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ORIGINAL ARTICLE

Rare variants in SOS2 and LZTR1 are associated

with Noonan syndrome
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ABSTRACT

Background Noonan syndrome is an autosomal
dominant, multisystemic disorder caused by dysregulation
of the RAS/mitogen activated protein kinase (MAPK)
pathway. Heterozygous, pathogenic variants in 11
known genes account for approximately 80% of cases.
The identification of novel genes associated with
Noonan syndrome has become increasingly challenging,
since they might be responsible for very small fractions
of the cases.

Methods A cohort of 50 Brazilian probands negative
for pathogenic variants in the known genes associated
with Noonan syndrome was tested through whole-exome
sequencing along with the relatives in the familial cases.
Families from the USA and Poland with mutations in the
newly identified genes were included subsequently.
Results We identified rare, segregating or de novo
missense variants in SOS2 and LZTR1 in 4% and 8%,
respectively, of the 50 Brazilian probands. SOS2 and
LZTR1 variants were also found to segregate in one
American and one Polish family. Notably, SOS2 variants
were identified in patients with marked ectodermal
involvement, similar to patients with SOST mutations.
Conclusions \We identified two novel genes, SOS2 and
LZTR1, associated with Noonan syndrome, thereby
expanding the molecular spectrum of RASopathies.
Mutations in these genes are responsible for
approximately 3% of all patients with Noonan
syndrome. While SOS2 is a natural candidate, because of
its homology with SOS7, the functional role of LZTRT in
the RAS/MAPK pathway is not known, and it could not
have been identified without the large pedigrees.
Additional functional studies are needed to elucidate the
role of LZTR1 in RAS/MAPK signalling and in the
pathogenesis of Noonan syndrome.

INTRODUCTION

Noonan syndrome (NS (MIM 163950)) is an auto-
somal dominant disorder characterised by short
stature, craniofacial dysmorphism, short and/or
webbed neck, cardiac abnormalities, cryptorchidism
in men and coagulation defects.! NS is caused by
dysregulation of the RAS/MAPK pathway, which
plays a role in diverse biological functions, including
proliferation, migration, survival, cell fate determin-
ation, differentiation and senescence. Heterozygous
pathogenic variants in several genes, PTPN11,
KRAS, SOS1, RAF1, SHOC2, NRAS, CBL, BRAF

and MAP2K1, account for approximately 75%—-80%
of all NS cases.” The clinical phenotype of NS over-
laps with other disorders caused by mutations in the
RAS/MAPK pathway. These disorders including NS
are collectively named RASopathies.’

During the last 2 years, whole-exome sequencing
(WES) and whole genome sequencing have been
applied to identify disease-causing variants in the
remaining 20% of the NS with unknown genetic
aetiology. Consequently, pathogenic variants in
RIT1 and RASA2 were identified in a small fraction
of the cases.* ° These studies underscored the
increasing challenges to identify rare, pathogenic
variants in disorders comprising high locus hetero-
geneity, in which the majority of genes have already
been identified. In this scenario, to be able to make
sense of the large numbers of rare variants typically
produced by WES, two reasonable approaches may
be applied: one is to study large cohorts and seek
candidate genes already known to be involved in
the RAS/MAPK pathway, increasing the possibility
that more than one individual could harbour rare
variants in a common gene; the other is to examine
familial cases and search for predicted pathogenic
de novo and/or segregating variants without a
priori hypotheses regarding the function of the
genes.

Herein, these two approaches were applied in a
NS Brazilian cohort in order to identify novel
genes associated with NS. Subsequently, two add-
itional familial cases from international centres
were included.

METHODS

Brazilian cohort

Our genetic outpatient clinic follows a large cohort
of >200 individuals diagnosed with RASopathies,
mainly NS, some of which have been previously
reported by our group.® 7 They have been screened
for mutations in most of the known genes asso-
ciated with RASopathies by Sanger sequencing or
denaturing high performance liquid chromatog-
raphy, respectively, based on the frequency of the
genes in NS and their clinical findings: PTPN11
(ex. 2-15), SOS1 (ex. 1-23), RAF1 (ex 7,14,17),
KRAS (ex. 2-6), SHOC2 (ex. 2), CBL (ex. 8-9) and
BRAF (ex. 6,11-16). Fifty-eight probands with the
clinical diagnosis of NS who fulfilled the diagnostic
criteria established by van der Burgt et al® and who
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tested negative were selected for WES. Familial cases were
prioritised. Written informed consent was obtained prior to col-
lection of samples. Six probands carried mutations in RIT1° and
two in NRAS (data not shown). Among the 50 remaining pro-
bands, there were four familial cases: a three-generation family
with three affected individuals (Br-F3), a mother and five
affected children from three different marriages (Br-F4), a
deceased mother and two affected siblings (Br-F7) and a daugh-
ter—mother pair (Br-F1).

