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INTRODUCTION

Holoprosencephaly (HPE; MIM# 236100) is the most frequent congenital brain malformation (1 in 10,000 live births, 1 in 250 conceptuses). It results from incomplete midline division of the prosencephalon between 18 th and 28 th day of gestation, affecting both the forebrain and the face [START_REF] Dubourg | Holoprosencephaly[END_REF][START_REF] Marcorelles | Neuropathology of holoprosencephaly[END_REF]. The clinical spectrum is very wide, ranging from severe HPE with a single cerebral ventricle and cyclopia to clinically unaffected carriers in familial HPE. Three classic anatomical classes have been described, in decreasing order of severity: alobar, semi-lobar, and lobar HPE. The full spectrum of HPE includes also middle interhemispheric variants (MIH) or syntelencephaly, septopreoptic HPE and microforms characterized by midline defects (eg, single maxillary median incisor (SMMI) or hypotelorism) without the brain malformations typical of HPE [START_REF] Barkovich | Analysis of the cerebral cortex in holoprosencephaly with attention to the sylvian fissures[END_REF][START_REF] Hahn | Septopreoptic holoprosencephaly: a mild subtype associated with midline craniofacial anomalies[END_REF][START_REF] Lazaro | Phenotypic and molecular variability of the holoprosencephalic spectrum[END_REF][START_REF] Simon | The middle interhemispheric variant of holoprosencephaly[END_REF].

Not only is HPE highly variable phenotypically, but also very heterogeneous etiologically [START_REF] Bendavid | Holoprosencephaly: An update on cytogenetic abnormalities[END_REF][START_REF] Pineda-Alvarez | Current recommendations for the molecular evaluation of newly diagnosed holoprosencephaly patients[END_REF][START_REF] Roessler | The molecular genetics of holoprosencephaly[END_REF]. HPE may be due to chromosome abnormalities, such as trisomy 13, 18, and triploidy, or may be one of the components of a multiple malformation syndrome, such as Smith-Lemli-Opitz or CHARGE syndrome. The Hartsfield syndrome associates HPE with ectrodactyly, with and without cleft lip and palate. HPE may also result from exposure to maternal diabetes during gestation [START_REF] Johnson | Non-genetic risk factors for holoprosencephaly[END_REF][START_REF] Miller | Risk factors for nonsyndromic holoprosencephaly in the National Birth Defects Prevention Study[END_REF]. Isolated HPE presents a high genetic heterogeneity. To date heterozygous mutations in 15 genes have been identified in HPE patients with four major genes (Sonic hedgehog or SHH MIM# 600725, ZIC2 MIM#603073, SIX3 MIM# 603714, TGIF1 MIM# 602630), and eleven genes that are [START_REF] Arauz | A hypomorphic allele in the FGF8 gene contributes to holoprosencephaly and is allelic to gonadotropin-releasing hormone deficiency in humans[END_REF][START_REF] Bae | Mutations in CDON, encoding a hedgehog receptor, result in holoprosencephaly and defective interactions with other hedgehog receptors[END_REF][START_REF] Bendavid | Holoprosencephaly: An update on cytogenetic abnormalities[END_REF][START_REF] Dupe | NOTCH, a new signaling pathway implicated in holoprosencephaly[END_REF][START_REF] Mouden | Homozygous STIL Mutation Causes Holoprosencephaly and Microcephaly in Two Siblings[END_REF][START_REF] Pineda-Alvarez | Missense substitutions in the GAS1 protein present in holoprosencephaly patients reduce the affinity for its ligand, SHH[END_REF]. These genes encode proteins playing a role in early brain development, which mostly belong to the signaling pathway Shh, and to a lesser extent Nodal and Fgf pathways [START_REF] Arauz | A hypomorphic allele in the FGF8 gene contributes to holoprosencephaly and is allelic to gonadotropin-releasing hormone deficiency in humans[END_REF][START_REF] Mercier | NODAL and SHH dose-dependent double inhibition promotes an HPE-like phenotype in chick embryos[END_REF]. Mutations in SHH, SIX3 and TGIF1 are inherited from an unaffected parent or parent harboring only a microform of HPE in 70% of the cases [START_REF] Mercier | New findings for phenotypegenotype correlations in a large European series of holoprosencephaly cases[END_REF]. It suggests that other events are necessary to develop the disease. Consequently, the mode of inheritance initially described as autosomal dominant with an incomplete penetrance and a variable expression has been redefined [START_REF] Odent | Segregation analysis in nonsyndromic holoprosencephaly[END_REF][START_REF] Mouden | Complex mode of inheritance in holoprosencephaly revealed by whole exome sequencing[END_REF]. HPE is now listed as a polygenic disease having multiple inheritance modes. Among them, polygenic inheritance would require two or more events involving genes from the same or different signaling pathways with functional relationship. This polygenic inheritance plays a role in the variability of the phenotype especially when there is a functional relationship between mutated genes, as this is the case for HPE genes [START_REF] Mercier | NODAL and SHH dose-dependent double inhibition promotes an HPE-like phenotype in chick embryos[END_REF]. This has significant implications for genetic counseling and for risk assessment of patient relatives.

