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A B S T R A C T

Purpose: Neurofibromatosis type 2 (NF2) and schwannomatosis (SWN) are genetically distinct
tumor predisposition syndromes with overlapping phenotypes. We sought to update the diag-
nostic criteria for NF2 and SWN by incorporating recent advances in genetics, ophthalmology,
neuropathology, and neuroimaging.
Methods: We used a multistep process, beginning with a Delphi method involving global
disease experts and subsequently involving non-neurofibromatosis clinical experts, patients, and
foundations/patient advocacy groups.
Results: We reached consensus on the minimal clinical and genetic criteria for diagnosing NF2
and SWN. These criteria incorporate mosaic forms of these conditions. In addition, we
recommend updated nomenclature for these disorders to emphasize their phenotypic overlap and
to minimize misdiagnosis with neurofibromatosis type 1.
Conclusion: The updated criteria for NF2 and SWN incorporate clinical features and genetic
testing, with a focus on using molecular data to differentiate the 2 conditions. It is likely that
continued refinement of these new criteria will be necessary as investigators study the diagnostic
properties of the revised criteria and identify new genes associated with SWN. In the revised
nomenclature, the term “neurofibromatosis 2” has been retired to improve diagnostic specificity.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Neurofibromatosis type 2 (NF2) is characterized by devel-
opment of multiple benign nerve sheath tumors called
schwannomas, particularly affecting the vestibular nerve.1

Persons with NF2 usually present with bilateral vestibular
schwannomas (VS) but can have schwannomas on other
cranial, spinal, and peripheral/cutaneous nerves. Meningi-
omas are common with lifetime risks approaching 80%,
whereas approximately 20% to 35% develop intramedullary
spinal cord tumors (ependymomas).1 The condition is also
characterized by several ophthalmic features (lenticular
opacities, retinal hamartoma, epiretinal membranes).

NF2 was first described by Wishart in 1822. After the
reports of patients with type 1 neurofibromatosis (NF1) by
von Recklinghausen (1882), various reports of NF2 around
the turn of the 19th/20th century were conflated with NF1.
In reality, the overlap between NF1 and NF2 should not be
problematic for most clinicians. Only around 1% to 2% of
NF2 patients have ≥6 café-au-lait macules,1 and none of the
other NF1 diagnostic criteria occur at increased rates in
NF2.2 In addition, some patients with schwannomatosis
(SWN) are incorrectly diagnosed with NF1, typically
because of misdiagnosis of schwannomas or hybrid nerve
sheath tumors as neurofibromas. However, the main diag-
nostic difficulties are between NF2 and SWN, conditions
that have significant phenotypic overlap.3 Two reports in
1996-19974,5 provided convincing evidence for SWN as
clinically distinct from NF2 by describing a group of mainly
isolated patients, but occasional families that presented with
noncranial, non–intradermal, painful schwannomas and no
evidence of VS on imaging studies. Subsequently, germline
variants in the NF2 locus were excluded as the cause in
some cases/families,6 which eventually led to the identifi-
cation of SMARCB1 as the cause in some SWN cases.7

The 2 main diagnostic criteria for NF2 date back to the
National Institutes of Health consensus meeting in 19888

and a United Kingdom study from 1992 (Supplemental
Table 1).1 Revisions to the UK Manchester criteria were
published in 2019 replacing “glioma” with “ependymoma,”
removing “neurofibroma,” creating an age limit of 70 years
for development of VS, and introducing molecular criteria.3

The first SWN diagnostic criteria were published in 2005.9

These only required presence of ≥2 schwannomas (1
proven histologically) with exclusion of VS on magnetic
resonance imaging (MRI) after age 18 years. Application of
these criteria did not exclude individuals with NF2 who
presented at a young age with non-VS.10 Furthermore,
unilateral VS were subsequently shown to occur rarely in
SWN,11 leading to further modifications to the original
criteria,12 which finally included a molecular classification
after the identification of SMARCB1 as a cause for SWN.

Germline genetics of NF2 and SWN

Genetic variants are classified as benign (B), likely benign
(LB), likely pathogenic (LP), pathogenic (P), or variant of
uncertain clinical significance (VUS) according to the
standards and guidelines developed by the American Col-
lege of Medical Genetics and Genomics, the Association for
Molecular Pathology, and the College of American Pathol-
ogists.13 This framework offers the possibility of reclassi-
fying variants as additional data become available such as
moving a VUS into a LB or B or LP or P category or
upgrading a variant from LP to P.

