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Purpose: To evaluate the incidence of mosaicism in de novo
neurofibromatosis 2 (NF2).

Methods: Patients fulfilling NF2 criteria, but with no known
affected family member from a previous generation (n= 1055),
were tested for NF2 variants in lymphocyte DNA and where
available tumor DNA. The proportion of individuals with a proven
or presumed mosaic NF2 variant was assessed and allele frequencies
of identified variants evaluated using next-generation sequencing.

Results: The rate of proven/presumed mosaicism was 232/1055
(22.0%). However, nonmosaic heterozygous pathogenic variants
were only identified in 387/1055 (36.7%). When variant detection
rates in second generation nonmosaics were applied to de novo
cases, we assessed the overall probable mosaicism rate to be 59.7%.
This rate differed by age from 21.7% in those presenting with

bilateral vestibular schwannoma <20 years to 80.7% in those aged
≥60 years. A mosaic variant was detected in all parents of affected
children with a single-nucleotide pathogenic NF2 variant.

Conclusion: This study has identified a very high probable mosaicism
rate in de novo NF2, probably making NF2 the condition with the
highest expressed rate of mosaicism in de novo dominant disease that
is nonlethal in heterozygote form. Risks to offspring are small and
probably correlate with variant allele frequency detected in blood.
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INTRODUCTION
Neurofibromatosis 2 (NF2, MIM#101000) is characterized by
the development of multiple benign nerve sheath schwanno-
mas with the hallmark being bilateral vestibular schwannoma
(VS).1–5 Affected individuals may also develop meningiomas
and ependymomas with ocular features such as lens opacity
and retinal hamartomas being frequent.1,3 The NF2 gene has a

high de novo variant rate with 50–60% of NF2 patients having
no affected parent.6,7 Mosaicism in the first affected family
members of tumor prone kindreds has been recognized since
at least 1992,8 and NF2 was one of the first conditions found
to demonstrate this phenomenon.9 Since then a number of
reports have assessed the frequency of mosaicism in NF2 to be
~25–33%.10–12
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In addition to the high rate of mosaicism in de novo NF2,
mosaicism may account for around 37% of de novo cases
fulfilling schwannomatosis criteria without vestibular
schwannomas.13,14 Newer sequencing techniques such as
deep sequencing and next-generation sequencing (NGS) have
improved the sensitivity of detection of mosaicism.15,16 We
have reassessed the frequency of mosaicism in de novo NF2 in
over 1000 first generation affected cases. More recently, we
have been able to assess allele frequencies of germline NF2
variants using NGS in lymphocytes for the great majority of
those previously identified as having two NF2 genetic “hits” in
tumor, but where neither was identified on Sanger sequencing
of lymphocyte DNA.

MATERIALS AND METHODS
Individuals meeting NF2 diagnostic criteria (Table 1) from
the first generation (founders) had analysis of lymphocyte
DNA and where possible DNA extracted from fresh NF2
tumor samples or paraffin-embedded tumor block sections.

Molecular analysis
All individuals underwent lymphocyte DNA analysis for NF2,
with additional analysis in LZTR1 and SMARCB1 in cases
with a unilateral VS or multiple schwannomas. From 1995 to
2012 genetic testing utilized Sanger sequencing of all exons
and intron/exon boundaries. Since 2013 NGS has been
employed to sequence NF2 with a read depth of 1000×. This
includes the same regions as Sanger sequencing plus
additional intronic sequence, which has led to an increase
in the variant detection rate. NF2 pathogenic variant testing of
lymphocyte DNA (and tumor when available) also employed
multiple ligation-dependent probe amplification (MLPA) to
assess copy-number variations (CNVs), mostly single or
multiple exon deletions. In addition, loss of heterozygosity
(LOH) was assessed on tumor specimens with intragenic and
flanking polymorphic microsatellite markers. Similar analyses
were performed for LZTR1 and SMARCB1. Individuals with
de novo NF2 and learning problems also had chromosome
analysis for ring 22 and those with unfound familial NF2 were

