1' frontiers

in Endocrinology

MINI REVIEW
published: 19 May 2020
doi: 10.3389/fendo.2020.00253

OPEN ACCESS

Edited by:
Maurizio Delvecchio,
Giovanni XXIll Children’s Hospital, Italy

Reviewed by:

Sasha Howard,

Queen Mary University of London,
United Kingdom

Louis Chung Kai Low,

The University of Hong Kong,
Hong Kong

*Correspondence:
Anna Grandone
agrandone@gmail.com

Specialty section:

This article was submitted to
Pediatric Endocrinology,

a section of the journal
Frontiers in Endocrinology

Received: 14 January 2020
Accepted: 06 April 2020
Published: 19 May 2020

Citation:

Festa A, Umano GR, Miraglia del
Giudice E and Grandone A (2020)
Genetic Evaluation of Patients With
Delayed Puberty and Congenital
Hypogonadotropic Hypogonadism: Is
it Worthy of Consideration?

Front. Endocrinol. 11:253.

doi: 10.3389/fendo.2020.00253

Check for
updates

Genetic Evaluation of Patients With
Delayed Puberty and Congenital
Hypogonadotropic Hypogonadism: Is
it Worthy of Consideration?

Adalgisa Festa, Giuseppina Rosaria Umano, Emanuele Miraglia del Giudice and
Anna Grandone*

Department of Woman, Child, General and Specialized Surgery, University of Campania L. Vanvitelli, Naples, Italy

Delayed puberty is a common reason of pediatric endocrinological consultation. It
is often a self-limited (or constitutional) condition with a strong familial basis. The
type of inheritance is variable but most commonly autosomal dominant. Despite
this strong genetic determinant, mutations in genes implicated in the regulation of
hypothalamic—pituitary—gonadal axis have rarely been identified in cases of self-limited
delayed puberty and often in relatives of patients with congenital hypogonadotropic
hypogonadism (i.e., FGFR1 and GNRHR genes). However, recently, next-generation
sequencing analysis has led to the discovery of new genes (i.e., IGSF10, HS6ST1, FTO,
and EAPT) that are implicated in determining isolated self-limited delayed puberty in
some families. Despite the heterogeneity of genetic defects resulting in delayed puberty,
genetic testing may become a useful diagnostic tool for the correct classification and
management of patients with delayed puberty. This article will discuss the benefits and
the limitations of genetic testing execution in cases of delayed puberty.
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DEFINITION

Delayed puberty (DP) is defined as the lack of pubertal signs, namely, thelarche in females and
increase of testicular volume (>4 ml) in males, at an age above 2-2.5 standard deviation of the
population mean classically set at 13 years for girls and 14 years for males or a stunted pubertal
progression diverging from puberty nomograms (1). DP is a frequent condition, affecting 2% of
subjects in pubertal age.

ETIOLOGY AND EPIDEMIOLOGY

In line with two large clinical reports on this topic (2, 3), DP can result from different conditions.
Constitutional delay of growth and puberty (CDGP) is the most frequent cause (4), characterized
by growth retardation in childhood and delayed puberty in adolescence, also termed as self-limited
DP, which generally spontaneously reaches completion by 18 years of age. Self-limited DP is found
in 73% of boys and in 43% of girls with pubertal delay (2, 3).

Hypergonadotropic hypogonadism is an expression of gonadal failure. It affects especially
females where it represents 21% of DP cases, with Turner syndrome in 27% of the affected
girls (2, 3).
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Another condition of DP is central hypogonadotropic
hypogonadism, which can be distinguished in functional
hypogonadism in case of chronic disease and nutritional
or stressing factors able to inhibit the activation of the
hypothalamic-pituitary-gonadal (HPG) axis, corresponding
to approximately 16-20% of DP (2, 3), and permanent
hypogonadism, affecting 15% of females and 8% of males.
Permanent hypogonadism can be congenital (CHH), both
isolated and syndromic, or acquired. In particular, CHH offers
a wide spectrum of clinical manifestations ranging from severe
forms with clinical signs of neonatal gonadotropin deficiency
through milder forms of pubertal development arrest to
reversible forms of hypogonadism. CHH accounts for 4% of boys
and 5.7% for girls with DP (2, 3).

The clinical challenge is the differentiation between self-
limited DP and other forms of hypogonadism, especially
hypogonadotropic hypogonadism. This review aims to
summarize the knowledge about the genetic etiology of
both CHH and self-limited DP to suggest a possible role for
genetic testing in clinical setting.

DIFFERENTIAL DIAGNOSIS

In clinical setting, it is useful to identify “red flags” in medical
history or clinical examination that suggest the possible etiology
of DP (5). A family history of delayed puberty with an autosomal
dominant inheritance emerging from pedigree could indicate
both self-limited DP and CHH.

In male newborns, the finding of micropenis and
cryptorchidism is crucial for the suspicion of permanent
hypogonadism. Indeed in Kallmann syndrome (KS), micropenis
was described in 20 to 40% (6-8) of newborns, while
cryptorchidism affected 30 to 50% of CHH males (9, 10).
Minipuberty offers an important window for evaluation of
the HPG axis. In this phase, hormonal assessment, including
gonadotropins and sex steroids, can allow to identify CHH based
on the lack of physiological hormonal surge. In females, there
are no equivalent clinical signs for suspicion of CHH. In both
sexes, in the presence of one of the parents with CHH, hormonal
evaluation during minipuberty is recommended and has to
be completed by genetic testing in case of a known mutation
in the affected family member (11). In medical history, it is
important to investigate the signs or symptoms of impaired
thyroid function (hypothyroidism or hyperthyroidism), of
chronic diseases like inflammatory bowel disease or coeliac
disease and to evaluate pathological food dynamics with food
restriction and excessive physical activity suggesting anorexia
nervosa. Moreover, attention should be paid to a chronic use of
corticosteroids and a positive history of hematological diseases
with a chronic transfusion regime determining hemosiderosis.
In patients with a history of chemotherapy or radiation
therapy, it is possible to hypothesize both gonadal failure and
hypogonadotropic hypogonadism. Recent onset of diplopia,
headache, vomiting, and seizures could suggest a brain mass.

Similarly, a detailed clinical exam can reveal important
elements for diagnostic workup. Attention should be given to

the presence of middle line defects or typical facial features,
visual impairment, deafness, bimanual synkinesia, anomalies
of hand or foot, dental or skull dysgenesis or malformations
and complex malformation association suggesting a CHARGE
syndrome. Conversely, anosmia or hyposmia, as evaluated by
olfactometry, offers a strong suspicion of KS.

At initial presentation, a differential diagnosis between self-
limited DP and CHH is difficult because patients have common
clinical and biochemical characteristics. Another important
aspect is the possible reversal of hypogonadism, to date described
in patients carrying variations in nine genes (KALI, FGFRI,
CHD7, HS6S8T1, PROKR2, NSMF, GNRHR, TAC3 and TACR3)
(11), that complicates the differential diagnosis between CHH
and self-limited DP in cases with a mild normosmic phenotype.