The NF2 gene was cloned by 2 groups in 1993.14,15 Cur-
rent genetic analysis typically includes next-generation
sequencing (NGS) supplemented by multiplex ligation-
dependent probe amplification to detect 1 exon to multiexon
copy number changes and by high resolution karyotyping to
identify chromosomal rearrangements such as a translocation
interrupting the NF2 locus that cannot be identified using
NGS/multiplex ligation-dependent probe amplification,16 or
ring chromosome 22q, particularly in de novo cases with
severe learning disabilities.16 This approach has approxi-
mately 96% germline detection rate in the second generation
of families with typical NF2 and bilateral VS.17 The lower
detection rate in lymphocytes in de novo cases, particularly
those with later onset and asymmetric presentation, is due to
postzygotic mosaicism (Supplemental Figure 5).17 A recent
study of >1000 de novo NF2 cases estimates that approxi-
mately 60% of these patients are mosaic.18 Tumorigenesis in
NF2 occurs through a 2 hit model in which the first event is
germline inactivation of NF2 followed by a somatic inacti-
vation of NF2 in the trans allele.

At least 2 genes cause SWN.7,19 After the identification
of SMARCB1,7 LZTR1 was implicated in 2014,19 with both
genes located centromeric to NF2 on chromosome 22.
Germline SMARCB1 or LZTR1 P variants (PVs) account for
70% to 80% of familial SWN, but only approximately 30%
of sporadic cases.20 RNA-based testing may improve
sensitivity slightly for the detection of a PV in SMARCB1
and LZTR1.21 Although patients with SWN do not harbor
germline NF2 PV, tumors frequently exhibit somatic PV of
NF2 and/or loss of the second NF2 allele. A 3-step/4-hit
hypothesis has been proposed for tumorigenesis in
SMARCB1- and LZTR1-related SWN (Supplemental
Figure 1A-B).22 These events result in biallelic inactiva-
tion of SMARCB1 or LZTR1 as well as biallelic NF2 inac-
tivation in tumors.

Important challenges persist for genetic testing of NF2
and SWN. First, 20% to 30% of patients with familial SWN
lack germline PV in SMARCB1 or LZTR1 suggesting that
additional SWN-causing genes likely exist. Second, mo-
lecular testing of blood in patients with sporadic SWN that
meet diagnostic criteria often fails to reveal germline PVs
for SMARCB1 and LZTR1. Subsequent testing of 2
anatomically unrelated tumors identified identical NF2 PVs
in 37% to 57% of such individuals,23,24 thereby confirming
mosaic NF2 (rather than SWN). These findings emphasize
the need for testing blood and at least 2 tumors for genetic
diagnosis, when possible.

With sponsorship from the Children’s Tumor Foundation
(CTF), an international panel of neurofibromatosis (NF) and
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SWN experts was assembled in 2017 and charged with
reviewing the diagnostic criteria for NF1, NF2, and SWN.
The work on NF1 was published recently.2
Materials and Methods

We used a common technique—a modified Delphi process—
to reach consensus on revised diagnostic criteria, as previously
described (Supplemental Figure 2).2 A steering committee
reviewed the literature, with disease experts meeting in New
York (Supplemental Data 1), generated the statements for the 2
rounds of the Delphi process (Supplemental Data 2 and 3)
regarding potential changes to diagnostic criteria for NF2 and
SWN. Experts worldwide (Supplemental Data 4) responded to
the Delphi questions. The steering committee actively sought
input from medical experts outside of the NF field
(Supplemental Data 5), patients, families, and advocates
regarding the proposed criteria, and the new diagnostic criteria
were finalized in January 2020.
Results

Development of initial proposals to revision of NF2
and SWN diagnostic criteria

The steering committee evaluated the literature for clinical
and/or genetic features that could reliably identify and
distinguish NF2, mosaic NF2, SWN, and mosaic SWN.
Among the clinical features considered were presence of
characteristic tumors in SWN, such as schwannomas
(including intradermal), hybrid nerve sheath tumors, me-
ningiomas, ependymomas, neurofibromas or gliomas; pres-
ence of ophthalmic features; and presence of a family
history. Among the molecular features considered were
identification of an NF2, SMARCB1, and LZTR1 PV in tu-
mor and unaffected tissue.

Modified Delphi process

In total, 56 of 76 NF experts who participated in the first
Delphi process rated the 24 NF2/SWN diagnostic criteria
statements (Supplemental Figure 3). There was very high
consensus (median score = 10/10) for 4 proposed changes
to the NF2 criteria: to update “glioma” with “spinal epen-
dymoma,” to recommend molecular testing for individuals
with multiple non–intradermal schwannomas, to specify the
type of “cataract” to “juvenile cortical wedge cataract” or
“presenile posterior lenticular opacity,” and to remove
“neurofibroma” from the diagnostic criteria (Supplemental
Figure 4). There was high consensus (median score = 7-9/
10) for 5 proposed changes: clarifying which first-degree
relatives meet criteria for family history, establishing an
age limit to diagnose NF2 in individuals with only bilateral
VS, creating formal criteria for diagnosis of mosaic NF2 in
the new criteria, creating the category “suspected NF2” in
the revised criteria to recognize the phenotypic overlap with
SWN, and adding “retinal hamartoma” as a nontumor cri-
terion. There was no consensus (median score = 5/10) for 1
proposed change: to specify that meningiomas must be
“nonmeningothelial meningiomas.”