Until recently, HPE molecular diagnosis had relied on the detection of point mutations in the four main HPE genes (SHH, ZIC2, SIX3 and TGIF1) by Sanger sequencing and on the search for deletions in either known HPE genes or in the entire genome (using CGH array).

Targeted next-generation sequencing (NGS) has been proven in the recent years to be very beneficial clinically, especially for the molecular diagnosis of genetically heterogeneous diseases, such as intellectual disability, hearing loss [START_REF] Shearer | Comprehensive genetic testing for hereditary hearing loss using massively parallel sequencing[END_REF], and ciliopathies like Bardet-Biedl syndrome (M 'Hamdi et al., 2014). Targeted NGS appears to be more suitable for routine clinical practice than whole-exome sequencing as it provides better coverage of particular genes for a lower cost and easier and quicker data interpretation [START_REF] Rehm | Disease-targeted sequencing: a cornerstone in the clinic[END_REF]. Therefore we have developed a targeted NGS panel for the molecular diagnosis of HPE by screening twenty genes positively involved in HPE or defined as candidates for this disorder using the Ion Torrent AmpliSeq and Ion Personal Genome Machine (PGM) strategy.

In a cohort of 271 HPE probands tested since the beginning of 2014, we were able to provide a diagnosis in approximately 24% of patients. We also show that components of the FGF signaling pathway are clearly involved in HPE.

MATERIALS AND METHODS

Sample Collection

A total of 257 patients (131 fetuses and 126 living children) with normal conventional karyotype were referred by the French geneticists from the eight different CLAD (Centres Labellisés pour les Anomalies du Développement) of the country, French centers of prenatal diagnosis (CPDPN), fetopathologists from the French Fetopathology Society (SOFFOET), as well as several European centers. The 257 patients are described in Table 1. This cohort includes 130 males and 127 females, who have been diagnosed with alobar (n=62), semilobar (n=54), lobar (n=43), syntelencephaly (n=12), HPE microform (n=80), Hartsfield syndrome (n=3) or Kallmann syndrome (n=3). All samples were obtained with informed consent according to the protocols approved by the local ethics committee (Rennes hospital). 

Gene selection and panel design

Gene

Library preparation and DNA sequencing

An adapter-ligated library was constructed with the Ion AmpliSeq Library Kit 2.0 (Life Technologies) following the manufacturer's protocol. Briefly, 10 ng of DNA was amplified in two pooled reactions then gathered together. Amplicons were partially digested at primer sequences before ligation with Ion Torrent adapters P1 and A, and the adapter-ligated products were then purified with AMPure beads (Beckman Coulter Genomics, Brea, CA, USA), and PCR-amplified for 7 cycles. The resulting libraries of 11 patients were equalized using the Ion Library Equalizer Kit (Life Technologies) and then pooled.

Sample emulsion PCR, emulsion breaking, and enrichment were performed with the Ion PGM Template OT2 200 Kit (Life Technologies), according to the manufacturer's instructions. Briefly, an input concentration of one DNA template copy per Ion Sphere Particles (ISPs) was added to emulsion PCR master mix, and the emulsion was generated with an Ion OneTouch system (Life Technologies). Next, ISPs were recovered, and templatepositive ISPs were enriched with Dynabeads MyOne Streptavidin C1 beads (Life Technologies). The Qubit 2.0 fluorometer (Life Technologies) was used to confirm ISP enrichment. An Ion PGM 200 Sequencing Kit was used for sequencing reactions, as recommended in the protocol, and chips 316 were used to sequence barcoded samples on the Ion Torrent PGM for 500 dNTP-flows.

In order to achieve a complete coverage of at least the four main genes for each patient, six fragments, respectively one in SHH, four in ZIC2 and one in SIX3, were systematically studied by Sanger method. Depending on the coverage, analysis of other genes was completed according to the patient phenotype by Sanger sequencing.

Bioinformatical analysis

The sequencing data produced by the PGM were first processed with the Torrent Suite 4.2.1, Ion Torrent platform-specific pipeline including signal processing, adapter trimming, filtering of poor signal-profile reads and alignment to the hg19 human reference genome with TMAP (Torrent Mapping Alignment Program). Four independent variant calling algorithms from the Torrent suite were used.

The four VCF (variant calling format) files were combined and annotated with ANNOVAR (February 2014 build) [START_REF] Wang | ANNOVAR: functional annotation of genetic variants from high-throughput sequencing data[END_REF]. A gene-based annotation identified whether SNPs cause protein-coding changes and the amino acids that were affected based on RefSeq. A filter based annotation identified variants and their associated frequency that were reported in the following databases: dbSNP138, 1000-Genome (1000G), NHLBI-ESP, ExAC (Exome Aggregation Consortium) and ClinVar [START_REF] Landrum | ClinVar: public archive of relationships among sequence variation and human phenotype[END_REF]. ANNOVAR was also used to annotate the predicted functional consequences of missense variants using dbNSFP (database for synonymous SNP's functional predictions) v2.6

(http://sites.google.com/site/jpopgen/dbNSFP) [START_REF] Liu | dbNSFP: a lightweight database of human nonsynonymous SNPs and their functional predictions[END_REF][START_REF] Liu | dbSNP v2.0: a database of human non-synonymous SNVs and their functional predictions and annotations[END_REF]. This database compiles prediction scores and interpretation from ten different algorithms: SIFT, Polyphen2_HDIV, Polyphen2_HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, CADD, MetaSVM and MetaLR (Suppl. Tables S1 andS2). Three conservation scores (GERP++, PhyloP and SiPhy) are also included in dbNSFP v2.6 (Suppl. Tables S1 andS2).

