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Abstract

Short stature in children can be caused by congenital pituitary disorders involving at least a growth
hormone deficiency. Clinical and radiological evaluations of the index case and family history
assessments are essential to guide genetic diagnostic testing and interpret results. The first line
approach is panel testing of genes involved in pituitary development with variants known to be
pathogenic in this context. This approach identifies a genetic cause in less than 10% of cases however.
Whole exome and whole genome sequencing techniques may therefore provide original information
but also raise new questions regarding the pathophysiological role of the identified variants. These
new tools can make genetic counselling more complex. The role of clinicians in these interpretations

is therefore important.
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1. Introduction

Congenital hypopituitarism is a rare cause of short stature, secondary to constitutional deficiencies in
the synthesis or secretion of one or several anterior pituitary hormones involved in statural growth:
growth hormone (GH deficiency, GHD), thyroid-stimulating hormone (TSH deficiency, TSHD), and
gonadotropins (hypogonadotropic hypogonadism, HH). The pathophysiology is often analyzed in
terms of altered pituitary development.

Pituitary ontogenesis begins with an invagination of the oral ectoderm of the floor of the stomodeum
in contact with neuroectodermal tissue, and depends on the sequential expression of morphogenic
factors (transcription and signaling factors) that promote cellular proliferation and differentiation in
the five anterior pituitary cell lines in humans, and on their ongoing expression throughout life [1].
Any perturbation of this process, whether genetic or from the environment, that modifies the
expression of one of these factors can lead to deficiencies in overall pituitary development (combined
pituitary hormone deficiency, CPHD) or in specific cell lines (isolated hypopituitarism). Phenotypes
tend to be more complex and extend beyond pituitary development when the affected factors are
expressed early or are ubiquitous (complex syndromic diseases); conversely, expression deficiencies
that occur later and only affect specifically pituitary factors lead to purely pituitary phenotypes. Our
understanding of these mechanisms has improved significantly over the past three decades, with more
than thirty genes having so far been implicated in syndromic and non-syndromic pituitary deficiencies
[2] with sometimes identical phenotypic presentations.

Growth retardation due to GHD can therefore have a variety of clinical presentations: transient
isolated GHD in childhood and adolescence or persisting into adulthood, GHD in combination with
other pituitary deficiencies in non-syndromic presentations or in syndromic forms extending beyond
disorders of pituitary development. Clinical workup is therefore essential in the diagnosis process and
in providing genetic counselling, but also in the organization of care pathways.

In this article, we describe the diagnostic process in patients with short stature due to pituitary

deficiency, with a particular focus on genetic testing.

2. Epidemiology

Congenital hypopituitarism is a rare disease and precise epidemiological data on this condition are
lacking. In newborns, estimates based on TSHD screening data in the Netherlands put the prevalence
of CPHD with TSHD at around 1/26 000 [3], while estimates of the prevalence of TSHD with or
without another pituitary deficiency range from 1/160 000 to 1/31 000 and from 1/20 000 to 1/16 000,



respectively, in different countries [4,5]. Growth hormone deficiency is the main deficiency diagnosed
in cases of CPHD and the most common (85.8% of patients) [6]. Its prevalence is also highly
uncertain, with a historical estimate of 1/8 000 births [7] and a more recent estimate of 1/30 000 births
for GHD in CPHD derived from the screening of TSHD in the Netherlands [3].

Epidemiological studies in adults put the prevalence of non-acquired hypopituitarism at 1/20 000 [8,9],
higher than in children, suggesting that congenital hypopituitarism may be expressed later in life.
Cohort studies with genetic analyses provide biased information on when hypopituitarism is
diagnosed: in the neonatal period (24%), in childhood (28%), at puberty (32%), or in adulthood
(7.2%), since pituitary hormone deficiencies continue to evolve into adulthood in some cases.
Syndromic presentations and cases of CPHD tend to be diagnosed earlier, with a mean age of 4.9
years at diagnosis, versus 10.2 years for patients with non-syndromic isolated GHD (IGHD) [10].

