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Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency
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Context:

In human, Sonic Hedgehog, SHH, haploinsufficiency is the predominant cause of holoprosencephaly, a structural malformation of the forebrain midline characterised by phenotypic heterogeneity and incomplete penetrance. The NOTCH signalling pathway has recently been associated with holoprosencephaly, in humans, but the precise mechanism involving NOTCH signalling during early brain development remains unknown.

Objective:

The aim of this study was to evaluate the relationship between SHH and NOTCH signalling in order to determine the mechanism by which NOTCH dysfunction could cause midline malformations of the forebrain.

Design:

In this study, we have used a chemical inhibition approach in the chick model and a genetic approach in the mouse model. We reported results obtained from clinical diagnosis of a cohort composed of 141 holoprosencephaly patients.

Results:

We demonstrated that inhibition of NOTCH signalling in chick embryos as well as in mouse embryos induces a specific downregulation of SHH in the anterior hypothalamus. Our data in the mouse also revealed that the pituitary gland was the most sensitive tissue to Shh insufficiency and that haploinsufficiency of the SHH and NOTCH signalling pathways synergized to produce a malformed pituitary gland. Analysis of a large holoprosencephaly cohort revealed that some patients possessed multiple heterozygous mutations in several regulators of both pathways.

A c c e p t e d M a n u s c r i p t Introduction

The development of the vertebrate brain is complex and requires a tightly controlled spatial and temporal orchestration of numerous signalling pathways. Among these pathways is Sonic Hedgehog (SHH), an essential morphogenetic signal dictating cell fate decisions during early forebrain development [START_REF] Lupo | Mechanisms of ventral patterning in the vertebrate nervous system[END_REF]. Both embryological evidence in chick and genetic evidence in mouse have shown that SHH secreted by the axial mesoderm underlying the neural plate initiates development of the ventral midline [START_REF] Chiang | Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene function[END_REF][START_REF] Dale | Cooperation of BMP7 and SHH in the induction of forebrain ventral midline cells by prechordal mesoderm[END_REF]. SHH then induces expression of itself in the ventral midline of the developing forebrain, which will become the hypothalamus primordium. Subsequently, during hypothalamic patterning, SHH also acts as a local signal to subdivide the developing hypothalamus into subregions [START_REF] Shimogori | A genomic atlas of mouse hypothalamic development[END_REF][START_REF] Xie | Development of the hypothalamus: conservation, modification and innovation[END_REF]. From rostral to caudal regions, the presumptive hypothalamus can be subdivided into three regions, the anterior, the tuberal and the mammillary hypothalamus. The anterior hypothalamus is the first region to produce differentiated neurons giving rise to the tract of the postoptic commissure [START_REF] Ware | Evolutionary Conservation of the Early Axon Scaffold in the Vertebrate Brain. Developmental dynamics : an official publication of the American Association of Anatomists[END_REF].

Each hypothalamic region has distinct patches of nuclei and SHH signalling is essential for the differentiation of these resident neurons [START_REF] Alvarez-Bolado | Sonic hedgehog lineage in the mouse hypothalamus: from progenitor domains to hypothalamic regions[END_REF][START_REF] Corman | Distinct temporal requirements for Sonic hedgehog signaling in development of the tuberal hypothalamus[END_REF]. In addition, recent advances have shown, in both the chick and mouse brains, that SHH produced in the hypothalamus is essential for the development of the infundibulum and Rathke's pouch that will form the pituitary gland [START_REF] Carreno | Hypothalamic sonic hedgehog is required for cell specification and proliferation of LHX3/LHX4 pituitary embryonic precursors[END_REF][START_REF] Fu | Fgf10(+) progenitors give rise to the chick hypothalamus by rostral and caudal growth and differentiation[END_REF][START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF]. Therefore, accurate regulation of Shh expression is crucial to pattern the ventral region of the brain as well as the anterior pituitary gland [START_REF] Corman | Distinct temporal requirements for Sonic hedgehog signaling in development of the tuberal hypothalamus[END_REF][START_REF] Fu | Fgf10(+) progenitors give rise to the chick hypothalamus by rostral and caudal growth and differentiation[END_REF].

Consistent with its fundamental role during development, SHH haploinsufficiency account for 15 % of the molecularly diagnosed cases of holoprosencephaly (HPE) [START_REF] Dubourg | Recent advances in understanding inheritance of holoprosencephaly[END_REF]. This human structural brain malformation results in a graduated malformation of the forebrain. The most severe forms of HPE are characterised by the failure of the cerebral hemispheres and the optic vesicles to separate into bilateral structures [START_REF] Fallet-Bianco | Neuropathology of holoprosencephaly[END_REF]. SHH haploinsufficiency can also contribute to less severe phenotypes such as microcephaly, hypothalamic-dysfunction, pituitary insufficiency with moderate facial disorders like hypotelorism (abnormally close-set eyes) or having only a single median incisor [START_REF] Mercier | New findings for phenotype-genotype correlations in a large European series of holoprosencephaly cases[END_REF][START_REF] Rosenfeld | Clinical characterization of individuals with deletions of genes in holoprosencephaly pathways by aCGH refines the phenotypic spectrum of HPE[END_REF]. Only these A c c e p t e d M a n u s c r i p t 5 mild forms of HPE are compatible with life [START_REF] Weiss | Holoprosencephaly from conception to adulthood[END_REF]. Genetic research on HPE patients and their families over the past two decades has implicated other signalling pathways in the disease such as FGF, NODAL and NOTCH [START_REF] Dubourg | Mutational Spectrum in Holoprosencephaly Shows That FGF is a New Major Signaling Pathway[END_REF][START_REF] Dupé | NOTCH, a new signaling pathway implicated in holoprosencephaly[END_REF][START_REF] Mccabe | Novel FGF8 mutations associated with recessive holoprosencephaly, craniofacial defects, and hypothalamo-pituitary dysfunction[END_REF][START_REF] Roessler | Cumulative ligand activity of NODAL mutations and modifiers are linked to human heart defects and holoprosencephaly[END_REF]. NODAL and FGF are known to act in the pathology of HPE by regulation of SHH activity [START_REF] Lupo | Mechanisms of ventral patterning in the vertebrate nervous system[END_REF]. The exact mechanism by which NOTCH dysfunction could cause HPE-like phenotypes is unexplained [START_REF] Dupé | NOTCH, a new signaling pathway implicated in holoprosencephaly[END_REF][START_REF] Mzoughi | PRDM15 loss of function links NOTCH and WNT/PCP signaling to patterning defects in holoprosencephaly[END_REF].

