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Clinical lessons learned in constitutional hypopituitarism from two decades of experience in a large international cohort
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Context:

The international GENHYPOPIT network collects phenotypical data and screens genetic causes of non-acquired hypopituitarism.

Aims:

To describe main phenotype patterns and their evolution through life.

| INTRODUC TI ON

Constitutional or primary hypopituitarism is defined by non-acquired anterior pituitary hormone deficiency, from single hormone deficit (as isolated GH deficiency [IGHD]) to combined pituitary hormone deficiencies (CPHD). These hormonal defects may be included in syndromic forms with extrapituitary malformations and thus usually be considered as a developmental defect. Pituitary development is orchestrated by a highly complex cascade of signalling molecules, mostly transcription or morphogenetic factors, through their specific temporal and spatial expressions. Disruption of this sequence of molecular events by genetic alterations of these factors may affect differentiation of one or more pituitary cell types and lead to hypopituitarism. [START_REF] Castinetti | MECHANISMS IN ENDOCRINOLOGY: an update in the genetic aetiologies of combined pituitary hormone deficiency[END_REF] Several defects of pituitary developmental factor genes (especially HESX1, LHX3, LHX4, PROP1, POU1F1, OTX2, PROKR2 and TBX19) have been associated with congenital hypopituitarism over the past decades. [START_REF] Castinetti | MECHANISMS IN ENDOCRINOLOGY: an update in the genetic aetiologies of combined pituitary hormone deficiency[END_REF] Genetic screening of these transcription factors using a phenotype-based strategy represents a rational way to identify aetiology of CPHD. However, defects in any of these genes have been found to date in a minority of such patients in national or international cohorts. [START_REF] Dateki | Mutation and gene copy number analyses of six pituitary transcription factor genes in 71 patients with combined pituitary hormone deficiency: identification of a single patient with LHX4 deletion[END_REF][START_REF] Lemos | PROP1 gene analysis in Portuguese patients with combined pituitary hormone deficiency[END_REF][START_REF] Mclennan | Combined pituitary hormone deficiency in Australian children: clinical and genetic correlates[END_REF][START_REF] Rainbow | Mutation analysis of POUF-1, PROP-1 and HESX-1 show low frequency of mutations in children with sporadic forms of combined pituitary hormone deficiency and septo-optic dysplasia[END_REF][START_REF] Reynaud | Genetic screening of combined pituitary hormone deficiency: experience in 195 patients[END_REF][START_REF] Turton | Mutations within the transcription factor PROP1 are rare in a cohort of patients with sporadic combined pituitary hormone deficiency (CPHD)[END_REF][START_REF] Vieira | Molecular analysis of PROP1, PIT1, HESX1, LHX3, and LHX4 shows high frequency of PROP1 mutations in patients with familial forms of combined pituitary hormone deficiency[END_REF][START_REF] Correa | FGFR1 and PROKR2 rare variants found in patients with combined pituitary hormone deficiencies[END_REF][START_REF] Fritez | Molecular screening of a large cohort of Moroccan patients with congenital hypopituitarism[END_REF] The GENHYPOPIT network is a multicentre study in international paediatric and adult endocrinology centres. It was launched to screen pituitary transcription factor genes and enrolled patients with primary hypopituitarism over the past two decades. In 2006, we have presented an algorithm for genetic study in CPHD. [START_REF] Reynaud | Genetic screening of combined pituitary hormone deficiency: experience in 195 patients[END_REF] This cohort had increased up to 1213 patients by December 2015, allowing description of genotypic and phenotypic characteristics in a much larger population. In this study, we focused on the outcome of the endocrine profile, associated phenotypes, and on comprehensive genetic results obtained from a phenotype-based genetic screening for 8 pituitary transcription factor genes, giving an unprecedented opportunity to describe the main features of constitutional hypopituitarism in a large consecutive international cohort of patients.

| PATIENTS , MATERIAL AND ME THODS

| Patients

Between 1995 and 2015, 1213 patients recruited through the GENHYPOPIT network and presenting at least one primary anterior pituitary hormone deficiency were included, both paediatric and adult cases whatever the age or country of origin. Patients with acquired CPHD after tumour or surgery were excluded.