American family

The daughter—-mother pair (US-F1) was evaluated for the presence
of symptoms suggestive of NS. Molecular testing for all known
genes associated with RASopathies using a commercially available
next generation panel was negative. Consequently, WES was done
in both individuals following written informed consent.

Polish family

A familial case with NS that had no identifiable mutations in the
coding exons of PTPN11, SOS1 and RAF1 analysed by Sanger
sequencing was selected for WES. They were recruited by an
experienced clinical geneticist in outpatient clinic located in
Poland and were referred for molecular analysis to the
Department of Medical Genetics, Institute of Mother and Child,
Warsaw. The study was approved by the local Ethics Committee.
The clinical data and DNA samples were obtained with written
informed consent for molecular analysis and storage.

Sequencing and filtering of variants

WES of genomic DNA obtained from the peripheral blood of
the 58 affected Brazilian individuals and their affected (8) and
unaffected (2) available relatives was performed using Illumina’s
TrueSeq kits for library preparation and exome capture and the
Illumina HiSeq sequencer for paired-end reads of approximately
100x100 bp. An average on-target coverage of 60X was
achieved. Alignment of the sequences was performed with the
Burrows-Wheeler Aligner.'® The Picard and Genome Analysis
Tool Kit (GATK)'' were used for data processing and variant
calling. Variant annotation was performed with ANNOVAR.!?
Filtering was restricted to retain only heterozygous, non-
synonymous, exonic and/or splicing variants with a reference
population frequency of <0.1%. We used the 1000 Genomes
Project National Institutes of Health and the 6500 Exome
Sequencing Project Washington University, respectively, as refer-
ences. In addition, we filtered for an allele frequency of <0.5%
among 609 elderly Brazilian controls from our centre (unpub-
lished data). Variants shared by familial cases and variants in
genes of the RAS/MAPK pathway were selected for further
investigation. Predicted pathogenic variants were Sanger
sequenced in available relatives when segregated with the clin-
ical phenotype or to confirm de novo status (figure 1). Paternity
and maternity in individuals with de novo mutations (Br-2.1,
Br-4.2, Br-5.1 and Br-6.1) were confirmed with polymorphic
markers. All variants that were considered pathogenic were con-
firmed through Sanger sequencing.

In silico prediction effects of variants
In silico analysis of variants was performed with open access
software, such as SIFT, PolyPhen2, LRT, Mutation Taster and
GERP++ algorithms. Variants were considered to be patho-
genic by in silico analysis when three or more of these algo-
rithms classified them as damaging.

Statistical methods

Rare variants burden test: two-tailed Fisher’s exact test with sig-
nificance level of p<0.05 was applied to compare frequencies
between total number of variants in the 50 proband Brazilian
cohort and a WES control database of 107 Brazilian individuals
affected by other monogenic disorders.

RESULTS

We performed WES in 50 NS probands without pathogenic var-
iants in genes previously associated with NS. We were able to
identify rare, predicted pathogenic variants in two novel genes
through the analysis of genes in the RAS/MAPK pathway and
the analysis of variants segregating in large families.

50S2: RAS/MAPK-related gene

Through the analysis of genes belonging to the RAS/MAPK
pathway according to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database, we were able to identify SOS2
(MIM 601247; RefSeq accession number NM_006939.2) mis-
sense variants in four probands (Br-1.1, Br-2.1, Br-7.1 and
Br-8.1) using WES data. Two of them were familial cases (Br-1.1
and Br-7.1). SOS2 is homologous to SOSI, the second gene
most frequently associated with NS. All these variants were con-
firmed by Sanger sequencing, but in family Br-8.1. In silico ana-
lysis of the remaining three variants by SIFT, PolyPhen2, LRT,
Mutation Taster and GERP++ algorithms predicted pathogen-
icity in residues that are highly conserved across multiple species
(table 1).

