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Figure 1

Pedigrees, variants and protein representation of LZTR1 and SOS2. Family pedigrees demonstrating segregation and/or de novo status of

the LZTR1 and SOS2 variants. Br-5.2 has neurofibromatosis type 1 (NM_000267:¢.2325G>T). Schematic representation of the proteins and their
domains showing the mutated residues in the Noonan syndrome and schwannomatosis individuals. In bold: current study, non-bold: previous
publications. +/—, heterozygous variant; —/—, homozygous reference; DH, Dbl homology; GEF, guanine nucleotide exchanger factor;

PH, pleckstrin homology; SS, Sanger sequencing, WES, whole-exome sequencing.

missense variants. Including WES data from affected and
unaffected relatives of these probands allowed decreasing the
number of possibly pathogenic variants. Thus, in family Br-F3,
the analysis of the proband, one unaffected and two affected
relatives, identified 24 rare variants that segregated with the NS
phenotype, while in family Br-F4, with the proband, one
unaffected and five affected relatives, only one rare variant was
found (see online supplementary table S1). The only gene iden-
tified in Br-F4, LZTR1 (MIM 600574; RefSeq accession number
NM 006767.3), was also present in the list of rare variants of

Br-F3. Analysis of the remaining Brazilian cohort revealed rare
variants in LZTR1 in four additional probands (Br-5.1, Br-6.1,
Br-7.1 and Br-9.1). The variant in Br-9.1 was considered non-
pathogenic, because it was present in unaffected relatives,
assuming full penetrance. In Br-F7, the LZTR1 variant had a
weak in silico pathogenicity prediction and its segregation ana-
lysis was not possible because further relatives were not avail-
able. The four remaining missense variants (p.G248R, p.
R284C, p.H287Y and p.Y119C) segregated according to the
phenotype (Br-F3 and Br-F4) in the familial cases and/or were
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confirmed to be de novo events (Br-4.2, Br-5.1 and Br-6.1) and
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Table 2 Clinical findings in individuals with SOS2 variants

Brazil F1 Brazil 2 USA F1
Br-1.1 Br-1.2 Br-2.1 USs-1.1 USs-1.2

Clinical findings Proband Mother Proband Proband Mother

Sex Female Female Male Female Female

Age 13 years 4 months 51 years 9 years 2 years 2 months 34 years

Perinatal data
Gestational age Term Term Term Term
BW, g 3745 3585 3459
Length, cm 46 50 50.8

Typical facial features + + + + +

Current height 135 cm (11 years 8 months) 145 cm 110.5 cm 83.8 cm
Height SDS for WHO-standard -1.8 -2.8 -39 -0.3
Height SDS for NS-standard 0.8 -0.5 -1.4 2.7

Short/webbed neck + + + + +

Pectus deformity - - - - -

Cardiac abnormality AoCo - ASD/VSD PVS -

GU abnormality
Cryptorchidism NA NA + NA NA
Renal abnormality - - +*

Abnormal hemostasis + +
Prolonged APTT + +
Factor XI deficiency -

Ophthalmological abnormality + -

Funduscopy - -
Prominent corneal nerves + -

Ectodermal findings + + + + -
Curly hair + + + + -
Sparse eyebrows + + + + -
Hyperkeratosis pilaris + + + - -
Ulerythema ophriogenes + + + - -

Tumours = = = = =

Developmental delay - - + + -

Learning disability + - + - -

Other findings Slow eruption of primary dentition Chronic leg pain

Mutation (NM_006939.2) ¢.1127C>G; p.T376S

¢.800T>A; p.M267K ¢.1127C>G; p.T376S

*Mild/moderate left pelviectasis and proximal hydroureter.

AoCo, aorta coarctation; APTT, activated partial thromboplastin time; ASD, atrial septal defect; BW, birth weight; GU, genitourinary; NA, not applicable; NS, Noonan syndrome;

PVS, pulmonary valve stenosis; SDS, SD score; VSD, ventricular septal defect.

ulerythema ophryogenes, is a hallmark of SOS1 patients among
NS.1* 15 Similarly, our SOS2 cases showed an almost identical
clinical phenotype with skin abnormalities, especially uler-
ythema ophryogenes, which was particularly evident in individ-
ual Br-2.1 (figure 2), typical NS facial features, and cardiac
defects. In contrast, short stature and learning difficulties were
frequent in our cohort. No tumours were observed (table 2).
As the number of individuals in our cohort is relatively small,
the phenotype in individuals harbouring SOS2 mutations will
need to be refined through reports of additional SOS2-positive
individuals. From this initial study however, ectodermal involve-
ment seems to be a prominent clinical feature of SOS2
mutations.