Patients or parents of minor patients gave their written informed consent. A declaration has been made to the National Commission Results: Among 1213 patients (1143 index cases), the age of diagnosis of hypopituitarism was congenital (24%), in childhood (28%), at puberty (32%), in adulthood (7.2%) or not available (8.8%). Noteworthy, pituitary hormonal deficiencies kept on evolving during adulthood in 49 of patients. Growth Hormone deficiency (GHD) affected 85.8% of patients and was often the first diagnosed deficiency. AdrenoCorticoTropic Hormone deficiency rarely preceded GHD, but usually followed it by over 10 years.

Pituitary Magnetic Resonance Imaging (MRI) abnormalities were common (79.7%), with 39.4% pituitary stalk interruption syndrome (PSIS). The most frequently associated extrapituitary malformations were ophthalmological abnormalities (16.1%). Prevalence of identified mutations was 7.3% of index cases (84/1143) and 29.5% in familial cases (n = 146). Genetic analysis in 449 patients without extrapituitary phenotype revealed 36 PROP1, 2 POU1F1 and 17 TBX19 mutations.

Conclusion:

This large international cohort highlights atypical phenotypic presentation of constitutional hypopituitarism, such as post pubertal presentation or adult progression of hormonal deficiencies. These results justify long-term follow-up, and the need for systematic evaluation of associated abnormalities. Genetic defects were rarely identified, mainly PROP1 mutations in pure endocrine phenotypes.

for Data Protection and Liberties (CNIL-France): 1991429 v 0. Data were anonymously collected in a database declared to health authorities in accordance with local regulations. Investigators were prompted to send index case Deoxyribonucleic Acid (DNA) sample when other distinguishable aetiologies of pituitary deficiency had been ruled out by the routine anamnestic, clinical, biological and neuroradiological workup. The standardized survey used to collect relevant clinical, endocrine and radiological characteristics can be accessed at http://www.ap-hm.fr/defhy. Hormonal studies and cranial Magnetic Resonance Imaging (MRI) were performed in each referring medical centre as previously described. [START_REF] Reynaud | Genetic screening of combined pituitary hormone deficiency: experience in 195 patients[END_REF] Panhypopituitarism was defined by the existence of 4 anterior pituitary deficiencies, regardless of the prolactin (PRL) status. Extrapituitary malformations were also reported. A familial case was defined by the presence of at least one other known case of constitutional hypopituitarism among the relatives of the index case. were also analysed even if extrapituitary abnormalities were observed.

| Molecular analysis of candidate genes

| Next-Generation Sequencing

In order to validate our sequencing approach based on candidate genes, we performed Next-Generation Sequencing (NGS) analysis of the whole set of 8 genes for 189 patients randomly selected from the whole cohort using a QIAseq Targeted DNA Custom Panel (Qiagen) sequenced on NexSeq500 (Nexseq V2 Reagent Kit 300 cycles) (Illumina®). Data issued from sequencing were further analysed and annotated using Biomedical Genomic Workbench v4.1.1. software (Qiagen). Coverage, for a depth exceeding 30X was 100% in the targeted regions (96 samples in a run).

All candidate variants found by Sanger sequencing or NGS were classified into five main categories using the American College of Medical Genetics and Genomics guidelines-pathogenic, likely pathogenic, variants of uncertain significance (VUS), likely benign, and benign. [START_REF] Richards | Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology[END_REF] Sanger sequencing was performed to validate all variants categorized as pathogenic, likely pathogenic, or VUS.

| Statistical analysis

Graphical representations and statistical analyses were made with R (3.2.2) and ggplot2 package (1.0.1). Univariate comparisons were performed using Fisher's exact test for qualitative data (results as the calculated Odd ratio [OR] and the 95% confidence interval), and Student or Welch t-test for quantitative data (a p-value ≤ .05 was considered significant).

| RE SULTS

| Phenotypic description of the population

DNA samples from 1213 patients belonging to 1143 unrelated families were collected. Sex ratio showed a male predominance (M/F = 1.48). Median age at the time of genetic analysis was 16.8 years (0-79). Considering the 1143 index cases, 146 patients (12.8%) had a familial history of CPHD. Among 38 countries of origin, 72% of patients were European (63.7% from France) and 10.1% were from North Africa. Consanguinity was reported in 87 patients (7.2% of overall cohort), including 50 patients from North Africa.