The variant annotation was completed with "in-house" data regarding variants frequency within each run, across runs and during previous annotation helping to identify recurring false positives and polymorphisms. Furthermore only variants with a frequency less than 1/1,000 in 1000G, EVS (Exome Variant Server), ExAC held our interest.

After variants validation by visualization with IGV (Integrative Genomics Viewer), complementary annotations were performed using Condel v2.0 (Gonzalez-Perez and Lopez-Bigas, 2011) and Alamut Visual v2.4.5 (Interactive Biosoftware) to estimate variant pathogenicity. The information given by different tools were re-examined with caution to provide accurate results: PolyPhen [START_REF] Adzhubei | Predicting Dunctional Effect of Human Missense Mutations Using PolyPhen-2[END_REF], SIFT [START_REF] Kumar | Predicting the effects of coding non-synonymous variants on protein function using the SIFT algorithm[END_REF], Mutation Taster [START_REF] Schwarz | MutationTaster2: mutation prediction for the deep-sequencing age[END_REF], and Align-GVGD [START_REF] Tavtigian | Comprehensive statistical study of 452 BRCA1 missense substitutions with classification of eight recurrent substitutions as neutral[END_REF] were tested for exonic variants. In order to study the effect of potential splice variations, Alamut Visual integrates various splice site prediction methods: SpliceSiteFinder-like [START_REF] Zhang | Statistical features of human exons and their flanking regions[END_REF],

MaxEntScan [START_REF] Yeo | Maximum entropy modeling of short sequence motifs with applications to RNA splicing signals[END_REF], NNSPLICE [START_REF] Reese | Improved splice site detection in Genie[END_REF], GeneSplicer [START_REF] Pertea | GeneSplicer: a new computational method for splice site prediction[END_REF], Human Splicing Finder [START_REF] Desmet | Human Splicing Finder: an online bioinformatics tool to predict splicing signals[END_REF], ESEFinder [START_REF] Cartegni | ESEfinder: A web resource to identify exonic splicing enhancers[END_REF], RESCUE-ESE [START_REF] Fairbrother | Predictive identification of exonic splicing enhancers in human genes[END_REF] and EX-SKIP [START_REF] Raponi | Prediction of single-nucleotide substitutions that result in exon skipping: identification of a splicing silencer in BRCA1 exon 6[END_REF] were interrogated. The first five gave scores increasing with the importance of the predicted impact on the splice.

Finally, a variant was retained for diagnosis when a majority of tools predicted it as potentially deleterious and/or when family pedigree segregation was consistent. Nucleotide numbering uses +1 as the A of the ATG translation initiation codon in the reference sequence, with the initiation codon as codon 1. We use the tool ProteinPaint (http://pecan.stjude.org) for visualizing amino acid changes corresponding to the retained variants [START_REF] Zhou | Exploring genomic alteration in pediatric cancer using ProteinPaint[END_REF].

Mutation validation

All variants with a potential deleterious effect were confirmed by Sanger sequencing. They were submitted to ClinVar (ClinVar accessions SCV000268717 -SCV000268738 on http://www.ncbi.nlm.nih.gov/clinvar/). Segregation analyses were performed whenever DNA was available for additional family members.

RESULTS

Targeted NGS analysis of the 257 patients identified candidate and diagnosis variants in 23.7% of the cases: mutations with high confidence in their deleterious effect in three of the main genes SHH, ZIC2 and SIX3 were identified in 13.2% of the cases (34/257), and in other tested genes in 10.5% (27/257). For these cases, we were able to give a diagnosis. We also found variants classified as variants of uncertain significance (VUS) in 10% (26/257) of the cases.

From these data, the ten first-ranked genes involved in HPE are SHH (5.8%), ZIC2 (4.7%), GLI2 (3.1%), SIX3 (2.7%), FGF8 (2.3%), FGFR1 (2.3%), DISP1 (1.2%), DLL1 (1.2%) and SUFU (0.4%) (Table 1, Fig. 1). All variants were found in a heterozygous state and were held for diagnosis.

SHH, ZIC2 and SIX3 retain their position of major genes.

Description of the SHH, ZIC2 and SIX3 mutations is provided in Figures 1 and2. As previously described by Mercier et al. [START_REF] Mercier | New findings for phenotypegenotype correlations in a large European series of holoprosencephaly cases[END_REF], our results confirmed that SHH is the major gene implicated in HPE. SHH mutations are mostly missense (Fig. 1) and are inherited in 80% of cases of this study. The spectrum of clinical manifestations associated with SHH mutations is very large and includes severe forms as well as microforms. ZIC2 is the second major gene, which is affected by all types of mutations: missense (42%), frameshift and nonsense (42%) and also splice mutations (16%). ZIC2 alterations are generally associated with severe HPE forms and few facial features and are de novo in 92%

of cases in our study. Probands with SIX3 mutation mostly had severe HPE correlated with severe facial features. Like SHH mutations, SIX3 variants are mostly inherited.