Studies of segregation or de novo status supported pathogen-
icity in one familial case (Br-F1) and in one isolated case
(Br-2.1). In family Br-F7, there were no available relatives to
confirm segregation and therefore it was excluded from further
analysis. In total, predicted pathogenic variants in SOS2 were
identified in two probands in the Brazilian cohort, reflecting a
population frequency of 4% (2/50). When comparing the fre-
quency of all identified SOS2 variants (4/50) with the one of
controls (3/107), there was no statistically significant difference
(p=0.2102). The two heterozygous missense variants,
p.-M267 K and p.T376S, found in SOS2 in our cohort are both
located in the DH domain of the SOS2 protein and p.M267K
affects the residue homologous to Met269 in SOS1, a mutation
hotspot in NS. The variant p.T376S segregates with the pheno-
type in Br-F1, whereas p.M267K is de novo in Br-2.1. For com-
parison, two of the missense heterozygous variants, p.D952N
and p.T449A, identified in three controls (all without NS
phenotype) are predicted to be either tolerated or benign by in
silico analysis. The third variant, p.R334H, is predicted to be
probably damaging, with a low frequency in the 6500 exome
database. Therefore, even though the burden test was not statis-
tically different from the control population, we consider the
variants p.M267K and p.T376S to be pathogenic mutations.
Remarkably, the same variant of Br-F1 (p.T376S) was later iden-
tified segregating in a family from USA (US-F1; figure 1 and
table 1).

LZTR1: a gene not previously associated with the RAS/MAPK
pathway

The study of two large families allowed us to identify a candi-
date gene for NS not formally associated with the RAS/MAPK
pathway. In each proband, WES analysis produced approxi-
mately 34 000 raw variants in comparison with hg19 reference.
After filtering with the aforementioned parameters, each
proband still harboured approximately 280 rare, heterozygous
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Figure 1  Pedigrees, variants and protein representation of LZTR1 and

S0S2. 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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L. B . " 2> DD DD D5 ®| e
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(1/107) and observed a  highly significant enrichment 8
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dicted pathogenic variant (p.S247N) segregating with the E ~ o - < o < < i on|E
phenotype and with damaging in silico prediction was identifie LW nmn s SRR AN
in a familial case from Poland (Po-F1; figure 1 and table 1). The “i
five LZTR1 variants (p.G248R, p.R284C, p.H287Y, £
p-Y119C and p.S247N) are therefore predicted to cause NS. 5| e EEEEE (C)
The clinical findings of the individuals harbouring SOS2 and s 8|2 23 2 35 2 ¢ g
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LZTR1 variants are described in tables 2 and 3, respectively. =S<|(=233=====1T 3 3|
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. . . . . >
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N - | OO0 0000000000000 AQlan
LZTR1, expanding the currently known molecular spectrum of 4
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common molecular cause of NS. The mainly missense mutations e g7
and small in-dels are non-randomly distributed across domains E 2
. . . . . 7
of the protein and were classified by Lepri et al'* in three dis- o R &2
tinct classes, based on the predicted role of affected residues Ef|cococoococooococoooo g2
and functional consequences derived from the nature of the 52
amino acid change. The first class of mutations (class 1A), o - ool BE
. . .. . . . o
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homology (DH) and Ras Exchange Motif (REM) domains, is B B
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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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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).

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

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.

Author affiliations

'Unidade de Genética, Instituto da Crianca, Hospital das Clinicas da Faculdade de
Medicina da Universidade de S&o Paulo, Sdo Paulo, S&o Paulo, Brazil

2Centro de Pesquisa sobre 0 Genoma Humano e Células-Tronco, Instituto de
Biociéncias da Universidade de Sao Paulo, S&o Paulo, Sdo Paulo, Brazil
3Department of Medical Genetics, Institute of Mother and Child, Warsaw, Poland
“Division of Genetics and Genomics, Department of Medicine, Boston Children’s
Hospital, Boston, Massachusetts, USA

>Department of Child Neurology, Medical University of Silesia, Katowice, Poland
®Department of Human Genetics, McGill University, Montreal, Quebec, Canada
"Nemours Children’s Hospital Orlando, Orlando, Florida, USA

8Departamento de Endocrinologia, Hospital das Clinicas da Faculdade de Medicina
da Universidade de Sao Paulo, S&o Paulo, Sao Paulo, Brazil

%Instituto de Cardiologia, Hospital das Clinicas da Faculdade de Medicina da
Universidade de S&o Paulo, Sdo Paulo, Sdo Paulo, Brazil

Acknowledgements The authors would like to thank the families for their cooperation.

