves, meningiomas, and ependymomas. Patients with VS exhibit
differential rates of growth and disease burden (4–6).
The biology underlying these differences is relatively
unknown.
The current understanding of tumorigenesis includes
the presence of a mutation on a single allele of NF2,
representing an initiating event in the development of
disease. The loss of the remaining wild-type allele of NF2
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WHOLE-GENOME STRUCTURAL VARIATION OF NF2
is reported to occur in the majority of patients with VS
(7). However, the existence of additional driver mutations or structural variants (SVs) that may be important to
tumor growth is unknown.
Genomic SV is prevalent in the human genome and the
diversity of genome structure changes is associated with
disease susceptibility (8–11). Many cancer genomes harbor significant SVs, and SVs are considered to be instrumental in promoting tumor progression (12,13). Detection
of SVs can be used as the basis for tumor classification and
predicting a therapeutic response (14,15). One recent study
using next-generation sequencing strategies to survey the
genomic landscape non-NF2 sporadic cranial and spinal
schwannomas identified recurrent mutations at key regulatory genes (16). However, a comprehensive genetic
analysis of NF2 has not been reported.
Short-read sequencing approaches have been widely
used to study the abundance, diversity, and molecular
features of SVs in human diseases (17,18). However,
they lack the precision or resolution to decipher complex SV patterns or provide haplotype phasing of SVs in
diploid genomes (19). Recently, long read sequencing
approaches have emerged as promising avenues to
delineate complex genome variations. Among them,
linked long reads generated through barcoding long
genomic DNA fragments in millions of micropartitions
by microfluidics device coupled with high coverage
massive parallel short-read sequencing technology
enable the simultaneous characterization of a wide
range of variations including single nucleotides, deletions, and complex SVs with phasing information
(20,21).
In this study, we applied the linked long read approach
to VS and matched blood samples for patients with the
clinical diagnosis of NF2. We hypothesize that SVs
beyond the expected single-nucleotide variations (SNVs)
in NF2 can act as the driver mutations that contribute to
the variations in clinical behavior of VS in patients with
NF2, defined by tumor growth rate. We detected thousands of SVs and provide the most extensive genomic
resource in NF2 SV analysis to date.
METHODS
Specimens were obtained with institutional approval (Saint
Vincent Medical Center, CA). Patients with high- and lowgrowth rates (five/each) were selected (high growth:
0.57  0.06 cm3/mo versus low growth: 0.05  0.02 cm3/
mo; p ¼ 0.0005, paired t test) (Fig. 1, A and B). Groups were
selected from a tumor bank of 75 tumors, and selection was
based on the highest and lowest growth rates alone. Patients had
not received radiation or bevacizumab treatment. Tumor growth
rates were analyzed by calculating the volumetric growth
between the last two magnetic resonance imaging scans before
surgery. Volumetric estimations were performed using the
ABC/2 (transverse  anterior-posterior  cranio-caudal)/2)
(22). The average time between magnetic resonance imaging
scans was 13.6  3 SEM months. All tumor specimens had
confirmed histopathology of VS. Epidemiological data were
retrospectively collected (Table 1).
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Sample Preparation for Linked-read Sequencing
DNA was extracted from the tumors and blood by MagAttract HMW DNA extraction kit (Qiagen, Hilden, Germany) and
size-selected (>40 kb) on Pippin HT system (SAGE Science,
Beverly, MA). 1 ng of HMW DNA input with roughly 300
copies of the human genome of 50 Kbp size was used as input
for generating barcoded small fragments using the 10 Chromium and 10 Genomics (Pleasanton, CA). The instrument is a
microfluidics droplet maker that can generate millions of
emulsions of oil droplets. Each gel bead contains a functional
oligo with a unique 16 bp barcode sequence and P5 adapter
sequence. Within the emulsion, the gel bead disintegrates
releasing the unique barcoded functional oligos and these oligos
anneal randomly on the HMW DNA molecules thus generating
unique barcoded fragments from the larger fragment by strand
displacement amplification. All the amplified fragments arising
from a single emulsion droplet have the same 16 bp barcodes
(Fig. 1C). All the read pairs have the 16 bp unique barcode
sequenced along with the insert read. All the reads with same
barcode are called as linked reads. Libraries were prepared and
sequenced 2  150 bp on Illumina X-TEN sequencer (Illumina,
San Diego, CA) to 30 coverage.