tested for translocations. Mosaicism was considered con-
firmed when (1) a pathogenic variant was detectable in
lymphocyte DNA at a substantially reduced level (starting
below 30% mutant allele frequency and with the lowest levels
often only detected after NGS guided by tumor analysis) or
(2) an identical pathogenic variant was found in two tumors
that were anatomically distinct. A third category of “pre-
sumed” mosaicism was described when an individual,
fulfilling NF2 diagnostic criteria, but with only one tumor
available for analysis, had both mutational events found in a
single tumor, but not found in blood DNA. An NF2 diagnosis
was refuted when molecular events were not consistent
between two tumors or when NF2 testing did not identify a
constitutional or mosaic variant and/or a pathogenic variant
was found in another gene with an overlapping phenotype
(e.g., LZTR1). Ethical approval was obtained from the North
West 7–Greater Manchester Central Research Ethics Com-
mittee (reference 10/H1008/74).

Statistical analysis
Pairwise comparisons of statistical significance between
groups were carried out using analysis of variance (ANOVA)
or Kruskal–Wallis analysis.

RESULTS
In total there were 1055 de novo individuals and 359 with an
affected parent who had molecular testing. Of the 1055 de
novo patients fulfilling NF2 criteria only 387 (36.7%) had a
nonmosaic, heterozygous pathogenic NF2 variant identified
(Table 2). This included a total of 300 point variants (single
base changes and small insertion/deletions), 85 CNVs, and 2
chromosome translocations, identified by a combination of
Sanger sequencing, MLPA, and cytogenetic analysis.
A total of 232 patients (22.0%) were identified as proven/

probable mosaic. Initially, Sanger sequencing identified 54
low allele frequency pathogenic single- or two-nucleotide
variants and MLPA detected 16 low allele frequency CNVs.
More recently, NGS testing identified a further ten pathogenic
single-nucleotide variants at Sanger detectable allele fractions
of over 10% (range 11.7–30%) using lymphocyte DNA alone,
and four with the aid of tumor testing (range 11–30%). Ten
patients were found to have ring 22 by cytogenetic analysis.
As such, 471/1055 (44.6%; including 84 mosaic and 387
nonmosaic) pathogenic NF2 variants occurred in lymphocyte
DNA at levels detectable by Sanger sequencing plus MLPA
and 481/1055 (45.6%) on addition of cytogenetic analysis for
ring 22, which causes a mosaic loss of the NF2 gene.

Detection of low allele frequency variants
Seven additional pathogenic variants were found on NGS
testing below Sanger detection levels (<10%; range 1–8%)
using lymphocyte DNA alone. A further case involving a
clinically affected parent, who had mild NF2 features and an
affected child, had the child’s pathogenic frameshift variant
c.191–198del identified on NGS in lymphocyte DNA at only
0.2% allele fraction. Pathogenic variants were found in an

Table 1 Manchester Criteria for NF2

1. Bilateral vestibular schwannomas OR

2. Family history AND unilateral VS OR

3. Family history OR unilateral VS AND two of:a meningioma,

cataract, glioma, neurofibroma, schwannoma, cerebral calcification

(if UVS+ ≥2 schwannomas only need negative LZTR1 test)b, OR

4. Multiple meningioma (2 or more) AND two of: unilateral VS,

cataract, glioma, neurofibroma, schwannoma, cerebral

calcification, OR

5. Constitutional pathogenic NF2 gene variant in blood or identical

in two tumorsb

NF2 neurofibromatosis 2, UVS universal vestibular schwannoma, VS vestibular
schwannoma.
aIncludes two of any tumor type such as schwannoma.
bRequires molecular analysis.
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additional 40 affected de novo individuals at allele fractions
≤10% (range 0.5–10%) using NGS, after tumor testing
identified two pathogenic variant changes in tumor(s). In
addition, 21 variants that were found to be identical in two
separate tumors from the same individual were not identified
in lymphocyte DNA using NGS. There were also seven CNVs
that were found to be identical between two tumors that were
not found in lymphocyte DNA by MLPA (we are not be able
to detect a CNV at <10% allele fraction).
There were 47 patients in whom two pathogenic variants