In the past three decades, a growing number of genes involved in pituitary development have been
associated with pituitary deficiencies. Currently however, a molecular cause is identified in fewer than
10% of patients with CPHD [6,11] and in 4-53% of patients with IGHD [12]. Very recently, the range
of available techniques has expanded to include whole exome and whole genome sequencing (WES
and WGS). These approaches provide important information but also raise new questions concerning
the pathophysiological interpretation of variants and thus on how this should inform genetic

counselling.

3. Role of clinical and radiological data in genetic diagnosis

The probability of identifying a genetic cause depend strongly on the familial or sporadic nature of the
deficiency, whether it is isolated (IGHD) or combined (CPHD), and whether extra-pituitary

malformations are present or not (syndromic or non-syndromic IGHD or CPHD).

3.1. Context

A family history of hypopituitarism and consanguinity significantly increases the chances of
identifying a genetic cause. A pathogenic or probably pathogenic variant is identified in about 7% of
cases of hypopituitarism, but this rate varies from 2.8% in sporadic forms to 29.7% in familial forms
[6].

Growth hormone deficiency can be isolated or be part of more or less complete CPHD, involving
anterior and/or posterior pituitary hormones. Testing should focus on different genetic abnormalities
for isolated GHD (factors implicated in the final differentiation of somatotrophs, in the GH gene, or
factors involved in regulating GH secretion) than for combined or syndromic deficiencies (factors
implicated earlier in pituitary cell differentiation). The presence of extrapituitary developmental
abnormalities (in syndromic forms) are indicative of more substantial genetic rearrangements or

changes in early-expressed transcription factors.



3.2. Syndromic or combined forms

Combined or syndromic pituitary hormone deficiencies are caused by profound disorders of pituitary
development and can be associated with other developmental abnormalities.

3.2.1 Clinical and radiological features

The analysis of a large cohort of patients with hypopituitarism as part of the GENHYPOPIT network
revealed that 40% of patients with hypopituitarism had extrapituitary malformations: mostly ocular
(11%, including 6% with optic nerve abnormalities, and 7% with globe abnormalities), while 4% had
neurodevelopmental disorders, 3.4% had corpus callosum abnormalities, and 2.7% had hearing loss
[6]. The main extrapituitary clinical signs and the corresponding genes to investigate are listed in
Table 1.

Extracerebral malformations thus mainly occur in craniofacial or ectodermal ocular development.
Indeed, the ectodermal placode of the adenohypophysis and the optic, olfactory and lens placodes all
arise from the cranial panplacodal ectoderm [13].

Congenital pituitary hormone deficiencies are associated with a malformation in the hypothalamo—
pituitary region in 50-100% of cases of CPHD and more rarely (29-84% of cases) in congenital
IGHD [10,14,15]. The most commonly identified cerebral malformations are pituitary stalk
interruption syndrome (PSIS) [16] and septo-optic dysplasia. The pituitary hormone deficiencies are
then either multiple from the start or appear successively with no insight from genetic analysis as to
the likely evolution of the condition. The malformations most commonly associated with GHD are an
absent anterior pituitary, an ectopic posterior pituitary, and PSIS [17]. The presence of a cerebral
malformation is indicative of a genetic cause affecting early neurological and hypothalamo—pituitary
development. The main genetic causes are listed in Table 2.

Hypopituitarism can occur in a variety of syndromes such as CHARGE, Fanconi, Rieger, or Pallister—
Hall syndrome. Neurodevelopmental disorders can either be hypomorphic forms of holoprosencephaly
due to common genetic anomalies (GLI2, SHH, FGF8), or associated with genetic obesity (Prader—
Willi, Bardet-Biedl, or Cohen syndrome; POMC. LEP, LEPR mutations) [18]. Hypopituitarism may
then involve diabetes insipidus or severe childhood obesity.

Finally, the absence of MRI abnormalities does not necessarily invalidate the diagnosis of congenital
hypopituitarism, but normal MRI findings should direct investigations toward other potential genetic

causes (see below).

In summary, a thorough clinical and imaging workup should be performed alongside targeted
guestioning, including
e a clinical examination (dysmorphic features, ocular, ENT, hand or cardiac abnormalities,

scoliosis, etc.)



