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Results: Among 1213 patients (1143 index cases), the age of diagnosis of hypopitui-
tarism was congenital (24%), in childhood (28%), at puberty (32%), in adulthood (7.2%)
or not available (8.8%). Noteworthy, pituitary hormonal deficiencies kept on evolv-
ing 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 ex-
trapituitary 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 presenta-
tion 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

KEYWORDS

1 | INTRODUCTION

Constitutional or primary hypopituitarism is defined by non-ac-
quired anterior pituitary hormone deficiency, from single hormone
deficit (as isolated GH deficiency [IGHD]) to combined pituitary hor-
mone deficiencies (CPHD). These hormonal defects may be included
in syndromic forms with extrapituitary malformations and thus usu-
ally 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 spe-
cific 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 hypop-
ituitarism. 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.’ Genetic screening of these transcription factors
using a phenotype-based strategy represents a rational way to iden-
tify aetiology of CPHD. However, defects in any of these genes have
been found to date in a minority of such patients in national or inter-
national cohorts.?1°

The GENHYPOPIT network is a multicentre study in interna-
tional paediatric and adult endocrinology centres. It was launched
to screen pituitary transcription factor genes and enrolled patients

rarely identified, mainly PROP1 mutations in pure endocrine phenotypes.

ACTH deficiency, candidate gene approach, central hypothyroidism, congenital
hypopituitarism, genetic screening, growth hormone deficiency, HESX1, LHX3, LHX4, PROP1,
POU1F1, TBX19, OTX2, PROKR2, hypogonadotroph hypogonadism, Next-Generation
Sequencing, ocular defect, panhypopituitarism, pituitary development, pituitary stalk
interruption, transcription factor

with primary hypopituitarism over the past two decades. In 2006,
we have presented an algorithm for genetic study in CPHD.® This
cohort had increased up to 1213 patients by December 2015, al-
lowing description of genotypic and phenotypic characteristics in
a much larger population. In this study, we focused on the out-
come 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.

2 | PATIENTS, MATERIAL AND METHODS
2.1 | Patients

Between 1995 and 2015, 1213 patients recruited through the
GENHYPOPIT network and presenting at least one primary ante-
rior 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



for Data Protection and Liberties (CNIL-France): 1991429 v O.
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 de-
ficiency had been ruled out by the routine anamnestic, clinical,
biological and neuroradiological workup. The standardized sur-
vey 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.® Panhypopituitarism was defined by the existence of
4 anterior pituitary deficiencies, regardless of the prolactin (PRL)
status. Extrapituitary malformations were also reported. A famil-
ial case was defined by the presence of at least one other known
case of constitutional hypopituitarism among the relatives of the
index case.

2.2 | Molecular analysis of candidate genes

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 exon-
flanking 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 lit-
erature and presented in Figure S1. In case of consanguinity, genes
usually involved in pure endocrine phenotype (PROP1, POU1F1)
were also analysed even if extrapituitary abnormalities were

observed.

2.3 | 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 QlAseq Targeted DNA Custom Panel
(Qiagen) sequenced on NexSeq500 (Nexseq V2 Reagent Kit 300
cycles) (lllumina®). Data issued from sequencing were further ana-
lysed 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.'! Sanger sequencing was performed to validate all vari-
ants categorized as pathogenic, likely pathogenic, or VUS.

2.4 | 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).

3 | RESULTS

3.1 | 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 ori-
gin, 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.
e 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 adult-
hood 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 an-
terior pituitary hormonal deficiencies were diagnosed significantly
earlier in the pituitary stalk interruption syndrome (PSIS) group (p-
value = 8.10E-8 in Welch two sample t-test).

Hormonal pattern: a quarter of the cohort (26.4%, n = 320) pre-
sented 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 hor-
monal 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%), gonad-
otropin (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 pre-
sented 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
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FIGURE 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]

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%.

e 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 hypopituitar-
ism (n = 147 patients). Other extrapituitary manifestations, mainly

midline structural abnormalities and neuroradiological defects, are
detailed in Table 1B.