Altogether, these results support that mutations in SHH and SIX3 are highly inherited, whereas most of the ZIC2 mutations are de novo.

GLI2 is mostly involved in midline abnormalities.

Six GLI2 heterozygous variants were hold for diagnosis (Fig. 1 and 3, Table 2, Suppl. Table S2).

The c.596dupG/p.Ala200Argfs*151 (A200Rfs*151) mutation was identified in a boy with nasal pyriform aperture atresia and was inherited from his asymptomatic mother.

The c.790C>T/p.Arg264* (R264*) mutation was identified in a 2-years-old girl with isolated solitary median maxillary central incisor and was inherited from her asymptomatic mother.

The c.2064delC/p.Ser690Alafs*5 (S690Afs*5) mutation was identified in a 20-years-old girl with hexadactyly, choanal atresia, hypopituitarism and cerebellar atrophia. This mutation occurred de novo.

The c.2237G>A/p.Trp746* (W746*) mutation was identified in a male fetus aborted because of lobar holoprosencephaly, premaxillary agenesis, hexadactyly, pituitary hamartoma, and short femur. Moreover his karyotype revealed a mosaic fragility on chromosome 3 (3p24.1, so very far from TDGF1). This mutation was not inherited from his mother, and DNA from the father was unavailable.

The c.4761G>C/p.*1587Tyrext*46 (*1587Y) mutation was found in a 16-year-old boy with hypopituitarism, solitary median maxillary central incisor and choanal atresia. It was inherited from his asymptomatic mother.

The c.349G>A/p.Ala117Thr (A117T) variant was found in two brothers, one with hypopituitarism and optic atrophia, the other with bilateral cleft lip and palate. This variant was inherited from the father presenting only subtle hypotelorism. The effect of this variant is uncertain as it involves a moderately conserved amino acid and the physicochemical gap between alanine and threonine is low (Grantham distance = 58).

Except the A117T, which is of uncertain clinical significance, all the other variations modify the stop codon. They are inherited in the majority of cases, implicating that these variants in GLI2 clearly show incomplete penetrance.

Altogether, the mutations in GLI2 are mostly associated with spectrum linked to midline and characterized by solitary median maxillary central incisor and pituitary insufficiency. Only one is associated with classic HPE.

FGF8 reaches the top genes.

Six patients of our cohort presented heterozygous variations in FGF8 gene (Fig. 1 and3, Table 2, Suppl. Table S2).

A fetus with semilobar HPE presented the c. 356C>T/p.Thr119Met (T119M) variant in FGF8

in association with a splice mutation in FGFR1. The couple had already had a termination of pregnancy due to semilobar HPE and the paternal grandmother presents a right cleft lip. DNA samples were not available, preventing further Sanger validation.

The c.317C>A/p.Ala106Glu (A106E) was identified in 4-years old boy with semi-lobar HPE.

This variant implicates a highly conserved aminoacid (through 13 species until Fugu) located in the interleukin-1/heparin-binding growth factor domain. It is predicted as possibly damaging by SIFT, PolyPhen and Mutation taster. This mutation occurred de novo. This is the first time that a FGF8 mutation is described in association with syntelencephaly.

The c.385C>T/p.Arg129* (R129*) was identified twice in two unrelated families. The first patient is a boy with alobar HPE and the second one is a boy with syntelencephaly. In both cases, the mutation was inherited from the asymptomatic father.

The c.617G>A/p.Arg206Gln (R206Q) was also identified twice in two unrelated families.

The first case is a 3 year-old girl with microform (pyriform aperture stenosis, solitary median maxillary central incisor, hypotelorism) presenting an additional variant in DLL1 (p.Asp601_Ile602delinsVal). These two variants are also present in her older sister who was operated on for bilateral cleft lip and palate and are inherited from the mother presenting hypotelorism and microretrognathism. So there is an apparent co-segregation of these mutations with minor signs of HPE spectrum in this family. The second case is a female fetus with lobar HPE.

Overall, the mutation frequency (2.2%) in FGF8 demonstrates that this gene can be classified as a major gene.

FGFR1 is a new major gene in HPE.

Six heterozygous variants in FGFR1 (NM_023110.2) were identified in our cohort: five in the intracellular tyrosine kinase domain (TKD, aminoacids 478-767): p.Gly485Val, p.Gly490Arg, p.Gly643Asp, c.1977+1G>A, p.Glu692Lys, and one in the extracellular ligand binding domain (p.Arg250Pro) (Fig. 1 and 3, Table 2, Suppl. Table S2).

The c.1454G>T/p.Gly485Val (G485V) and the c.1468G>C/p.Gly490Arg (G490R) were identified in patients with Harstfield syndrome and occurred de novo. The latter has already been reported by Simonis et al. [START_REF] Simonis | FGFR1 mutations cause Hartsfield syndrome, the unique association of holoprosencephaly and ectrodactyly[END_REF].

The c.1928G>A/p.Gly643Asp (G643D) mutation occurred de novo in a patient with nasal pyriform aperture hypoplasia, single central incisor and intellectual deficiency. It involves a highly conserved residue (through 16 species from Caenorhabiditis elegans to Homo sapiens) located in the serine-threonine/tyrosine-protein kinase catalytic domain and the physicochemical gap between glycine and aspartate is important (Grantham distance = 94).