NOTCH signalling is an important evolutionary conserved mechanism known to control cell fates through local interactions. This pathway utilises a membrane bound ligand that when in contact with a receptor leads to the release of a cytoplasmic fragment of the receptor, which forms a complex with the transcriptional regulator RBPJ (Recombination signal binding protein for immunoglobulin kappa J). This complex is then capable of transcriptional regulation [START_REF] Selkoe | Notch and Presenilin: regulated intramembrane proteolysis links development and degeneration[END_REF]. Early in development, NOTCH is implicated in the correct patterning of the first neuronal population of the developing hypothalamus [START_REF] Ratié | Novel genes upregulated when NOTCH signalling is disrupted during hypothalamic development[END_REF][START_REF] Ware | Regulation of downstream neuronal genes by proneural transcription factors during initial neurogenesis in the vertebrate brain[END_REF]. Colocalisation of SHH activity and NOTCH components, such as Dll1 and Hes5, in both chick and mouse embryos is present at the level of the developing ventral forebrain corresponding to the hypothalamus primordium [START_REF] Ratié | Novel genes upregulated when NOTCH signalling is disrupted during hypothalamic development[END_REF][START_REF] Ware | Regulation of downstream neuronal genes by proneural transcription factors during initial neurogenesis in the vertebrate brain[END_REF][START_REF] Aujla | Persistent expression of activated notch in the developing hypothalamus affects survival of pituitary progenitors and alters pituitary structure. Developmental dynamics : an official publication of the American Association of Anatomists[END_REF].

This study focuses on a unique aspect of canonical NOTCH function in the developing anterior hypothalamus. Using chick and mouse embryonic models, we demonstrate that embryos lacking NOTCH activity during early forebrain development exhibit a specific reduction of SHH signalling in the anterior hypothalamus. This leads to a phenotype that is reminiscent to an inactivation of Shh in this tissue. These data demonstrate that the NOTCH pathway is implicated in the etiology of HPE through the regulation of Shh expression and, thus contributes to the phenotypic heterogeneity that is observed in HPE patients.

A c c e p t e d M a n u s c r i p t

Materials and Methods

Generation of mouse lines and genetic crosses

To generate conditional Rbpj knock-out mice, Rbpj L/L (26) mice were crossed with R26RCreER T2 [START_REF] Badea | A noninvasive genetic/pharmacologic strategy for visualizing cell morphology and clonal relationships in the mouse[END_REF] mice to generate Rbpj L/L ;CreER T2+/-. Rbpj L/L ;R26RmTmG +/+ mice (28) were crossed with Rbpj L/L ;CreER T2+/-mice to evaluate Cre-mediated excision (Fig. S4; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF]. To activate Cre recombinase, tamoxifen (Sigma) was dissolved in sunflower oil at a concentration of 10 mg/ml. Tamoxifen (4 mg) or a vehicle was injected intraperitoneally (IP) between embryonic day (E) 7.75 and E8.0. Embryos were harvested between E9.5 and E11.5. Rbpj +/-(gift from Dr. Tasuku Honjo) and Shh +/-mice (Jackson Laboratories, Bar Arbor, ME, USA) have been described previously [START_REF] Chiang | Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene function[END_REF][START_REF] Oka | Disruption of the mouse RBP-J kappa gene results in early embryonic death[END_REF].

Embryos and mice were genotyped by PCR on DNA samples prepared from tail tips, yolk sacs or whole embryos. Primer sequences and PCR protocols are available on request. The mice were maintained in a room with controlled temperature (21-22°C) under a 12-12 light-dark cycle (light cycle from 7:00 to 19:00) with ad libitum access to the food and water.

Chick embryos and ex ovo roller culture

Fertilised chicken (Gallus gallus) eggs were obtained from E.A.R.L. Les Bruyères (France). Eggs were incubated in a humidified incubator at 38˚C until the required developmental stages described according to Hamburger and Hamilton (31).

For ex ovo roller culture, embryos were collected at HH9 and cultured as described previously [START_REF] Dupé | Hindbrain patterning involves graded responses to retinoic acid signalling[END_REF]. 

In situ hybridisation

All embryos were fixed in 4% PFA/PBS at 4˚C overnight, rinsed and processed for whole-mount RNA in situ hybridisation. Sense and anti-sense probes were generated from plasmids cloned as previously described [START_REF] Ware | Regulation of downstream neuronal genes by proneural transcription factors during initial neurogenesis in the vertebrate brain[END_REF] or plasmids provided as a gift. The protocol for single and double in situ hybridisation has been previously described [START_REF] Ratié | Novel genes upregulated when NOTCH signalling is disrupted during hypothalamic development[END_REF]. For double labelling, Digoxigenin and Fluorescein labelled probes were incubated together. The Digoxigenin antibody (Roche) was added first, followed by the NBT/BCIP reaction. After inactivation of the colour reaction, the embryos were fixed with 4% PFA overnight, then the Fluorescein antibody (Roche) was added, followed by fast red reaction (VectorRed).

Histology and Skeletal preparation

For histology, E18.5 embryos were fixed in Bouin's fluid for 7 days, embedded in paraffin, serially sectioned and stained with Haematoxylin eosin and safran. For skeletal preparation, E18.5 embryos were dissected, skinned and eviscerated. Subsequently, embryos were fixed in acetic acid/ethanol overnight and stained for four days in an Alcian Blue solution (Sigma; A3157). Any remaining tissue was digested in 1% potassium hydroxide and bones were then stained with Alizarin red (Sigma; A5533). Finally, embryos were cleared with progressively increasing concentrations of glycerol.