420 Yamamoto GL, et al. / Med Genet 2015;52:413-421. doi:10.1136/jmedgenet-2015-103018

“ybuAdoa Aq parosiold 1sanb Aq 20z ‘0T dy uo jwoo fwg Bwly:dny wol papeojumod "'STOZ YdJe 0Z Uo 8TOS0T-STOZ-19uabpawl/oeTT 0T Se paysignd isii :18us9 paN


http://jmg.bmj.com/

Genotype-phenotype correlations

Contributors GLY, MA, MG, MB, SF, MSN, MZ, OB, JM, MRP-B and DRB
performed the sequencing studies and bioinformatics analysis. MG, CH, JP, AA, IC,
ACM, OB, AALJ, ACP, CAK and DRB contributed clinical samples and information.
GLY, MG, OB, JM, MRP-B and DRB wrote and edited the manuscript.

Funding The Brazilian group was financially supported by FAPESP 2011/17299-3,
CEPID/FAPESP 98/14254-2 and CNPq 302605/2013-4. The Polish group was
financially supported by the National Science Centre grants: UMO-2013/09/B/NZ2/
03164 and UMO-2011/01/D/NZ5/01347.

Competing interests None.
Patient consent Obtained.

Ethics approval Ethics Committee of Hospital das Clinicas da Faculdade de Medicina
da Universidade de Sao Paulo/Institute of Mother and Child Warsaw Ethics Committee.

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES

1 Romano AA, Allanson JE, Dahlgren J, Gelb BD, Hall B, Pierpont ME, Roberts AE,
Robinson W, Takemoto CM, Noonan JA. Noonan syndrome: clinical features,
diagnosis, and management guidelines. Pediatrics 2010;12:746-59.

2 Tartaglia M, Zampino G, Gelb BD. Noonan syndrome: clinical aspects and molecular
pathogenesis. Mol Syndromol 2010;1:2-26.

3 Tidyman WE, Rauen KA. The RASopathies: developmental syndromes of Ras/MAPK
pathway dysregulation. Curr Opin Genet Dev 2009;19:230-6.

4 Aoki Y, Niihori T, Banjo T, Okamoto N, Mizuno S, Kurosawa K, Ogata T, Takada F,
Yano M, Ando T, Hoshika T, Barnett C, Ohashi H, Kawame H, Hasegawa T, Okutani T,
Nagashima T, Hasegawa S, Funayama R, Nagashima T, Nakayama K, Inoue S,
Watanabe Y, Ogura T, Matsubara Y. Gain-of-function mutations in RIT1 cause Noonan
syndrome, a RAS/MAPK pathway syndrome. Am J Hum Genet 2013;93:173-80.

5 Chen PC, Yin J, Yu HW, Yuan T, Fernandez M, Yung CK, Trinh QM, Peltekova VD,
Reid JG, Tworog-Dube E, Morgan MB, Muzny DM, Stein L, McPherson JD, Roberts
AE, Gibbs RA, Neel BG, Kucherlapati R. Next-generation sequencing identifies rare
variants associated with Noonan syndrome. Proc Nat/ Acad Sci USA
2014;111:11473-8.

6 Bertola DR, Pereira AC, Albano LM, De Oliveira PS, Kim CA, Krieger JE. PTPN11
gene analysis in 74 Brazilian patients with Noonan syndrome or Noonan-like
phenotype. Genet Test 2006;10:186-91.

7 Brasil AS, Pereira AC, Wanderley LT, Kim CA, Malaquias AC, Jorge AA, Krieger JE,
Bertola DR. PTPN11 and KRAS gene analysis in patients with Noonan and
Noonan-like syndromes. Genet Test Mol Biomarkers 2010;14:425-32.

8 van der Burgt |, Berends E, Lommen E, van Beersum S, Hamel B, Mariman E.
Clinical and molecular studies in a large Dutch family with Noonan syndrome. Am J
Med Genet 1994;53:187-91.