For the SWN criteria, there was very high consensus
(median score = 10/10) for 1 proposed change: requiring
NF2 testing in blood or in 2 separate anatomically unrelated
tumors before considering a diagnosis of SWN
(Supplemental Figure 4). There was high consensus (median
score = 7-9/10) for 14 proposed changes: formally
addressing nonpenetrance of SWN, specifying the MRI
protocol of the brain to exclude VS, specifying extent-of-
disease evaluation in persons with germline SMARCB1/
LZTR1 PVs, creating the category “possible SWN” to
recognize the phenotypic overlap with SWN, requiring im-
aging confirmation for suspected schwannomas, adding
mosaic NF2 as an exclusion criterion, adding “spinal
ependymoma” as an exclusion criterion, removing “intra-
cranial meningioma” from the diagnostic criteria, adding
molecular criterion for chromosome 22q-related SWN,
clarifying the need for pathogenicity of SMARCB1 and
LZTR1 variants in the criteria, clarifying which types of
tumors induced by radiation cannot be used for diagnostic
purposes, and including hybrid nerve sheath tumors into the
diagnostic criteria. There was no consensus (median score =
5/10) for 1 proposed change: to modify the criteria to focus
on differentiating SWN from NF1.

At the 2018 New York City meeting, working groups
developed 19 revised statements for discussion
(Supplemental Data 3). In total, 49 of 76 NF experts (64%)
rated the 9 revised statements for NF2 and 10 revised
statements for SWN (Supplemental Figure 4). There was
very high consensus (>80% agreement) for all proposed
changes to the NF2 diagnostic criteria: replacing “glioma”
with “ependymoma;” removing “neurofibroma,” adding
“retinal hamartoma” as a minor criterion, replacing “cata-
ract” with “juvenile (diagnosed at age <40 years) subcor-
tical and cortical wedge cataract,” adding “epiretinal
membrane diagnosed at <40 years,” adding an NF2 PV as a
major criterion, retaining “2 or more meningiomas” as a
major criterion, declining to add an age limit for diagnosing
patients with bilateral VS, and replacing the Manchester
criteria by a system of major and minor criteria.

For the SWN diagnostic criteria, there was very high
consensus (>80% agreement) for all proposed changes:
stating that molecular analysis is clinically indicated for all
patients with suspected NF2/SWN; clarifying that schwan-
nomas or hybrid nerve sheath tumors can be used for diag-
nosis of SWN; including detailed tables of molecular features
of each condition into the diagnostic criteria (2 questions);
clarifying that a PV alone in NF2, SMARCB1, and LZTR1 is
not sufficient for diagnosis of NF2/SWN; confirming that a
diagnosis of SWN-not otherwise specified (NOS) can be
established on the basis of clinical criteria alone; adopting the
term “at risk for schwannomatosis” for individuals with (1) a
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schwannoma or hybrid nerve sheath tumor and a first-degree
relative with SWN-NOS, or (2) 2 or more schwannomas
without pathologic confirmation; adopting the term “carrier”
for asymptomatic individuals with germline PVs in
SMARCB1/LZTR1. In total, 56 of 76 NF experts (74%) were
involved in the revision process (Supplemental Data 4).

Of 12 (75%) non-NF specialists, 9 responded to the
survey (Supplemental Data 5) and agreed that the proposed
changes to the diagnostic criteria were reasonable. However,
the experts had concerns that nonspecialists would find the
diagnostic criteria difficult to use.

Revising the nomenclature of NF2 and SWN

The current diagnostic criteria for NF2 and SWN classify
patients primarily on the basis of clinical features; however, it
is now apparent that the phenotype of these diseases spans a
continuum without absolute delineation of subtypes pheno-
typically. For this reason, we propose the umbrella
term—schwannomatosis—in the updated criteria to reflect
the overlapping clinical phenotype of these related condi-
tions. Furthermore, we propose to classify the type of SWN
according to the gene harboring a PV identified on molecular
analysis. Thus, in the revised nomenclature, NF2 would be
termed “NF2-related schwannomatosis” and SWN would be
termed either “SMARCB1-related schwannomatosis” (for
patients with germline PV in SMARCB1), “LZTR1-related
schwannomatosis” (for patients with germline PV in LZTR1),
“22q-related schwannomatosis” (for patients with multiple
schwannomas with common molecular findings on chromo-
some 22q), “schwannomatosis-not otherwise specified
(NOS)” (for patients who have clinical features of NF2/SWN
but have not had molecular analysis), or “schwannomatosis-
not elsewhere classified (NEC)” (for patients in whom mo-
lecular analysis of blood and tumors has failed to detect a
PV). For this reason, a patient suspected of NF2 or SWN
should have comprehensive molecular genetic testing, which
may involve multiple tissues, including tumor tissue if
available/possible.