Ethics statement

All experiments with mice were carried out in accordance with the European Communities Council Directive of 24 November 1986. VD, as the principal investigator in this study, was granted the 

HPE database sequencing and analysis

The cohort presented in this study is comprised of 141 patients diagnosed with HPE. The full retrospective cohort was constituted of all the cases referred to our laboratory for molecular diagnosis during a ten-year period (2017-2019) from eight French Centers Labeled for Developmental Anomalies (CLADs), centers of prenatal diagnosis and several European centers. Informed consent was obtained from all patients or legal representatives according to the protocols approved by the local ethics committee (Rennes Hospital -DC-2015-2565). Samples were analysed by Next Generation Sequencing. Libraries were prepared using the Sure Select XT Focused exome ® kit (Agilent Technologies), which covers 5504 genes associated with known phenotypes and Illumina sequencing solution on either HiSeq 1500 ® or NextSeq 550 ® [START_REF] Okazaki | Clinical Diagnosis of Mendelian Disorders Using a Comprehensive Gene-Targeted Panel Test for Next-Generation Sequencing[END_REF]. Data were analysed using our local bio-informatic pipeline including BWA MEM alignment [START_REF] Houtgast | Hardware acceleration of BWA-MEM genomic short read mapping for longer read lengths[END_REF], GATK/Free Bayes variant calling [START_REF] Summa | GATK hard filtering: tunable parameters to improve variant calling for next generation sequencing targeted gene panel data[END_REF] and ANNOVAR [START_REF] Wang | ANNOVAR: functional annotation of genetic variants from high-throughput sequencing data[END_REF] and ALAMUT (Interactive Biosoftware) annotations. A filter-based annotation identified variants and their associated frequency that were reported in different databases (dbSNP138, 1000-Genome, GnomAD). Exonic non-synonymous variants in genes belonging to NOTCH and SHH pathways were selected using a database frequency threshold of 0.01.

A c c e p t e d M a n u s c r i p t

Results

Sonic hedgehog signalling was active in the presumptive hypothalamus before NOTCH activity in the chick embryo

To analyse the potential interaction between NOTCH and SHH signalling at the level of the developing hypothalamus, the chick was used as a model since molecular features defining the anteroposterior domains have been extensively described [START_REF] Fu | Fgf10(+) progenitors give rise to the chick hypothalamus by rostral and caudal growth and differentiation[END_REF][START_REF] Manning | Regional morphogenesis in the hypothalamus: a BMP-Tbx2 pathway coordinates fate and proliferation through Shh downregulation[END_REF]. We first performed a detailed study of the expression of SHH effector target genes (Nkx2.1 and Ptch1) and a NOTCH effector target gene (Hes5) (Fig. 1). It is well known that SHH signalling induces expression of Nkx2.1 in the presumptive hypothalamus from HH8 (4-somites stage); making Nkx2.1 the first marker that defines the hypothalamic progenitor state at HH8 [START_REF] Pera | Patterning of the chick forebrain anlage by the prechordal plate[END_REF]. Expression of Hes5, a direct transcriptional target of NOTCH, has been considered a reliable readout of NOTCH signalling [START_REF] Ratié | Novel genes upregulated when NOTCH signalling is disrupted during hypothalamic development[END_REF][START_REF] De La Pompa | Conservation of the Notch signalling pathway in mammalian neurogenesis[END_REF].

To assess whether there was NOTCH activity when the hypothalamus tissue became Nkx2.1-positive, we performed double labelling of Nkx2.1 and Hes5 at HH9 (7 somite-stage) (Fig. 1A). This staining confirmed that Hes5 was expressed in the midbrain at HH9, but not in the Nkx2.1-positive cells corresponding to the developing hypothalamus (Fig. 1A,bracket). This result indicated that SHH signalling was active in the early developing hypothalamus to induce Nkx2.1 before NOTCH signalling was detected in the AH. in the AH, we performed a more detailed expression analysis. At HH10 (10-somite stage), the first Hes5 (Fig. 1B) and Ptch1 (Fig. 1C) transcripts were expressed, at the level of the AH domain between the optic vesicles (OV). In agreement with the expression being located in the AH, at HH12 (16somite stage), double labelling of Nkx2.1 and Hes5 showed that the expression of Hes5 was confined within the anterior limit of Nkx2.1 expression corresponding to the AH (Fig. 1D). This expression analysis revealed that NOTCH activity started at HH10 in the hypothalamus and the location of expression was restricted in the AH which also corresponded to the anterior limit of Shh expression at this stage (Fig. 1E; [START_REF] Manning | Regional morphogenesis in the hypothalamus: a BMP-Tbx2 pathway coordinates fate and proliferation through Shh downregulation[END_REF].

NOTCH activity maintained Shh expression in the chick anterior hypothalamus

We next investigated the potential interaction of NOTCH and SHH signalling during early differentiation of the AH. To address this, we used DAPT to inhibit NOTCH signalling and microarray analysis. After just 3 hours, this DAPT treatment caused a rapid downregulation of Hes5 expression [START_REF] Ratié | Novel genes upregulated when NOTCH signalling is disrupted during hypothalamic development[END_REF][START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF].

As NOTCH activity was first detected in the hypothalamus at HH10, chick embryos were treated with DAPT from HH9 and harvested after 16 hours ex ovo roller culture, at approximately stage HH13.

Microarray data was compared between DAPT-treated forebrains and DMSO-treated forebrains.

DAPT treatment resulted in the differential expression of 1558 genes, with 769 genes upregulated and A c c e p t e d M a n u s c r i p t 11 789 genes downregulated [START_REF] Ratié | Novel genes upregulated when NOTCH signalling is disrupted during hypothalamic development[END_REF]. Interestingly, both Shh and Ptch1 were significantly downregulated in DAPT-treated embryos compared to DMSO-treated embryos (Fig. S1; 29). This suggested that NOTCH signalling played a role in the regulation of SHH signalling during forebrain development.

To confirm this regulation, whole-mount in situ hybridisation was performed on chick embryos treated with DAPT. All DAPT-treated embryos (n=25) showed a consistent downregulation of Shh in the forebrain (Fig. 2A). When the neural tube was dissected this highlighted a highly specific downregulation of Shh in the AH and Shh expression was essentially normal, posteriorly, along the ventral neural tube (Fig. 2B). To examine the consequence of the loss of Shh in the AH domain of DAPT-treated embryos, we examined the expression of both Nkx2.1 and Ptch1. In DAPT-treated embryos, Ptch1 (n=11) expression was absent in the AH (Fig. 2C). Nkx2.1 (n=9) expression was also lacking in the AH, but was still expressed in the tubero-mamillary hypothalamus (T-MH), although weaker compared to control embryos (Fig. 2D). From this expression analysis, we concluded that NOTCH signalling from HH10 was required to maintain Shh expression and the activity of its downstream target genes in the chick AH.