Data Processing
All data were processed using Long Ranger v2.1.1. Data
were demultiplexed using longranger mkfastq and alignment to
hg19 human genome reference 10_hg19_ucsc was performed
using Longranger wgs (Fig. 1D).

Extracting Unique Phased SNVs
Unique variations from each sample were filtered by removing all common human variations, identified by dbSNP
GRCh37p13 build 150, which were defined by a minor allele
frequency of > ¼ 0.01 using the Bedtools v.2.26.0 intersect
operation on Long Ranger VCF output files (phased_variants.vcf.gz) (23). Tissue-specific SNVs focusing on NF2 were
further extracted also using this operation. The filtered phased
VCF files were then read into the R statistical software v3.4.3
using R/Bioconductor package vcfR v3.6 for further analysis
(24).

Identifying and Categorizing SNV Consequences for
NF2
SNV that passed the Long Ranger filters were retained, and
variant annotations and consequence predictions were performed using R/Bioconductor VariantAnnotate v3.6 with
(UCSC references from R/Bioconductor TxDb.Hsapiens.UCSC.hg19.knownGene v3.6) (25,26). SNVs within NF2
were categorized as frameshift, nonsense, nonsynonymous,
and synonymous mutations (Table 2). Entrez gene identifiers
produced during annotation were then decoded into HGNC
symbols using R/Bioconductor org.Hs.eg.db v.3.6 (27).

Extracting and Annotating Deletion Calls
Tissue-specific and overlapping deletion calls (50–
30,000 bp) were identified using R. Affected genes were annotated using R/Bioconductor package biomaRt v.2.6 (28).

Extracting and Annotating Tissue-specific Large SVs
Tissue-specific large SVs (>30 kb) were extracted using the
bedtools intersect operation, followed by extraction of entries
with passing filter in R. BiomaRt was used to interface with the
Ensembl BioMart database genome build GRCh37, and each
Otology & Neurotology, Vol. 40, No. 2, 2019
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FIG. 1. Study workflow. A, The study comprises of five patients each from high-growth and low-growth rate patients groups. Matched blood
and tumor samples were collected. B, Tumor Growth Rate of each phenotype. C, Linked-read sequencing workflow—HMW DNA with
reagents, barcoded gel beads, and partitioning oil are loaded on a microfluidic chip on the instrument. Emulsion droplets are created,
capturing 5 to 10 DNA strands in each gel bead. Strand displacement amplification takes place and all fragments arising from each droplet
will have the same barcode. Standard library preparation steps are performed to add the sequencing adapter and sample index for
sequencing. The blocks represent reads and the colored lines indicate linked reads of the same barcode. These linked reads were visualized
in Loupe software. D, Data processing.

entry was annotated with HGNC symbols based on genome
coordinates (27,28). Tissue-specific large SVs were further
verified visually using the Loupe software.

Validation by PCR/qRT-PCR
Tumor-specific SVs were validated by PCR. Primers were
designed to span breakpoints by Primer3 software to capture the
SV breakpoint (primer sequences are shown in supplemental
digital content 1, http://links.lww.com/MAO/A706) (29,30).
50 ng of HMW DNA extracted previously was used as input,
forward and reverse primers were added along with hotstart
PCR mastermix (KAPA Biosystems, Wilmington, MA). PCR
amplification was performed by denaturing at 95 C for
3 minutes followed by 30 cycles of denature (98 C for 20 s)
anneal (65 C for 15 s) and extension (72 C for 60 s) followed by
final extension at 72 C for 5 minutes. Post PCR amplification,
an Ampure bead clean-up step was performed and the samples
were run on Agilent Tapestation to validate the size of the
expected peaks.
Total RNA was extracted for gene expression analysis. The
tumors were homogenized (Beadbug - Benchmark Scientific,
Edison, NJ) and lysed in RLT buffer þ 1% bME. RNA was

extracted from the tumor lysate by Qiagen All Prep extraction
kit (Qiagen, Germantown, MD). DNA contaminants were
removed by performing a DNase treatment. Primers were
designed to measure expression of NF2, FBXW7, together with
three control genes ACTB, B2 M, and RPL37A (primer sequences are shown in supplemental digital content 1, http://links.lww.com/MAO/A706). ACTB, B2 M, and RPL37A were used
as controls based on previous studies in similar tissue types
(31–33). For each reaction, 50 ng of RNA input was taken and
one-step qRT-PCR was performed by reverse transcription at 42
C for 5 minutes followed by incubation at 95 C for 3 minutes.
Amplification was carried out at 95 C (3 s) and 60 C (20 s) for
total of 40 cycles. Differential expression was calculated using
the ddCT method.