Proposed new diagnostic criteria for NF2 and SWN

Ultimately, consensus was reached on the minimal clinical
and genetic criteria for diagnosing NF2 and SWN (Figure
1). Final recommendations for diagnosis (along with
pattern of genetic changes in unaffected and tumor tissue)
for NF2-related SWN are listed in Table 1, for SMARCB1-
and LZTR1-related SWN in Table 2, and for 22q-related
SWN in Table 3. If genetic testing was not performed or is
not available, a diagnosis of SWN-NOS can be made if the
following criteria are met: (1) presence of 2 or more lesions
on appropriate imaging consistent with non-intradermal
schwannomas, and (2) pathologic confirmation of at least
1 schwannoma or hybrid nerve sheath tumor. Finally, a
diagnosis of SWN-NEC can be made if the above 2 criteria
are met and genetic testing of unaffected tissue and at least 2
anatomically distinct tumors does not reveal a PV in known
SWN-related genes.

Mosaic NF2 and SWN Supplemental Figure 5

In the revised diagnostic criteria, mosaicism is confirmed by
either of the following:

• Clearly <50% PV allele fraction in clinically unaf-
fected tissue or

• PV not detected in clinically unaffected tissue but
shared PV in ≥2 anatomically unrelated affected lesions

To ensure the consistency and quality of a diagnosis of
mosaic NF2 and SWN, diagnostic laboratories must define
and report their quantitative criteria for orthogonal confir-
mation of germline PVs vs genetic mosaicism.
Discussion

We describe the results of an international, multispecialty
effort to update the diagnostic criteria for NF2 and SWN. The
process extended over 3 years, and included a wide array of
NF specialists, nonspecialists, patient advocacy groups, pa-
tients, and family members. The goal was to improve diag-
nostic accuracy by incorporating clinical and genetic
discoveries made since the initial consensus conference. We
used a modified Delphi approach to achieve a high level of
consensus among stakeholders. One central challenge during
the processwaswhether to renameNF2 and SWN. Specialists
assert that changing the name NF2 will reduce misdiagnosis
as NF1 and that an updated nomenclature will emphasize the
clinical and genetic overlap between NF2 and SWN. In
contrast, some patients and advocacy groups believe that
changing these nameswill adversely affect patients’ identities
and fundraising. Ultimately, the stakeholders decided to up-
date the nomenclature for NF2 and SWN with the support of
patient representatives and advocacy groups. The Delphi
processworkedwell in both reaching consensus in some areas
and highlighting the issues with varying opinions for dis-
cussion at the NYC New York City meeting.

Updated diagnostic criteria for NF2 and SWN

The most significant update to the diagnostic criteria for
NF2 and SWN was incorporation of genetic criteria to
supplement clinical criteria. Given the complexity of this
topic, delineation of the genetic criteria has assumed a
central role in the updated diagnostic criteria. We believe
that these changes will help standardize the diagnostic



Genetic testing strategy for NF2 and SWN 
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Figure 1 Schematic of genetic testing strategy for NF2 and SWN. LOH, loss of heterozygosity; NF2, neurofibromatosis type 2; PV,
pathogenic variant; SWN, schwannomatosis; VAF, variant allele fraction.
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process. For NF2, other updates include the use of major
and minor criteria and clarification of key clinical features
such as ependymoma, neurofibroma, epiretinal membranes,
Table 1 Revised diagnostic criteria for NF2-related schwannomatosis,

Diagnostic criteria for NF2-related schwannomatosis
A diagnosis of NF2-related schwannomatosis (previously termed neurofi

has one of the following:
1. Bilateral vestibular schwannomas (VS)
2. An identical NF2 pathogenic variant in at least 2 anatomically dist

and/or ependymoma). (Note: if the variant allele fraction (VAF) in
the diagnosis is mosaic NF2-related schwannomatosis)

3. Either 2 major or 1 major and 2 minor criteria as described in the
Major criteria:
• Unilateral VS
• First-degree relative other than sibling with NF2-related schwannom
• 2 or more meningiomas (Note: single meningioma qualifies as mino
• NF2 pathogenic varianta in an unaffected tissue such as blood (Not
NF2-related schwannomatosis)