To show that the influence of NOTCH activity on hypothalamic development was time windowdependent the same ex ovo roller culture experiments were done with DAPT treatment at later embryonic stages. These data are shown in an online repository (Fig. S2; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF]. The embryos treated with DAPT at HH10 gave similar results to the embryos treated at HH9, with no Shh expression in the AH. DAPT-treated embryos at HH11 gave a partial loss of Shh expression in the AH. There was no more effect on Shh expression in the AH when DAPT treatment took place after HH12 (data not shown). This temporal analysis of chick embryos with a loss of NOTCH function showed that NOTCH signalling maintained Shh expression and its activity in the AH was highly specific during a short time window between HH9 and HH12.

A c c e p t e d M a n u s c r i p t

Inhibition of Shh expression and signalling in the ventral forebrain of Rbpj -/-mice While our analysis using the chick embryo suggested an interaction between the SHH and NOTCH signalling pathways in the AH, we wanted to confirm this genetic interaction using the mouse model.

To perturb NOTCH signalling we utilised a knockout allele of Rbpj (30), a common effector required for the activity of all four mammalian NOTCH receptors [START_REF] Jarriault | Signalling downstream of activated mammalian Notch[END_REF]. Rbpj mutant mice are commonly used to study the role of NOTCH signalling, because inhibition of this transcriptional activator abrogates NOTCH signalling during development [START_REF] De La Pompa | Conservation of the Notch signalling pathway in mammalian neurogenesis[END_REF].

The expression of Shh and Nkx2.1 was analysed by in situ hybridisation in these Rbpj null-mutants (Rbpj -/-embryos). At E9.0, the anterior limit of Shh expression corresponded to the AH (Fig. 3A; [START_REF] Blaess | Sonic hedgehog signaling in the development of the mouse hypothalamus[END_REF].

At this stage, Rbpj -/-embryos (n=5) showed an overall downregulation of Shh expression along the neural tube (Fig. 3C), and Shh expression was completely absent in the AH from E9.0 (Fig. 3C, arrowhead).

The NOTCH pathway has been shown to be crucial for early cardiac development, therefore from E9.0, Rbpj -/-embryos suffered from a severe developmental delay [START_REF] De La Pompa | Conservation of the Notch signalling pathway in mammalian neurogenesis[END_REF][START_REF] Blaess | Sonic hedgehog signaling in the development of the mouse hypothalamus[END_REF]. Despite this delay, we managed to obtain Rbpj -/-embryos at E9.5 (n=3). In these embryos, Nkx2.1 expression was completely absent in the AH (Fig. 3D, arrowhead) and reduced in the T-MH. Normal expression of Nkx2.1 in the thyroid primordium was conserved in the Rbpj -/-embryos despite the developmental delay (Fig. 3D, asterisk). Notably, these Rbpj -/-embryos displayed hypoplasic forebrain vesicles (Fig. 3D,arrow). These data suggested that, similar to the results in the chick embryos, NOTCH signalling was crucial to maintain the expression of Shh and thus Nkx2.1 in the mouse AH. These data showed that the specific regulation of Shh expression by NOTCH in the AH was conserved between the chick and mouse embryos.

A c c e p t e d M a n u s c r i p t

Conditional inhibition of the NOTCH pathway leads to telencephalic hypoplasia

We hypothesised that Rbpj -/-embryos that did not express Shh in the AH would subsequently exhibit a phenotype that was characteristic of a specific loss of Shh function in the AH. Mice with a specific loss of Shh function in the hypothalamus primordium were previously generated [START_REF] Carreno | Hypothalamic sonic hedgehog is required for cell specification and proliferation of LHX3/LHX4 pituitary embryonic precursors[END_REF][START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF]. These mice displayed a particular phenotype with an abnormal hypothalamus and hypoplasic telencephalon.

Despite the hypoplasic forebrain we observed in E9.5 Rbpj -/-embryos (Fig. 3D, arrow), further observation of the developing forebrain was compromised in these Rbpj knockout embryos as they are dying at this stage from heart failure [START_REF] Oka | Disruption of the mouse RBP-J kappa gene results in early embryonic death[END_REF]. Therefore, to attempt a rescue of these dying embryos, we used Rbpj L/L ;CreER T2 mice where the activity of the Cre-recombinase could be induced at a specific time point during pregnancy using tamoxifen [START_REF] Ware | Regulation of downstream neuronal genes by proneural transcription factors during initial neurogenesis in the vertebrate brain[END_REF]. Rbpj L/L excision was fully efficient 12 hours after the tamoxifen injection (Fig. S3; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF]. This allowed us to excise the Rbpj gene and thus inhibit the NOTCH signalling pathway at a chosen developmental stage, before the establishment of NOTCH in the AH. NOTCH activity was first detected in the mouse prospective hypothalamus at E8.5 [START_REF] Ware | Notch signaling and proneural genes work together to control the neural building blocks for the initial scaffold in the hypothalamus[END_REF].

Therefore, injection of 4 mg of tamoxifen was first done at E7.5 to get an inhibition of NOTCH by E8. However, treatment at this age induced morphological anomalies reminiscent to the Rbpj -/- embryo phenotypes. This included a shortening of the antero-posterior axis and lethality at E9.5. Therefore, we were not able to obtain a rescue of the heart phenotype when the embryos were treated with tamoxifen at E7.5 (Table S1 and Fig. S4; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF].

Therefore, similar to the treatment of the chick embryos with DAPT, we performed tamoxifen injections at various embryonic stages. When the pregnant mice were treated with tamoxifen at E7.75, Rbpj L/L ;CreER T2 embryos collected at E9.5 had an apparent similar morphology compared to the control Rbpj L/L (Fig. 4A and Fig. S4; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF]. Genotypic analysis of embryos between E9.5 and E11.5 revealed no statistical deviation from the expected Mendelian ratios (Table S1; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF]. However, by A c c e p t e d M a n u s c r i p t 14 E12.5, we were unable to harvest live Rbpj L/L ;CreER T2 embryos. Therefore, by treating embryos at E7.75 with 4 mg tamoxifen, we have only partially rescued the early lethality caused by a complete loss of NOTCH signalling.