were confirmed in a single tumor, but testing lymphocyte
DNA of 45 of these using NGS did not detect a variant (two
lymphocyte DNA samples were exhausted after Sanger
sequencing and therefore not assessable by NGS). Overall,
in cases where only one tumor was assessable and Sanger
sequencing was negative, NGS confirmed mosaicism in 30/75
(40%) of available lymphocyte DNA samples (allele fraction
range 1.0–10%; median 2.9%), This was a little higher than the
proportion of mosaic NF2 confirmed by NGS in cases with
identical point variants identified in two tumors, 10/31
(32.3%) (allele fraction range 0.5–10%; median 1.5%).
In nine cases without proven mosaicism or a detectable

variant in blood where two tumors were available for DNA
analysis, mosaic NF2 could not be confirmed. In three of these
cases it was not possible to identify a pathogenic variant
(except LOH in one tumor in one case). In two cases it was
possible to refute a diagnosis of NF2 as nonidentical genetic
events were found in the two tumors. One of these two
individuals had only bilateral vestibular schwannomas (BVS)
as previously reported,17 and the other had presumed
radiation-induced tumors from childhood lymphoma

treatment.1 Two further cases with different point variants
in each tumor, but with loss of the same allele identified by
LOH analysis, were each found to harbor a germline
pathogenic LZTR1 variant. These were both in a group of
patients with unilateral VS and two or more schwannomas
with no meningiomas or ependymoma disease. Conversely,
there were 15 patients meeting schwannomatosis diagnostic
criteria who were found to have identical pathogenic NF2
variants in two tumors and no pathogenic variants identified
in SMARCB1 or LZTR1. These individuals were therefore
reclassified as mosaic NF2. The final two individuals, with two
tumors who could not be confirmed as mosaic NF2, had a
point variant and LOH confirmed in one tumor and the point
variant could not be confirmed in a second tumor. A large
gene rearrangement could not be confirmed at a mosaic level
as a cause of LOH in both tumors.
Nineteen individuals affected with NF2 and with a single

tumor analyzed did not have a pathogenic NF2 variant
identified in tumor, although four of these tumors did
demonstrate LOH of chromosome 22. The 15/19 with no
LOH is a high proportion compared with typical schwanno-
mas and may indicate significant stromal contamination as
the reason for failure to identify NF2 pathogenic variants.
Overall, of those with at least one tumor analyzed and without
a germline LZTR1 pathogenic variant, 134/160 (83.8%) had
confirmed or presumed mosaic NF2 and 26/160 (16.3%) did
not have NF2 mosaicism confirmed.

Frequent mosaic variants
The most frequent mosaic variants were the nonsense
pathogenic variants c.784C>T, p.(Arg262Ter) (n= 14) and

Table 2 Predicted rates of mosaicism by pathogenic variant types detected in de novo versus inherited NF2 disease