GENETICS OF CHH

The current knowledge about pubertal delay pathophysiology is
mainly derived from defects in genes determining CHH. CHH
represents from 24 to 85% of permanent hypogonadotropic
hypogonadism and includes two subgroups of patients:
normosmic subjects (nCHH) and subjects with anosmia and
other clinical signs of KS like deafness, cleft lip/palate, renal
anomalies and synkinesis, representing 50% of cases of CHH.
Anosmia reflects the involvement of genes that play a role in the
development of GnRH neurons and olfactory bulbs, while in
nCHH mutations affect the genes involved in GnRH secretion
or function. Nevertheless, the usefulness of this dichotomous
distinction in targeting genetic testing is limited by the clinical
overlap of the two conditions (12).

In CHH, a genetic cause is found in about 50% of patients
(13, 14). To date, mutations in more than 30 genes have been
identified as a genetic cause of CHH, both nCHH and KS,
with some rare loci involved in complex syndromes (11, 15-
18). As for several other diseases, the application of next-
generation sequencing (NGS) technology to CHH diagnosis has
been responsible for the identification of an increasing number
of genes involved in its etiology.

In fact, the genetic heterogeneity and the overlapping
phenotypes make CHH the classical disease in which new next-
generation sequencing technology finds application.

The inheritance pattern in CHH includes different modes,
namely, autosomal dominant, autosomal recessive and X-linked.
In addition, de novo mutations have been reported, whereas
for some genes incomplete penetrance and variable clinical
expressivity are frequent.

AUTOSOMAL RECESSIVE FORMS

Among the autosomal recessive forms, the most frequent
findings are biallelic mutations in three genes: GNRHR, for which
more than 60 families have been described (11, 19-24), KISSIR,
with 27 families identified (19, 25, 26), and TACR3, found in
20 families (27-31). In these cases, the phenotype is a classical
nCHH, without any non-reproductive signs of pathology (16).
Interestingly, for GNRHR variations, that are responsible of about
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40-50% of inherited nCHH cases (23), there is a wide phenotypic
variability even in the same family with the same genetic variant
(32). Another important aspect is the possible reversal of TACR3
and TAC3 mutation-related hypogonadism. In these cases, the
differential diagnosis between CHH and self-limited DP can be
supported by the possible presence of micropenis that suggests
TACR3 mutation (30). On the other hand, biallelic mutations in
genes encoding for ligands of the above-mentioned receptors, like
GNRH1, KISS1, and TAC3, are a rare cause of nCHH; even rarer
are those in LHB and FSHB (16).

In this group, we find examples of genes involved in the
neuroendocrine regulation of GnRH neurons. GNRHR encodes
for a G-protein-coupled receptor that, through a variation of
intracellular calcium levels, determines the pituitary release of
gonadotropins (33); therefore, GNRHR mutations represent a
paradigm of altered function of GnRH. In addition, KISSIR,
TAC3, and TACR3 encoding for a G-protein-coupled receptor
for Kisspeptin, for neurokinin B and neurokinin receptor,
respectively, are all part of a complex network. In this network,
the KDNY neurons in arcuate nucleus that synthesize kisspeptin,
neurokinin B, and Dynorphin exert a regulatory role on GnRH
neuronal function (17).

X-LINKED FORMS

ANOSI, previously KALI, located on Xp22.3, encodes for
Anosminl, an extracellular protein mediating cellular adhesion,
playing a fundamental role in the migration process of olfactory
and GnRH neurons that leads these cells from nasal placode
to the hypothalamus (33). ANOSI is characterized by an X-
linked recessive pattern of inheritance; mutations or intragenic
microdeletions of this gene are responsible for 10-20% of KS (13).
The penetrance is complete for typical clinical manifestations,
such as CHH and anosmia (34-39). Conversely, other clinical
manifestations like synkinesis, revealed in 75% of patients (34),
and renal agenesis, found in 30% of subjects, display different
expressions in individuals carrying the same variant (35-46). To
date, about 144 families have been described. Among them, an
interesting finding was a female phenotype in 10 subjects, of
whom one case was due to a biallelic ANOSI mutation (47) and
the remaining nine cases were due to a second variant in another
gene, suggesting a possible oligogenic mechanism.

Among genes with X-linked transmission, defects in DAX1
determine a syndromic association between CHH and congenital
adrenal hypoplasia; although penetrance is near-complete (48,
49), phenotypic variability is seen both in the severity of CHH
(48-52) and in the age at onset of adrenal insufficiency (48-50,
53, 54).

AUTOSOMAL DOMINANT FORMS

Among autosomal dominant forms of CHH, including nCHH
and KS, two genes are the most frequently involved, FGFRI
and CHD?.

FGFR-1 encodes for a tyrosin kinase receptor able to
activate a complex signaling, including also ANOSI and FGFS,

regulating fundamental developmental processes like neuronal
migration, fate, cell survival and proliferation (33). FGFRI plays
an important role, with more than 140 mutations described,
generally determining a loss of function with several mechanisms
(nonsense, missense, frameshift, splicing and rarely deletions)
(34, 55, 56). De novo mutations are another relatively frequent
possibility (11, 35). The FGFRI mutations determining KS are
characterized by incomplete penetrance (11, 57, 58) and variable
clinical expression of the same mutation in the same family,
with patients displaying complete phenotype, only anosmia, or
isolated pubertal delay (57-62). Furthermore, as reported by
various authors, mutations in this gene cause also nCHH (58, 63—
67). Other clinical features of FGFRI mutations, such as skeletal
anomalies, cleft lip and cleft palate and dental agenesis, are
present with variable frequency (11, 34, 44, 57, 58, 60, 61).

CHD7 gene, located in 8ql2.1, is a well-known genetic
cause of CHARGE syndrome, characterized by coloboma, heart
anomalies, choanal atresia, growth and development retardation,
genital and ear anomalies. Subsequently, it was recognized as
a genetic cause of nCHH and KS (68-71). In these cases,
genetic variants consist in missense mutation with a partial
loss of function (70, 71). Furthermore, de novo mutations are
frequently found (69, 70). As in the case of FGFRI mutations,
there is wide phenotypic variability, ranging from KS through
nCHH to isolated anosmia (70, 71). Other clinical manifestations
associated with CHD7 mutations in patients with CHH are
deafness, anomalies of the outer ear and lip/cleft palate (70—
73). The expression of chromodomain-helicase-DNA-binding
protein 7 (CHD?) in the hypothalamus and in the olfactory
epithelium reflects a possible role in the development of olfactory
bulb and GnRH neurons (33).

Recently, autosomal dominant mutations in SOXI0 were
described as a cause of KS (74-79), these patients also presented
neurogenic deafness. The SOX transcription factor family is
involved in the development of a large number of organs, in
particular, SOX10 is expressed in GnRH cell precursors (16).