In order to evaluate the effect of this conditional inactivation on the developing hypothalamus, we analysed the expression of Nkx2.1 at E9.5. We observed half (n=4/8) of the Rbpj L/L ;CreER T2 embryos treated at E7.75 had a specific downregulation of Nkx2.1 in the AH (Fig. 4A). This was reminiscent to what we obtained with Rbpj -/-embryos. Importantly, these rescued embryos did not show the developmental delay that was characteristic of Rbpj -/-mutant. These embryos were thus partially rescued morphologically, but still displayed a molecular mispatterning in the AH. The delayed lethality in these conditional mutant mice gave us the opportunity to study the consequence of this mispatterning in older embryos. At E10.5, mRNA distribution of Shh in Rbpj L/L ;CreER T2 embryos (n=21) from the same litter was extremely variable (Fig. 4B). Shh expression in the ventral forebrain ranged from slightly downregulated to completely absent (Fig. 4B).

The embryos with no Shh expression in the AH always had a reduction in size of the telencephalic vesicles (n=9) (Fig. 4B, asterisk). The phenotypic and molecular variability we observed was likely to be due to when the tamoxifen was injected into the pregnant mice; embryos were not at exactly the same stage of development.

We have further taken advantage of these partially rescued embryos to test the expression of Fgf10, a marker specific for T-MH. Fgf10 expression extended into the AH in mouse embryos with a specific AH deletion of Shh [START_REF] Carreno | Hypothalamic sonic hedgehog is required for cell specification and proliferation of LHX3/LHX4 pituitary embryonic precursors[END_REF][START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF]. Similarly, in our conditional mouse model, Rbpj L/L ;CreER T2 , half of the E9.5 (n=5) embryos, had the expression domain of Fgf10 clearly extended anteriorly (Fig. 4C, bracket). This analysis indicated an anterior expansion of the expression domain of a posterior hypothalamic marker in Rbpj L/L ;CreER T2 embryos similar to what was previously described for Shh A c c e p t e d M a n u s c r i p t 15 deficient mutants [START_REF] Carreno | Hypothalamic sonic hedgehog is required for cell specification and proliferation of LHX3/LHX4 pituitary embryonic precursors[END_REF][START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF]. At E10.5, Rbpj L/L ;CreER T2 embryos (n=22) displayed various levels of growth retardation of the developing brain, from an apparent normal morphological brain to mild forebrain defects, corresponding to a reduction of the size of the telencephalic vesicles (Fig. 4B, asterisk). In order to assess the telencephalic hypoplasia of these embryos, we analysed Bmp7 expression as normal expression was found dorsally in the telencephalic vesicles [START_REF] Danesh | BMP and BMP receptor expression during murine organogenesis[END_REF]. By E11.5, the Bmp7 expression domain in the telencephalon was severely reduced in half of the Rbpj L/L ;CreER T2 embryos (n=6/12) (Fig. 4D, bracket). We also observed that at E11.5 the telencephalic vesicles in the Rbpj L/L ;CreER T2 embryos that were reduced in size. This is also reminiscent to the phenotype of the mouse models with a specific loss of Shh function in the hypothalamus primordium [START_REF] Carreno | Hypothalamic sonic hedgehog is required for cell specification and proliferation of LHX3/LHX4 pituitary embryonic precursors[END_REF][START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF].

Altogether, these findings suggested that the conditional loss of NOTCH signalling from E7.75 caused a downregulation of Shh in the AH and thus a failure of the forebrain to develop properly.

Interestingly, tamoxifen treatment 6 hours later at E8.0 produced no telencephalic vesicle hypoplasia and no effect on the expression of Shh at the level of the ventral forebrain (Fig. S4; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF]. Thus, timing of tamoxifen treatment was crucial. This suggested, similar to the DAPT-treated chick embryos, that NOTCH signalling was implicated in the appropriate control of Shh expression in the AH domains during a narrow window of time, between E7.75 and E8.25.

A c c e p t e d M a n u s c r i p t NOTCH signalling cooperates with SHH for pituitary gland formation

To test the genetic interaction between the SHH and NOTCH signalling pathways in the mouse, we sought to explore the consequences of a partial downregulation of both pathways by genetically deleting one copy of Shh and one copy of Rbpj in mice.

Unlike, homozygous mutants, that were not viable, Rbpj +/-and Shh +/-heterozygous mutants have been described as phenotypically unremarkable relative to their control littermates [START_REF] Chiang | Cyclopia and defective axial patterning in mice lacking Sonic hedgehog gene function[END_REF][START_REF] Oka | Disruption of the mouse RBP-J kappa gene results in early embryonic death[END_REF]. In this study, double heterozygous Shh +/-;Rbpj +/-mice were created by intercrossing Shh +/-mice and Rbpj +/-mice.

These intercrosses produced offspring that were viable with no obvious phenotypes. Genotyping of E18.5 embryos and 3 week old mice revealed the expected mendelian mode of inheritance for all genotypes (Table S2; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF].

The embryos during early hypothalamic development appeared normal (data not shown). Therefore, we decided to investigate the morphology of a more advanced hypothalamus. When histological head sections of Shh +/-;Rbpj +/-embryos (n=4) were analysed at E18.5 a number of mild phenotypes were observed (Fig. 5). Defects included a dysplasic pituitary gland as well as a remnant connection between the anterior part of the pituitary (the adenohypophyseal gland) and the oral ectoderm (Fig. 5C and Fig. S5; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF]. We also analysed E18.5 Shh +/-;Rbpj +/-skeletal preparations (n=20) and discovered a malformation of the sphenoid corresponding to an agenesis of the presphenoid bone and a fully penetrant opening at the level of the basisphenoid midline (Fig. 5F).