RESULTS
Linked-read Sequencing of NF2 Patient Tumor and
Blood Samples
Ten blood–tumor pairs with high or low tumor growth
rates were selected based on growth rates alone (high
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Clinical history of the patients selected

#1st
Growth
Tumor
Sporadic/ Degree
Rate
Volume Total CN Cranial
Spinal
Spinal
3
Patient Sex Familial Relatives Age (cm /mo) PTA WR (cm3)
Tumors
Meningioma Meningioma Ependymoma Schwannoma
High-growth rate
1
M Sporadic
2
M Familial
3
M Familial
4
F
Sporadic
5
M Sporadic
Low-growth rate
6
F
Familial
7
F
Sporadic
8
F
Sporadic
9
F
Sporadic
10
F
Sporadic

0
1
2
0
0

34
23
30
27
48

0.56
0.44
0.76
0.51
0.56

NR
NR
NR
NR
46

NR
NR
NR
NR
100

7.4
12.1
9.5
37.5
6.2

2
5
4
4
2

N
N
Y
Y
N

N
N
N
Y
N

N
N
N
Y
N

Y
Y
Y
Y
Y

2
0
0
0
0

22
71
32
63
50

0.12
0.01
0.04
0.03
0

110
4
NR
23
83

NR
NR
NR
88
8

1.4
0.7
2.1
7.4
1.3

3
2
3
2
2

Y
N
N
N
N

Y
N
N
N
N

N
N
N
N
N

Y
N
N
N
N

CN indicates cranial nerve; NR, no response; PTA, pure-tone average; WR, word recognition.

growth: 0.57  0.06 cm3/mo versus low growth:
0.05  0.02 cm3/mo; p ¼ 0.0005). Patient demographics
are shown in Table 1. We generated barcoded libraries
from the tumor and matched blood (Fig. 1). The mean
sequencing coverage ranged 26.6 to 43.4. The library
quality and sequencing analysis are summarized (see
table, Supplemental Digital Content 2, http://links.
lww.com/MAO/A707). We achieved high-quality library
datasets with high mapping rate with >99% of the
genome coverage. Barcodes were distributed to more
than 1.5 million individual DNA molecules. The average
molecule length was from 24.7 to 102.4 Kbp with average 29 of N50 linked reads per molecule and megabase
scale N50 phased block, which enabled efficient variant

TABLE 2.
Patient
Patient
Patient
Patient
Patient
Patient
Patient
Patient
Patient
Patient
Patient
Patient
Patient
Patient
Patient

Sample
Type
1
T
2
T
2
T
2
B
4
T
4
T
6
T
7
B
7 T AND B
8
T
9
T
9
T
9
B
10
T

Chr

Start

End

chr22
chr22
chr22
chr22
chr22
chr22
chr22
chr22
chr22
chr22
chr22
chr22
chr22
chr22

30057302
30035110
30069280
30070880
30051652
30057259
30038193
30067874
30070880
30050657
30032747
30069280
30077584
30050656

30057302
30035110
30069281
30070880
30051652
30057259
30038193
30067874
30070880
30050657
30032747
30069280
30077584
30050657

phasing. The phase blocks N50 detected ranged from
0.65 to 6.03 MB for all samples; the longest phase blocks
detected ranged from 4.4 to 35.8 MB across 20 datasets
(see table, Supplemental Digital Content 2, http://links.lww.com/MAO/A707).
Long Ranger (v2.1.1) pipeline also generates a list of
SNVs focusing on NF2 and genome-wide SVs. Three
major types of variants were identified; SNVs with
phasing information for NF2 (see Table 2), deletions
(50 bp–30 Kb), and large SVs (deletion, inversions, and
duplication > 30 kbp). A list of all the high-confidence
SVs detected is shown (see table, Supplemental Digital
Content 3, http://links.lww.com/MAO/A708) and examples of these variants can be visualized in Figure 2. In