3.2 | 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
(29.5% of index cases) versus sporadic ones (2.6%) (OR = 10.8 [6.2-
19.2 95% Cl]) and in index cases born to consanguineous union
(31.0%) versus non-consanguineous (4.96%) index cases (OR = 8.5
[4.4-16.5 95% Cl]). Fewer mutations were found in PSIS patients
(3.8%) vs. those without PSIS (12.5%) (OR = 3.6 [2.1-6.6 95% ClI]).
Among patients with adulthood CPHD diagnosis, 5.7% genetic al-

terations were found.

e Mutations of transcription factors involved in early pituitary
development
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TABLE 1 Phenotypic description of the cohort (clinical and radiological data)

n N %
A. Cerebral MRI
Antehypophysis abnormalities 586 946 61.90
Aplasia/hypoplasia 545 57.60
Hyperplasia 17 1.80
Cyst/arachnoidocele 7 0.70
Unlabelled mass 7 0.70
EPP 358 946 37.80
Pituitary stalk abnormalities 397 946 41.90
PSIS 373 39.4
Duplication 4 0.4
Thick 11 1.2
Sella turcica aplasia 48 946 5.10
Corpus callosum anomalies 52 946 5.50
Agenesia 21 2.2
Hypoplasia 22 2.3
Chiari malformation 31 946 3.30
Cerebellar atrophy 3 946 0.30
Holoprosencephaly 2 946 0.20
Any MRI anomaly 754 946 79.7
B. Extra pituitary malformations
Optic 147 914 16.1
Optic nerve 73 880 8.3
SOD 45 51
Optic nerve hypoplasia/atrophia 29 8.3
Chiasma abnormalities 7 0.8
Eyeball 72 324 22.2
Retinal abnormalities 8 2.5
Anterior segment abnormalities 22 6.8
Congenital cataract 6 1.9
Glaucoma 4 1.2
Coloboma 5 1.5
Microphtalmia 10 3.1
Oculomotricity features 42 13
Genitals 178 723 24.6
Isolated micropenis 102 14.1
Isolated cryptorchidism 32 4.4
Micropenis and cryptorchidism 37 51
Hypospadia 7 1
Extracerebral midline defects and other
Cardiac anomalies 22 233 9.4
Renal malformations 11 217 5.1
Bone abnormalities 34 207 16.4
Cleft palate, incisive defect 9
Neck rotation abnormalities 11 348 3.2
Deafness 16 227 7
Developmental delay 46 1016 4.5
Immunodeficiency 7 13

Abbreviations: N, number of cases with this information in the database; n, number of patients with this abnormality.
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Four mutations in HESX1 were found in 1 sporadic and 3 famil-
ial cases with highly variable hormonal phenotypes: hypopituitarism
ranged from IGHD to panhypopituitarism. All of them presented an-
terior pituitary hypoplasia associated with PSIS and/or EPP. These
mutations have been previously reported: homozygous p.ArglO‘}‘*,12
p.Arg160Cys®® and heterozygous p.Phe156Ser,* and p.Thr181Ala.r
Interestingly, the clinical feature of the latter was found with hetero-
zygous 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**>

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.!® The first one was a
girl born to consanguineous parents from Iran presenting with neo-
natal CPHD, corpus callosum agenesis and retinal dystrophy; she
harboured homozygous p.Arg208Gly mutation and both asymptom-
atic parents showed heterozygous status for this mutation. The sec-
ond 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.*
The third patient harboured neonatal CPHD, anterior pituitary hypo-
plasia 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.Thr99Asnf553*,17 one intronic point mutation involv-
ing the splice-acceptor site preceding exon 5 (c.607-1G>C), 8 p.Arg-
84Cys19 and p.Trp204*.20 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 pub-
lished, all LHX4 mutations were inherited, penetrance was incom-
plete 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 pa-
tients 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 identi-
fied: p.Arg85His, p.Arg85Cys and p.Leu173Arg. The latter was found
in two apparently unrelated patients. The first patient, previously
published,14 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 appar-
ently healthy parent. Penetrance is incomplete for these variants,
and pathogenicity of heterozygous PROKR2 variants in absence of