Mosaic % De novo % of all

de novo

% with

identified

heterozygote

variants

Inherited % p value

inherited

compared

with mosaic

p value inherited

compared with

identified

de novo

Nonsense 97 41.81% 112 10.62% 28.43% 35 9.75% <0.0001 <0.0001

Frameshift deletion 49 21.12% 62 5.88% 15.74% 62 17.27% 0.23 0.62

Frameshift insertion 8 3.45% 13 1.23% 3.30% 4 1.11% 0.07 0.05

Splice site 24 10.34% 90 8.53% 22.84% 127 35.38% <0.0001 0.0002

Missense 5 2.16% 20 1.90% 5.08% 33 9.19% 0.0008 <0.0001

In-frame deletion 7 3.02% 1 0.09% 0.25% 1 0.28% <0.0001 ns

CNV 32 13.79% 85 8.06% 21.57% 76 21.17% 0.04 0.92

Chromosome

translocation

0 0.00% 2 0.19% 0.51% 5 1.39% n/a 0.26

5′ UTR 0 0.00% 2 0.19% 0.51% 4 1.11% n/a ns

Total constitutional 387 36.68%

Ring 22 10 4.31% 10 0.95% 2.54% 0 0.00% n/a n/a

Mosaic variant total 232 100.00% 232a 21.99% n/a 0 0.00% n/a n/a

LZTR1 0 0.00% 7 0.66% n/a 2 0.56% n/a n/a

Not found 0 0.00% 429 40.66% n/a 10 2.79% n/a <0.0001

Total 232 100.00% 1055 359 100.00%
CNV copy-number variation, NF2 neurofibromatosis 2, UTR untranslated region.
a10 ring 22 also counted in mosaic group.
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c.169C>T, p.(Arg57Ter) (n= 12). A number of other
nonsense variants were seen at least four times (c.586C>T,
p. (Arg196Ter) (n= 10); c.1021C>T, p. (Arg341Ter) (n= 6);
c.1396C>T, p.(Arg466Ter) (n= 5); c.193C>T, p.(Gln65Ter)
(n= 4). The c.784C>T, p.(Arg262Ter) variant was over-
represented in mosaics 14/232 (6.3%) compared with de novo
nonmosaic heterozygotes 9/385 (2.3%) (p= 0.025) and was
seen only once in 359 inherited cases. The pathogenic
missense variant c.655G>A, p.(Val219Met) was seen in four
individuals with mosaic NF2 and a further variant at the same
codon c.656T>A was seen in one mosaic individual, p.
(Val219Glu), yet missense variants at this codon were absent
from 744 NF2 affected patients with nonmosaic constitutional
heterozygous pathogenic variants (p < 0.0001). The in-frame
deletion c.357_359delCTT, p.(Phe119del) was seen in four
individuals with mosaic NF2, yet was also not seen in 744 NF2
affected patients with nonmosaic constitutional heterozygous
pathogenic variants. Indeed, in-frame deletions (n= 9/232)
were highly significantly over-represented in mosaics (p <
0.0001) compared with nonmosaic heterozygotes (n= 2/744).

Overall likelihood of mosaicism
Assuming a 93% detection rate for a nonmosaic pathogenic
variant using a combination of NGS and MLPA (146/157
second generation familial NF2 probands are detected in this
way) the overall rate of mosaicism for de novo cases could be
as high as 59.7% (Table 3). This assumes that 93% of those
with a clinical diagnosis of NF2, but without an identified
nonmosaic pathogenic variant, are probable mosaics. The
highest rate of presumed mosaicism is found in the
individuals with a unilateral VS and two or more non-
vestibular schwannomas, but no meningiomas or ependy-
moma disease, at 79.5%. This is despite six cases (8.3%)
having an LZTR1 pathogenic variant. This is reflected in the
very low rate of only 8.3% for confirmed nonmosaic variants.
The rates of mosaicism in de novo cases correlate with

increased age at diagnosis of NF2 (Table 4). The rates are
increased from 21.7% probable mosaicism in those with BVS
<20 years of age to over 80% in those diagnosed >60 years of
age. The median age at diagnosis of mosaic NF2 was 35
(range: 1–76) compared with a median age at diagnosis of
nonmosaic de novo heterozygotes of 21 (range 0.5–86) (p <
0.001). There were also significantly lower mean and median
ages at onset in those with mosaicism confirmed in blood
compared with those that were confirmed in tumor only, not
confirmed in tumor (presumed), or had no tumor tested
(Table 5).

Offspring risk
Ten mosaic affected de novo cases had 12 affected children.
All six de novo cases with a pathogenic single-nucleotide
variant had a variant that was detectable in blood on NGS (at
allele fractions of 0.2%, 4%, 15%, 20%, 22%, and 30%) and
these parents had seven affected children (two from the case
with a 15% allele frequency). For the 32 de novo cases with a
mosaic CNV, only 2 that were detectable in the affected child Ta
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were also present at a detectable level in blood from the
parent, although an exon 1–16 deletion was found in the
tumor of a third affected parent. One affected parent with an
exon 7 deletion detected on MLPA in blood had two affected
children. Although we do not have details on all children we
have carried out a total of 75 predictive tests on children of
mosaic cases with point variants detectable in blood and eight
of these (10.7%) were positive. Of the 71 parents with
presumed mosaic NF2 but without a pathogenic single-
nucleotide variant detectable on NGS in blood, all 85
presymptomatic tests on children were negative.