In this section, PROKR2, a gene that encodes for a G-protein-
coupled receptor, and PROK2, encoding for prokinecitin 2,
a ligand of this receptor, should be mentioned. The ligand
binding to the receptor triggers a signaling cascade with
effects on the development of the olfactory system and the
progenitors of GnRH neurons (33). PROKR2 mutations are
found both in KS and nCHH. This gene is characterized
by autosomal recessive inheritance pattern in 20% of cases;
the remaining cases are due to autosomal dominant or
oligogenic mechanisms with the involvement of other
genes (80-88). Of note is that some PROKR2 rare variants
are present in the general population with a significant
prevalence. Therefore, it is difficult to interpret the genetic
results, also considering the incomplete penetrance, when
analyzing a pedigree. The PROK2 variants instead are rare
and can present with autosomal dominant or recessive pattern
of inheritance.

Another interesting gene is FGF8, which encodes for a ligand
of FGFRI and therefore taking part in this signaling pathway
(16). Heterozygous mutations were found in KS and nCHH,
also with reported cases of oligogenic inheritance. The clinical
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manifestations include neurosensorial deafness, cleft lip/palate
and camptodactyly (11, 89-91).

OLIGOGENIC INHERITANCE

Recently, a mutation in two or more genes, with an oligogenic
inheritance, was reported in several cases of nCHH and KS. The
first description was in 2006 in a case of KS due to PROKR2
and KALI mutations (80). In 2010, Sykiotis et al. (92) analyzed
a large series of CHH patients, finding oligogenic inheritance in
2.5% of the subjects. Later, other groups reported an oligogenic
mechanism in 7% (67) to 15% (12) of subjects with CHH. To
date, at least 16 genes are known to contribute to oligogenicity
(11). The application of next-generation sequencing increases the
chance to find oligogenism in CHH. In some cases, distinction
between oligogenism and the presence of benign variants not
interfering with the phenotype could be challenging (16).

Gene defects underlying CHH concern genes encoding
for proteins involved in different fundamental physiological
mechanisms: development and migration of GnRH neurons as in
the case of ANOSI, FGFR1, FGF8, CHD7, PROK2, and PROKR2;
the regulation of GnRH secretion as in the case of KISSIR, TACR3
and TAC3; GnRH action as in the case of GNRHR.

Genetic Analysis in CHH

Until the introduction of NGS, the genetic diagnosis in CHH
was obtained mainly through Sanger sequencing, analyzing gene
exons and exon-intron junctions one by one. This analysis
could now represent an appropriate choice in case of a patient
belonging to a family with a known mutation that completely
explains the observed phenotype, with fast and cost-effective
results. Conversely, in the case of an initial genetic evaluation of
a patient with CHH, given the large number of genes involved
in this condition and the phenotype heterogeneity, Sanger
sequencing could result to be time-consuming and expensive.

The growing diffusion of NGS offers the possibility of
simultaneous analysis of many genes, resulting in a time-sparing
and cost-effective strategy (16).

This approach can expand the phenotype of known
genetic diseases through the genetic diagnosis in patients with
incomplete or atypical clinical manifestations and, conversely, in
the case of whole-exome or whole-genome sequencing, can reveal
new genes that are responsible of a genetic disease.

An important limitation is the enormous mass of data derived
from this type of analysis, in which a careful and adequate choice
of pipelines and bioinformatic filters to improve the detection
rate and the interpretation of results plays a fundamental
role. Beyond these technical aspects, a complete phenotypical
description of the case, with a precise assessment of the familial
pedigree and of the hypothetical mode of transmission is needed
for the attribution of clinical validity to an identified variant (16).

NGS techniques include whole-exome sequencing (WES)
target sequencing (TS) and whole-genome sequencing (WGS).
WES and target-exome sequencing evaluate only exons of all
genes and of a panel of genes selected for their known role
in the disease, respectively, without sequencing intronic and
potential regulatory regions and furthermore with a coverage of

exon-intron junction varying on the basis of technical design
characteristics. The WGS meanwhile consists in sequencing of
the entire genome, including also intronic regions, with the
possibility to find variants in intronic and intergenetic regions.
The cost of this latter technique is still high; furthermore, a
couple of limitations of WGS may be the lower depth of sequence
coverage compared to WES and difficult interpretation.

Finally, in a patient with CHH and a complex phenotype
in which a possible genetic explanation could be a contiguous
gene syndrome, array-CGH can be appropriate to exclude
submicroscopic copy number variation (microdeletion and
microduplication) (17).

In line with costs and with potential genetic relevance of
information derived from a genetic analysis in the field of CHH,
considering the known genetic heterogeneity of CHH and the
possibility of oligogenicity, WES or target sequencing (depending
also on local facilities) appears to be the test of choice among NGS
techniques in clinical settings (16).

However, the next-generation sequencing represents an
advantageous technique, but the interpretation of the results
could be challenging, so a detailed phenotypic characterization
is very important.

Importance of Genetic Diagnosis in CHH

A genetic diagnosis represents the conclusion of the diagnostic
path, with implication on prognosis, in particular in view of
the possibility of reverse, on correct counseling for other family
members and also for the patient’s offspring. Genetic counseling
starts from the evaluation of the mode of inheritance according
to pedigree and gene defect found. The counseling becomes more
complex in case of oligogenism, indeed to establish the role of
each variant requires a deep knowledge of the phenotype related
to the single variant and the availability of informative pedigree
composed by affected and unaffected subjects (16).

Overlapping Etiology Between CHH and

Self-Limited Delayed Puberty

Considering the distribution of puberty timing, self-limited DP
can be assimilated to the extreme upper limit of normality. On the
other hand, the frequent presence of a family history of pubertal
delay induced to suppose a genetic basis for this condition, with
an apparent autosomal dominant inheritance.

A study (93) based on record review and interviews analyzed
the pedigrees of 53 subjects with CDGP and 25 controls, finding
an apparent autosomal dominant pattern of inheritance in the
majority of families. Moreover, they reported an increased risk for
pubertal delay in the relatives of subjects with CDGP (RR 4.8 and
3.2 for first degree and for second degree relatives, respectively)
compared to controls.

The identification of the genetic cause in self-limited DP
offers various pitfalls because DP is a common condition in
non-affected individuals. Therefore, a genetic variant possibly
determining this condition could have a quite relatively high
prevalence in the general population.

Moreover, the presence of pubertal delay in 10% of relatives of
CHH patients (94) and the possibility of a spontaneous reversal
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in 10% of patients with CHH (12) induce to hypothesize a shared
molecular basis in CHH and self-limited DP.

In the general population, the timing of puberty is influenced
by general health, nutritional status and endocrine disruptors
chemicals but is under a strong genetic influence (95-98).
The knowledge about the genetic control of the hypothalamic—
pituitary—gonadal axis derives mainly from studies on subjects
with GnRH deficiency, leading to the discovery of rare variants
underlying CHH. Different studies were conducted to explore the
role of genes causing CHH in determining self-limited DP.