• Clinical features of hypopituitarism

Age at diagnosis: Hypopituitarism was diagnosed between 0 and 2 years in 24% (n = 291) of all patients, between 2 and 10 years in 28% (n = 340), between 10 and 20 years in 32% (n = 388) and in adulthood in 7.2% (from 20 to 69 years) (n = 87). For the latter group, adult diagnosis means without any known clinical feature of deficiency during childhood or puberty; among them, 7 were familial cases: 4 index cases and 3 cases diagnosed after familial investigation.

Information about age at diagnosis was lacking for 8.8% (n = 107).

The presence of genital abnormalities in neonatal boys was not helpful for early diagnosis of hypopituitarism (see Figure S2). All anterior pituitary hormonal deficiencies were diagnosed significantly earlier in the pituitary stalk interruption syndrome (PSIS) group (pvalue = 8.10E-8 in Welch two sample t-test).

Hormonal pattern: a quarter of the cohort (26.4%, n = 320) presented isolated hormone deficiency, from whom 16.4% (n = 199) IGHD, all of them were associated with extrapituitary manifestation. Besides, 23.8% (n = 289) had panhypopituitarism (see Table S1). Most patients were first diagnosed with two or more concomitant hormonal deficiencies, and 11.3% harboured panhypopituitarism before the age of 20. IGHD was the first event for 111 patients (9.2%). The most frequent pituitary lineage defect was GHD, affecting 85.8% of patients, followed by thyrotropin deficiency (TSHD, 58.6%), gonadotropin (LH/FSHD, 50.5%) and corticotropin (AdrenoCorticoTropic deficiency = ACTHD, 49.3%). Ages at diagnosis of the latter three hormonal deficiencies compared to age at GHD diagnosis are presented on Figure 1A. Most of these deficiencies were discovered later in life (Figure 1A,B): close to puberty onset for LH/FSHD, and 10 years after GHD for ACTHD. Some patients harboured TSHD or LH/FSHD first, but ACTHD rarely occurred before GHD (Figure 1B).

Regardless existence of GHD, other pituitary hormonal deficiencies appeared at the same age in the all cohort. In patients with adult diagnosis, multiple deficiencies were frequent: GHD was found in 78.2% (68/87) of all patients, LH/FSHD = in 75.9% (66/87), TSHD in 64.3% and ACTHD in 58.7%.

• Cranial MRI and extrapituitary malformations (Table 1) MRI results were available for 946 patients and were abnormal for 79.7% (n = 754) of them: 61.9% (n = 586) presented anterior pituitary anomalies, mostly aplasia or hypoplasia; 37.8% (n = 358) had ectopic posterior lobe (EPP) and 42% (n = 397) had pituitary stalk abnormalities. PSIS was described in 39.4% of the cohort and 28.7% of adult patients. Other MRI findings are detailed in Table 1A.

Regardless of frequent genital malformations mostly related to LH/ FSHD and/or GHD, ophthalmological abnormalities were the most prevalent extrapituitary features associated with hypopituitarism (n = 147 patients). Other extrapituitary manifestations, mainly midline structural abnormalities and neuroradiological defects, are detailed in Table 1B.