NF2 mutation status detected in each patient
Names

chr22:
chr22:
chr22:
chr22:
chr22:
chr22:
chr22:
chr22:
chr22:
chr22:
chr22:
chr22:
chr22:
chr22:

30057302_C/T
30035110_C/A
30069280_AC/A
30070880_C/T
30051652_C/T
30057259_G/A
30038193_A/T
30067874_G/A
30070880_C/T
30050657_C/G
30032747_G/A
30069280_A/T
30077584_T/TA
30050656_AC/A

Var
Ref allele
C
C
AC
C
C
G
A
G
C
C
G
A
T
AC

T
A
A
T
T
A
T
A
T
G
A
T
TA
A

Qual

Impact

6.50E-05
7.62E-11
15.4993
60.4988
262.05
1.47289
0.08805
4.84E-09
131.579
45.793
2.07E-11
2.42481
9.19E-15
19.844

Nonsense
Nonsynonymous
Frameshift
Nonsense
Nonsense
Synonymous
Synonymous
Synonymous
Nonsense
Nonsense
Nonsense
Nonsynonymous
Frameshift
Frameshift

REF
VAR REF VAR
CODON CODON AA AA
CGA
CCA
GAC
CGA
CGA
GAG
GTA
AGG
CGA
TAC
TGG
GAC
ATT
TAC

TGA
CAA
GA
TGA
TGA
GAA
GTT
AGA
TGA
TAG
TAG
GTC
ATTA
TA

R
P
R
R
E
V
R
R
Y
W
D


Q


E
V
R



V

SAMPLE TYPE: T indicates tumor; B, blood; T AND B, both (tumor and blood).
QUAL field is an estimate of the barcode support for the corresponding event. A call with QUAL score >15 is a high confidence call.
VAR AA:  refers to STOP Codon.
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FIG. 2. Different types of variants detected by linked-read analysis visualized in the Loupe browser. A, SNVs in the NF2 gene region
(chr22:29,999,545–30,094,589). Top: chromosome 22 ideogram with NF2 gene region highlighted followed by the zoom-in view of the NF2
gene structure in parallel of the SNVs/small deletion detected in each haplotype in two separate phased tracks. Different types of SNVs are
represented by different color symbols. The 3rd and 4th exon regions are zoom in to show the detailed substitutions (blue) and deletions
(orange). A homozygous SNV would be present only on both the haplotypes while a heterozygous SNV would be present in just one
haplotype. B, 1.6 Kb deletion in the EPSTl1 intronic region. Chromosome 13 ideogram with EPSTI1 gene region highlighted is shown above
followed by a zoom-in view of the partial coding exons-introns (chr13:43,530,007-43,556,478). Linked reads spanned in this region are
shown in two separated phased tracks as either orange-yellow color reads (haplotype 1) and pink-purple read (haplotype 2). A 1.6 Kb
homozygous deletion in the intronic region in chr13: 43539796–43541448 is shown (box) where no linked reads were found. C, A 60 Kb
large deletion found in patient #2 The heatmap of the linked-read distribution across chr14:41,539,312 - 41,729,312 (coordinates on the x
and y axes). The deletion is shown as a blank region with no aligned reads in the matrix view from the patient two tumor sample (top panel) in
comparison with control from patient seven (lower panel).

total, we uncovered 10 to 18 somatic large SVs in tumor
samples and 13 to 22 germline large SVs in their corresponding matching blood, respectively. The total numbers of deletion calls were from 3,720 to 4,894 between
NF2 tumors and their matching blood samples.
Haplotype-specific Single Nucleotide NF2 Mutations
Uncovered in Tumors
We examined the SNV profiles in NF2. Previous
studies suggest that mutation of a single allele of NF2
should be present and that the loss of the remaining wildtype allele of NF2 is reported to occur in the preponderance of patients. The dbSNP filtered SNVs for all the
samples in the NF2 gene region were identified as
synonymous, nonsynonymous, frameshift, or nonsense
mutations based on their impact in coding sequences
(Table 2). We identified tumor-specific SNVs in 7 out of
10 patients and 6 of them are either nonsense or