In their work, Zhu et al. (94) examined the hypothesis
of a shared genetic basis between these two conditions using
WES in two different cohorts. They analyzed 15 pedigrees with
an IHH proband carrying a potentially pathogenic variant in
IHH genes (FGF8, FGFRI, GNRHI, HS6STI, KALI, KISSI,
KISSIR, NELF, PROK2, PROKR2, TAC3, and TACR3) and family
members both with delayed and with normal puberty. A genetic
variant was found in 53% of relatives with DP and in 12% of
relatives with normal puberty. In the other cohort of 56 DP
subjects with no family history of IHH matched with controls
from ExAC, they found potentially pathogenic variants in IHH
genes in 14.3% of DP subjects and in 5.6% of controls. The
heterozygous potentially pathogenic variants were in GNRHR,
TAC3, TACR3, SEMA3A and ILI7RD, the latter with the largest
number of subjects. However, the controls also carried potentially
pathogenic variants. An important observation is that incomplete
penetrance and variable clinical expressivity represent a hurdle
for which genetic testing in differential diagnosis between IHH
and self-limited DP might have limited usefulness.

Also, Cassatella et al. (12) tried to explore the genetic
architecture of CHH and CDGP to find out a shared genetic basis.
This study included 116 CHH probands and 72 CDGP subjects
and controls (from ExAC and CoLlaus). Exome sequencing
showed mutations in ITHH genes (25 genes including IGSFI10)
in 51% of CHH subjects, in 7% of CDGP probands and in
18% of controls. Oligogenic inheritance was found in 15%
of CHH cases and in only 1.4% of CDGP subjects and
2% of controls, confirming its role in CHH. These results
suggest a different genetic architecture of these two conditions;
however, considering the role of genes determining CHH in the
pathophysiology of pubertal failure, it is possible to hypothesize
that, in a small number of individuals with self-limited DP, a
pathogenic mutation in one of these genes could be found.

New Genes Causing Self-Limited Delayed

Puberty

Recently, the application of NGS technology to self-limited DP
revealed genes involved in determining this phenotype and
unraveling interesting scenarios in the genetic control of puberty.

HS6ST1

Howard et al. tried to identify genes that are involved in self-
limited DP in several studies. In one of them (99), the study
population consisted of 492 subjects from the Finnish DP cohort
with a diagnosis of self-limited DP as performed in a specialist
center from 1982 to 2004. WES was performed on 160 subjects,
comprised of 67 probands with DP (57 male and 10 female) from

67 families, 58 affected relatives (36 male and 22 female), and 35
unaffected family members (13 male and 22 female). The results
were filtered, giving priority to genes causing HH (28 genes),
and identified one variant in the HS6STI gene. Subsequently,
target exome sequencing was performed in 288 other individuals
from 42 families of the same cohort (178 DP and 110 controls),
confirming one pathogenic variant in HS6STI in one family.
This was a heterozygous missense variant (p.Arg375His) defined
as deleterious by five prediction tools and affecting a highly
conserved residue found in a patient with growth delay and with
puberty onset at the age of 14.3 years. Other family members with
DP were the father, paternal uncle and sister. There was no family
history of HH, anosmia was absent in the patient and the relatives
with DP.

The identified variant induced a reduced sulfotransferase
activity in vitro. A murine model was realized. Hs6stI mRNA
was not expressed in GnRH cells but in regions like the olfactory
bulb, in the pre-optical medial area of the hypothalamus and
in the arcuate nucleus, which is involved in the regulation
of GnRH neurons. The heterozygous murine model allowed
the observation of normal localization and number of GnRH
neurons in the pre-optical medial area and confirmed the delayed
puberty without alteration of body size, testicular structures and
adult fertility.

The role of HS6ST1 gene in hypogonadotropic hypogonadism
was investigated in a previous study involving 338 patients
with GnRH deficiency (271 males and 67 females), of
which 105 have a positive family history, finding a variant
in seven subjects corresponding to 2% of IHH patients
(100), one homozygous and four heterozygous. In this
work, the inheritance pattern was complex, overcoming a
simple mendelian transmission, with clinical heterogeneity
leading to a hypothesis on the role of epigenetic factors
or additional mutations in other genes to fully explain
the phenotype.

To understand the role of HS6ST1 in self-limited DP, it
is important to consider the biological process of which it
takes part. As suggested by the authors (99), in line with
Hs6st1 expression, the reduced sulfotransferase activity in regions
including kisspeptin neurons and other cells that influence GnRH
function and secretion can impair the overall regulation of
GnRH neurons. Furthermore, Hs6st1 activity is required for the
normal function of AnosI and Fgfrl (100). Therefore, the clinical
phenotype of CHH could be due to mutations in the multiple
components of this network. In general, it could be plausible
that for the same gene a mutation in a single allele can cause
self-limited DP. Conversely, a more damaging mutation or the
contemporary effect of another gene can lead to a more severe
phenotype like CHH. Although a potentially pathogenic variant
in HS6ST1 in self-limited DP has been identified, the absence of
mutations in other CHH genes in the analyzed cohort confirms
the different genetic basis of CHH and self-limited DP or suggests
that other genes causing self-limited DP are yet unknown.

IGFS10
This new gene variant was discovered through the application
of WES in a cohort of subjects with self-limited DP in trying
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to explore the genetic basis of this condition. This interesting
work was published by Howard et al. (101), in which a
cohort of 111 individuals from 18 families (76 DP and 35
controls) was analyzed using WES. They identified two N-
terminal variants in IGSF10 (p.Argl56Leu and p.Glul61Lys) in
20 subjects with self-limited DP from six families, with autosomal
dominant mode of inheritance for all except in one patient
that presented DP without mutation. They also identified two
C-terminal variants (p.Glu2264Gly and p.Asp2614Asn) in the
same gene in four other families. In one family, there was an
incomplete penetrance, in another, they supposed a de novo
mutation. All the patients presented a normal growth rate
before puberty and a classical DP with delayed pubertal spurt
and normal (self-reported) olfaction. The IGFS10 gene was not
previously reported as the cause of human pathology. The murine
model allowed the observation that Igsfl0 mRNA is expressed
in the nasal mesenchyme of embryos. Additionally, Igsf10
knockdown disrupts the migration and the neurite elongation
of GnRH3 cells in vivo. The authors investigated the potential
role of IGFI0 in subjects with permanent GnRH deficiency,
like in KS, idiopathic hypogonadism and functional HH, like
hypothalamic amenorrhea or its equivalent. They performed
target exome sequencing on 334 adult patients with KS (162
subjects), THH (158 subjects), hypothalamic amenorrhea or
functional HH (14 subjects). The study described a potentially
pathogenic variant in 10.2% of these subjects: 3 loss-of-function
variants in 5 patients and 13 missense variants in 29 subjects.
Among 14 patients with functional HH, 25% had a personal
history of DP and two patients had a heterozygous loss-
of-function IGFS10 variant with no family history of IHH
or anosmia and with normal brain MRIL In both cases, an
important contemporary environmental factor triggered the
functional HH: secondary amenorrhea caused by excessive
physical exercise and important weight loss due to a subclinical
eating disorder.

This interesting finding suggests a shared etiology between
self-limited DP and some forms of functional HH. The
functional study performed by the authors revealed that
Igsf10 is involved during the early phase of GnRH neuron
migration from the olfactory placode to the hypothalamus
and the pre-optic areas. This process has a precise timing
and is a pre-requisite for the normal development of the
hypothalamic-pituitary-gonadal axis. In case of mutation,
the alteration of the Igsfl0 signaling could lead to a
reduced number of GnRH neurons that migrate into the
hypothalamus or to an incorrect timing, determining puberty
onset delay (101).