| Genetic findings

Total prevalence of HESX1, LHX3, LHX4, PROP1, POU1F1, PROKR2, OTX2 or TBX19 gene defects was 7.3% (84 mutations in 1143 index cases) Table 2. A greater prevalence was found in familial cases p.Arg160Cys 13 and heterozygous p.Phe156Ser, [START_REF] Reynaud | PROKR2 variants in multiple hypopituitarism with pituitary stalk interruption[END_REF] and p.Thr181Ala. [START_REF] Thomas | Heterozygous HESX1 mutations associated with isolated congenital pituitary hypoplasia and septo-optic dysplasia[END_REF] Interestingly, the clinical feature of the latter was found with heterozygous status in a 60-yr-old French woman presenting sporadic CPHD (GHD, TSHD and LH/FSHD), anterior pituitary hypoplasia and EPP. For both heterozygous mutations, previous in vitro studies [START_REF] Reynaud | PROKR2 variants in multiple hypopituitarism with pituitary stalk interruption[END_REF][START_REF] Thomas | Heterozygous HESX1 mutations associated with isolated congenital pituitary hypoplasia and septo-optic dysplasia[END_REF] suggested a dominant-negative effect; however, penetrance was incomplete.

Three mutations of LHX3 were found. Two of them were recently published, with in vitro analysis, by our team. [START_REF] Jullien | Heterozygous LHX3 mutations may lead to a mild phenotype of combined pituitary hormone deficiency[END_REF] The first one was a girl born to consanguineous parents from Iran presenting with neonatal CPHD, corpus callosum agenesis and retinal dystrophy; she harboured homozygous p.Arg208Gly mutation and both asymptomatic parents showed heterozygous status for this mutation. The second one was an Italian male patient presenting with neonatal CPHD associated with partial hearing loss who carried a heterozygous p.Leu196Pro variant, inherited from his apparently healthy mother. [START_REF] Jullien | Heterozygous LHX3 mutations may lead to a mild phenotype of combined pituitary hormone deficiency[END_REF] The third patient harboured neonatal CPHD, anterior pituitary hypoplasia and a homozygous p.Arg85Pro mutation, situated in the LIM1 domain of the protein, with in silico evidence for a damaging effect on protein function.

LHX4 analysis revealed four previously published gene defects (17, 19, 20): p.Thr99Asnfs53*, [START_REF] Castinetti | A novel dysfunctional LHX4 mutation with high phenotypical variability in patients with hypopituitarism[END_REF] one intronic point mutation involving the splice-acceptor site preceding exon 5 (c.607-1G>C), [START_REF] Machinis | Syndromic short stature in patients with a germline mutation in the LIM homeobox LHX4[END_REF] p.Arg-84Cys [START_REF] Pfaeffle | Three novel missense mutations within the LHX4 gene are associated with variable pituitary hormone deficiencies[END_REF] and p.Trp204*. [START_REF] Rochette | Identifying the deleterious effect of rare LHX4 allelic variants, a challenging issue[END_REF] Pituitary phenotypes were various forms of CPHD including at least GHD and TSHD, always associated with PSIS. Associated extrapituitary disorders were Chiari malformation, corpus callosum hypoplasia or sella turcica aplasia. As already published, all LHX4 mutations were inherited, penetrance was incomplete and phenotype was variable.

One new OTX2 gene defect on exon 5 (c.426del, p.Ser-143Leufs*43) was found in a 16-yr-old Algerian boy presenting IGHD and bilateral microphthalmia (analysis carried out on 10 patients with microphthalmia, ie 14.3%). Cerebral MRI showed bilateral optic nerve atrophy and EPP. The variant was 'de novo' as his parents did not express it. It was classified as pathogenic according to ACGM criteria (Richards et al, 2015). See legend Table 2.

Three heterozygous genetic alterations of PROKR2 were identified: p.Arg85His, p.Arg85Cys and p.Leu173Arg. The latter was found in two apparently unrelated patients. The first patient, previously published, [START_REF] Reynaud | PROKR2 variants in multiple hypopituitarism with pituitary stalk interruption[END_REF] showed childhood TSHD, pubertal FSHD/LHD and late GHD-ACTHD at 35 years associated with PSIS and arachnoidocele.