During normal development, the pituitary gland develops from the interaction of the infundibulum, a region of the hypothalamus, and the Rathke's pouch, a derivative of oral ectoderm [START_REF] Alatzoglou | Genetic forms of hypopituitarism and their manifestation in the neonatal period[END_REF][START_REF] Takuma | Formation of Rathke's pouch requires dual induction from the diencephalon[END_REF][START_REF] Treier | Multistep signaling requirements for pituitary organogenesis in vivo[END_REF]. The formation of the sphenoid bone establishes a definitive barrier between the pituitary gland and oral cavity (Fig. 5). It is presumed that a deviation in the development of the pituitary gland interferes with closure of the basisphenoid bone leading to an abnormal fenestration along the midline [START_REF] Khonsari | The buccohypophyseal canal is an ancestral vertebrate trait maintained by modulation in sonic hedgehog signaling[END_REF]. The resulting hole is called a buccohypophyseal canal, also named craniopharyngeal canal. In all mammals, this canal normally closes during the early stages of development after the link between the
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Rathke's pouch and oral ectoderm has disappeared. This canal is an ancestral vertebrate trait that has been lost in mice and humans by modulation of SHH signalling [START_REF] Khonsari | The buccohypophyseal canal is an ancestral vertebrate trait maintained by modulation in sonic hedgehog signaling[END_REF]. In the brain of E18.5 Shh +/- ;Rbpj +/-embryos, the pituitary gland normally located between the hypothalamus and the basisphenoid bone was misplaced into the nasopharyngeal cavity through an abnormal opening in the midline of the basisphenoid bone (Fig. 5C and Fig. S5; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF]. This indicated that the sphenoid bone cartilage was unable to develop properly in these Shh +/-;Rbpj +/-mutant mice. A foramen was also observed at the level of the basisphenoid midline in E18.5 Shh +/-(n=17) embryos, but never as large compared to Shh +/-;Rbpj +/-mutants (Fig. 5E). Interestingly, these results suggested that the basisphenoid bone was the most sensitive tissue to Shh insufficiency.

These observations indicated that morphogenesis of the pituitary gland was impaired in Shh +/-;Rbpj +/- mice which led to basisphenoid abnormalities. This phenotype was probably due to a cumulative impact of NOTCH and SHH insufficiency during brain development.

Loss of function mutations in GLI2, a transcription factor component of SHH signalling pathway, resulted in a variable loss of pituitary development in human patients in the absence of midline brain defects [START_REF] Roessler | Loss-offunction mutations in the human GLI2 gene are associated with pituitary anomalies and holoprosencephaly-like features[END_REF]. We tested the expression of Gli2 in mouse mutants deficient in SHH signalling pathway (Shh -/-) and mutants deficient in NOTCH pathway (Rbpj L/L ;CreER T2 ) at E9.5. We observed that Gli2 was downregulated in both mutant embryos (Fig. S6; [START_REF] Hamdi-Rozé | Disrupted hypothalamo-pituitary axis in association with reduced SHH underlies the pathogenesis of NOTCH-deficiency[END_REF]. These data suggest that the anomalies we observed in Shh +/-;Rbpj +/-mutants were probably due to a Gli2 failure during pituitary development.
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Recurrent oligogenic events involving SHH and NOTCH pathway components in patients with holoprosencephaly

These results prompted us to perform a targeted analysis of the NOTCH and SHH components in a large cohort of patients with holoprosencephaly. We address the possibility that HPE could arise from the combined effects of hypomorphic variants in several genes belonging to NOTCH and SHH pathways. One hundred and forty-one patients harbouring different HPE malformations (from alobar to microforms) were analysed with the medical exome panel [START_REF] Okazaki | Clinical Diagnosis of Mendelian Disorders Using a Comprehensive Gene-Targeted Panel Test for Next-Generation Sequencing[END_REF]. The clinical data of these patients are shown in an online repository (Fig. S7; 29). Based on the theory of oligogenism and accumulation of hypomorphic variants to induce HPE (50) variants with a frequency over 0.01 in the general population (based on databases frequencies) were excluded. Focusing on exonic non-synonymous variants, 31 patients had variants in NOTCH pathway genes, among which 23 harboured variants in both the NOTCH and SHH signalling pathways (Fig. 6). Interestingly, 70% of the patients with NOTCH and SHH variants presented microforms and some have disorders of the hypothalamicpituitary axis or malformations associated with these disorders, as nasal aperture piriform stenosis (NAPS) [START_REF] Guilmin-Crepon | High proportion of pituitary abnormalities and other congenital defects in children with congenital nasal pyriform aperture stenosis[END_REF].
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Dynamic domains of Shh expression patterns in the ventral forebrain and a misbalance in SHH activity can cause a large spectrum of midline defects of the forebrain [START_REF] Lipinski | Characterization of subtle brain abnormalities in a mouse model of Hedgehog pathway antagonist-induced cleft lip and palate[END_REF][START_REF] Marcucio | Molecular interactions coordinating the development of the forebrain and face[END_REF]. Here, we show for the first time that the NOTCH signalling pathway is implicated in the control of Shh expression in the AH and is thus critical for early forebrain patterning and the occurrence of HPE-like defects.

The use of diverse model organisms to study forebrain development provides evidence that the molecular pathways regulating the development of the ventral forebrain are conserved from fish to mammals [START_REF] Xie | Development of the hypothalamus: conservation, modification and innovation[END_REF][START_REF] Grinblat | A forebrain undivided: Unleashing model organisms to solve the mysteries of holoprosencephaly. Developmental dynamics : an official publication of the American Association of Anatomists[END_REF][START_REF] Masek | The developmental biology of genetic Notch disorders[END_REF]. This conservation provides the opportunity to address questions regarding the implication of NOTCH signalling in human disorders by using the chick and mouse models. A potential implication of NOTCH signalling in early forebrain patterning has already been suggested with DLL1, a NOTCH ligand, alterations in HPE patients [START_REF] Dubourg | Mutational Spectrum in Holoprosencephaly Shows That FGF is a New Major Signaling Pathway[END_REF][START_REF] Dupé | NOTCH, a new signaling pathway implicated in holoprosencephaly[END_REF]. In agreement with this, NOTCH signalling is present in the ventral forebrain of both chick and mouse embryos during a stage of development compatible with an implication in HPE pathology [START_REF] Ratié | Novel genes upregulated when NOTCH signalling is disrupted during hypothalamic development[END_REF][START_REF] Ware | Notch signaling and proneural genes work together to control the neural building blocks for the initial scaffold in the hypothalamus[END_REF][START_REF] Zhu | Sustained Notch signaling in progenitors is required for sequential emergence of distinct cell lineages during organogenesis[END_REF]. However, the molecular mechanism by which the NOTCH signalling pathway might regulate early development of the ventral forebrain as well as the relationship between the SHH and NOTCH signalling pathways remained unknown. Our expression studies confirm an overlap in the expression of NOTCH components and SHH components in the ventral forebrain. These results suggest the two pathways could regulate each other to ensure the correct patterning of the AH.