Minor criteria:
Can count >1 of a type (eg, 2 distinct schwannomas would count as 2
• Ependymoma, meningioma (Note: multiple meningiomas qualify as
is unilateral VS, at least 1 schwannoma must be dermal in location

Can count only once (eg, bilateral cortical cataracts count as a single m
• Juvenile subcapsular or cortical cataract, retinal hamartoma, epiret

Pattern of genetic changes in unaffected and tumor tissue in NF2-relate
Gene locus Unaffected

Tissueb
Tumor 1 Tumor 2 Comment

NF2
Allele 1 PV1c PV1 PV1 Shared NF2 pathogenic
Allele 2 WT LOH or

NF2 PV2
LOH or
NF2 PV3

Tumor-specific partial
in every anatomicall

LOH, loss of heterozygosity; NF2, neurofibromatosis type 2; PV, pathogenic v
aIf a likely pathogenic variant is identified, tumor analysis may aid upward c
bTissues unaffected by tumors such as blood or skin.
cIf the variant allele fraction is clearly <50%, the diagnosis is mosaic NF2-re
and cataracts (Table 1). For SWN, clinical updates focus on
incorporating the new histologic entity of hybrid nerve
sheath tumors into the criteria.
formerly known as NF2

bromatosis 2,NF2) can be made when an individual

inct NF2-related tumors (schwannoma, meningioma,
unaffected tissues such as blood is clearly <50%,

following:

atosis
r criteria).
e: if the VAF is clearly <50%, the diagnosis is mosaic

minor criteria)
a major criteria), schwannoma (Note: if the major criterion
)
inor criterion)
inal membrane in a person aged <40 years, meningioma
d schwannomatosis

variant
loss of 22q in trans position or a different NF2 somatic second PV
y unrelated tumor

ariant; WT, wildtype.
lassification to pathogenic variant.

lated schwannomatosis.



Table 2 Revised diagnostic criteria for schwannomatosis with pathogenic SMARCB1 or LZTR1 variants

Diagnostic criteria for SMARCB1- and LZTR1-related schwannomatosis
A diagnosis of SMARCB1- or LZTR1-related schwannomatosis can be made when an individual meets 1 of the following criteria:
• At least 1 pathologically confirmed schwannoma or hybrid nerve sheath tumor and a SMARCB1 (or LZTR1) pathogenic
variant in an unaffected tissue such as blooda

• A shared SMARCB1 or LZTR1 pathogenic variant in 2 schwannomas or hybrid nerve sheath tumors.
Pattern of genetic changes in unaffected and tumor tissue in SMARCB1- and LZTR1-related schwannomatosisb

Gene locus Unaffected
Tissuec

Tumor 1 Tumor 2 Comment

SMARCB1/LZTR1
Allele 1 PV1d PV1 PV1 Shared SMARCB1 or LZTR1 pathogenic variant
Allele 2 WT LOH LOH Tumor-specific partial loss of 22q in trans position, LOH typically entails deletion

of 22q region encompassing LZTR1/SMARCB1/NF2
NF2
Allele 1 WT PV2 PV3 Tumor-specific pathogenic NF2 variant in cis to pathogenic SMARCB1 variant
Allele 2 WT LOH LOH Tumor-specific partial loss of 22q in trans position, LOH typically entails deletion

of 22q region encompassing LZTR1/SMARCB1/NF2

LOH, loss of heterozygosity; PV, pathogenic variant; WT, wildtype.
aIf a likely pathogenic variant is identified, tumor analysis may aid upward classification to pathogenic variant.
bSee also Supplemental Figure 1A and B.
cTissues unaffected by tumors such as blood or skin.
dIf the variant allele fraction is clearly <50%, then the diagnosis is mosaic SMARCB1- or LZTR1-related schwannomatosis.
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Assessing pathogenicity of variants

In the updated criteria, PVs represent an essential compo-
nent of diagnosis, whereas variants that are B, LB, or of
unknown significance cannot be used for diagnosis. Variants
that are LP should have greater than 90% certainty to be
disease causing. Given this small amount of uncertainty, the
significance of LP variants for clinical diagnosis will need to
be interpreted by the clinician along with other clinical and
laboratory evidence. In a person with an LP variant and
appropriate clinical features, a working diagnosis of “likely
SWN” is reasonable. In these instances, study of relatives or
the analysis of 2 anatomically unrelated tumors may allow
for upgrading of the variant to P and confirm the diagnosis.
Table 3 Revised diagnostic criteria for schwannomatosis in persons wit
in multiple schwannomas