¢ aneurodevelopmental evaluation for children

o cerebral MRI and pelvic and renal ultrasound and, depending on clinical data, spinal X-ray
and/or cardiac ultrasonography

o family history investigations of post-axial polydactyly, congenital hearing loss,
microphthalmia or other ocular abnormalities, anosmia or hyposmia. These malformations are

not necessarily associated with hypopituitarism.

3.2.2. Genetic data

The genetic causes identified in syndromic CPHD are most often a GLI2 mutation (in 2-10% of cases
with an identified mutation) [11,19], and exceptionally LHX4, HESX1, SOX3, and PROKR2 mutations
[19].

GLI2 mutations are implicated in IGHD and CPHD with PSIS alone or associated with polydactyly,
orofacial clefts or other hypomorphic manifestations of holoprosencephaly. Expressions of the same
genotype are extremely variable (IGHD, CPHD and/or polydactyly), with incomplete penetrance (30—
80%) [19]. Family health history collection should focus on cases of polydactyly that may not have
been spontaneously reported. Mutations in the FGF pathway (FGF8 and FGFRL1) can in rare cases be
associated with IGHD or CPHD with PSIS [20,21].

In cases of ocular malformations, OTX2 mutations are a major cause of IGHD or CPHD with PSIS
and ocular signs of variable severity, microphthalmia/anophthalmia [6,22]. SOX3 mutations are also
identified in some cases of IGHD or CPHD, but more rarely [11].

The involvement of PROKR2 mutations in the pathophysiology of PSIS in CPHD has been suggested
[23], with the absence of genotype-phenotype correlation implying oligogenic inheritance [24].

Table 1. Genes to investigate depending on extra-pituitary clinical signs possibly associated with

hypopituitarism (non-exhaustive list)

- . . . . o Genes of interest
Clinical signs possibly associated with hypopituitarism

- non-exhaustive list)*
(non-exhaustive list) ( )




Ocular abnormalities

Sensory or motor nystagmus, abnormal visual behavior in the FGF8, FGFR1, GLI2,
preverbal stage, vision loss confirmed in the verbal stage HESX1,

Anophthalmia, microphthalmia, coloboma OTX2, SOX2

Midline anomalies

Orofacial clefts, hypotelorism, nasal pyriform aperture stenosis FGFR1, FGF8, GLI2
Dental anomalies SOX2, BMP4, HESX1
Abnormal head and neck rotation, vertebral anomalies LHX3
Polydactyly GLI2

+ midface anomalies (midfacial hypoplasia, orofacial clefts,
hypertelorism) (Culler-Jones syndrome)

Hearing loss LHX3, SOX2, FGFR1
Immune deficiency (DAVID syndrome) NFKB2
Macroorchidism IGSF1

CHARGE syndrome CHD7

Coloboma with or without microphthalmia, cardiac involvement,
intellectual disability, choanal atresia, external genital and ear
anomalies, hearing loss, cranial nerve and central nervous system

abnormalities

Pallister-Hall syndrome GLI3
Exocrine pancreatic insufficiency, nasal wing hypoplasia/aplasia,
anorectal malformations, + cardiopathy, liver involvement,

hematological involvement

Webb-Dattani syndrome ARNT2
Postnatal microcephaly, white matter lesions, postretinal blindness and

hydronephrosis

*OMIM: ARNT2 (OMIM # 615926), BMP4 (OMIM # 112262), CHD7 (OMIM # 214800), FGF8
(OMIM # 600483), FGFR1 (OMIM #136350), GLI2 (OMIM # 615849), GLI3 (OMIM # 146510),



HESX1 (OMIM # 601802), IGSF1 (OMIM # 300888), LHX3 (OMIM # 221750), NFKB2 (OMIM#
615577), OTX2 (OMIM # 600037), SOX2 (OMIM # 184429)

Table 2. Genes to investigate depending on neuroradiological findings

MRI findings potentially associated with hypopituitarism Genes of interest (non exhaustive list)*

Abnormalities in the hypothalamo-pituitary region
Normal pituitary region or pituitary hypoplasia IGHD: GH1, GHRHR, GHSR, SOX3
CPHD: PROP1, POU1F1, LHX3, IGSF1