The second one, unpublished, had ACTHD and TSHD without any MRI anomaly. All PROKR2 variants were inherited from one apparently healthy parent. Penetrance is incomplete for these variants, and pathogenicity of heterozygous PROKR2 variants in absence of clear dominant-negative effect is still debated. Syndromic manifestations were PSIS and/or EPP (n = 6), ocular abnormalities (n = 2, glaucoma or nystagmus), cardiac malformation (n = 1), deafness (n = 2), renal malformation (n = 1) and developmental delay (n = 1). One novel homozygous variant, p.Arg125Gln, was revealed by primary amenorrhoea in a 15-yr-old girl with GHD, LH/FSHD and TSHD. In silico studies suggested a pathogenic effect of this variant modifying the homeodomain and affecting codon 125, crucial for the protein's function. [START_REF] Kelberman | Molecular analysis of novel PROP1 mutations associated with combined pituitary hormone deficiency (CPHD)[END_REF] Four index cases were diagnosed with CPHD after the age of 20. There was one male patient who reached a final height within the range of target height, with TSHD and LH/FSHD at 25 years followed by GHD and ACTHD diagnosed at 65 years. Three females (2 from Tunisia and 1 from Greece, all in remote areas) were diagnosed with panhypopituitarism at first investigation; their final height was 140 cm, 145 cm and 125 cm.

In the cohort of CPHD without ACTHD and LH/FSHD whatever the age (n = 59), 3 (5.1%) variations were found in POU1F1 (Table 2), including two familial consanguineous cases and one sporadic case.

One homozygous indel variant c.92dup (p.Ala32Cysfs42*) was found in an Algerian patient born from consanguineous union, presenting GHD, TSHD, PRL deficiency and anterior pituitary aplasia.

In the 6 patients presenting CPHD without ACTHD during infancy, one harboured POU1F1 mutation (16.7%). In the postpubertal pure CPHD group (n = 23) with spontaneous puberty and normal corticotropin function, the prevalence of POU1F1 defects increased up to 8.7% (2/23).

Overall, 17 TBX19 homozygous or compound heterozygous mutations were found, including 2 familial cases and 3 born to consanguineous unions. All patients but one presented isolated ACTHD [START_REF] Couture | Phenotypic homogeneity and genotypic variability in a large series of congenital isolated ACTHdeficiency patients with TPIT gene mutations[END_REF] without extrapituitary features; 16 of them were diagnosed in the neonatal period, one at the age of two. One patient harboured transient neonatal GHD and TSHD that were finally reversible at 2 years.

| Next-Generation Sequencing findings

To confirm the relevance of the candidate gene approach to screen our large cohort of 1143 index cases, 189 DNA samples from random patients from this cohort were analysed by massive parallel sequencing using a library including the 8 genes of this study. The same mutations were found without any other additional mutation in this set of 8 genes according to ACMG guidelines (data not shown).

| DISCUSS ION

In this study, we report the largest phenotype analysis and genotype screening published to date in constitutional hypopituitarism, performed in 1213 patients recruited through the international GENHYPOPIT network. This work provided phenotypic information including adulthood diagnosis, and clinical presentation associated with defects found in 8 genes involved in pituitary deficiencies.