Diagnostic criteria for 22q-related schwannomatosis
A diagnosis of 22q-related schwannomatosis can be made when an indi

schwannomatosis, SMARCB1-related schwannomatosis, or LTZR1-relate
DGCR8 pathogenic variant, and has both of the following molecular f
• LOH of the same chromosome 22q markers in 2 anatomically distin
• A different NF2 pathogenic variant in each tumor, which cannot be

Pattern of genetic changes in unaffected and tumor tissue in 22q-relate
Unaffected
Tissueb

Tumor 1 Tumor 2 Comm

SMARCB1/ LZTR1
Allele 1 WT None found None found No s
Allele 2 WT LOH LOH Tumo

en
NF2
Allele 1 WT PV1 PV2 Tumo
Allele 2 WT LOH LOH Tumo

en

LOH, loss of heterozygosity; PV1, pathogenic variant; WT, wildtype.
aSee also Supplemental Figure 1C.
bTissues unaffected by tumors, such as blood or skin.
Classification of LZTR1 variants poses a particular chal-
lenge owing to the fact that LZTR1 exhibits loss-of-function
tolerance.25 Therefore, although loss-of-function is a com-
mon mechanism in LZTR1-related SWN, identification of a
truncating LZTR1 variant with no NF2/SMARCB1 variant in
an unaffected tissue such as blood of the patient with SWN
does not confirm pathogenicity of the variant. Additional
information that may support a classification as P includes
either (1) that the prevalence of this truncating variant is
clearly increased compared with controls (and we still do not
yet have enough data on well-characterized patients with
SWN to make such statistical confirmation), (2) that the
variant has never been reported in controls and segregates
with SWN in the family, which only can be verified in
h no pathogenic variants in blood but with loss of chromosome 22q

vidual does not meet criteria for NF2-related
d schwannomatosis, does not have a germline
eatures:
ct schwannomas or hybrid nerve sheath tumors and
detected in unaffected tissue
d schwannomatosisa

ent

hared pathogenic LZTR1 or SMARCB1 variant
r-specific partial loss of the same chromosome 22q, LOH typically
tails deletion of 22q region encompassing LZTR1/SMARCB1/NF2

r-specific pathogenic NF2 variant trans to the 22q deletion
r-specific partial loss of the same chromosome 22q, LOH typically
tails deletion of 22q region encompassing LZTR1/SMARCB1/NF2
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familial cases, or (3) is proven de novo in a sporadic case with
imaging confirmed absence of findings in both parents. In the
absence of such evidence, LZTR1 truncating variants will
probably remain classified as LP. Analysis of the NF2/
SMARCB1/LZTR1 genes in 2 anatomically unrelated
schwannomas with confirmation of retention of the LZTR1
variant in the tumors, partial loss of 22q including NF2/
SMARCB1/LZTR1 in trans of the germline LZTR1 variant,
and a different NF2 PV in both tumors could be considered as
a new criterion supportive of the deleterious effect of the
LZTR1 variant, and may aid upward classification as P.

A Variant Curation Expert Panel for NF1, NF2,
SMARCB1, and LZTR1 under the auspices of the Clinical
Genome Resource has recently been established (Principle
Investigators: Elisabeth Castellanos and Scott Plotkin),
tasked with refining classification criteria for these genes. The
Variant Curation Expert Panel aims to assemble as many
experts as possible, worldwide, to establish rules for inter-
pretation and curation of variants in these genes. We expect
the ability to classify variants correctly will improve over
time, which is especially important for those variants
currently classified as LP or of uncertain clinical significance.

Penetrance in NF2/SWN: Implications for SWN

NF2 is a fully penetrant disorder, meaning that any indi-
vidual who carries a P NF2 variant in all cells (ie, has a
germline or constitutional NF2 PV) will develop the clinical
disorder, with average age of symptomatic onset of 22
years.1 Therefore, offspring carrying the same P NF2 variant
as his/her affected parent, will develop the disorder.

In contrast, both SMARCB1- and LZTR1-related SWN
exhibit incomplete penetrance based on unpublished evi-
dence from the expert group. This means that a person with
SWN carrying a SMARCB1 or LZTR1 (likely) PV may have
relatives carrying the same genetic variant without any signs
of SWN, even in adulthood. Although not all such relatives
had an MRI to exclude occurrence of minor lesions, no clin-
ical symptoms were present at advanced age in these appar-
ently nonpenetrant relatives. The extent of incomplete
penetrance in SMARCB1 and LZTR1 is not yet well-known
but may be higher with LZTR1 variants than SMARCB1 var-
iants. Furthermore, the reason for the incomplete penetrance
is unclear, but may result from a time limitation owing to the
need for multiple tumor events to occur for the development
of schwannomas, eventually resulting in biallelicNF2 loss, or
may be caused by modifiers not yet identified.