9 Bertola DR, Yamamoto GL, Almeida TF, Buscarilli M, Jorge AA, Malaquias AC, Kim
CA, Takahashi VN, Passos-Bueno MR, Pereira AC. Further evidence of the
importance of RIT1 in Noonan syndrome. Am J Med Genet A 2014;164A:2952-7.

10 Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 2009;25:1754-60.

11 McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella
K, Altshuler D, Gabriel S, Daly M, DePristo MA. The Genome Analysis Toolkit:
a MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Research 2010;20:1297-303.

12 Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of genetic variants
from high-throughput sequencing data. Nucleic Acids Research 2010;38:e164.

13 Pierre S, Bats AS, Coumoul X. Understanding SOS (Son of Sevenless). Biochem
Pharmacol 2011;82:1049-56.

14

20

21

22

23

24

25

26

27

Lepri F, De Luca A, Stella L, Rossi C, Baldassarre G, Pantaleoni F, Cordeddu V,
Williams BJ, Dentici ML, Caputo V, Venanzi S, Bonaguro M, Kavamura |, Faienza
MF, Pilotta A, Stanzial F, Faravelli F, Gabrielli O, Marino B, Neri G, Silengo MC,
Ferrero GB, Torrrente |, Selicorni A, Mazzanti L, Digilio MC, Zampino G,
Dallapiccola B, Gelb BD, Tartaglia M. SOST mutations in Noonan syndrome:
molecular spectrum, structural insights on pathogenic effects, and
genotype-phenotype correlations. Hum Mutat 2011;32:760-72.

Zenker M, Homn D, Wieczorek D, Allanson J, Pauli S, van der Burgt I, Doerr HG,
Gaspar H, Hofbeck M, Gillessen-Kaesbach G, Koch A, Meinecke P, Mundlos S,
Nowka A, Rauch A, Reif S, von Schnakenburg C, Seidel H, Wehner LE, Zweier C,
Bauhuber S, Matejas V, Kratz CP, Thomas C, Kutsche K. SOS1 is the second most
common Noonan gene but plays no major role in cardio-facio-cutaneous syndrome.
J Med Genet 2007;44:651-6.

Kurahashi H, Akagi K, Inazawa J, Ohta T, Niikawa N, Kayatani F, Sano T, Okada S,
Nishisho . Isolation and characterization of a novel gene deleted in DiGeorge
syndrome. Hum Mol Genet 1995;4:541-9.

Nacak TG, Leptien K, Fellner D, Augustin HG, Kroll J. The BTB-kelch protein LZTR-1
is a novel Golgi protein that is degraded upon induction of apoptosis. J Biol Chem
2006;281:5065-71.

Kobrynski LJ, Sullivan KE. Velocardiofacial syndrome, DiGeorge syndrome: the
chromosome 22qg11.2 deletion syndromes. Lancet 2007;370:1443-52.

Frattini V, Trifonov V, Chan JM, Castano A, Lia M, Abate F, Keir ST, Ji AX, Zoppoli
P, Niola F, Danussi C, Dolgalev |, Porrati P, Pellegatta S, Heguy A, Gupta G, Pisapia
DJ, Canoll P, Bruce JN, McLendon RE, Yan H, Aldape K, Finocchiaro G, Mikkelsen
T, Privé GG, Bigner DD, Lasorella A, Rabadan R, lavarone A. The integrated
landscape of driver genomic alterations in glioblastoma. Nat Genet
2013;45:1141-9.

Hollstei PE, Cichowski K. Identifying the Ubiquitin Ligase complex that regulates the
NF1 tumor suppressor and Ras. Cancer Discov 2013;3:880-93.

Piotrowski A, Xie J, Liu YF, Poplawski AB, Gomes AR, Madanecki P, Fu C, Crowley
MR, Crossman DK, Armstrong L, Babovic-Vuksanovic D, Bergner A, Blakeley JO,
Blumenthal AL, Daniels MS, Feit H, Gardner K, Hurst S, Kobelka C, Lee C, Nagy R,
Rauen KA, Slopis JM, Suwannarat P, Westman JA, Zanko A, Korf BR, Messiaen LM.
Germline loss-of-function mutations in LZTR1 predispose to an inherited disorder of
multiple schwannomas. Nat Genet 2014,46:182-7.