AlignGVGD, SIFT and MutationTaster predict a deleterious effect.

The c.1977+1G>A variant was identified in a patient with semilobar HPE in association with a variant in FGF8, p.Thr119Met, as described above. The c.1977+1G>A variant is predicted to induce a skipping of exon 17 by all five splice prediction tools.

The c.2074G>A/p.Glu692Lys (E692K) mutation was identified in a fetus with HPE and cleft lip and palate, and was inherited from his mother with hypogonadotropic hypogonadism.

The c.749G>C/p.Arg250Pro (R250P) mutation was identified in a boy with lobar HPE and bilateral cleft lip and palate. Sanger sequencing suggested a very low proportion of the mutated base (cytosine) to the normal base (guanine) in the father leucocyte DNA (Fig. 4).

This was confirmed by NGS sequencing showing mosaicism for the presence of the mutation (GRCh37 genome build: g.38282214C>G) with a frequency of 6% in the peripheral blood, and was perfectly correlated with the phenotype of the father presenting a microform with a right unilateral hypoplasia of the orbicularis of the upper lip and bilateral nasal slot, and MRI showed agenesis of the corpus callosum. The 15-month-old boy now presents diabetes insipidus and septo-optic dysplasia.

Mutations in FGFR1 were recently described in Hartsfield syndrome (OMIM 300571), that is a rare and unique association of HPE and ectrodactyly, with or without cleft lip and palate, and variable additional features [START_REF] Hong | Dominant-negative kinase domain mutations in FGFR1 can explain the clinical severity of Hartsfield syndrome[END_REF][START_REF] Simonis | FGFR1 mutations cause Hartsfield syndrome, the unique association of holoprosencephaly and ectrodactyly[END_REF]. Here we identified four FGFR1 mutations in patients presenting HPE without extremities abnormalities.

Minor HPE genes present mutations that are associated with a second one in most of the cases.

The three HPE minor genes identified by our study are DLL1, DISP1 and SUFU (Fig. 1, Table 2, Suppl. Table S2).

In the DLL1 gene, we identified twice the same mutation c.1802_1804del/p.Asp601_Ile602delinsVal (or 601_602del) in two unrelated patients. First, this mutation was found in a patient with semilobar HPE and has already been reported by our group [START_REF] Dupé | NOTCH, a new signaling pathway implicated in holoprosencephaly[END_REF]. Secondly, it was identified in a 3 year-old girl with microform (pyriform aperture stenosis, solitary median maxillary central incisor, hypotelorism). It was found in association with a VUS in FGF8 (R206Q); the two variants perfectly co-segregate with the phenotype in the family and may be implicated in the phenotype as we have shown that Fgf pathway might regulate expression of DLL1 in the chick developing brain [START_REF] Dupé | NOTCH, a new signaling pathway implicated in holoprosencephaly[END_REF].

We also found the c.2117C>T/p.Ser706Leu (S706L) mutation in the DLL1 gene in a fetus with alobar HPE in association with an in-frame deletion in SHH (c.1157_1180del/p.Leu386_Ala393del). The two mutations were however inherited from her asymptomatic father.

Regarding the DISP1 gene, we identified two compound heterozygous mutations in a 9-yearold girl with a mild form of lobar HPE, facial dysmorphism and hypotelorism: the c.1087A>G transition leading to a missense mutation p.Asn363Asp (N363D) and the c.1657G>A transition leading to a missense mutation p.Glu553Lys (E553K). The p.Asn363Asp mutation was inherited from the father and the p.Glu553Lys mutation was inherited from the mother [START_REF] Mouden | Complex mode of inheritance in holoprosencephaly revealed by whole exome sequencing[END_REF].

In one polymalformative fetus with bilateral cleft lip and facial dysmorphism suggesting HPE microform, we found a nonsense heterozygous mutation c.2898G>A or p.Trp966* (W966*) in DISP1, associated with a mutation in SUFU (c.1022C>T/p.Pro341Leu) that substitutes the last base of exon 8 and that is predicted deleterious by most bioinformatics prediction tools mutation. Family study unfortunately could not be performed because DNA samples were not available.

These results suggest that mutations in minor genes would be found more often in HPE patients with polygenic inheritance.

DISCUSSION

HPE is a very complex disorder both in clinical and genetic terms involving two or more genetic events. We present here the first large HPE series studied by targeted NGS and we provide a new classification of genes involved in HPE. SHH, ZIC2 and SIX3 remain the top genes in terms of importance with GLI2, and are followed by FGF8 and FGFR1. The fraction of mutations in the major genes (SHH, ZIC2, SIX3) is reduced in the present study compared to previous studies [START_REF] Mercier | New findings for phenotypegenotype correlations in a large European series of holoprosencephaly cases[END_REF]; it is probably due to the present cohort which included more patients with microforms and syntelencephaly. TGIF1 was previously classified as a major HPE gene [START_REF] Mercier | New findings for phenotypegenotype correlations in a large European series of holoprosencephaly cases[END_REF] but did not present any mutation in our study. Similarly PTCH1, GAS1, TDGF1, CDON, FOXH1, NODAL and SHH regulating sequences LMBR1 and RBM33 showed no mutations held for diagnosis in the 257 cases sequenced. New case-control studies need to be performed in larger cohorts to better evaluate their role and diagnosis potential in HPE. Such studies may be much more capable to evaluate the implication of rare variants. The candidate HHAT and SOX2 genes did not present any mutation either.