LZTR1

LZTR1, leucine-zipper-like transcription regulator 1, encodes a
protein member of the BTB-kelch superfamily. Its function is
poorly known. It was initially described as a putative transcrip-
tional regulator,® and later it has been proposed that LZTR1
lacks a BACK domain and colocalises exclusively to the cyto-
plasmic surface of the Golgi network and not to actin, unlike
most other BTB-kelch proteins.'”

Our study indicates that rare variants in LZTRI are respon-
sible for NS. The missense heterozygous variants found in
LZTR1 in our cohort (p.G248R, p.R284C, p.H287Y,
p-Y119C and p.S247N) are localised in the kelch (KT) domains,
especially KT4, and are predicted to be deleterious by in silico
analysis. The only variant in LZTR1 identified in the 107 con-
trols (p.P635L) is not within or near the KT domains. Another
piece of evidence giving further support to the role of LZTR1 in
NS phenotype comes from the study of Chen et al.’ These
authors performed WES in 27 NS individuals and two of them
harboured rare LZTR1 variants (p.R237Q and p.A249P) in the
kelch protein domains (figure 1). However, these variants were
not considered responsible for the NS phenotype, since they
considered LZTR1 as a gene already associated with a specific
disorder, in their case, microdeletion 22q11. We believe that it
is likely that these two variants in LZTR1 are responsible for the
NS phenotype in both individuals from that study, resulting in a
population frequency of 7.4% frequency (2/27), similar to the
8% observed in the Brazilian cohort (4/50).

The association of LZTR1 with human diseases began with
the 22q11 microdeletion syndrome, as this gene is localised
within the 3 Mb region that is most commonly deleted in the
syndrome, but not in the 1.5 Mb deletion that is present in
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Table 3 Clinical findings in individuals with LZTRT variants

Brazil F3 Brazil F4
Br-3.1 Br-3.2 Br-3.3 Br-4.1 Br-4.2 Br-4.3 Br-4.4 Br-4.5 Br-4.6
Clinical findings Proband Mother Grandfather Proband Mother Half-sister Brother Sister Half-sister
Sex Female Female  Male Female Female  Female Male Female Female
Age 11 years 5 months 45 years 69 years 14 years 38years 16 years 15 years 12 years 3 years
6 months
Perinatal data
Gestational age Term Term Term Term Term
BW, g 2270 2750 2850 2850 2790
Length, cm 45 46 46
Typical facial features + + + + + + + + +
Current height 131.5cm 147 cm 156 cm 146 cm 151 cm 158 cm 153cm  135cm 79 cm (3 years)
(11 years)
Height SDS for -2.1 -25 -2.9 -1.8 -1.9 -0.7 -1.8 -12 -38
WHO-standard
Height SDS for NS-standard 0.4 -0.1 0.2 1.7 0.5 2.6 1.6 13 -1.0
Short/webbed neck + + + - - - - + -
Pectus deformity + + + + - - - - -
Cardiac abnormality PVS/ASD MVP MVP PVS - ND - - -
GU abnormality
Cryptorchidism NA NA - NA - NA NA
Renal abnormality - - - -
Abnormal hemostasis - - + + - - ND
Prolonged ATTP +
Factor XI deficiency + -
Ophthalmological abnormality — +
Funduscopy -
Prominent corneal nerves +
Ectodermal findings - - - - - - + + -
Curly hair - - - - - - + + -
Sparse eyebrows - - - - - - + - -
Hyperkeratosis pilaris - - - - - - + - -
Ulerythema ophriogenes - - - - - - - - -
Tumours - - - - - - - - -
Developmental delay - - - - - - - - -
Learning disability - - - - - - - - NA
Other findings Lacrimal duct Nevi Nevi Hemangioma
obstruction
Mutation (NM_006767.3) C.742G>A; p.G248R ¢.850C>T; p.R284C
Brazil F5 Brazil F6 Poland F1
Br-5.1 Br-5.1 Po-1.1 Po-1.2
Clinical findings Proband Proband Proband Mother
Sex Male Female Male Female
Age 16 years 1 month 30 years 18 years 53 years
Perinatal data
Gestational age 35 weeks Term Term
BW, g 2130 3930 4000
Length, cm 47 52 53
Typical facial features + + + +
Current height, cm 172.6 164 183 153
Height SDS for WHO-standard 0.3 0.1 1.0 -1.6
Height SDS for NS-standard 3.9 3.2 3.9 0.9
Short/webbed neck - - + +
Pectus deformity - - + -
Cardiac abnormality PVS/ASD LVH MVI AoCo
GU abnormality
Cryptorchidism + NA -
Renal abnormality - - - -
Abnormal hemostasis + - - -
Continued
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Table 3 Continued