Paganini I, Chang VY, Capone GL, Vitte J, Benelli M, Barbetti L, Sestini R, Trevisson
E, Hulsebos TJ, Giovannini M, Nelson SF, Papi L. Expanding the mutational
spectrum of LZTR1 in schwannomatosis. Eur J Hum Genet 2014. [Epub ahead of print]
Hutter S, Piro RM, Reuss DE, Hovestadt V, Sahm F, Farschtschi S, Kehrer-Sawatzki
H, Wolf S, Lichter P, von Deimling A, Schuhmann MU, Pfister SM, Jones DT,
Mautner VF. Whole exome sequencing reveals that the majority of schwannomatosis
cases remain unexplained after excluding SMARCB1 and LZTR1 germline variants.
Acta Neuropathol 2014;128:449-52.

Smith MJ, Isidor B, Beetz C, Williams SG, Bhaskar SS, Richer W, O'Sullivan J,
Anderson B, Daly SB, Urquhart JE, Fryer A, Rustad CF, Mills SJ, Samii A, du Plessis
D, Halliday D, Barbarot S, Bourdeaut F, Newman WG, Evans DG. Mutations in
LZTR1 add to the complex heterogeneity of schwannomatosis. Neurology
2015;84:141-7.

Carroll SL. Molecular mechanisms promoting the pathogenesis of Schwann cell
neoplasms. Acta Neuropathol 2012;123:321-48.

Bertola DR, Pereira AC, Brasil AC, Suzuki L, Leite C, Falzoni R, Tannuri U, Poplawski
AB, Janowski KM, Kim CA, Messiaen LM. Multiple, diffuse schwannomas in a
RASopathy phenotype patient with germline KRAS mutation: a causal relationship?
Clin Genet 2012;81:595-7.

Chen JL, Zhu X, Zhao TL, Wang J, Yang YF, Tan ZP. Rare copy number

variations containing genes involved in RASopathies: deletion of SHOC2 and
duplication of PTPN11. Mol Cytogenet 2014;7:28.

Yamamoto GL, et al. J Med Genet 2015;52:413—421. doi:10.1136/jmedgenet-2015-103018

421

“ybuAdoa Aq parosiold 1sanb Aq 20z ‘0T dy uo jwoo fwg Bwly:dny wol papeojumod "'STOZ YdJe 0Z Uo 8TOS0T-STOZ-19uabpawl/oeTT 0T Se paysignd isii :18us9 paN


http://dx.doi.org/10.1542/peds.2009-3207
http://dx.doi.org/10.1159/000276766
http://dx.doi.org/10.1016/j.gde.2009.04.001
http://dx.doi.org/10.1016/j.ajhg.2013.05.021
http://dx.doi.org/10.1073/pnas.1324128111
http://dx.doi.org/10.1089/gte.2006.10.186
http://dx.doi.org/10.1089/gtmb.2009.0192
http://dx.doi.org/10.1002/ajmg.1320530213
http://dx.doi.org/10.1002/ajmg.1320530213
http://dx.doi.org/10.1002/ajmg.a.36722
http://dx.doi.org/10.1093/bioinformatics/btp324
http://dx.doi.org/10.1101/gr.107524.110
http://dx.doi.org/10.1093/nar/gkq603
http://dx.doi.org/10.1016/j.bcp.2011.07.072
http://dx.doi.org/10.1016/j.bcp.2011.07.072
http://dx.doi.org/10.1002/humu.21492
http://dx.doi.org/10.1136/jmg.2007.051276
http://dx.doi.org/10.1093/hmg/4.4.541
http://dx.doi.org/10.1074/jbc.M509073200
http://dx.doi.org/10.1016/S0140-6736(07)61601-8
http://dx.doi.org/10.1038/ng.2734
http://dx.doi.org/10.1158/2159-8290.CD-13-0146
http://dx.doi.org/10.1038/ng.2855
http://dx.doi.org/10.1038/ejhg.2014.220
http://dx.doi.org/10.1007/s00401-014-1311-1
http://dx.doi.org/10.1212/WNL.0000000000001129
http://dx.doi.org/10.1007/s00401-011-0928-6
http://dx.doi.org/10.1111/j.1399-0004.2011.01764.x
http://dx.doi.org/10.1186/1755-8166-7-28
http://jmg.bmj.com/

