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Introduction

Schwannomatosis (OMIM #162091) is a rare predisposition to develop multiple peripheral schwannomas. The diagnosis is based on clinical examination and molecular analysis (Table 1). Although mutations in SMARCB1 were first described [START_REF] Hulsebos | Germline Mutation of INI1/SMARCB1 in Familial Schwannomatosis[END_REF] , loss of function (LOF) mutations in LZTR1 were recently incriminated [START_REF] Piotrowski | Germline Loss-of-Function Mutations in LZTR1 Predispose to an Inherited Disorder of Multiple Schwannomas[END_REF][START_REF] Paganini | Expanding the Mutational Spectrum of LZTR1 in Schwannomatosis[END_REF] . Germline SMARCB1 mutations account for 48% of familial and 9.8% of sporadic cases and germline LZTR1 mutations are found in approximately 38% of familial and 22-30% of sporadic SMARCB1-negative cases [START_REF] Kehrer-Sawatzki | The Molecular Pathogenesis of Schwannomatosis, a Paradigm for the Co-Involvement of Multiple Tumour Suppressor Genes in Tumorigenesis[END_REF] .

Tumorigenesis in schwannomatosis responds to a somatic 5-hit/3-step mechanism resulting in a loss of function (LOF) of LZTR1 and of the contiguous genes of locus 22q11.2q12.2, SMARCB1 and NF2, implicated in neurofibromatosis type 2.

Moreover, somatic mutations and biallelic inactivation of LZTR1 are identified in 22% of sporadic GB, LZTR1 loss driving immortalization and proliferation of cells, and acting thus as a classical tumor suppressor gene [START_REF] Frattini | The Integrated Landscape of Driver Genomic Alterations in Glioblastoma[END_REF] .

We describe two non-related families in which germline LZTR1 mutations were found in a proband displaying schwannomatosis. In each family, the LZTR1 mutations was also identified at a somatic level in an isolated glioblastoma of a relative.

Material and methods

Patients and samples

Blood samples were obtained from index cases after accurate information and signed consent in accordance with law of bioethics n°2004-800 of 06.08.2004, revised 7. July 2011. DNA was isolated from peripheral blood leucocytes using standard procedures. Molecular diagnosis was performed using a targeted Next-Generation Sequencing method genotyping NF2, SMARCB1 and LZTR1 in blood cells of the probands and GB tissue of their relative in two unrelated families. NGS libraries preparation followed by amplification and purification, emulsion PCR, enrichment, loading on Ion 318™ chips, sequencing with an Ion Personal Genome Machine® (PGM™) System (Life Technologies), data collection and sequence alignment were performed as already described [START_REF] Pasmant | Neurofibromatosis type 2 French cohort analysis using a comprehensive NF2 molecular diagnostic strategy[END_REF][START_REF] Louvrier | Targeted next-generation sequencing for differential diagnosis of neurofibromatosis type 2, schwannomatosis, and meningiomatosis[END_REF] .

Genetic analysis of tumor samples was assessed after information and consent of living

Loss Of Heterozygosity (LOH) study at SNP (Single Nucleotide Polymorphism) level.

Analysis of informative SNPs allelic ratio was performed at NF2, SMARCB1, and LZTR1 locus. LOH was excluded for informative SNPs with allelic ratio ranging from 40 to 60%.

Observations

Family 1

The proband was a 43-year-old woman referred to our genetic department after surgery of a lumbar schwannoma. She suffered from atypical left sciatica for several years. Medullar MRI showed a schwannoma at L2 level. Her personal history was marked by removal of a schwannoma in her left arm at age 18. Her father (Figure 1), after uneventful medical history, presented at age 59 a mild progressive right hemiparesia associated with one right facial motor partial seizure that led to discover a left rolandic GB multiforme. He died 6 months later. Further family history was not contributory as no other relative was symptomatic or underwent MRI-imaging investigating central nervous system and vestibular nerves. Analysis of NF2 and SMARCB1 was negative in the blood of the proband and in the GB. A germline heterozygous variant in exon 10 of LZTR1 was identified in the blood of the proband, c.1126C>T (NM_006767.3) leading to a predicted truncated protein p.(Gln367Ter). This mutation was present in her father's GB with an allelic ratio of 0.7 (c.1126C>T versus wild type) consistent with a loss of heterozygosity in the FFPE GB in the context of a cellular heterogeneity. DNA fragmentation is usually observed with FFPE tissue preparation 6 ; this did not allow genes copy number analysis in the FFPE GB. Nevertheless, the LOH was confirmed by unbalanced allelic ratio of 0.7 for two LZTR1, one SMARCB1 and one NF2 intragenic SNPs suggesting that LOH is extended beyond LZTR1 locus.