Ectopic posterior pituitary + pituitary stalk interruption GLI2, HESX1, LHX4, SOX3, OTX2, FGF8,

syndrome FGFR1, SOX2, PROKR2
Uniform pituitary enlargement PROP1, LHX3
Hypoplastic sella turcica LHX4

Hypothalamic hamartoma GLI3

Structural cerebral abnormalities

Septo-optic or corpus callosum dysplasia HESX1, OTX2, SOX2, SOX3, GLI2, FGFS8,
PROKR2, FGFR1

Olfactory bulb and/or olfactory tract agenesis CHD7, FGFR1, FGF8

Holoprosencephaly, schizencephaly GLI2

Chiari malformation HESX1, LHX4

Cerebellar malformation HESX1

Ocular abnormalities
Microphthalmia, anophthalmia OTX2, SOX2, PAX6

*OMIM: CHD7 (OMIM # 214800), FGF8 (OMIM # 600483), FGFR1 (OMIM #136350), GH1
(OMIM # 139250), GHRHR (OMIM # 139191), GHSR (OMIM # 601891), GLI2 (OMIM # 615849),
GLI3 (OMIM # 146510), HESX1 (OMIM # 601802), LHX3 (OMIM # 221750), LHX4 (# 262700),
OTX2 (OMIM # 600037), PAX6 (OMIM # 607108), POULF1 (OMIM # 173110), PROKR2 (OMIM #
607123), PROP1 (OMIM # 601538), SOX2 (OMIM # 184429), SOX3 (OMIM # 313430)

The clinical and/or radiographic phenotype may therefore guide the genetic diagnosis toward one or
several genes. Some signs are more likely than others to be associated with a genetic abnormality,
namely hearing loss (LHX3 mutation found in 20% of cases) [16], ocular abnormalities (OTX2

mutation identified in around 10% of cases), and polydactyly (GLI2) [19]. The addition of pituitary



MRI findings and the association of signs increase the chances of finding a mutation [11]. However,
there are no systematic genotype-phenotype correlations: none of the extrapituitary signs are specific,
and clinical penetrance is often incomplete. In the GENHYPOPIT cohort for instance, none of the
eight patients with hypopituitarism and abnormal neck rotation had an LHX3 mutation [6] despite this
sign being a classic feature of LHX3 mutations. Consanguinity can modify phenotypic presentations,
making diagnosis (and then genetic counselling) more complicated.

3.3. Non-syndromic forms: genetic features

3.3.1. Combined pituitary hormone deficiency

In the absence of associated malformations, the clinical characteristics associated with a higher
probability of identifying a mutation are the combined nature of the deficiency, a greater patient—
midparental height disparity, a lower GH peak, and a younger age at diagnosis [11].

PROP1 mutations are the most commonly identified genetic etiology in non-syndromic CPHD with
considerable geographical variations: reported frequencies being highest in North Africa and Central
and Eastern Europe (PROP1 mutations identified in up to 17% of cases of CPHD) [11,16], with a
founder effect for the three most common mutations. Hormone deficiencies can initially be isolated or
dual and then combine progressively (GHD, TSHD, LH/FSHD, ACTHD and PRLD). PROP1
mutations can also cause pituitary enlargement, which should not be confused with an adenoma.
Recently, syndromic forms of PROP1 mutations causing CPHD with PSIS or septo-optic dysplasia
have been reported, with no clear pathophysiological link, and the roles of consanguinity and
suspected digenetic inheritance to be confirmed [11].

The other known genetic causes of non-syndromic CPHD (such as LHX3, LHX4, TBX19, GH1
mutations) are rarer [6,11], but the identification of a pathogenic POU1F1 variant with a strong
genotype-phenotype correlation is of high clinical relevance, since patients with this genetic

abnormality do not develop ACTHD or gonadotropin deficiency [25,26]

3.4. Isolated growth hormone deficiency

In the absence of associated malformations, IGHD is indicative of a genetic abnormality affecting
either the final differentiation of somatotropic cells, the expression of the growth hormone gene
(GH1), or in the GH-releasing hormone receptor (GHRHR). Point mutations in GH1 are the most
frequently identified cause (in up to 5.5% of cases of IGHD, amounting to three quarters of cases in
which an associated mutation is found) [11]. Transmission is autosomal recessive or autosomal
dominant for dominant negative mutations. In patients with GH1 mutations, IGHD can exceptionally
evolve to CPHD [11]. The second most identified cause of IGHD is GHRHR mutations [11], with

autosomal recessive transmission. The other reported genetic causes (GHSR) are rarer [27].