Brazil F5 Brazil F6 Poland F1
Br-5.1 Br-5.1 Po-1.1 Po-1.2

Clinical findings Proband Proband Proband Mother
Prolonged APTT +
Factor XI deficiency -

Ophthalmological abnormality + - - Hyperopia
Funduscopy - - -
Prominent corneal nerves +

Ectodermal findings - - + -

Curly hair - - + -
Sparse eyebrows - - - -
Hyperkeratosis pilaris - - - -
Ulerythema ophriogenes - - - -

Tumours - - - +*

Developmental delay + - + -

Learning disability + - + -

Other findings Lymphedema, varicose veins

Mutation (NM_006767.3) ¢.859C>T; p.H287+

€356A>G; p.+119C .740C>A; p.S247N

*Neurinomas of right hand and forearm, lipoma of thorax.

AoCo, aorta coarctation; APTT, activated partial thromboplastin time; ASD, atrial septal defect; BW, birth weight; GU, genitourinary; LVH, left ventricular hypertrophy; MVI, mitral valve
insufficiency; MVP, mitral valve prolapse; NA, not applicable; ND, not done; NS, Noonan syndrome; PVS, pulmonary valve stenosis; SDS, SD score.

approximately 8% of the cases. The phenotype of these two
most frequent deletions is usually indistinguishable. Thus, hap-
loinsufficiency of LZTR1 does not seem critical to the 22q11
phenotype.'®

Somatic mutations with loss of heterozygosity in LZTR1 have
been associated with glioblastoma multiforme, a malignant
central nervous system tumour.'® It has been demonstrated that
LZTR1 is an adaptor for CUL3 ubiquitin ligase complexes in a
similar manner described for other BTB-KELCH proteins,
including KBTBD7 that marks NF1 for degradation and conse-
quently hyperactivates RAS/extracellular signal-regulated kinases
(ERK) signalling.”” Moreover, several studies demonstrated that
germline loss-of-function variants in LZTR1 predispose to an
inherited disorder of multiple schwannomas in a familial cancer
model.>'>* LZTR1-related schwannomatosis tumourigenesis
requires a germline mutation in LZTR1, a somatic neuro-
fibromatosis type 2 (NF2) variant in cis, and loss of the other
22q allele (or at least a segment containing wild-type LZTR1
and NF2).?* Previously, the same pattern of tumour develop-
ment has been found in schwannomatosis individuals harbour-
ing germline mutations in SMARCB1. This disorder exhibits a
clinical overlap with NF2, but in the latter, bilateral schwan-
noma of the vestibular nerve is pathognomonic.”* NF1 can also
present with neurofibromas, a different type of Schwann cell
tumours,”> and both disorders (NF1 and NF2) are caused by
loss-of-function mutations in tumour suppressor genes, NF1
and NF2, respectively. Interestingly, KRAS, another gene of the
RAS/MAPK pathway besides NF1, has also been implicated as
responsible for a case of a NS individual presenting with
schwannomatosis.>® Thus, it is possible that the dysregulation of
this pathway contributes to the development of schwannomas.

The mechanism by which mutations in LZTR1 confer a NS
phenotype is still obscure. Alike tumourigenesis, all genes
responsible for RASopathies described thus far cause dysregula-
tion of the RAS/MAPK pathway by increasing ERK signalling,
either by gain-of-function mutations in RAS genes and
RAS-GEFs, such as PIPN11 and SOS1, or by loss-of-function
mutations in GTPase activating proteins, such as NF1.2
Similarly, it is fair to assume that missense heterozygous variants

in LZTR1 may also lead to an enhanced signal flow through
RAS/MAPK pathway. We can rule out haploinsufficiency as the
mechanism of NS phenotype since it is not observed in 22q11
microdeletion syndrome and in the familial cases of schwanno-
matosis that harbour germline loss-of-function mutations.'® The
gene variants in LZTR1 reported in schwannomatosis patients
include frameshift (19/62) and nonsense (9/62), together with
splicing (9/62) and missense (24/62) mutations scattered
throughout the gene.?'~>* There is no overlap with the variants
found in our NS individuals, with the exception of p.R284C. As
NS shows highly variable expressivity, it would be interesting to
confirm whether the woman with schwannomatosis harbouring
p.R284C reported by Paganini et al** does not show NS features.