clear dominant-negative effect is still debated.?*

e Mutations of transcription factors involved in late cell type
differentiation

PROP1 homozygous or compound heterozygous mutations were
identified in 48 index cases. Familial history of CPHD was present
in 31 patients (64.6%), 24 were native from North Africa (50%) and
17 born from consanguineous unions (35.4%). Age at diagnosis of
each anterior pituitary deficiency according to each PROP1 genetic
alteration is reported in Figure S2: deficiencies were diagnosed ear-
lier for patients harbouring R73C mutation (Two sample t-test p-
value = .035) compared to others. The outcome of endocrine profile
through life showed highly variable delay between first and latest
diagnosed hormonal deficiency, with the occurrence of late ACTHD,
sometimes almost 40 years later. Pituitary size abnormalities included
hypoplasia (48.8%) and hyperplasia (11.6%). Syndromic forms were no-
tified for 12 patients (25%) which is surprising since PROP1 mutations do
not on the whole result in extrapituitary abnormalities; 7 of them were
born from consanguineous unions which may lead to distinct conditions.
Syndromic manifestations were PSIS and/or EPP (n = 6), ocular abnor-
malities (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.Arg125GIn, 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.?? 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, pre-
senting 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 corti-
cotropin 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?® without extrapituitary features; 16 of them were diag-
nosed in the neonatal period, one at the age of two. One patient
harboured transient neonatal GHD and TSHD that were finally re-
versible at 2 years.

3.3 | 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 addi-
tional mutation in this set of 8 genes according to ACMG guide-
lines (data not shown).

4 | DISCUSSION

In this study, we report the largest phenotype analysis and geno-
type screening published to date in constitutional hypopituitarism,
performed in 1213 patients recruited through the international
GENHYPOPIT network. This work provided phenotypic infor-
mation 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 mecha-
nisms involved in constitutional hypopituitarism.! However, genetic
counselling remains a challenge due to variable phenotypes with
incomplete penetrance and wide spectrum of anterior pituitary dys-
functions ranging from isolated deficiency to evolving panhypopi-
tuitarism. To date, several cohorts of patients with hypopituitarism

3581024 51 international

have been reported from national registries
studies.” However, few provided detailed phenotypic description of
CPHD patients.*”® This study represents the most complete picture
currently available of this rare disease in a multicentre and hetero-
geneous cohort. Limitations of the study may include the retrospective
nature of the data and lacking information, such as neuroimaging pre-
sentation missing for 20.3% of patients. About phenotypic description,
patients were recruited in different medical centres from various coun-
tries 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.?> However, this
large cohort gives an overview of the main phenotypes associated

with gene defects and their evolution overtime.

4.1 | 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

Cerbone et al®®

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%.” Diagnosis was mostly established during the neonatal pe-
riod, as in the study of Cerbone et al,?® or the second decade of life,
that is around the age of normal puberty onset. Few data are avail-
able on age of onset of pituitary deficiencies, with 2 other studies
describing similar patterns.*> Importantly, in some patients, an ear-

lier 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.?’
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.” Main risk factors for
progression from IGHD to CPHD include identified organic aetiol-
ogy, midline brain and optic nerves abnormalities.?® 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.

4.2 | Extrapituitary associated features

After genital malformations mainly linked to hormonal deficiencies,
ophthalmological abnormalities were the most frequent extrapi-
tuitary features reported (16.1%, Table 1), including evident eyeball
malformations but also other features requiring specific ophthalmo-
logical examination (glaucoma, congenital cataract and retinal dys-
trophy). 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.® Ophthalmological examination and audiogram
should thus be performed in each patient with congenital hypopi-

tuitarism. Immunodeficiency has also been previously described.®!

4.3 | MRIfindings

Phenotypic evolution towards complete CPHD is correlated to the
presence of hypothalamo-pituitary region morphological abnormali-
ties and other brain malformations.®% Cerbone et al found that
specific MRl abnormalities predispose to a higher risk of early-onset
pituitary deficiencies.?® 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%)’ or in Japan
(70%),? suggesting differences in genetic background or recruitment
patterns. These data emphasize the crucial role of cerebral imaging
in optimizing initial diagnosis.

44 | Genetic findings

Genetic analysis revealed an overall incidence of 7.3% of muta-
tions in index cases of this cohort and 5.7% in the subgroup of



patients with adult diagnosis of hypopituitarism. Most cases thus
remain unsolved.3®%* Massive parallel sequencing including 8 can-
didate genes did not identify more mutations than targeted Sanger
sequencing based on a phenotypic decisional tree. And an update al-
gorithm has been suggested based upon clinical features (Figure S1),
this is an evolutionary approach that will include new candidate genes
and CNV data. The strongest predictor of identified genetic defect
was family history of hypopituitarism: genetic alterations preva-
lence in sporadic cases was rare in our experience (4.4%) and that
of others (1.1%-6%)*”%> while it increased up to 29.5% in familial
cases.