It is well established in the chick embryo that, initially, Shh is expressed throughout the presumptive hypothalamus from HH7 (1-somite stage) to HH14 (22-somite stage) and, subsequently, Shh expression becomes specifically restricted to the AH [START_REF] Manning | Regional morphogenesis in the hypothalamus: a BMP-Tbx2 pathway coordinates fate and proliferation through Shh downregulation[END_REF]. In the AH, Shh promotes an anterior fate of the tissue and neurogenesis [START_REF] Fu | Fgf10(+) progenitors give rise to the chick hypothalamus by rostral and caudal growth and differentiation[END_REF]. The AH is a region in which high SHH activity is needed and therefore the consequent developmental outcomes are even more dosage sensitive [START_REF] Carreno | Hypothalamic sonic hedgehog is required for cell specification and proliferation of LHX3/LHX4 pituitary embryonic precursors[END_REF][START_REF] Fu | Fgf10(+) progenitors give rise to the chick hypothalamus by rostral and caudal growth and differentiation[END_REF][START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF].
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Our expression studies show that NOTCH activity is strictly found in the AH from HH10, which is compatible with a role for NOTCH in the establishment of the forebrain midline. Consistent with this, we demonstrate that NOTCH signalling is necessary to maintain Shh expression in the AH during a short time window, between HH9 and HH12 in chick and between E7.75 and E8.25 in mouse. These time windows correspond to the same developmental stages in both species and this developmental period is crucial for the specification of the forebrain midline. Thus, high NOTCH signalling in the diencephalon early in development is essential for hypothalamic specification as it maintains the two specific markers of ventral cells, Shh and Nkx2.1. The ventral fate of the forebrain is thus reduced when NOTCH activity is decreased.

How NOTCH signalling contributes to maintaining Shh expression in the AH during this period is not yet defined. However, we know that NOTCH signalling pathway plays a key role in cell fate choice during AH neurogenesis [START_REF] Ratié | Novel genes upregulated when NOTCH signalling is disrupted during hypothalamic development[END_REF][START_REF] Ware | Regulation of downstream neuronal genes by proneural transcription factors during initial neurogenesis in the vertebrate brain[END_REF] in balancing the number of progenitors cells with that of differentiating neurons [START_REF] Cheung | NOTCH activity differentially affects alternative cell fate acquisition and maintenance[END_REF]. Our previous studies show that transient inhibition of NOTCH signalling during early hypothalamic development enhances neurogenesis in the AH. This means that inhibition of NOTCH signalling from HH10 causes a rapid decline in the expression of downstream NOTCH components (e.g. Hes5) leading to the upregulation of the proneural bHLH gene, Ascl1, followed by a precocious neurogenesis and an excessive number of progenitor cells differentiating into neurons [START_REF] Ratié | Novel genes upregulated when NOTCH signalling is disrupted during hypothalamic development[END_REF][START_REF] Ware | Regulation of downstream neuronal genes by proneural transcription factors during initial neurogenesis in the vertebrate brain[END_REF]. Thus, NOTCH signalling, through the repression of Ascl1, is necessary in the AH to maintain anterior progenitor cells and suppress neuronal differentiation. Once the anterior progenitor cells of the AH differentiate into neurons, Shh is downregulated in these cells [START_REF] Fu | Fgf10(+) progenitors give rise to the chick hypothalamus by rostral and caudal growth and differentiation[END_REF]. These data suggest that inactivation of NOTCH signalling causes precocious differentiation of the anterior progenitor cells into neurons promoting a premature downregulation of Shh, and therefore also leading to a downregulation of Nkx2.1 and Ptch1 in the AH.
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When NOTCH signalling is removed in the mouse embryo just before the onset of its activity in the AH, we observe a specific downregulation of Nkx2.1 in the AH, an anterior expansion of Fgf10, and a reduction in the size of the telencephalic vesicles. As this phenotype is also a common occurrence in the AH-specific-Shh-deficient model [START_REF] Carreno | Hypothalamic sonic hedgehog is required for cell specification and proliferation of LHX3/LHX4 pituitary embryonic precursors[END_REF][START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF], we assume that it is the reduction in SHH signalling in the AH that might underlie the forebrain phenotype of Rbpj L/L ;CreER T2 embryos. Therefore, our observations provide molecular evidence to show NOTCH as another signalling pathway, among multiple (e.g. FGF, NODAL, BMP), implicated in HPE occurrence through the control of Shh expression (9-11, 19, 37, 58, 59). This has been confirmed by generating double heterozygous (Shh +/- ;Rbpj +/-) mice; as the persistent buccohypophyseal canal we observe in these mice is a marker of variation in the dosage of SHH during midline morphogenesis [START_REF] Khonsari | The buccohypophyseal canal is an ancestral vertebrate trait maintained by modulation in sonic hedgehog signaling[END_REF]. The same anomalies we observe in this study, although associated with other severe anomalies, are present in Gas1 -/-(60) and Cdo -/- (61) mutant mice, two membrane proteins that act as agonists of SHH signalling during development.

This indicates that the phenotype present in Shh +/-;Rbpj +/-mice is probably due to a supplementary deficiency of SHH signalling during pituitary formation compared to the single heterozygous mutant Shh +/-. These results support a lower threshold of NOTCH activity being sufficient to cause clinically significant abnormalities in mice with a genetic mutation in the Shh gene. They show how sensitive the pituitary development is to a subtle SHH deficiency.

Persistence of the buccohypophyseal canal and pituitary gland aplasia represents an abnormality that occurs in human HPE [START_REF] Kjaer | Sella turcica morphology and the pituitary gland-a new contribution to craniofacial diagnostics based on histology and neuroradiology[END_REF][START_REF] Kjaer | Human fetal pituitary gland in holoprosencephaly and anencephaly[END_REF]. In these patients, Adenopituitary (aP) gland tissues are located subpharyngeally. Furthermore, the sella turcica, which provides room for the pituitary gland in the body of the sphenoid bone, is partly absent. In these cases, similar to Shh +/-;Rbpj +/-mice, it is presumed that a deviation in the development of the pituitary gland results in an abnormality of the sella turcica [START_REF] Kjaer | Sella turcica morphology and the pituitary gland-a new contribution to craniofacial diagnostics based on histology and neuroradiology[END_REF]. This functional study shows how haploinsufficiency of the SHH and NOTCH signalling pathways may contribute to congenital hypopituitarism that is associated with a sella turcica defect. Therefore, a more detailed characterisation of this HPE-like animal model (Shh +/- ;Rbpj +/-) is important, as it is the first example of a living mouse models with these unique microsigns A c c e p t e d M a n u s c r i p t 22 of HPE. Further investigation of the Shh +/-;Rbpj +/-adult mice will allow the evaluation of the impact of such anomalies on physiology (such as growth hormone concentration) and cranial growth. This will provide an excellent opportunity for understanding normal and abnormal development of the ventral midline and may ultimately aid in the treatment of patients displaying hypothalamo-pituitary dysfunction.