Epidemiology
Within the boundaries of the North of England (population
= 15.35 million) covered by the Manchester center there were
303 living NF2 patients as of January 2019 (prevalence= 1 in
50,660). Of the 303 patients, 207 (68.3%) were de novo cases
and of these 60 had confirmed or probable mosaicism (29.0%)
with 5/60 (8.3%) having ring 22 with a confirmed tumor
diagnosis of NF2. Eighty further cases (38.6%) had no
identified NF2 variant on DNA analysis in blood.

DISCUSSION
The present study has confirmed that mosaicism is extremely
common in de novo NF2 patients. Our estimates of the
frequency of mosaicism in de novo cases are now much higher
than the previous 25–33% reported in the literature.11,12 This

is based on the very high sensitivity of NF2 testing using a
combination of high read depth NGS and MLPA in the second
generation of families of 93%. Although the detection rate for
both mutational “hits” in tumors is a little lower at 84%, this
lower detection rate may be due to tumor contamination with
macrophages, leading to a far lower tumor/Schwann cell
content.18 Most of these tumors were assessed by Sanger
sequencing and LOH analysis. Both of these techniques
require greater than 10% tumor cell content to detect
pathogenic variants and detection of LOH would usually
require >50% tumor cell content. The overall predicted higher
rate of mosaicism of 59.7% in de novo cases could be the result
of the very high levels of ascertainment of milder later onset
cases by the English highly specialized NF2 service, wherein
four national centers care for all NF2 patients, and make
ascertainment extremely high for the UK.2,14 Previous reports
on rates of NF2 mosaicism are likely to be based on lower
ascertainment levels with identified mosaic cases being more
severely affected and more likely to have presented with
classical bilateral VS. As previously described, detected levels
of mosaicism are higher when patients present asymmetrically
with a delay between diagnosis of the first and second VS or
when they do not develop a second VS.12 Even for those
presenting with bilateral VS, age at onset is a major factor with
only 21.7% of those aged under 20 years at presentation
predicted to be mosaic, compared with 80.7% of those
presenting aged 60 years and over (Table 4).

Table 4 Predicted rates of mosaicism by age at presentation of bilateral vestibular schwannomas (BVS)

Number Constitutional % Mosaic presumed

from tumor or blood

No variant found % No variant Overall probable mosaic rate

BVS <20 175 136 77.71% 27 15.43% 12 6.86% 21.67%

BVS 20–29 114 69 60.53% 21 18.42% 24 21.05% 37.58%

BVS 30–39 110 48 43.64% 36 32.73% 26 23.64% 54.24%

BVS 40–49 79 23 29.11% 20 25.32% 36 45.57% 66.78%

BVS 50–59 69 11 15.94% 13 18.84% 45 65.22% 78.19%

BVS 60+ 84 8 9.52% 5 5.95% 69 82.14% 80.70%

Total 631 295 46.75% 122 19.33% 212 33.60% 49.91%

Table 5 Differences in mean and median ages at onset in mosaic and nonmosaic categories