Significantly, the identification of numerous mutations in FGF8 and FGFR1 in our cohort strengthens FGF signaling involvement in HPE.

FGF8 is a ligand of the large fibroblast growth factor (FGF) family and is important for gonadotropin releasing hormone (GnRH) neuronal development with human mutations resulting in hypogonadotropic hypogonadism and Kallmann syndrome [START_REF] Falardeau | Decreased FGF8 signaling causes deficiency of gonadotropin-releasing hormone in humans and mice[END_REF][START_REF] Hardelin | The complex genetics of Kallmann syndrome: KAL1, FGFR1, FGF8, PROKR2, PROK2, et al[END_REF]. Our targeted NGS approach demonstrates that mutation in FGF8 occurs more commonly than previously thought [START_REF] Arauz | A hypomorphic allele in the FGF8 gene contributes to holoprosencephaly and is allelic to gonadotropin-releasing hormone deficiency in humans[END_REF][START_REF] Mccabe | Novel FGF8 mutations associated with recessive holoprosencephaly, craniofacial defects, and hypothalamo-pituitary dysfunction[END_REF]. The phenotype associated with FGF8 alterations is variable and mutation can be de novo or inherited. Interestingly, the same inherited nonsense mutation (p.Arg129*) was identified in two unrelated patients, one with a severe HPE and the other with a mild form. It supports that another event could be necessary to lead to severe HPE.

We also describe here convincing examples of FGFR1 mutations in patients with isolated HPE. FGFR1 belongs to the tyrosine kinase receptor superfamily and contains an extracellular ligand binding domain with three immunoglobulin (Ig)-like domains (D1-D3) and a cytoplasmic domain responsible for tyrosine kinase activity (Fig. 3). The clinical manifestations of FGFR1 alterations are very heterogeneous since loss-of-function mutations in FGFR1 have been linked to Kallman syndrome (Dode et al., 2003;[START_REF] Albuisson | Kallmann syndrome: 14 novel mutations in KAL1 and FGFR1 (KAL2)[END_REF] Villanueva and de Roux, 2010), hypogonadotropic hypogonadism with or without anosmia [START_REF] Balasubramanian | Prioritizing genetic testing in patients with Kallmann syndrome using clinical phenotypes[END_REF][START_REF] Villanueva | Congenital hypogonadotropic hypogonadism with split hand/foot malformation: a clinical entity with a high frequency of FGFR1 mutations[END_REF][START_REF] Vizeneux | Congenital hypogonadotropic hypogonadism during childhood: presentation and genetic analyses in 46 boys[END_REF], and Hartsfield syndrome [START_REF] Hong | Dominant-negative kinase domain mutations in FGFR1 can explain the clinical severity of Hartsfield syndrome[END_REF][START_REF] Simonis | FGFR1 mutations cause Hartsfield syndrome, the unique association of holoprosencephaly and ectrodactyly[END_REF]. Gain-of-function mutations in FGFR1

have also been identified in about 5% of Pfeiffer syndrome with or without craniosynostosis [START_REF] Chokdeemboon | FGFR1 and FGFR2 mutations in Pfeiffer syndrome[END_REF]. We describe here one case of FGFR1 mutation (p.Glu692Lys) associated both with Kallmann syndrome and HPE. The location of this mutation is consistent with Kallmann syndrome as mutations of neighboring residues (p.Leu590Pro, p.Ile693Phe) were already described in patients with this syndrome [START_REF] Bailleul-Forestier | Dental agenesis in Kallmann syndrome individuals with FGFR1 mutations[END_REF]Dodé et al., 2007).

Out of the six FGFR1 mutations described in our study, two were found in patients with Hartsfield syndrome. Previous reports of Hartsfield syndrome implicate FGFR1 mutations in the ATP binding site and the protein tyrosine kinase domain [START_REF] Dhamija | Novel de novo heterozygous FGFR1 mutation in two siblings with Hartsfield syndrome: a case of gonadal mosaicism[END_REF][START_REF] Hong | Dominant-negative kinase domain mutations in FGFR1 can explain the clinical severity of Hartsfield syndrome[END_REF][START_REF] Simonis | FGFR1 mutations cause Hartsfield syndrome, the unique association of holoprosencephaly and ectrodactyly[END_REF]. These mutations would have a dominant-negative activity that would account for the most severe phenotype of Hartsfield syndrome [START_REF] Hong | Dominant-negative kinase domain mutations in FGFR1 can explain the clinical severity of Hartsfield syndrome[END_REF].