frameshift mutations. Expression of NF2 was reduced
in patients 2 and 10 where frameshifts were detected in
NF2 genes (Fig. 3B), suggesting that the consequences of
these frameshift mutations may affect NF2 transcripts.
Interestingly, the expression trended toward lower levels
in the high-growth tumors ( p ¼ 0.11) (Fig. 3A), supporting the role of NF2 dysregulation in the highgrowth phenotype.
Deletions (50 bp to 30 Kbp) Detected in NF2 Tumors
We focused on deletions between 50 bp to 30 Kbp in
each patient and compared them across tumor and blood
samples. We detected 5K to 6K deletions in each
patient and  29% were only found in tumor samples
while majority of them were common between tumor and
matching blood (see table, Supplemental Digital Content
4, http://links.lww.com/MAO/A709). Figure 3C represents the distribution of these deletion calls from each
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FIG. 3. A, Comparison of NF2 gene expression normalized to ACTB in the high-growth and low-growth tumor groups. B, Analysis of NF2
gene expression by qRT-PCR by normalizing to three housekeeping genes as controls (ACTB, B2 M, and RPL37A) in each patient. C,
Deletion Calls Comparison—Distribution and comparison of the deletion calls (50 bp–30 Kbp) across patients. D, Somatic deletion calls
affecting genes—Distribution of the affected somatic deletions (tumor only) shared between two or more patients. E, Germline deletion calls
affecting genes—Distribution of the affected germline deletions (blood and common) shared between two or more patients.

patient. When we examined between the 587 and 1,260
genes affected by these deletions only detected in tumor,
vast majority were within gene regions; demonstrating an
enrichment of deletions affected gene expression. A total
of 2,928 genes were affected by the 3,880 tumor associated deletions in the high-growth tumors and 2,781 genes
were interrupted by the 3,586 deletions associated with
slow-growth tumor type. Among them, 298 and 208
genes were identified in multiple patients with highand low-growth categories, respectively (Fig. 3D). The
relative frequencies of shared genes between the two
groups are listed (see table, Supplemental Digital Content 5, http://links.lww.com/MAO/A710). When focusing on common genes to the high-growth tumor group, 7
genes were commonly found in at least 4/5 high-growth
tumor patients (NPIPP1, PDXDC1, RASGEF1B, TTC34,
VEGFC, WDR27, ZEB2) and 1 target was present in 5/5
high-growth tumors (TSPAN8). We focused on target
genes that may be important to NF2 based on known
literature. VEGFC and TSPAN have putative roles in the
regulation of VEGFA signaling and cell adhesion/
angiogenesis respectively.

Recent data suggest the possibility for important recurrent mutations in sporadic VS in several chromatin
remodeling genes (ARID1A, ARID1B) and DDR1 which
is a gene encoding a receptor tyrosine kinase (16).
Notably, deletions in ARID1A were identified in one
patient and deletions in ARID1B were identified in
two patients. Similarly, we detected genes affected by
germline deletions which could influence the growth rate
of NF2 tumors. Among these germline deletions, 133 and
142 genes were identified in multiple patients with highand low-growth categories, respectively (Fig. 3E). The
relative frequencies of shared genes between the two
groups are listed (see table, Supplemental Digital Content 5, http://links.lww.com/MAO/A710).
Large SVs Detected in NF2 Patients
SVs were identified by deviations in barcode coverage
which is a method unique to linked-read sequencing (34).
Fourteen to 27 large SVs were detected in each patient
(see table, Supplemental Digital Content 6, http://links.lww.com/MAO/A711). Tumor-specific SVs were identified bioinformatically and then visually verified using
Otology & Neurotology, Vol. 40, No. 2, 2019
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FIG. 4. SV Calls Comparison. A, Distribution and comparison of the large SV calls (>30 Kb) across all patients. B, Tumor-specific SV calls
in Patient 2. Similar large SV and SVTYPE in tumor-normal pair of the same patient but tumor SV is heterozygous and blood SV is
homozygous. C, A 66 Kb heterozygous deletion on Chr22 spanning over the 5’ end of the NF2 gene of Patient 2 tumor sample. (Top) The
heatmap with same chromosome coordinates on x and y axes and the large black blocks indicate the region of heterozygous deletion.
(Bottom) Linked reads for each haplotype. A deletion is clearly observed in the first haplotype (orange-green color). D, Inversion in Chr 4—a
112Kb tandem duplication on Chr4, spanning over the FBXW7, a known tumor suppressor gene. (Top) The heatmap where the black block
indicates the region of tandem duplication. (Bottom) Multiple linked reads aligning to the duplicated region. E, FBXW7 gene expression (by
qRT-PCR) normalized to three housekeeping genes as controls (ACTB, B2 M and RPL37A) across all patients.