It has been demonstrated that the development of schwanno-
mas requires loss of both functional LZTRI alleles, which
implies that it has a tumour suppressor function. In that sense if
somatic mutations leading to complete loss of protein function are
required for tumourigenesis, we could hypothesise that to develop
a NS phenotype, germline loss of >50% of protein function, in a
dominant negative manner, would be required. The fact that the
NS individual Po-1.2 from our study developed schwannomas in
the right arm gives further support to the hypothesis that his
germline variant in LZTR1 is more likely to be a loss-of-function
mutation that would lead to the development of tumours when
further somatic hits, possibly in NF2 for instance, are added.
Unfortunately, material from the schwannoma from Po-1.2 indi-
vidual was not available, preventing molecular testing. Another
fact that corroborates the hypothesis that NS LZTRI mutations
have a negative effect on LZTR1 tumour suppressor function is
that two of the variants identified in our cohort were also
described in malignant tumour samples: p.G248R (glioma, large
intestine carcinoma and melanoma) and p.R284C (endometrium
carcinoma) in the catalogue of somatic mutations in cancer
(COSMIC database, http:/www.sanger.ac.uk/cosmic).

Nevertheless, functional studies are required to unravel the
precise role of LZTR1 and whether this gene could be coupled
with NF1 and NF2 as a tumour suppressor gene acting in the
RAS/MAPK pathway, predisposing to both schwannomatosis
and NS.
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SOS2

LZTRI

LZTRI

The clinical findings in our probands harbouring LZTR1
mutations comprise typical facial features (figure 2) and cardiac
abnormalities (mainly pulmonary stenosis) in all of them, with
low frequency of short stature, ectodermal involvement and
cognitive disabilities. It is possible that LZTR1 germline muta-
tions causing NS also pose a higher risk for schwannomas devel-
opment in this population, since one of our NS individual
(Po-1.2) developed multiple schwannomas in the right arm
(table 3). It remains to be elucidated whether this predisposition
could also include malignant tumours, since somatic LZTRI
mutations have been associated both with solid and hemato-
logical tumours (COSMIC database).

Further reports are necessary to delineate the complete
phenotype in this group of individuals. The first impression is
that the clinical phenotype is similar to PTPN11 positive indivi-
duals,” with the exception of short stature, which was not fre-
quent in our cohort.

In summary, we performed WES in a cohort of NS individuals
from different populations, including large familial cases, leading
to the identification of two novel genes associated with NS. One
of them, LZTRI1, is not known to belong to the RAS/MAPK
pathway. Mutations in SOS2 and LZTR1 were found in approxi-
mately 3% of all NS individuals. Still, 15%-20% of the molecu-
lar basis of NS remains unexplained. Copy number variations
encompassing the locus of one of the known genes associated

:
Br-4.4)

Figure 2 Photographs of individuals from different families with Noonan syndrome. Note typical facial features with downslanting palpebral
fissures (US-1.1, Br-6.1), hypertelorism (Br-1.1, Br-3.1, Br-4.5) and ptosis (Br-4.1) and short/webbed neck (Br-2.1, Po-1.1). In SOS2 patients there is
marked ectodermal involvement (most pronounced in Br-2.1).

T

o
{ &

.

i b
Br-4.5 | Br-4.6 "

with NS have been rarely reported”” and could account for a
very small amount of the NS unknown aetiology. Alternatively, it
remains to be investigated whether digenic inheritance could also
play a role in NS aetiology, in which variants in two or more
genes of the RAS/MAPK pathway would be required to overcome
a threshold of increased ERK signalling, and consequently mani-
festation of the NS phenotype. In the latter case, variants that are
present in control populations, and which are currently not indi-
vidually considered as causative, may contribute to the disease
when jointly present in a single patient.
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