The severity of HPE defects ranges from the complete absence of midline structures to a single upper incisor. It is becoming increasingly clear that phenotypic heterogeneity of HPE is dependent of the level of diminution of SHH as well as the timing and location of this deficiency [START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF][START_REF] Lipinski | Characterization of subtle brain abnormalities in a mouse model of Hedgehog pathway antagonist-induced cleft lip and palate[END_REF][START_REF] Cordero | Temporal perturbations in sonic hedgehog signaling elicit the spectrum of holoprosencephaly phenotypes[END_REF][START_REF] Mercier | NODAL and SHH dose-dependent double inhibition promotes an HPE-like phenotype in chick embryos[END_REF]. The earlier and higher the decrease of SHH activity occurs, the more severe the HPE defects will be. Here, we show that Shh expression is NOTCH-dependent in a specific area of the ventral brain, the AH, during the later phases of its development. At this stage, SHH secreted by the axial mesoderm underlying the neural plate has already initiated development of the ventral midline in the brain [START_REF] Dale | Cooperation of BMP7 and SHH in the induction of forebrain ventral midline cells by prechordal mesoderm[END_REF] and we know that even a total absence of SHH in the AH does not give rise to severe HPE (for example, an alobar form with cyclopia) [START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF][START_REF] Lipinski | Characterization of subtle brain abnormalities in a mouse model of Hedgehog pathway antagonist-induced cleft lip and palate[END_REF][START_REF] Cordero | Temporal perturbations in sonic hedgehog signaling elicit the spectrum of holoprosencephaly phenotypes[END_REF]. Therefore, the telencephalic hypoplasia we describe in these NOTCH-deficient mouse embryos represents a congenital brain anomaly with a manifestation that is later compared to severe HPE due to differences in the timing and location of SHH attenuation [START_REF] Zhao | Disruption of SoxB1dependent Sonic hedgehog expression in the hypothalamus causes septo-optic dysplasia[END_REF][START_REF] Cordero | Temporal perturbations in sonic hedgehog signaling elicit the spectrum of holoprosencephaly phenotypes[END_REF]. Thus, inhibition of NOTCH signalling in the AH alone during forebrain development cannot produce severe HPE, but only microforms such as abnormal hypothalamicpituitary axis and microcephaly. This agrees with the recent identification of neurodevelopmental disorders apparently not typical to HPE but associated to haploinsufficiency of DLL1. In these patients, intellectual disability and variable brain malformations such as microcephaly occurs [START_REF] Fischer-Zirnsak | Haploinsufficiency of the Notch Ligand DLL1 Causes Variable Neurodevelopmental Disorders[END_REF].

This may indicate that variants in NOTCH component genes underlie some cases of HPE microform in humans and that such putative mutations might contribute to more severe forms of HPE when in combination with variants in other genes involved in midline development. Recent whole-exome sequencing approaches show that several variants in SHH-related genes collectively contribute to the HPE phenotype [START_REF] Dubourg | Recent advances in understanding inheritance of holoprosencephaly[END_REF][START_REF] Kim | Integrated clinical and omics approach to rare diseases: novel genes and oligogenic inheritance in holoprosencephaly[END_REF][START_REF] Hong | BOC is a modifier gene in holoprosencephaly[END_REF][START_REF] Mouden | Complex mode of inheritance in holoprosencephaly revealed by whole exome sequencing[END_REF]. Here, several patients exhibiting HPE anomalies present 

  Loss of function experiments were performed with the -secretase inhibitor DAPT (Sigma, France), a chemical that inhibits NOTCH signalling in vitro, dissolved in DMSO. Embryos were treated with 40 µM of DAPT in L15 culture medium, supplemented with chick serum. As a control, embryos were treated with DMSO.
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 10 activity of NOTCH and SHH signalling was restricted to the anterior hypothalamus PTCH1, a SHH binding receptor, was upregulated at sites of active SHH signalling (40). In the chick brain, Hes5 and Ptch1 have their expression restricted in the anterior hypothalamus (AH) at stage HH13 (Ratié et al., 2013; Fu et al., 2017). To clarify further the timing of Ptch1 and Hes5 expression
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  c c e p t e d M a n u s c r i p t accumulation of rare variants in genes related to the NOTCH and SHH pathways. Moreover, a high proportion of these patients present specific phenotypes at the level of the pituitary. Another recent exome sequencing study show that the pituitary stalk interruption syndrome is due to more than one mutation in genes mostly associated with NOTCH and SHH pathways (Guo et al., 2017), suggesting similar synergy of compound mutations underline the pathogenesis. These findings should motivate targeted gene mapping for new HPE candidate genes in regulators of NOTCH pathways.This functional study shows how haploinsufficiency of both the SHH and NOTCH signalling pathways may contribute to not only to HPE but also to congenital hypopituitarism. This study has clinical implications, as many cases are not yet fully explained by genetic testing[START_REF] Dubourg | Recent advances in understanding inheritance of holoprosencephaly[END_REF][START_REF] Gregory | Partial Loss of Function of the GHRH Receptor Leads to Mild Growth Hormone Deficiency[END_REF].Furthermore, these results illustrate the need for expansion of the current diagnosis criteria to better capture the full range of brain and facial dysmorphology in disorders related to SHH-deficiency.
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 12 Figure 1: SHH and NOTCH activity in the chick anterior hypothalamus

Figure 3 :

 3 Figure 3: Defective expression of Shh and Nkx2.1 in the ventral forebrain of Rbpj -/-mouse
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 32 B,D) indicate the thyroid primordium. The arrow in D indicates forebrain hypoplasia in Rbpj -/- mutants. Fb, forebrain; Ot, otic vesicle.
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 4 Figure 4: Forebrain hypoplasia in Rbpj L/L ;CreER T2 embryos

Figure 5 :

 5 Figure 5: Brain and cranial bone defects were observed in Shh +/-;Rbpj +/-mutant embryos
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 6 Figure 6: Gene categories in two pathways corresponding to each patient applied to the medical
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