Supplementary table 1. Filtered variants that segregate with the phenotype in families: Br-F3 and Br-F4

Family AAChange.refGene esp6500 si ;gggg 609Brazil snpl137 avsift :FI;ZIV LRT ‘Il\'/;z:::ion Z/lsl;:?g: GERP++
Br-F3

nonsynonymous SNV CELA3A:NM_005747:exon8:c.803C>A:p.A268E 0 0 0.000000 rs80099629 0.05 B neutral -0.002
nonsynonymous SNV RASSF5:NM_182663:exonl1:c.113C>T:p.P38L 0 0 0.000000 0 B U neutral 0.712
frameshift insertion ALK:NM_004304:exon19:c.3091_3092insCC:p.L1031fs 0 0 0.000000

nonsynonymous SNV SDAD1:NM_018115:exon21:c.1919C>T:p.S640L 0 0 0.000000 0.01 P D low 4.7
nonsynonymous SNV COL9A1:NM_001851:exon37:c.2552A>G:p.N851S 0 0 0.000000 0.13 B D neutral 5.43
nonsynonymous SNV NUPL2:NM_007342:exon4:c.457A>G:p.1153V 0.000615  0.0005 0.000821 rs141747889 0.29 B D low 5.47
nonsynonymous SNV DDC:NM_000790:exon9:¢c.908A>C:p.K303T 0 0 0.000000 0 D D high 5.2
frameshift insertion PDK4:NM_002612:exon10:c.1001dupT:p.L334fs 0 0 0.000000

nonsynonymous SNV C100rf68:NM_024688:exon14:c.1096C>T:p.H366Y 0.000077 0 0.000000 rs200088472 0 P N low -1.09
frameshift insertion ASCC1:NM_001198798:exon3:c.157dupG:p.E53fs 0 0 0.000000

stopgain SNV LRIT1:NM_015613:exon3:c.609G>A:p.W203X 0 0 0.000000 rs201482815 0.08 D A 5.91
nonsynonymous SNV HIPK3:NM_005734:exon2:c.371G>A:p.R124Q 0 0 0.000000 0.01 D D D medium 5.65
nonsynonymous SNV DAGLA:NM_006133:exon20:c.2252G>A:p.R751H 0 0 0.000000 0.07 B D N neutral 3.1
nonsynonymous SNV C2CD2L:NM_014807:exon14:¢c.2014G>C:p.A672P 0 0 0.000000 0.13 P N D neutral 3.31
frameshift deletion IFT88:NM_006531:exon15:c.1257_1260del:p.419_420del O 0 0.000000

nonsynonymous SNV C140rf101:NM_017799:exon1:c.116T>C:p.V39A 0 0 0.000000 0.01 B N N low 5.14
nonsynonymous SNV GOLGA6D:NM_001145224:exon7:¢c.530G>C:p.C177S 0 0 0.000000 rs201109551 1 B neutral 0.589
nonsynonymous SNV PER1:NM_002616:exon22:¢.3583C>T:p.R1195W 0.000154  0.0005 0.000000 rs200744636 0.01 D D D low 5.67
nonsynonymous SNV KRBA2:NM_213597:exon2:¢c.1223T>C:p.F408S 0 0 0.000000 0.34 B N low -1.02
nonsynonymous SNV MYOCD:NM_153604:exon10:c.1846G>A:p.E616K 0 0 0.001642 0.22 D N D low 5.6
nonsynonymous SNV DHRS7B:NM_015510:exon4:c.475G>C:p.D159H 0 0 0.000000 rs200571409 0.16 B D D neutral 5.63
nonsynonymous SNV ATP6VOA1:NM_005177:exon19:¢c.2120T>C:p.F707S 0 0 0.000000 0 D D D medium 4.92
nonsynonymous SNV NLRP2:NM_017852:exon6:c.662C>G:p.T221R 0 0 0.000000 0 P N P medium 0.562
nonsynonymous SNV LZTR1:NM_006767:exon8:c.742G>A:p.G248R 0 0 0.000000 0 D D D medium 5.6
Br-F4

nonsynonymous SNV LZTR1:NM_006767:exon9:c.850C>T:p.R284C 0 0 0.000000 0 D D D medium 4.14
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