1. Confirmed

blood

2. Confirmed in

tumor only

3. Unconfirmed

in tumor

4. Not known/

no tumor tested

5. Nonmosaic p value (adjusted)

Number in groupa 140 25 61 428 387

Median age

at onset

31 47 40 47.0 21 Overall p < 0.001, 1 vs. 2 p=

0.031, 1 vs. 3 p= 0.005, 1 vs. 4

p < 0.001, 5 vs. all other groups

p < 0.001

Mean age at onset 32.03 42.12 41.34 46.30 25.54 Overall p < 0.001, 1 vs. 2 p=

0.038, 1 vs. 3 p= 0.002, 1 vs. 4

p < 0.001, 5 vs. all other groups

p < 0.001
aNumbers exclude 7× LZTR1-associated schwannomatosis cases and 7× cases with two tumors that could not be used to confirm constitutional or mosaic NF2.
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Another confounding factor in identification of NF2 is the
clinical diagnostic overlap between NF2 disease and
SMARCB1-associated or LZTR1-associated schwannomatosis.
In our cohort 15 individuals thought to have non-NF2
schwannomatosis were ultimately reclassified as having
mosaic NF2 after identical pathogenic NF2 variants were
identified in two separate tumors. This reclassification is not
always possible due to a lack of available tumor material for
genetic testing. Therefore, limitations of the study include
incomplete screening for some patients, due to a lack of tumor
material, or insufficient remaining DNA to allow retesting
with NGS for many of the older tumors in which no
pathogenic variants were detected by Sanger sequencing. In
addition, some of the presumed mosaic cases may not have
NF2 disease, but may have developed nonsyndromic tumors
by chance.
The present study has also demonstrated that certain point

variants appear to be extremely over-represented in mosaic
cases. The high rate of the more severe19 nonsense pathogenic
variants represent the known higher rate of de novo variant at
CpG sites.20 However, the predominance of missense variants
at codon 219 in five individuals and the in-frame deletion,
c.357_359delCTT, p.(Phe119del) in four individuals with
mosaic NF2, which were all absent from 744 NF2 affected
patients with nonmosaic constitutional heterozygous patho-
genic variants (p < 0.0001), is harder to explain. One
possibility is that these variants are more likely to occur in
embryogenesis than gametogenesis. Ordinarily these variants
might be considered candidates for mild NF2, but their
occurrence in the mosaic form suggests that they are more
likely to cause severe NF2 in the heterozygous state.19,20

Patients with ring chromosome 22 have been included
among the mosaic classification for NF2. Patients thus far
reported with ring 22 have an intact NF2 gene within the ring,
however, the ring is unstable and frequently lost in cell
division.21,22 Thus patients with ring 22 are effectively mosaic
for a whole NF2 gene deletion.21,22 Ring chromosomes are
unstable not only in terms of frequent loss but also in being
subject to bridge–breakage–fusion so that the ring may
become much smaller (deleting the NF2 gene but not the
entire chromosome) in some cells although this mechanism is
yet to be proven as the mechanism of tumorigenesis. The
present report shows that, in our highly ascertained region of
Northern England, ring 22 constitutes 1.6% of all NF2
prevalent cases, 2.4% of de novo living cases, and 8.3% of
confirmed mosaic cases. Also, 1 in 3 million people have ring
22 in the UK population with a confirmed NF2-associated
tumor diagnosis. The penetrance of a clinical diagnosis of
NF2 in ring 22 is not known but it is certainly possible that
individuals with ring 22, who are typically institutionalized in
adult years, may die with symptomatic tumors, but without a
diagnosis of NF2.
The NGS era has revealed higher levels of mosaicism in

disease than previously recognized,23 although most mosai-
cism may not be clinically recognized and can be found in
unaffected parents of apparently de novo cases.23 Mosaicism

has been reported in as high as 70–90% of cleavage and
blastocyst stage embryos derived from in vitro fertilization,
respectively.24

One of the highest rates for mosaicism is found for small
supernumerary marker chromosomes that were found to be
mosaic in around 50% of cases but the majority were not
symptomatic.25 Mosaicism has been described in many tumor
predisposition syndromes including familial adenomatous
polyposis (FAP), neurofibromatosis 1, tuberous sclerosis
(particularly for CNVs), and even BRCA1. However, none
of these have been described at the frequencies seen in NF2.
Some conditions are only seen in the mosaic state, such as
Proteus syndrome, which is caused by mosaic AKT patho-
genic variants.26 Overall, for conditions that are expressed
clinically due to heterozygous point variants, NF2 appears to
have by far the highest proportion of de novo mosaicism. One
reason for this could be the known effects on mortality27 and
genetic fitness6 that cause severely affected nonmosaic variant
carriers to die early or choose not to have children, thus
reducing the total number of affected nonmosaic individuals
and increasing the proportion of mosaic disease.28

In conclusion, addition of high read depth NGS analysis to
NF2 screening practices has improved our ability to detect
mosaic NF2, indicating a higher level of mosaicism than
previously thought and leaving only a small fraction with
unidentified variants. These individuals may have more
complex variants that remain undetected by standard analysis
and may require alternative methods of detection.
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