Genetic causes are currently rarely found in cases of partial GH deficiency appearing later than early
childhood with no clinical or radiographic abnormalities other than (non-specific) pituitary hypoplasia,
and with no family history of hypopituitarism [11]. However, partial GH deficiency does not exclude
the possibility of finding a genetic cause (GH1, PROP1, SOX3) [11]. Growth hormone thresholds
should therefore be used with caution and current guidelines are to use a more flexible approach based
on the patient’s medical history and growth rate, the presence of other pituitary hormone deficiencies,

and genetic analysis [28].
4. Genetic diagnostic process

4.1. Why should genetic analysis be considered ?

Table 3. Benefits of genetic analysis in patient management

- Support the diagnosis of GHD

- Estimate the expected response to GH

- Evaluate the risk of developing other pituitary hormone deficiencies and guide monitoring
strategies

- Facilitate the screening and monitoring of other potentially associated conditions

- Offer families genetic counselling

- Improve knowledge of the pathophysiological mechanisms of hypopituitarism

A diagnosis of GHD is classically confirmed by an association of clinical, biochemical and
radiological features [28-30]. In the case of IGHD however, with no structural pituitary abnormalities,
this set of criteria does not always provide diagnostic certainty, notably because of the imperfect
sensitivity of the diagnostic tests. Molecular diagnosis is then beneficial in potentially confirming the
diagnosis and in helping to organizing care pathways during transitions to adulthood [28,31].
Molecular diagnoses can also provide information on the potential development of other pituitary
hormone deficiencies. In patients with PROP1 mutations for instance, the possible sudden appearance
of ACTHD, sometimes in adulthood, and the corresponding risk of death, warrants prolonged and
regular follow-up [32]. Conversely, patients with a POU1F1 mutation never develop ACTHD or
gonadotropin deficiency.

For PROP1 and LHX3 mutations, pseudotumoral pituitary enlargement followed by spontaneous
regression has been widely described, and knowledge of this avoids inappropriate neurosurgical

treatment.



The identification of a mutation can be predictive of a good response to GH replacement therapy, with
greater heigh gains in patients with GHD and an identified mutation than in those with idiopathic
GHD [11].

Finally, identifying genetic mutations is important to provide appropriate genetic counselling to
patients and their families.

4.2. Which analyses and for whom?

Genetic testing strategies are based firstly on the type of deficiency (IGHD or CPHD) and on the
presence or not of a cerebral or extracerebral malformation in the index case or in the patient’s family
history. Analyses cannot focus on a specific gene however because of the lack of genotype-phenotype
correlation. Next generation sequencing (NGS) of gene panels is therefore recommended, alongside an
analysis of chromosome structure (array comparative genomic hybridization (CGH), fluorescence in

situ hybridization (FISH) + karyotype) for syndromic forms.

Table 4. Recommended genetic analyses depending on the type of pituitary hormone deficiency*

Syndromic isolated or combined pituitary hormone deficiency

- Panel of genes implicated in hypopituitarism (NGS)
and
- Analysis of copy number variations (array CGH, FISH * karyotype)

Non-syndromic combined pituitary hormone deficiency

- Panel of genes implicated in hypopituitarism (NGS)

Isolated growth hormone deficiency manifesting before 5 years of age or familial form or
persisting into adulthood

- Panel of genes implicated in hypopituitarism (NGS)

*syndromic conditions with or without hypopituitarism in patients’ families and consanguinity should

also be considered in these approaches

4.2.1. NGS and array CGH

Next-generation sequencing identifies point mutations or copy number variations in panels of genes
analyzed in parallel. The composition of the gene panel depends on the patient’s phenotype, and
possibly their family members’. This analysis can be completed or preceded by array CGH to detect
gene duplications or deletions, particularly for patients with complex syndromic forms. Genetic testing
strategies should also account for the time required for array CGH and NGS in different centers. For

syndromic forms in which the primary or predominant clinical presentation is not hypopituitarism,



NGS requests should first be sent to the appropriate referral center (NGS panels for intellectual
disability, holoprosencephaly, or hypothalamic obesity for instance).