Family 2

The proband was a 70-year-old woman with schwannomatosis diagnosed after multiple schwannoma surgeries (three in the left leg, one in the left arm and two on the cauda equine) and episodes of left sciatica. Medullar MRI showed diffuse schwannomas in the cauda equine. In the family history, her elder sister (Figure 1), without any particular antecedent, has been hospitalized at age 77 for a left hemiparesia evolving since a month. She was diagnosed with right fronto-parietal GB and died 18 months later. There were no cases of neuropathic anomalies in relatives and MRI imaging was not performed to assess CNS status. Study of NF2 and SMARCB1 was negative in blood DNA of the proband, while analysis of LZTR1 revealed a previously described heterozygous germline mutation in exon 2, c.264-13G>A leading to a predicted truncated protein p.(Lys89CysfsTer16) [START_REF] Piotrowski | Germline Loss-of-Function Mutations in LZTR1 Predispose to an Inherited Disorder of Multiple Schwannomas[END_REF] .This mutation was identified at the heterozygous state in her sister's GB. The balanced allelic ratio observed for one LZTR1 and two NF2 informative SNPs led us to conclude in the absence of LOH.

Both LZTR1 variants identified in this study have been deposited in the Leiden Open Variation Databases (https://databases.lovd.nl/shared/genes/LZTR1).

Discussion

LZTR1 is a tumor suppressor gene. LZTR1 is highly conserved throughout evolution and contains two functional domains with a kelch-BTB-BACK-BTB-BACK motive. The BTB domains of the protein interact with the cullin 3 (CUL3)-RING ubiquitin ligase (CRL3) complex, a multi-subunit RING-class E3 ligase involved in protein mono-and polyubiquitination [START_REF] Frattini | The Integrated Landscape of Driver Genomic Alterations in Glioblastoma[END_REF][START_REF] Zimmerman | Structural assembly of cullin-RING ubiquitin ligase complexes[END_REF] . It has been recently shown that LZTR1 binds substrates including RAS via the tandemly repeated Kelch domains allowing RAS ubiquitination by CRL3 complex [START_REF] Steklov | Mutations in LZTR1 drive human disease by dysregulating RAS ubiquitination[END_REF][START_REF] Bigenzahn | LZTR1 is a regulator of RAS ubiquitination and signaling[END_REF] .

LZTR1 loss abrogates RAS ubiquitination by disrupting the formation of the RAS-LZTR1-CUL3 complex, leads to increased RAS activity and phosphorylation of MEK/ERK proteins and increases growth rate of different cellular models including Schwann cells. One of its partners is CULLIN3 implicated in mitosis division. Frattini et al. (2013) observed that LZTR1 loss of function mutations in GB cause altered interaction between CULLIN3 and LZTR1 leading to cell proliferation and that LZTR1 inactivation drives the self-renewal and growth of glioma spheres model [START_REF] Frattini | The Integrated Landscape of Driver Genomic Alterations in Glioblastoma[END_REF] .

LZTR1 mutations are found in schwannomas and GB. Both tumors have a similar genesis pattern: the combination of point mutation and LOH in LZTR1 locus.