Loupe by examining regions harboring large SVs called
in tumor samples and/or their matched blood data. Any
SV that could not be assigned to either tumor or blood
group was classified as ambiguous. A list of all the SVs
only found in either tumor or blood was compiled (see
table, Supplemental Digital Content 6, http://links.lww.com/MAO/A711). The distribution of the SVs in
each of the categories across 10 patients is illustrated in
Figure 4A. The tumor sample in patient #2 contained the
most (7) tumor-specific SVs (Fig. 4B). One large heterozygous 66 Kbp deletion spanned the 5’ end of the NF2
gene (Fig. 4C) and a large tandem duplication of 112 Kbp
which disrupts the 3’ exons of a known tumor suppressor,
F-box protein, and WD repeat containing protein 7
(FBXW7) on chromosome 4 (Fig. 4D). To evaluate
the impact of the SVs on their affected genes, expression
of NF2 and FBXW7 was determined in tumor cells from
all 10 patients. Both genes showed reduced expression in
patient 2 (Figs. 3B and 4E). FBXW7 is a known tumor
suppressor and its loss of function has been linked to
uncontrolled centriole duplication and hepatocellular
carcinoma (35,36). FBXW7’s role in regulating cell
cycle and proliferation makes it a candidate for

exacerbating the NF2 disease progression in the highgrowth subgroup.
Expression of data for sporadic schwannomas indicates
a 10% rate of SH3PXD2A-HTRA1 fusion proteins and
sporadic schwannomas as the consequence of a balanced
19-Mb chromosomal inversion on chromosome 10q (16).
In our analysis of 10 tumors, no balanced translocations
resulting in a SH3PXD2A-HTRA1 fusion were identified.
DISCUSSION
Next-generation DNA sequencing technologies provide
the opportunity to broaden our understanding of genetic
aberrations beyond SNV, through technological advancement, and to now consider specific SVs that may contribute to disease phenotype. Long-read sequencing
technology allows for high-resolution analysis of SV at
the genome-wide level, and is able to capture complex
rearrangements. Here, we leverage the recent technology
advancement in microfluidics-based linked reads analysis
to identify different types of SVs. Our results demonstrate
that this approach is effective to capture large numbers
deletions and SVs in the NF2 patient population.
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While the importance of SV is considered for oncogenic tumorigenesis, a role for SV has not been fully
considered for patients with NF2 (37). Importantly, in
addition to the expected SNV within NF2, we identified
tumor-specific deletions and large SVs. SVs were present
at seven loci in one patient with an aggressive phenotype
including a deletion in NF2 and a duplication in FBXW7.
The contribution of large SV to the phenotype is not
well understood. Studies to date concentrated on NF2
loci alone. In a study of 54 causative NF2 mutations,
Evans et al., through PCR amplification of genomic DNA
at NF2, identified five large deletions ranging from 650
to 5 kb. The remaining mutations were SNVs leading to
frameshift, missense, splice site mutations. Patients with
truncating mutations were more likely to have severe
disease phenotype including growth rate (38). While the
SV including NF2 seems to be an important finding, it is
unknown whether SVs at other loci are important
for phenotype.
In a rapidly growing VS, we identified a large SV the
included FBXW7. FBXW7 is a subunit of an ubiquitin
ligase that targets proteins for degradation. The SV was a
tandem duplication affecting exon 2 through 13, out of 13
exons and disruption in expression is predicted by this
change. FBXW7 is strongly associated with tumorigenesis in a multitude of human cancer (35) and is a regulator
of ubiquitin-mediated degradation of cyclin E, c-Myc, cJun, Notch, Mcl-1, and mTOR (39,40). The finding of a
large SV at FBXW7 is an intriguing finding. Data suggest
a role for inhibition rapamycin complex 1 (mTORC1) as
a therapeutic approach for NF2. The functional loss of
merlin associated with NF2 results in elevated mTORC1
signaling in NF2-related tumors (41) and clinical trials
show promise for tumor growth stabilization by directly
targeting mTORC1 (42). Data suggest that FBXW7 plays
a critical role in limiting mTOR function in the developmental regulation of myelination (43), suggesting that SV
at FBXW7 could influence tumor growth in VS.