In France, referral molecular biology laboratories for the genetic diagnosis of hypopituitarism have
established an NGS panel of at least 15 genes for CPHD (syndromic and non-syndromic forms). These
genes were chosen based on epidemiological, clinical and pathophysiological criteria, and on the
presence of a high enough number of reported cases for results to be of sufficient clinical relevance to
guide patient management. The analysis covers both point mutations and copy number variations,
which are identified in about 1% of cases [11,33]. In cases of IGHD, genes specifically involved in the
somatotropic axis (GH1, GHRHR and GHSR) are added to the NGS panel. The composition of these
panels is regularly reevaluated based on new data on potential candidate genes [34].

4.2.2. Whole exome and whole genome sequencing

Molecular causes are only identified in a minority of cases of GHD, whether isolated of combined,
which suggests that other genetic factors are still to be discovered. Since 2016, targeted or whole
exome/genome studies have suggested that more than thirty genes may be involved in CPHD,
sometimes associated with complex syndromes [35,36].

In the absence of an identified mutation in the NGS panel, secondary analyses can be performed by
sequencing the whole exome (the protein-coding region of genes) or the entire genome (i.e. including
non-coding regulatory regions) by trio analysis (the index case and two first-degree relatives). This
technique has been available in France since 2020 as part of the France Médecine Génomique 2025
program for cases of hypopituitarism satisfying the PFMG2025 criteria and approved by dedicated
multidisciplinary committees.

These WES and WGS data should reveal new candidate genes. Those that are clinically significant
(GAD) must then be separated from those of uncertain significance (GUS) [37]. Clinically significant
genes can be included in diagnostic reasoning and genetic counselling, whereas GUS are still the
subject of more or less advanced studies and variants cannot be described as pathogenic [37].

To interpret rare variants of genes implicated in hypopituitarism, bioinformatic analyses should be
supplemented with an analysis of clinical and epidemiological data, and possibly also additional
functional studies, to reach a meaningful interpretation: phenotype-genotype correlations and familial
segregation are essential to interpret their pathogenicity. In some cases, analyses are inconclusive as to
the implication of a variant allele in the pituitary phenotype [16]; this variant is then considered of
uncertain significance and should not immediately be considered in genetic counselling. These results
can be reviewed however, and genetic counselling adapted, in light of an accumulation of data and
collaborations with growth and/or genetic specialists. Accumulations of whole genome analyses are
also an opportunity to increase knowledge of the mechanisms involved in hypopituitarism, through the

discovery of new causal genes, or of pathogenic variants in genes or regulatory regions.



5. Conclusion

Short stature in children can be caused by pituitary pathologies involving at least one form of growth
hormone deficiency. Etiological investigations should identify whether this is part of a syndromic
presentation, in the index case or their family. Genetic investigations based on this phenotypic analysis
can then proceed thorough the sequencing of panels of genes, albeit with low hit rates. The use of
whole exome and whole genome sequencing promises new progress in the understanding of the
mechanisms involved in pituitary pathologies. However, the roles of variants identified with these
approaches are difficult to interpret because of the variable and incomplete penetrance of the genes
involved, the probable oligogenic and epigenetic nature of the mechanisms, and low levels of
genotype-phenotype correlation. Genetic counselling is therefore complicated. Nevertheless, beyond
improvements in pathophysiological understanding and despite low genotype-phenotype correlations,
genetic diagnosis is helpful for clinicians. It contributes to confirming diagnoses of GHD and can
provide information on how the deficiency will evolve into adulthood and whether prolonged
replacement therapy will be required. In some cases also, genetic testing provides crucial information
on the possible appearance of other pituitary hormone deficiencies or associated conditions and helps

guide long-term monitoring strategies.
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