Sporadic GB genesis follows a classical 2-hit model for a tumor suppressor gene. In schwannomas, a 5-hit/3-step model was suggested for tumorigenesis where the germline LZTR1 mutation is associated to the (partial) loss of the other copy of chromosome 22 including LZTR1, SMARCB1 and NF2 and somatically acquired tumor-specific mutation in NF2. [START_REF] Kehrer-Sawatzki | The Molecular Pathogenesis of Schwannomatosis, a Paradigm for the Co-Involvement of Multiple Tumour Suppressor Genes in Tumorigenesis[END_REF] . In our study, the locus 22q11.21q12.2 showed LOH in tumoral DNA in GB of family 1 suggesting that the genesis of the tumor could be linked to additional hits including SMARCB1 and NF2 following at least in part the model of schwannomas. The contribution of these additional hits as driver or only passenger in the tumorigenesis of GB remains to be clarified. In family 2, LOH is absent in GB DNA. Biallelic LOF of LZTR1 secondary to single or multiple exons deletion or duplication can be involved but FFPE sample was not suitable for the identification of these possible events and frozen GB was not available. Therefore, we cannot exclude a second hit in LZTR1. Moreover, multiple other genes are known to drive GB tumorigenesis [START_REF] Frattini | The Integrated Landscape of Driver Genomic Alterations in Glioblastoma[END_REF] . A second hit in another GB related gene may alternatively explain GB development in family 2.

Clinical features of LZTR1 mutated patients with schwannomatosis and their relatives have been described before [START_REF] Piotrowski | Germline Loss-of-Function Mutations in LZTR1 Predispose to an Inherited Disorder of Multiple Schwannomas[END_REF][START_REF] Paganini | Expanding the Mutational Spectrum of LZTR1 in Schwannomatosis[END_REF][START_REF] Hutter | Whole exome sequencing reveals that the majority of schwannomatosis cases remain unexplained after excluding SMARCB1 and LZTR1 germline variants[END_REF] . No co-occurrence of GB has been reported so far (62 index cases and 15 relatives). However recently, mutations in LZTR1 have also been involved in a small proportion of patients with Noonan syndrome, a rare neurodevelopmental syndrome [START_REF] Yamamoto | Rare variants in SOS2 and LZTR1 are associated with Noonan syndrome[END_REF] . A recurrent mixed glioma tumor of oligoastrocytoma type was described in such a patient [START_REF] Jacquinet | Oligo-astrocytoma in LZTR1-related Noonan syndrome[END_REF] . Our observations raise the question of a link between LZTR1-related schwannomatosis and GB development, as the familial mutation may be here the first hit in the GB. Recently, LZTR1 mutations leading to GB were observed mainly in the functional domain of the protein and were all expected to produce a LOF [START_REF] Frattini | The Integrated Landscape of Driver Genomic Alterations in Glioblastoma[END_REF] . The point mutations described in sporadic GB have not been identified in patients with schwannomatosis.

Schwannomatosis-related mutations are distributed all along LZTR1 and expected to lead to a LOF. In our observation, the same LZTR1 mutations were identified in both conditions.

Similarly, SMARCB1 mutations are associated with schwannomatosis and rhabdoid tumors (RT). Vitte et al. (2017) generated different tissue and developmental stage-specific conditional knockout mice carrying Smarcb1 and/or Nf2 deletion and identified the mechanisms that differ between schwannomas and RT genesis: biallelic loss of Smarcb1 in neural crest cells during early embryonic development is associated with postnatal RT formation, Nf2 loci being functional. Their model also displayed that biallelic loss of Nf2 is mandatory for schwannoma tumorigenesis whereas loss of Smarcb1 is not [START_REF] Vitte | Timing of Smarcb1 and Nf2 inactivation determines schwannoma versus rhabdoid tumor development[END_REF] . In light of these observations, we can hypothesize that the schwannomatosis-related genes might participate in malignant tumors development.

In conclusion, two rare conditions segregate with LZTR1 mutations in our unrelated families. Recent articles highlight the key role of LZTR1 mutations and the similar mechanism implicated in both pathologies. Nevertheless, we need further observations to ascertain whether GB can be included in the tumor spectrum of schwannomatosis. 

  relatives. DNA extraction of GB samples conserved in paraffin block (FFPE, formalin-fixed, paraffin-embedded tissue) was performed with the Maxwell® 16 FFPE Tissue LEV DNA Kit. Targeted NGS (Next Generation Sequencing) genotyping of NF2, SMARCB1 and LZTR1 Genotyping experiments were performed on the NGS facility of the Cochin hospital, Paris (Assistance Publique -Hôpitaux de Paris, France). A custom Ampliseq panel targeting NF2, SMARCB1 and LZTR1 was developed (reference IAD51599_119, ThermoFisherScientific).

Table 1 :

 1 Diagnostic criterias for schwannomatosis adapted from Kehrer-Sawatzki et al (2017).
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