Considering the role of IGFSI0 in the formation of the GnRH
network, it is reasonable to assimilate environmental factors to
a “second hit” acting on the hypothalamus-pituitary-gonadal
axis made more susceptible to functional hypogonadism by
IGSF10 variants.

FTO

Energy homeostasis through the regulation of fat mass and
adipokyne production is supposed to be implicated in pubertal
timing. In a paper published in 2018 (102), Howard et al. found

TABLE 1 | Patients with monogenic cause of self-limited delayed puberty.

Pubertal Other clinical features Other family members References

Inheritance

Number of probands Genetic defects (mutations)

reported (sex)

Gene

development age at
onset (year)

(99)

4 (sister, paternal uncle and aunt,

father)

No growth delay before puberty
Normal smell (self-reported)

14.3

Autosomal dominant

Heterozygous missense variant

p. Arg375His

1 (M) from 1 family

HS6ST1

(101)

21 (14 with N-terminal variants
from 6 families and 7 with

No growth delay before puberty,

normal sense of smell
(self-reported)

13.94-16.5

Autosomal dominant for

Heterozygous missense

10 from 10 families

IGSF10

N-terminal variants; Autosomal
dominant for C-terminal variants

N-terminal variants (p.

(proband sex 9M, 1F)

C-terminal variant from 4 families)

Arg156Leu; P. Glu161Lys);

C-terminal variants

but incomplete penetrance in 1
family and a possible de novo

(102)
(103)

Family A sister and father

Family B mother

"

Age- and sex-adjusted body
mass index in the lower range

Family A proband 15.7
Family B proband 16.5

Not available

mutation in another family

Autosomal dominant
Autosomal dominant

(p.Glu2264Gly; p.Asp2614Asn)
heterozygous missense variant

Heterozygous in-frame deletion
p. Asn770His (family B)

Heterozygous missense variants
p. Ala221del (family A),

p.Ala163Thr and p.Leud4Val

3 (M) from 3 families
2 (M) from 2 families

FTO
EAP1
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Stunted progression for puberty nomograms

Gonadotropin

Hypergonadotropic =
hypogonadism <| High levels
v
Low
|
Family hystory of DP

Past medical hystory
New signs/symptoms
Clinical examination

Red flags for
organic causes

v'Hystory of chronic
transfusion regime
v'Chronic therapy with
Corticosteroids

Red flags for
functional HH

Red flags for
CHH

v'Micropenis and /or
cryptorchidism
¥'Anosmia/hyposmia
v'Deafness

v Hystory of
Chemotherapy
/radiotherapy (also
possible gonadal failure)
v Others pituitary
deficiencies (CPHD)
v'Signs/symptoms of
impaired thyroid function

v'Cleft lip/palate
v"anomalies of hand or foot
v'Renal agenesis
v'skeletal anomalies
v’bimanual synkinesia
v'complex malformation

( CHARGE syndrome)

Eating disorders
Excessive physical
exercise

Yes

( hypothyroidism/ No
hyperthyroidism) Underlying
v Signs/symptoms of etiology l
coeliacdisease or = Yes
Inflammatory bowel Wha t::thftul \;/tamrgt/
. short treatmen
dns.ease - with sex steroids
v'Signs/symptoms of
brain mass or infiltratiive < 7
disorders
Spontanoeus
Gise \ resolution Need of Puibsrty
eed of Pube
NO —> < NGS |+ Induction therapy
Yes
Underlying Self Y
etiology elr- No /
limited DP

FIGURE 1 | Diagnostic Algorithm for Delayed Puberty. DP, Delayed Puberty; HH, Hypogonadotropic Hypogonadism; CHH, Congenital Hypogonadotropic
Hypogonadism; CPHD, Combined Pituitary Hormone Deficiency; NGS, Next Generation Sequencing.

Of note is that the patients with FTO rare variants displayed
low body mass index during childhood, suggesting that the
effect of that genetic variants occurred through metabolism

two rare variants in FTO gene in three out of 67 families with self-
limited DP. FTO gene polymorphisms have been associated both
with obesity and with age at menarche.
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derangement that in turn can affect puberty onset. The authors
also realized a murine model of a heterozygous state of FTO that
showed delayed puberty (timing of vaginal opening). These two
elements support the role of genes involved in the control of
energy balance as a possible cause of self-limited DP.

EAP1

The same group identified two rare variants in the EAPI gene
in two families from the same cohort of 67 families with DP
(103). EAPI contributes to the initiation of female puberty
via transactivation of the GnRH promoter. Eapl is a nuclear
transcription factor able to act in two modes: trans-activating
the GnRH promoter and by inhibition of the prepoenkephalin
promoter, which normally antagonize the GnRH secretion, thus
determining an increase of GnRH levels that typically occurs at
the start of puberty. Therefore, EAPI is an important element of
the complex network upstream of GnRH which is involved in the
onset of puberty. Mutations in EAPI could be a plausible cause
of DP, similarly to other genes acting through the alteration of
the GnRH secretion (i.e., KISS1, TAC3 and TACR3). However, no
mutations that cause disorders of puberty have been identified
before of this work. The authors found a rich expression of
Eapl in the hypothalamus of mouse in peripubertal phase and
for EAPI mutant proteins showed altered levels and impaired
GnRH promoter activity. No phenotypic peculiarity was present
in patients with EAP variants except for self-limited DP and
delayed bone age.

Table 1 summarizes the phenotypic characteristics of patients
with a monogenic cause of self-limited DP.

These recent findings suggest that genes determining self-
limited delayed puberty could be involved in the overabundant
mechanisms that control puberty onset (e.g., modulation
of GnRH function and secretion, numerousness of neurons
migrating from the olfactory placode to the hypothalamus and
the pre-optic areas or energy balance) in spite of genes implicated
in CHH that directly affect GnRH neurons migration or function.
However, more studies are needed to unveil if this suggestion
is correct.

REFERENCES

1. Lawaetz JG, Hagen CP, Mieritz MG, Blomberg Jensen M, Petersen JH, Juul A.
Evaluation of 451 Danish boys with delayed puberty: diagnostic use of a new
puberty nomogram and effects of oral testosterone therapy. J Clin Endocrinol
Metab. (2015) 100:1376-85. doi: 10.1210/jc.2014-3631

2. Sedlmeyer IL, Palmert MR. Delayed puberty: analysis of a large case series
from an academic center. J Clin Endocrinol Metab. (2002) 87:1613€20.
doi: 10.1210/jcem.87.4.8395

3. Varimo T, Miettinen PJ, Kansakoski J, Raivio T, Hero M. Congenital
hypogonadotropic hypogonadism, functional hypogonadotropism or
constitutional delay of growth and puberty? An analysis of a large patient
series from a single tertiary center. Hum Reprod. (2017) 32:147e53.
doi: 10.1093/humrep/dew294

4. Abitbol L, Zborovski S, Palmert MR. Evaluation of delayed puberty:
what diagnostic tests should be performed in the seemingly
otherwise well adolescent? Arch Dis Child. (2016) 101:767-71.
doi: 10.1136/archdischild-2015-310375

CONCLUSIONS

Delayed puberty is a frequent problem in clinical practice. The
most common underlying condition is self-limited DP, but other
pathological causes may underlie this condition and should
be excluded.