Allelic disorders: Shared genetic loci with different
clinical phenotypes

When SMARCB1 was identified as the first SWN gene in
2007,7 it was already known since 1998 that P SMARCB1
variants predispose to a different autosomal dominant (AD)
genetic disorder with reportedly incomplete penetrance, ie,
rhabdoid tumor predisposition syndrome (RTPS).26
Subsequently, a genotype–phenotype correlation was
observed. In patients with RTPS, germline SMARCB1 PVs
more likely affect exons 2 to 9 and are truncating (eg, one-
to-multiple exon deletions). In patients with SWN, PVs are
more likely nontruncating and occurring at the 5′ or 3′ end
of the gene.27 In 2012, yet another condition, Coffin–Siris
syndrome, associated with distinctive craniofacial and
skeletal abnormalities, central nervous system structural
abnormalities, mild to severe intellectual disability, and
speech delays were shown to be caused by likely dominant-
negative or gain-of-function SMARCB1 missense variants
localized specifically at the C-terminal part of the protein,
codons 363 to 377.28 A total of 3 families have been re-
ported with a truncating SMARCB1 PV with affected
members presenting with either rhabdoid tumors or SWN.29

Another patient carrying a truncating SMARCB1 variant
developed SWN after surviving a rhabdoid tumor in child-
hood.30 Furthermore, a patient diagnosed with Coffin–Siris
syndrome in childhood and carrying a previously reported
SMARCB1 missense PV c.1121G>A, p.Arg374Gln, pre-
sented with SWN later in life.31 Based on current evidence,
SMARCB1 PVs can predispose to several allelic disorders:
RTPS, SWN, or Coffin–Siris syndrome. Although the
spectrum of SMARCB1 PVs differs between these allelic
disorders, overlap exists and has been reported.

LZTR1 poses similar challenges. LZTR1 was initially
identified in 2013 as a driver of glioblastoma tumorigen-
esis.32 In 2014, heterozygous germline loss-of-function
LZTR1 variants were reported to predispose to SWN,19 and
confirmed as being the second major SWN locus.24 The
spectrum of phenotypes associated with LZTR1 PVs further
expanded by its association with both AD and autosomal
recessive Noonan syndrome (NS) in 2015 and 2018.33,34

Recent studies have started to elucidate the different
genotypes associated with AD/autosomal recessive NS and
SWN,34,35 although overlap exists. The LZTR1 c.740G>A,
p.S247N missense variant was found in a 2-generation
family with NS, including a 53-year-old woman with NS
and multiple schwannomas.33 Co-occurrence of a familial P
LZTR1 germline variant was observed in a parent–child and
a sibling–sibling pair within each family with 1 individual
having SWN and 1 having glioblastoma.36 An oligoas-
trocytoma was identified in a patient with NS who was
LZTR1-positive with recurrence of the tumor as a
ganglioblastoma.37

Why presence of PV is not stand-alone criterion for
diagnosis

Because panel testing using NGS and exome/genome
sequencing analysis has been ordered with increasing
frequency in individuals with a variable set of clinical fea-
tures possibly associated with an underlying genetic con-
dition, some individuals have been identified carrying an
NF2/SMARCB1/LZTR1 variant (P, LP, or VUS) in blood,
although NF2 or SWN was not a suspected diagnosis.
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AlthoughNF2-related SWN is a fully penetrant disorder, a
(L)P NF2 variant identified using genome sequencing/exome
sequencing in a sporadic individual with no NF2-related
clinical features (eg, in an asymptomatic individual
receiving genetic testing for another indication) should be
further examined using orthogonal methods. Further testing
should determine whether the variant is constitutional vs
mosaic or somatic (eg, due to clonal expansion in hemato-
poietic stem cell/progenitor cells of indeterminate potential or
secondary to therapy). A diagnosis of NF2-related SWN is,
however, made in an asymptomatic individual carrying an
NF2 PV when inherited from a parent, thereby fulfilling
diagnostic criteria.

Given the incomplete penetrance associated with
SMARCB1 and LZTR1 PVs and the existence of allelic
disorders, presence of incidental or secondary finding of an
inactivating SMARCB1 or LZTR1 variant in an asymptom-
atic individual (eg, receiving genetic testing for another
indication) cannot be used as a stand-alone criterion for
diagnosis of SWN. Experts agreed that these patients should
be referred to a center with special expertise in NF2/SWN
for further clinical evaluation (including family members),
genetic confirmation, and counseling. We anticipate that this
recommendation—to avoid a diagnosis on the basis of the
presence of a PV alone—will be reviewed in the future once
more data becomes available. Consensus recommendations
for management of unaffected persons with PV in NF2,
SMARCB1, and LZTR1 are not yet available but will be
helpful in this population.