Possibly, the most important finding of our study is the
presence of recurrent deletions, repeated in tumors with
high-growth rates. Among these deletions, 5/5 patients
shared tumor-specific deletions TSPAN and 4/5 shared
VEGFC. TSPAN8 expression occurs in several malignancies including esophageal cancer (44) and mechanistically is thought to modulate cell adhesion and
angiogenesis (45). Levels of expression in VS are
unknown and a role in the pathogenesis of NF2 will
need to be investigated further. VEGF-associated proteins have received attention because the anti-VEGF
antibody bevacizumab specifically target VEGFA, and
treatment of NF2-associated VS with bevacizumab led to
a volumetric decrease in 55% of VSs and improved
speech perception in some patients (46,47). VEGFC is
an alternative ligand to VEGF-A for VEGFR-2 binding,
which is thought to promote tumor angiogenesis. The
complex interplay between these factors is not known in
VS and the consequences of a deletion of VEGFC will
need to be evaluated. However, a meta-analysis of six
randomized phase III trials in colorectal, pancreatic,
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lung, renal, breast, and gastric cancer suggests a possible
role for VEGFC (48). Within this study, genetic variance
of VEGFC was predictive of bevacizumab treatment
response across tumor types suggesting the possible
importance for our findings.
We demonstrated that 8 of 10 patients had at least 1
mutation at NF2 in either tumor or matching blood and 4
patients had 2 or more mutations. These findings are
consistent with a larger study focusing on schwannomas
from patients with NF2 where one mutation was presents
in (86/97) 89% and two mutations were present in (13/97)
13% specimens (49). These data are also comparable to
non-NF2 VS where exome sequencing analysis showed
(35/46) 76% tumors harbored mutations in NF2 and 16
tumors (35%) had 2 mutational events (50). Next-generation sequencing was recently used for studying the
genomic landscape of schwannomas in non-NF2 cases.
Agnihotri et al. (16) in 2016 performed whole-exome
sequencing on 13 sporadic cranial and 13 sporadic spinal
schwannomas. NF2 was altered either by mutation or 22q
loss in (20/26) 77% of patients consistent with our
findings suggesting similarities between NF2 and nonNF2 VS.
Our findings indicate that recurrent deletions were
present at ARID1A, ARID1B in a subset of patients.
ARID1 proteins regulate chromatin remodeling through
the recruitment of transcriptional activators or repressors
(51,52). Recurrent deletions at ARID1A, ARID1B in a
subset of tumor and blood specimens suggest possible
similarities between sporadic VS and tumors associated
with NF2.
RNA sequencing previously identified an in-frame
SH3PXD2A-HTRA1 fusion in 10% of 125 samples
analyzed, and in vitro studies showed that stable
expression of this fusion protein promoted growth in
the HEI-193 immortalized schwannoma cells (16). An
important question is whether these changes, identified
for non-NF2 schwannoma, are also found in NF2.
Large SV, consistent with the SH3PXD2A-HTRA1
fusion, were not present in our study. These findings
suggest that the genomic landscape of NF2 differs from
sporadic schwannomas.
Understanding the comprehensive genetic landscape
of NF2 has not been performed to date through genomewide sequencing efforts. Our pilot study suggests a role
for this approach to identify additional targets that may
influence tumor growth. We have identified large SVs,
and common recurrent deletions shared among tumors
with high growth with rates in those with low-growth
rates. The limitations of our study are most notably
sample size, with a larger study planned. However,
despite this limitation, we demonstrate the utility of
next-generation DNA sequencing technologies to identify recurrent shared variance in our patient cohort. Such
an approach has catalyzed new gene targets for clinical
drug trials and suggests a possible role for personalized
therapeutic approaches, based on whole-genome analysis
for NF2 (53–55). These directed translational
approaches are advocated by the NF2 research
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community as an important resource to facilitate new
treatments for patients with NF2 (56).
Acknowledgments: The authors thank Dr. Alyssa Lau for
efforts in illustrating the figures.
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