Distinguishing between self-limited DP and permanent HH
might be challenging. Observation is appropriate in benign
variants of puberty and in those with milder forms of delayed
puberty. Genetic testing is appropriate and may be a crucial
diagnostic step in cases of DP associated to syndromic features
or other red flags to identify IHH patients (see Figure1).
The application of genetic testing in clinical practice for the
differentiation of the conditions of self-limited DP and GnRH
deficiency would represent a great advantage for diagnosis.

Recent technology advancement (i.e., NGS technology) is
allowing the identification of the genetic cause of self-limited
delayed puberty as well.

However, as summarized in the present work, patients with
monogenic forms of self-limited DP represent a minority of cases
and do not have clinical characteristics that allow clinicians to
distinguish them.

Furthermore, tests for pathogenicity in vitro and in vivo
and/or assessment of segregation with phenotype within pedigree
are needed to demonstrate the causal link between variants found
and self-limited DP.

For these reasons, and also for the difficult and challenging
interpretation of NGS analysis results (17), we suggest that
genetic analysis in patients with self-limited DP be limited to
research setting.

However, in the future, as knowledge of the genetic
architecture of delayed puberty will be enriched, genetic testing
could represent a useful diagnostic tool also in clinical practice.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

5. Taneli Raivio, Miettinen PJ. Constitutional delay of puberty versus
congenital hypogonadotropic hypogonadism: genetics,management and
updates. Best Pract Res Clin Endocrinol Metab. (2019) 33:101316.
doi: 10.1016/j.beem.2019.101316

6. Laitinen EM, Vaaralahti K, Tommiska J, Eklund E, Tervaniemi M,
Valanne L, et al. Incidence, phenotypic features and molecular genetics
of Kallmann syndrome in Finland. Orphanet J Rare Dis. (2011) 17;6:41.
doi: 10.1186/1750-1172-6-41

7. Pitteloud N, Hayes FJ, Dwyer A, Boepple PA, Lee H, Crowley WF Jr.
Predictors of outcome of long-term GnRH therapy in men with idiopathic
hypogonadotropic hypogonadism. J Clin Endocrinol Metab. (2002) 87:4128-
36. doi: 10.1210/j¢.2002-020518

8. Nelson CP, Park JM, Wan J, Bloom DA, Dunn RL, Wei JT. The increasing
incidence of congenital penile anomalies in the United States. ] Urol. (2005)
74:1573-576. doi: 10.1097/01.ju.0000179249.21944.7¢

9. Pitteloud N, Hayes FJ, Boepple PA, DeCruz S, Seminara SB, MacLaughlin
DT, et al. The role of prior pubertal development, biochemical markers
of testicular maturation, and genetics in elucidating the phenotypic

Frontiers in Endocrinology | www.frontiersin.org

May 2020 | Volume 11 | Article 253


https://doi.org/10.1210/jc.2014-3631
https://doi.org/10.1210/jcem.87.4.8395
https://doi.org/10.1093/humrep/dew294
https://doi.org/10.1136/archdischild-2015-310375
https://doi.org/10.1016/j.beem.2019.101316
https://doi.org/10.1186/1750-1172-6-41
https://doi.org/10.1210/jc.2002-020518
https://doi.org/10.1097/01.ju.0000179249.21944.7e
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Festa et al.

Genetics Test in Delayed Puberty

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

heterogeneity of idiopathic hypogonadotropic hypogonadism. ] Clin
Endocrinol Metab. (2002) 87:152-60. doi: 10.1210/jcem.87.1.8131

Trabado S, Maione L, Bry-Gauillard H, Affres H, Salenave S, Sarfati J, et al.
Insulin-like peptide 3 (INSL3) in men with congenital hypogonadotropic
hypogonadism/Kallmann syndrome and effects of different modalities of
hormonal treatment: a single-center study of 281 patients. J Clin Endocrinol
Metab. (2014) 99:E268-E75. doi: 10.1210/jc.2013-2288

Boehm U, Bouloux PM, Dattani MT, de Roux N, Dod’e C, Dunkel
L, et al. European consensus statement on congenital hypogonadotropic
hypogonadism—pathogenesis, diagnosis and treatment. Nat Rev Endocrinol.
(2015) 11:547-64. doi: 10.1038/nrendo.2015.112

Cassatella D, Howard SR, Acierno JS, Xu C, Papadakis GE, Santoni FA,
et al. Congenital hypogonadotropic hypogonadism and constitutional delay
of growth and puberty have distinct genetic architectures. Eur ] Endocrinol.
(2018) 178:377-88. doi: 10.1530/EJE-17-0568

Topaloglu AK. Update on the Genetics of Idiopathic hypogonadotropic
hypogonadism. ] Clin Res Pediatr Endocrinol. (2017) 9:113-22.
doi: 10.4274/jcrpe.2017.5010

Young J, Xu C, Papadakis GE, Acierno ]S, Maione L, Hietamaki J,
et al. Clinical management of congenital Hypogonadotropic hypogonadism.
Endocr Rev. (2019) 40:669-710. doi: 10.1210/er.2018-00116

Seminara SB, Hayes FJ, Crowley WF Jr. Gonadotropin-releasing hormone
deficiency in the human (idiopathic hypogonadotropic hypogonadism
and Kallmann’s syndrome): pathophysiological and genetic considerations.
Endocr Rev. (1998) 19:521-39 doi: 10.1210/edrv.19.5.0344

Maione L, Dwyer AA, Francou B, Guiochon-Mantel A, Binart N, Bouligand
J, et al. Genetics in endocrinology: genetic counseling for congenital
hypogonadotropic hypogonadism and Kallmann syndrome: new challenges
in the era of oligogenism and next-generation sequencing. Eur ] Endocrinol.
(2018) 178:R55-R80. doi: 10.1530/EJE-17-0749

Stamou MI, Cox KH, Crowley WF Jr. Discovering genes essential to the
hypothalamic regulation of human reproduction using a human disease
model: adjusting to life in the “-omics” era. Endocr Rev. (2016) 2016:4-22.
doi: 10.1210/er.2015-1045.2016.1

Sykiotis GP, Pitteloud N, Seminara SB, Kaiser UB, Crowley
WE  Jr. Deciphering genetic disease in the genomic era: the
model of GnRH deficiency. Sci Transl Med. (2010) 2:32rv2.

doi: 10.1126/scitranslmed.3000288

Francou B, Paul C, Amazit L, Cartes A, Bouvattier C, Albarel E
et al. Prevalence of KISS1 receptor mutations in a series of 603
patients with normosmic congenital hypogonadotrophic hypogonadism
and characterization of novel mutations: a single-centre study. Human
Reproduction. (2016) 31:1363-74. doi: 10.1093/humrep/dew073