Identifying additional genes that cause SWN

A constitutional NF2 PV can be identified in >95% of
nonfounder patients with NF2 with bilateral VS; a P or LP
SMARCB1 or LZTR1 variant can be identified in approxi-
mately 60% to 70% of patients with familial SWN. Consti-
tutional SMARCB1/LZTR1 PV account for only
approximately 30% of sporadic SWN cases, and mosaic NF2
for a fraction of the remainder. Some SMARCB1/LZTR1 PVs,
missed by current diagnostic methods, may reside in un-
translated regions or nearby regions that may affect expres-
sion (position effect).21,38 However, additional genes are
likely to be discovered. For instance, a 3-generation family
and an unrelated sporadic case with multiple schwannomas
and multinodular goiter have now been described with the
same DGCR8 PV (c.1552G>A; p.E518K) on chromosome
22q that showed the same 3 event/4 hit mechanism as
SMARCB1/LZTR1 in 9 schwannomas, with 4 additional
schwannomas showing somatic loss of the entire chromo-
some 22.39 This finding should ideally be confirmed in more
families; nevertheless, DGCR8 is unlikely to be a major
additional 22q-related SWN predisposition locus, because no
additional DGCR8 (L)PVs were identified by resequencing in
31 unrelated SWN cases negative for a constitutional first-hit
LZTR1/SMARCB1/NF2 PV.38 Although 5 potential candidate
genes on chromosome 22q were proposed in the latter study,
clear causal implications to disease could not be obtained.38

However, it becomes unlikely that another single major lo-
cus resides on 22q; rather, there might be additional loci,
each contributing to a small percentage of cases, with loca-
tion not necessarily restricted to 22q.

Another previous report showed segregation of a
missense variant in the chromosome 14 COQ6 gene, but has
not been corroborated since publication.40 There is also
evidence of rare families who develop schwannomas owing
to loss of both p14 and p16 proteins usually from whole
gene deletion of CDKN2a located on chromosome 9p.41

Further advances in the genetics of sporadic and familial
SWN are needed.

Anticipated challenges

Clinical experts outside of the NF community expressed
concern that the updated diagnostic criteria may be difficult
to implement for some nonspecialists. These concerns stem
from the challenges of interpreting PVs, evaluating incom-
plete penetrance, and ruling out allelic disorders. For this
reason, CTF (a sponsor of this revision process) is creating
an online tool to guide clinicians through the diagnosis of
NF2 and SWN (https://www.ctf.org/understanding-nf/nf-
criteria). In cases of uncertainty, we recommend referral to
specialty NF/SWN clinics for diagnosis.

We expect that these diagnostic criteria will be revised as
investigators study the performance of the revised criteria
and as additional SWN genes are identified. For this reason,
CTF will sponsor an ongoing initiative to evaluate and
recommend proposed changes to the diagnostic criteria. We
anticipate that this group will meet periodically to solicit
input from the community, to review data relevant to
diagnostic criteria, and to publish consensus recommenda-
tions for use by the larger community.
Data Availability

The data from the modified Delphi process are available in
Supplemental Figures 2-4 and Supplemental Data 1.
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15Institute of Human Genetics, University of Ulm, Ulm,
Germany; 16Department of Neurology, University Hospital
of Hamburg-Eppendorf, Hamburg, Germany; 17Pediatric
Neurology, Bend, OR; 18The Department of Experimental
and Clinical, Medical Genetics Unit, Biomedical Sciences
“Mario Serio,” University of Florence, Florence, Italy;
19Department of Pediatrics, University of California Davis,
Sacramento, CA; 20The Neurofibromatosis Institute, La
Crescenta, CA; 21Medical Genetics, Cincinnati Children’s
Hospital Medical Center, Cincinnati, OH; 22Manchester
Centre for Genomic Medicine, St Mary's Hospital, Man-
chester Academic Health Sciences Centre (MAHSC),
Member of ERN GENTURIS, Division of Evolution,
Infection and Genomics, University of Manchester, Man-
chester, UK; 23Department of Pathology, Massachusetts
General Hospital, Boston, MA; 24Division of Medical Ge-
netics, Department of Pediatrics, Stanford University,
Stanford, CA; 25Department of Neurology, Boston Chil-
dren’s Hospital, Boston, MA; 26Medical Genetics, Univer-
sity of Utah, Salt Lake City, UT; 27Institute of Human
Genetics, Medical University of Innsbruck, Innsbruck,
Austria; 28Departments of Neurology and Pediatrics, NYU
Langone Health, New York, NY; 29Clinical Genetics,
(Formerly) Manchester Center for Genomic Medicine,
Manchester University Hospitals, Manchester University
NHS Foundation Trust, Manchester, United Kingdom;
30Service de Dermatologie, Assistance Publique-Hôpital
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