Overall, mutations of genes encoding transcription factors in-
volved in early pituitary development were relatively rare; some
were associated with syndromic CPHD, with clinical heterogeneity
and poor phenotype-genotype correlation. Mutations in HESX1 or
LHX4 represented rare causes of hypopituitarism associated with
PSIS and/or EPP (2%), as reported in the literature.>*” Prevalence of
LHX3 mutations was greater among patients with deafness, but no
mutation was found in the 8 patients harbouring neck rotation ab-
normalities unlike previous reports.3® OTX2 involvement was found
by others in more than 10% of cases with eyeball malformations®” in
agreement with our results, as it plays a key role in ophthalmological
development.!

Non-syndromic hypopituitarism in neonates was mainly linked
to PROP1, POU1F1 and TBX19 mutations. Even if TBX19 is a main
gene involved in neonatal ACTHD,%® we reported a neonatal
ACTHD case with transient GHD and TSHD as previously de-
scribed once.?? This suggests that after infancy and corticotroph
substitution, reevaluation of somatotroph and thyrotroph func-
tions should be discussed.

In non-syndromic CPHD, PROP1 mutations remained the most
frequently identified (8.6% of patients analysed) as described be-
fore?*; this prevalence was greater in consanguineous patients
because of recessive inheritance.®” Diagnosis of hormonal deficien-
cies 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.*° In this setting,
ACTHD appeared later in life, with only 20% diagnosed at 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.*!

In non-syndromic forms, the prevalence of POU1F1 gene de-
fects 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 abnormal-
ities linked to other unrelated autosomal recessive disorders.
Therefore, PROP1 and POU1F1 analysis should not be excluded in
consanguineous CPHD patients with syndromic forms and extra-

pituitary phenotypes.

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.®*

In case of negative results in patients with CPHD, genetic analy-
sis must be extended using whole exome or whole genome sequenc-
ing in further studies.?®> Further NGS approaches recently led to
gene discovery and emergence of guidelines for variants assigning
causality.

In conclusion, our observations of atypical phenotypic presen-
tations such as adult-onset and evolving forms support the need for
a lifetime monitoring of pituitary function to optimize patient care
in constitutional hypopituitarism.*? Identification of mutations re-
sponsible for constitutional hypopituitarism remains a rare occur-
rence; more than 90% of cases remaining unexplained. Although
of help for genetic counselling or for anticipating endocrine phe-
notype 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.
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APPENDIX 1

Genhypopit Investigators (in alphabetical order of country/city of
respective institutions and name)

Dr Fedala Nora, Algiers, Algeria; Dr Bessahraoui Mimouna, Oran,
Algeria; Pr Bergada Ignacio, Buenos aires, Argentina; Pr Bruno
Oscar, Buenos aires, Argentina; Dr Revencu Nicole, Brussels,
Belgium; Dr Van Pottelberg Inge, Ghent, Belgium; Dr Destree Anne,
Gosselies, Belgium; Dr Maystadt Isabelle, Gosselies, Belgium;
Pr Beckers Albert, Liege, Belgium; Dr Valette Sophie, Montreal,
Canada; Dr Sirrs Sandra, Vancouver, Canada; Pr Jorgensen Jens
Otto Lunde, Aarhus, Denmark; Pr El Kholy Mohamed, Cairo, Egypt;
Dr Artigas Merce,Pamplona, Spain; Dr Bony-Trifunovic Helene,
Amiens, France; Pr Desailloud Rachel, Amiens, France; Pr Coutant
Régis, Angers, France; Dr lllouz Frederic, Angers, France; Pr Rodien
Patrice, Angers, France; Pr Rohmer Vincent, Angers, France; Dr
Wright Catherine, Annecyn France; Dr Joubert Florence, Avignon,
France; Dr Latil-Plat Francoise, Avignon, France; Dr Tizeggaghine
Abdallah, Avignon, France; Dr Winiszewski Patrice. Belfort, France;
Pr Barat Pascal, Bordeaux, France; Dr Cammas Benoit, Bordeaux,
France; Dr Cazabat Laure, Boulogne, France; Pr Kerlan Véronique,
Brest, France; Dr Sonnet Emmanuel, Brest, France; Dr Teissier
Raphaél, Brest, France; Pr Borson-Chazot Francoise, Bron, France;
Dr Brac de la Perriere Aude, Bron, France; Dr Bretones Patricia,
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