Over the past decades, identification of mutations in pituitary transcription factor genes improved the understanding of mechanisms involved in constitutional hypopituitarism. [START_REF] Castinetti | MECHANISMS IN ENDOCRINOLOGY: an update in the genetic aetiologies of combined pituitary hormone deficiency[END_REF] However, genetic counselling remains a challenge due to variable phenotypes with incomplete penetrance and wide spectrum of anterior pituitary dysfunctions ranging from isolated deficiency to evolving panhypopituitarism. To date, several cohorts of patients with hypopituitarism have been reported from national registries [START_REF] Lemos | PROP1 gene analysis in Portuguese patients with combined pituitary hormone deficiency[END_REF][START_REF] Mclennan | Combined pituitary hormone deficiency in Australian children: clinical and genetic correlates[END_REF][START_REF] Rainbow | Mutation analysis of POUF-1, PROP-1 and HESX-1 show low frequency of mutations in children with sporadic forms of combined pituitary hormone deficiency and septo-optic dysplasia[END_REF][START_REF] Vieira | Molecular analysis of PROP1, PIT1, HESX1, LHX3, and LHX4 shows high frequency of PROP1 mutations in patients with familial forms of combined pituitary hormone deficiency[END_REF][START_REF] Correa | FGFR1 and PROKR2 rare variants found in patients with combined pituitary hormone deficiencies[END_REF][START_REF] Fritez | Molecular screening of a large cohort of Moroccan patients with congenital hypopituitarism[END_REF][START_REF] De Rienzo | Frequency of genetic defects in combined pituitary hormone deficiency: a systematic review and analysis of a multicentre Italian cohort[END_REF] or international studies. 7 However, few provided detailed phenotypic description of CPHD patients. [START_REF] Mclennan | Combined pituitary hormone deficiency in Australian children: clinical and genetic correlates[END_REF][START_REF] Turton | Mutations within the transcription factor PROP1 are rare in a cohort of patients with sporadic combined pituitary hormone deficiency (CPHD)[END_REF][START_REF] Vieira | Molecular analysis of PROP1, PIT1, HESX1, LHX3, and LHX4 shows high frequency of PROP1 mutations in patients with familial forms of combined pituitary hormone deficiency[END_REF] This study represents the most complete picture currently available of this rare disease in a multicentre and heterogeneous cohort. Limitations of the study may include the retrospective nature of the data and lacking information, such as neuroimaging presentation missing for 20.3% of patients. About phenotypic description, patients were recruited in different medical centres from various countries with healthcare access inequalities. Difficulty in accessing health care may lead to delay in diagnosis of hypopituitarism or extrapituitary anomalies. About genetic analysis, we did not look for large duplications/ deletions including SOX3, neither for GLI2 mutations in PSIS patients.

Besides, for GLI2 we had no patient with polydactyly. [START_REF] Fang | Genetics of combined pituitary hormone deficiency: roadmap into the genome era[END_REF] However, this large cohort gives an overview of the main phenotypes associated with gene defects and their evolution overtime.

| Hormonal presentation and age of diagnosis

In our study, the most frequent and earlier hormonal deficiency was GHD which is similar to the single-centre follow-up study of 

| Extrapituitary associated features

After genital malformations mainly linked to hormonal deficiencies, ophthalmological abnormalities were the most frequent extrapituitary features reported (16.1%, Table 1), including evident eyeball malformations but also other features requiring specific ophthalmological examination (glaucoma, congenital cataract and retinal dystrophy). Other extrapituitary features such as renal malformations and deafness were more rarely observed. Identification of hearing loss appears to be helpful in genetic diagnosis as reported by Rajab et al, as 20% of CPHD deaf patients screened for LHX3 harboured a defect in this gene. [START_REF] Rajab | Novel mutations in LHX3 are associated with hypopituitarism and sensorineural hearing loss[END_REF] Ophthalmological examination and audiogram should thus be performed in each patient with congenital hypopituitarism. Immunodeficiency has also been previously described. 31