Kim HG, Pedersen-White ], Bhagavath B, Layman LC. Genotype and
phenotype of patients with gonadotropin-releasing hormone receptor
mutations. Front Horm Res. (2010) 39:94-110. doi: 10.1159/0003
12696

Tello JA, Newton CL, Bouligand ], Guiochon-Mantel A, Millar RP, Young
J. Congenital hypogonadotropic hypogonadism due to GnRH receptor
mutations in three brothers reveal sites affecting conformation and coupling.
PLoS ONE. (2012) 7:€38456. doi: 10.1371/journal.pone.0038456

de Roux N, Young J, Misrahi M, Genet R, Chanson P, Schaison G, et al.
A family with hypogonadotropic hypogonadism and mutations in the
gonadotropin-releasing hormone receptor. N Engl ] Med. (1997) 337:1597—
602. doi: 10.1056/NEJM199711273372205

Beranova M, Oliveira LM, Bédécarrats GY, Schipani E, Vallejo M, Ammini
AC, et al. Prevalence, phenotypic spectrum, and modes of inheritance
of gonadotropin-releasing hormone receptor mutations in idiopathic
hypogonadotropic hypogonadism. J Clin Endocrinol Metab. (2001) 86:1580—
8. doi: 10.1210/jcem.86.4.7395

de Roux N. GnRH receptor and GPR54 inactivation in isolated gonadotropic
deficiency. Best Pract Res Clin Endocrinol Metab. (2006) 20:515-28.
doi: 10.1016/j.beem.2006.10.005

de Roux N, Genin E, Carel JC, Matsuda E Chaussain JL,
Milgrom E. Hypogonadotropic hypogonadism due to loss of
function of the KISSI-derived peptide receptor GPR54. Proc

Natl Acad Sci
99100

USA. (2003) 100:10972-6. doi: 10.1073/pnas.18343

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Seminara SB, Messager S, Chatzidaki EE, Thresher RR, Acierno JS Jr,
Shagoury JK, et al. The GPR54 gene as a regulator of puberty. N Engl | Med.
(2003) 349:1614-27. doi: 10.1056/NEJMo0a035322

Topaloglu AK, Reimann F, Guclu M, Yalin AS, Kotan LD, Porter KM, et al.
TAC3 and TACR3 mutations in familial hypogonadotropic hypogonadism
reveal a key role for neurokinin B in the central control of reproduction. Nat
Genet. (2009) 41:354-8. doi: 10.1038/ng.306

Guran T, Tolhurst G, Bereket A, Rocha N, Porter K, Turan S, et al.
Hypogonadotropic hypogonadism due to a novel missense mutation in the
first extracellular loop of the neurokinin B receptor. J Clin Endocrinol Metab.
(2009) 94:3633-9. doi: 10.1210/jc.2009-0551

Young J, Bouligand ], Francou B, Raffin-Sanson ML, Gaillez S, Jeanpierre
M, et al. TAC3 and TACR3 defects cause hypothalamic congenital
hypogonadotropic hypogonadism in humans. ] Clin Endocrinol Metab.
(2010) 95:2287-95. doi: 10.1210/jc.2009-2600

Gianetti E, Tusset C, Noel SD, Au MG, Dwyer AA, Hughes VA, et al.
TAC3/TACR3 mutations reveal preferential activation of gonadotropin-
releasing hormone release by neurokinin B in neonatal life followed
by reversal in adulthood. J Clin Endocrinol Metab. (2010) 95:2857-67.
doi: 10.1210/j¢.2009-2320

Francou B, Bouligand J, Voican A, Amazit L, Trabado S, Fagart
J, et al. Normosmic congenital hypogonadotropic hypogonadism
due to TAC3/TACR3 mutations: characterization of neuroendocrine
phenotypes and novel mutations. PLoS ONE. (2011) 6:e25614.
doi: 10.1371/ journal.pone.0025614

Vaaralahti K, Wehkalampi K, Tommiska J, Laitinen EM, Dunkel L, Raivio
T. The role of gene defects underlying isolated hypogonadotropic
hypogonadism in patients with constitutional delay of growth and puberty.
Fertil Steril. (2011) 95:2756-8. doi: 10.1016/j.fertnstert.2010.12.059

Bianco SD, Kaiser UB. The genetic and molecular basis of idiopathic
hypogonadotropic hypogonadism. Nat Rev Endocrinol. (2009) 5:569-76.
doi: 10.1038/nrendo0.2009.177 Epub (2009). Aug 25.

Tsai PS, Gill JC. Mechanisms of disease: insights into X-linked and
autosomal-dominant Kallmann syndrome. Nat Clin Pract Endocrinol Metab.
(2006) 2:160-71. doi: 10.1038/ncpendmet0119

Dodé C, Hardelin JP. Clinical genetics of Kallmann syndrome. Ann
Endocrinol. (2010) 71: 149-57. doi: 10.1016/j.ando.2010.02.005

de Castro F, Seal R, Maggi R, Group of HGNC consultants for KAL1
nomenclature. ANOSI: a unified nomenclature for Kallmann syndrome
1 gene (KAL1) and anosmin-1. Brief Funct Genomics. (2017) 16:205-10.
doi: 10.1093/bfgp/elw037

Gongalves CI, Fonseca F Borges T, Cunha F, Lemos MC. Expanding
the genetic spectrum of ANOS1 mutations in patients with congenital
hypogonadotropic hypogonadism. Human Reprod. (2017) 32:704-11.
doi: 10.1093/humrep/dew354

Nie M, Xu H, Chen R, Mao J, Wang X, Xiong S, et al. Analysis of genetic and
clinical characteristics of a chinese Kallmann syndrome cohort with ANOS1
mutations. Eur ] Endocrinol. (2017) 177:389-98. doi: 10.1530/EJE-17-0335
Quinton R, Duke VM, Robertson A, Kirk JM, Matfin G, de Zoysa PA,
et al. Idiopathic gonadotrophin deficiency: genetic questions addressed
through phenotypic characterization. Clin Endocrinol. (2001) 55:163-74.
doi: 10.1046/j.1365-2265.2001.01277.x

Legouis R, Hardelin JP, Levilliers ], Claverie JM, Compain S, Wunderle
V, et al. The candidate gene for the X-linked Kallmann syndrome
encodes a protein related to adhesion molecules. Cell. (1991) 67:423-35.
doi: 10.1016/0092-8674(91)90193-3

Franco B, Guioli S, Pragliola A, Incerti B, Bardoni B, Tonlorenzi R, et al.
A gene deleted in Kallmann’s syndrome shares homology with neural cell
adhesion and axonal path-finding molecules. Nature. (1991) 353:529-36.
doi: 10.1038/353529a0

Bick D, Franco B, Sherins RJ, Heye B, Pike L, Crawford J, et al. Brief report:
intragenic deletion of the KALIG1 gene in Kallmann’s syndrome. N Engl ]
Med. (1992) 326:1752-5. doi: 10.1056/NEJM199206253262606

Hardelin JP, Levilliers ], Young J, Pholsena M, Legouis R, Kirk J, et al. Xp22.3
deletions in isolated familial Kallmann’s syndrome. J Clin Endocrinol Metab.
(1993) 76:827-31. doi: 10.1210/jcem.76.4.8473391