Concordantly, the two FGFR1 mutations (p.Gly485Val, p.Gly490Arg) that are associated with Hartsfield syndrome in our cohort are localized in the region coding for ATP binding site (Fig. 3). However, two of the mutations identified in HPE patients without abnormalities of the extremities are also found in the region coding for activation loop of the protein tyrosine kinase domain (p.Gly643Asp; c.1977+1G>A). We hypothesized that these FGFR1 mutations rather lead to a classic loss of function [START_REF] Hong | Dominant-negative kinase domain mutations in FGFR1 can explain the clinical severity of Hartsfield syndrome[END_REF]. FGF8 and FGFR1 are not the only members of the FGF family to be expressed in the early forebrain. Other members should be considered as strong potential candidates for HPE.

FGF signaling pathway plays a dominant role in embryonic development and is essential for ventral telencephalon development and digits formation [START_REF] Ellis | ProNodal acts via FGFR3 to govern duration of Shh expression in the prechordal mesoderm[END_REF][START_REF] Gutin | FGF signalling generates ventral telencephalic cells independently of SHH[END_REF][START_REF] Li | FGFR1 function at the earliest stages of mouse limb development plays an indispensable role in subsequent autopod morphogenesis[END_REF]. FGF signaling is involved in maintaining Shh expression in the prechordal tissue, where it plays a crucial role in induction of the ventral forebrain [START_REF] Ellis | ProNodal acts via FGFR3 to govern duration of Shh expression in the prechordal mesoderm[END_REF].

FGFR1 also maintains expression of Shh in the developing limb [START_REF] Li | FGFR1 function at the earliest stages of mouse limb development plays an indispensable role in subsequent autopod morphogenesis[END_REF]. According to our hypothesis, dominant-negative FGFR1 mutations would lead to a more severe downregulation of Shh activity compared to a classic loss of function. It would explain the presence of limb defect in Hartsfield syndrome similar to those observed in the Shh-/knockout mice [START_REF] Chiang | Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene function[END_REF].

The knowledge of the mode of inheritance in HPE has evolved since the description of an autosomal dominant model with an incomplete penetrance and a variable expression [START_REF] Odent | Segregation analysis in nonsyndromic holoprosencephaly[END_REF] through an autosomal dominant model with modifier genes [START_REF] Roessler | Utilizing prospective sequence analysis of SHH, ZIC2, SIX3 and TGIF in holoprosencephaly probands to describe the parameters limiting the observed frequency of mutant genexgene interactions[END_REF]. Thanks to our NGS strategy targeting twenty genes, we have shown that sixteen per cent of mutations kept for diagnosis was found in association with a second one (FGF8/FGFR1, FGF8/DLL1, DLL1/SHH, DISP1/DISP1, DISP1/SUFU). These cases of double-mutations in two different genes -and even in the same one -strengthen the polygenic inheritance previously illustrated by [START_REF] Mouden | Complex mode of inheritance in holoprosencephaly revealed by whole exome sequencing[END_REF]. Here, a second event in FGF8 was identified in one patient with FGFR1 mutation. In the same way, a gene synergistic interaction between a deleterious FGFR1 allele transmitted from one parent and a loss-of-function allele in FGF8 from the other parent was recently described in two sisters with semilobar and lobar HPE respectively [START_REF] Hong | Dominant-negative kinase domain mutations in FGFR1 can explain the clinical severity of Hartsfield syndrome[END_REF]. Altogether these observations strongly suggest that a cumulative effect on the FGF signaling pathway leads to HPE. We showed that most of mutations were inherited mainly from an asymptomatic parent, which suggests that another event could be necessary to cause HPE. The important and wide variability of expression from an asymptomatic to severe form for a same mutation, the incomplete penetrance and the identification of several mutations in the same patient argue for this oligogenic inheritance. Furthermore, the description of numerous mouse models carrying mutations in two genes of the same or different signaling pathways involved in forebrain development strongly support this mode of inheritance by showing that a cumulative partial inhibition of signaling pathways is necessary to develop HPE [START_REF] Allen | The Hedgehog-binding proteins Gas1 and Cdo cooperate to positively regulate Shh signaling during mouse development[END_REF][START_REF] Krauss | Holoprosencephaly: new models, new insights[END_REF][START_REF] Mercier | NODAL and SHH dose-dependent double inhibition promotes an HPE-like phenotype in chick embryos[END_REF]. However, only a few examples of digenic inheritance in human were reported in the literature until now [START_REF] Hong | Dominant-negative kinase domain mutations in FGFR1 can explain the clinical severity of Hartsfield syndrome[END_REF][START_REF] Lacbawan | Clinical spectrum of SIX3-associated mutations in holoprosencephaly: correlation between genotype, phenotype and function[END_REF][START_REF] Ming | Multiple hits during early embryonic development: digenic diseases and holoprosencephaly[END_REF][START_REF] Mouden | Complex mode of inheritance in holoprosencephaly revealed by whole exome sequencing[END_REF][START_REF] Nanni | The mutational spectrum of the Sonic Hedgehog gene in holoprosencephaly: SHH mutations cause a significant proportion of autosomal dominant holoprosencephaly[END_REF]. The present study demonstrates that digenism would not be so rare in human HPE. Systematic implementation of next generation sequencing in HPE diagnosis will be necessary to account for this multigenic inheritance and to improve genetic counselling. 