| MRI findings

Phenotypic evolution towards complete CPHD is correlated to the presence of hypothalamo-pituitary region morphological abnormalities and other brain malformations. [START_REF] Iorgi | The use of neuroimaging for assessing disorders of pituitary development[END_REF][START_REF] Gregory | The molecular basis of congenital hypopituitarism and related disorders[END_REF] Cerbone et al found that specific MRI abnormalities predispose to a higher risk of early-onset pituitary deficiencies. [START_REF] Cerbone | Endocrine morbidity in midline brain defects: differences between septooptic dysplasia and related disorders[END_REF] In our cohort, PSIS was the most frequent hypothalamo-pituitary abnormality (39.4%) with a lower prevalence than previously reported in the United Kingdom (48.1%) [START_REF] Turton | Mutations within the transcription factor PROP1 are rare in a cohort of patients with sporadic combined pituitary hormone deficiency (CPHD)[END_REF] or in Japan (70%), 2 suggesting differences in genetic background or recruitment patterns. These data emphasize the crucial role of cerebral imaging in optimizing initial diagnosis. In non-syndromic CPHD, PROP1 mutations remained the most frequently identified (8.6% of patients analysed) as described before [START_REF] De Rienzo | Frequency of genetic defects in combined pituitary hormone deficiency: a systematic review and analysis of a multicentre Italian cohort[END_REF] ; this prevalence was greater in consanguineous patients because of recessive inheritance. [START_REF] Lemos | PROP1 gene analysis in Portuguese patients with combined pituitary hormone deficiency[END_REF][START_REF] Turton | Mutations within the transcription factor PROP1 are rare in a cohort of patients with sporadic combined pituitary hormone deficiency (CPHD)[END_REF] Diagnosis of hormonal deficiencies occurred mainly in childhood for GHD and throughout life for TSHD; 25% had adulthood LH/FSHD, sometimes revealing PROP1 mutations after 20 years as previously reported. [START_REF] Reynaud | An uncommon phenotype with familial central hypogonadism caused by a novel PROP1 gene mutant truncated in the transactivation domain[END_REF] In this setting, ACTHD appeared later in life, with only 20% diagnosed at According to Blum et al, significant indicators of a mutation were combined pituitary hormone deficiency, greater patient-parent height difference (SDS), low GH peak and young age. [START_REF] Blum | Screening a large pediatric cohort with GH deficiency for mutations in genes regulating pituitary development and GH secretion: frequencies, phenotypes and growth outcomes[END_REF] In case of negative results in patients with CPHD, genetic analysis must be extended using whole exome or whole genome sequencing in further studies. [START_REF] Fang | Genetics of combined pituitary hormone deficiency: roadmap into the genome era[END_REF] Further NGS approaches recently led to gene discovery and emergence of guidelines for variants assigning causality.

| Genetic findings

In conclusion, our observations of atypical phenotypic presentations such as adult-onset and evolving forms support the need for a lifetime monitoring of pituitary function to optimize patient care in constitutional hypopituitarism. 

  Genomic analysis of coding sequences of pituitary transcription factors genes such as HESX1, LHX3, LHX4, PROP1, POU1F1, TBX19, OTX2 and PROKR2 genes was performed by Sanger sequencing according to phenotypical data in accordance with the literature. All coding exons and exon-intron boundaries were amplified from genomic DNA by Polymerase Chain Reaction (PCR) using exonflanking primers. Primer sequences and detailed information about PCR or sequencing methods are available on demand. The genetic screening strategy suggested in 2006 was updated according to literature and presented in Figure S1. In case of consanguinity, genes usually involved in pure endocrine phenotype (PROP1, POU1F1)
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 29544 5% of index cases) versus sporadic ones (2.6%) (OR = 10.8 [6.2-19.2 95% CI]) and in index cases born to consanguineous union (31.0%) versus non-consanguineous (4.96%) index cases (OR = 8.16.5 95% CI]). Fewer mutations were found in PSIS patients (3.8%) vs. those without PSIS (12.5%) (OR = 3.6 [2.1-6.6 95% CI]). Among patients with adulthood CPHD diagnosis, 5.7% genetic alterations were found. • Mutations of transcription factors involved in early pituitary development F I G U R E 1 Age at diagnosis of hormonal deficiency. (A) Age at diagnosis of corticotrophin deficiency (ACTHD) (left), gonadotrophin deficiency (FSH/LHD) (middle) or thyrotropin deficiency (TSHD) (right) compared to age at diagnosis of growth hormone deficiency (GHD) (years). Circles are proportionally larger and coloured from blue to yellow according to increasing frequency of the considered deficiencies. Red cross: patient with causative gene defect. (B) Relative risk to develop hormonal deficit before (left part) or after (right part) diagnosis of GHD [Colour figure can be viewed at wileyonlinelibrary.com] RelaƟve risk to develop hormonal deficit before GHD RelaƟve risk to develop hormonal deficit aŌer GHD TA B L E 1 Phenotypic description of the cohort (clinical and radiological data)

  G>A (IVS1+1 G>A) intron 1 No (Couture et al, 2012) Unreported genetic variants considered as pathogenic (or likely pathogenic) according to ACMG Criteria 11 are shown in grey lines:(1): PM1, PM2, PM5, PP3.(2): PVS1, PM2, PP4.(3): PM1, PM2, PP, PP4.(4): PVS1, PM2, PM6.

  20 years and up to 50% at 30 years, highlighting the importance of careful monitoring of corticotroph function into adult life in agreement with literature. 41 In non-syndromic forms, the prevalence of POU1F1 gene defects increased up to 16.7% in neonates with normal corticotroph function, and up to 8.7% in the postpubertal population without LH/FSHD and ACTHD. We describe for the first time PROP1 or POU1F1 mutations (in 12 and 1 cases, respectively) in patients harbouring extrapituitary features, most of them born from consanguineous unions, which increases the risk of abnormalities linked to other unrelated autosomal recessive disorders. Therefore, PROP1 and POU1F1 analysis should not be excluded in consanguineous CPHD patients with syndromic forms and extrapituitary phenotypes.

TABLE 2

 2 

	(Continued)

  Diagnosis was mostly established during the neonatal period, as in the study of Cerbone et al,[START_REF] Cerbone | Endocrine morbidity in midline brain defects: differences between septooptic dysplasia and related disorders[END_REF] or the second decade of life, that is around the age of normal puberty onset. Few data are available on age of onset of pituitary deficiencies, with 2 other studies describing similar patterns.[START_REF] Mclennan | Combined pituitary hormone deficiency in Australian children: clinical and genetic correlates[END_REF][START_REF] Rainbow | Mutation analysis of POUF-1, PROP-1 and HESX-1 show low frequency of mutations in children with sporadic forms of combined pituitary hormone deficiency and septo-optic dysplasia[END_REF] Importantly, in some patients, an earlier diagnosis may have been possible taking into account specific features of neonatal hypopituitarism such as prolonged jaundice or hypoglycaemia, or presence of extrapituitary birth defects.[START_REF] Dutta | Extra-pituitary birth defects may predict diagnosis of congenital hypopituitarism in a short child[END_REF] 

	Cerbone et al 26 However, 14.2% of all patients did not harbour GHD, in contrast with other series where this deficiency is the main inclusion criteria for genetic testing with a prevalence up to 96%-100%. 9 Noteworthy, about 7.2% of our patients were diagnosed in adult-hood, a feature that had never been reported with such a preva-lence in other studies, underlining the need for long-term follow-up in such patients. Correa et al reported an adult-onset phenotype in a 19-yr-old female patient with a PROKR2 mutation, panhypo-pituitarism and delayed diabetes insipidus. 9 Main risk factors for progression from IGHD to CPHD include identified organic aetiol-ogy, midline brain and optic nerves abnormalities. 28 Importantly, genetic diagnosis provides medical caretakers with highly relevant information on the endocrine outcome: for instance, patients with PROP1 mutations will need to have induced puberty and require clinical and hormonal follow-up of corticotroph function, to avoid potentially life-threatening complications, 29 while patients with POU1F1 mutations are not at risk of developing corticotroph or gonadotroph deficiency.

  42 Identification of mutations responsible for constitutional hypopituitarism remains a rare occurrence; more than 90% of cases remaining unexplained. Although of help for genetic counselling or for anticipating endocrine phenotype in some patients, identification of mutations responsible for constitutional hypopituitarism remains a rare occurrence; more than 90% of cases remaining unexplained. These findings underline the need for further research into epigenetic and other alternative mechanisms. 41. Reynaud R, Chadli-Chaieb M, Vallette-Kasic S, et al. A familial form of congenital hypopituitarism due to a PROP1 mutation in a large kindred: phenotypic and in vitro functional studies. J Clin Endocrinol Metab. 2004;89(11):5779-5786. 42. Brue T, Saveanu A, Jullien N, et al. Lessons from monogenic causes of growth hormone deficiency. Ann Endocrinol (Paris). 2017;78(2):77-79. How to cite this article: Jullien N, Saveanu A, Vergier J, et al. Clinical lessons learned in constitutional hypopituitarism from two decades of experience in a large international cohort. Clin Endocrinol (Oxf). 2021;94:277-289. https://doi.org/10.1111/ cen.14355
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