  considered as minor genes (PTCH1 MIM#601309, TDGF1 MIM#187395, FOXH1 MIM# 603621, GLI2 MIM# 165230, DISP1 MIM# 607502, FGF8 MIM# 600483, GAS1 MIM# 139185, CDON MIM#608707, NODAL MIM# 601265, DLL1 MIM# 606582 and very recently STIL MIM# 181590)

  selection was based on their proved or suspected involvement in HPE, or in syndromes including HPE, membership in signaling pathways implicated in HPE, and expression in the developing forebrain compatible with HPE. Known regulatory regions of SHH (LMBR1 MIM# 605522, RBM33) have also been included. The panel was designed with Ion AmpliSeq™ Designer (Life Technologies, ThermoFisher Scientific). It includes coding and flanking intronic sequences (50 base pairs) of the following 20 genes: SHH (NM_000193.2), ZIC2 (NM_007129.3), SIX3 (NM_005413.3), TGIF1 (NM_170695.2), GLI2 (NM_005270.4), PTCH1 (NM_000264.3), GAS1 (NM_002048.2), TDGF1 (NM_003212.3), CDON (NM_016952.4), DISP1 (NM_032890.3), FOXH1 (NM_003923.2), NODAL (NM_018055.4), FGF8 (NM_033163.3), HHAT (NM_018194.4) MIM# 605743, DLL1 (NM_005618.3), SUFU (NM_016169.3) MIM# 607035, SOX2 (NM_003106.3) MIM# 184429, RBM33 (NM_053043.2), LMBR1 (NM_022458.3) and FGFR1 (NM_023110.2) MIM# 136350. It covers 111 kb.
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 1 Figure 1. Distribution of mutations held for diagnosis in the top ten holoprosencephaly genes
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 4 Figure 4. p.Arg250Pro (R250P) mutation in FGFR1. (I) Proband. (II) Father. (a) Partial

  

Table 1 . Distribution of holoprosencephaly types and mutations in the cohort of 257 patients. Type All (Male,Female) SHH ZIC2 GLI2 SIX3 FGF8 FGFR1 DISP1 DLL1 SUFU

 1 

	Alobar	62 (24,38)	9,7% 8,1% -	6,5% 1,6% -	-	1,6% -
	Semilobar	54 (26,28)	3,7% 5,6% -	1,9% 3,7% 3,7%	-	1,9% -
	Lobar	43 (27,16)	2,3% 9,3% 2,3% 2,3% 2,3% 2,3%	4,7% -	-
	Syntelencephaly 12 (7,5)	8,3% -	-	8,3% 8,3% -	-	-	-
	Microform	80 (42,38)	6,3% -	8,8% -	1,3% 1,3%	1,3% 1,3% 1,3%
	Hartsfield	3 (3,0)		-	-	-	-	66,7% -	-	-
	Kallmann	3 (1,2)	-	-	-	-	-	-	-	-	-
	TOTAL	257	5,8% 4,7% 3,1% 2,7% 2,3% 2,3%	1,2% 1,2% 0,4%

Table 2 . Characteristics of variants identified in GLI2, FGF8, FGFR1, DLL1, DISP1 and SUFU, and associated phenotypes.

 2 The GenBank references used for nucleotide numbering were NM_005270.4 for GLI2, NM_033163.3 for FGF8, NM_023110.2 for FGFR1, NM_005618.3 for DLL1, NM_032890.3 for DISP1, NM_016169.3 for SUFU and NM_000193.2 for SHH. Nucleotide numbering uses +1 as the A of the ATG translation initiation codon in the reference sequence, with the initiation codon as codon 1. The deleterious score was given by 10 predictions tools (SIFT, Polyphen2_HDIV, Polyphen2_HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, CADD, MetaSVM and MetaLR).*: For detailed prediction data, see Suppl. TableS2. D, deleterious; P, possibly deleterious; T, tolerated; NPAS, nasal pyriform aperture stenosis; SMMCI, solitary median maxillary central incisor; ND: not determined.

					Deleteri			
	Gen e	Variant (gDNA)	Variant (cDNA)	(protein)	ous score*	Patient's phenotype	Inheritance	Paired mutation
					or effect			
						hypopituitar		
	GLI2	g.121708913G> A	c.349G> A	p.Ala117Thr	D:2 P:1 T:7	ism, optic atrophia / bilateral	father (hypoteloris m)	
						cleft		
		g.121712959dup G	c.596du pG	p.Ala200Argfs *151	Frameshi ft	NPAS	mother	
		g.121726436C>T	c.790C> T	p.Arg264*	Stop gain SMMCI	mother	
						hexadactyly		
						, choanal		
		g.121743961del C	c.2064d elC	p.Ser690Alafs *5	Frameshi ft	atresia, ism, hypopituitar	de novo	
						cerebellar		
						atrophia		
						lobar HPE,		
						premaxillary		
		g.121744134G> A	c.2237G >A	p.Trp746*	Stop gain	agenesis, pituitary hamarthom	not inherited from the mother	
						a,		
						hexadactyly		
						hypopituitar		
		g.121748251G> C	c.4761G >C	p.*1587Tyrex t*46	Stop loss	ism, choanal SMMCI,	mother	
						atresia		
	FGF 8	g.103534509G> T	c.317C> A	p.Ala106Glu	D:9 P:0 T:1	semilobar HPE	de novo	
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