Costa-Barbosa FA, Balasubramanian R, Keefe KW, Shaw ND, Al-Tassan
N, Plummer L, et al. Prioritizing genetic testing in patients with Kallmann

Frontiers in Endocrinology | www.frontiersin.org

May 2020 | Volume 11 | Article 253


https://doi.org/10.1210/jcem.87.1.8131
https://doi.org/10.1210/jc.2013-2288
https://doi.org/10.1038/nrendo.2015.112
https://doi.org/10.1530/EJE-17-0568
https://doi.org/10.4274/jcrpe.2017.S010
https://doi.org/10.1210/er.2018-00116
https://doi.org/10.1210/edrv.19.5.0344
https://doi.org/10.1530/EJE-17-0749
https://doi.org/10.1210/er.2015-1045.2016.1
https://doi.org/10.1126/scitranslmed.3000288
https://doi.org/10.1093/humrep/dew073
https://doi.org/10.1159/000312696
https://doi.org/10.1371/journal.pone.0038456
https://doi.org/10.1056/NEJM199711273372205
https://doi.org/10.1210/jcem.86.4.7395
https://doi.org/10.1016/j.beem.2006.10.005
https://doi.org/10.1073/pnas.1834399100
https://doi.org/10.1056/NEJMoa035322
https://doi.org/10.1038/ng.306
https://doi.org/10.1210/jc.2009-0551
https://doi.org/10.1210/jc.2009-2600
https://doi.org/10.1210/jc.2009-2320
https://doi.org/10.1371/
https://doi.org/10.1016/j.fertnstert.2010.12.059
https://doi.org/10.1038/nrendo.2009.177
https://doi.org/10.1038/ncpendmet0119
https://doi.org/10.1016/j.ando.2010.02.005
https://doi.org/10.1093/bfgp/elw037
https://doi.org/10.1093/humrep/dew354
https://doi.org/10.1530/EJE-17-0335
https://doi.org/10.1046/j.1365-2265.2001.01277.x
https://doi.org/10.1016/0092-8674(91)90193-3
https://doi.org/10.1038/353529a0
https://doi.org/10.1056/NEJM199206253262606
https://doi.org/10.1210/jcem.76.4.8473391
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Festa et al.

Genetics Test in Delayed Puberty

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

syndrome using clinical phenotypes. ] Clin Endocrinol Metab. (2013)
98:E943-E53. doi: 10.1210/jc.2012-4116

Xu H, Li Z, Wang T, Wang S, Liu J, Wang DW. Novel homozygous
deletion of segmental KAL1 and entire STS cause Kallmann syndrome
and X-linked ichthyosis in a chinese family. Andrologia. (2015) 47:1160-5.
doi: 10.1111/and.12397

Madhu SV, Kant S, Holla VV, Arora R, Rathi S. Unusual presentation
of Kallmannn syndrome with contiguous gene deletion in three
siblings of a family. Indian ] Endocrinol Metab. (2012) 16:5326-S8.
doi: 10.4103/2230-8210.104077

Shaw ND, Seminara SB, Welt CK, Au MG, Plummer L, Hughes VA, et al.
Expanding the phenotype and genotype of female GnRH deficiency. ] Clin
Endocrinol Metab. (2011) 96:E566-E76. doi: 10.1210/jc.2010-2292

Lin L, Gu WX, Ozisik G, To WS, Owen CJ, Jameson JL, et al. Analysis of
DAX1 (NROB1) and steroidogenic factor-1 (NR5A1) in children and adults
with primary adrenal failure: ten years” experience. J Clin Endocrinol Metab.
(2006) 91:3048-54. doi: 10.1210/jc.2006-0603

Jadhav U, Harris RM, Jameson JL. Hypogonadotropic hypogonadism in
subjects with DAX1 mutations. Mol Cell Endocrinol. (2011) 346:65-73.
doi: 10.1016/j.mce.2011.04.017

Raffin-Sanson ML, Oudet B, Salenave S, Brailly-Tabard S, Pehuet M,
Christin-Maitre S, et al. A man with a DAX1/NROB1 mutation, normal
puberty, and an intact hypothalamic-pituitary-gonadal axis but deteriorating
oligospermia during long-term follow-up. Eur ] Endocrinol. (2013) 168:K45-
K50. doi: 10.1530/EJE-12-1055

Bergadd I, Andreone L, Bedecarrés P, Ropelato MG, Copelli S, Laissue P, et al.
Seminiferous tubule function in delayed-onset X-linked adrenal hypoplasia
congenita associated with incomplete hypogonadotrophic hypogonadism.
Clin Endocrinol. (2008) 68:240-6. doi: 10.1111/j.1365-2265.2007.03026.x
Battistin C, Menezes Filho HC, Domenice S, Nishi MY, Della
Manna T, Kuperman H, et al. A novel DAX1/NROB1 mutation in
a patient with adrenal hypoplasia congenita and hypogonadotropic
hypogonadism. Arq Bras Endocrinol Metabol. (2012) 56:496-500.
doi: 10.1590/50004-27302012000800006

Merke DP, Tajima T, Baron ], Cutler GB Jr. Hypogonadotropic
hypogonadism in a female caused by an X-linked recessive
mutation in the DAX1 gene. New Engl ] Med. (1999) 340:1248-52.
doi: 10.1056/NEJM199904223401605

Kyriakakis N, Shonibare T, Kyaw-Tun J, Lynch ], Lagos CF, Achermann
JC, et al. Late-onset X-linked adrenal hypoplasia (DAX-1, nROB1): two
new adult-onset cases from a single center. Pituitary. (2017) 20:585-93.
doi: 10.1007/s11102-017-0822-x

Trarbach EB, Teles MG, Costa EM, Abreu AP, Garmes HM, Guerra G Jr, et al.
Screening of autosomal gene deletions in patients with hypogonadotropic
hypogonadism using multiplex ligation-dependent probe amplification:
detection of a hemizygosis for the fibroblast growth factor receptor 1. Clin
Endocrinol (Oxf). (2010) 72:371-6. doi: 10.1111/j.1365-2265.2009.03642.x
Pedersen-White JR, Chorich LP, Bick DP, Sherins RJ, Layman LC.
The prevalence of intragenic deletions in patients with idiopathic
hypogonadotropic hypogonadism and Kallmann syndrome. Mol Hum
Reprod. (2008) 14:367-70. doi: 10.1093/molehr/gan027

Dodé C, Levilliers ], Dupont JM, De Paepe A, Le Dt N, Soussi- Yanicostas
N, et al. Loss-of-function mutations in FGFR1 cause autosomal dominant
Kallmann syndrome. Nat Genet. (2003) 33:463-5. doi: 10.1038/ng1122
Pitteloud N, Acierno JS Jr, Meysing A, Eliseenkova AV, Ma J, Ibrahimi OA,
et al. Mutations in fibroblast growth factor receptor 1 cause both Kallmann
syndrome and normosmic idiopathic hypogonadotropic hypogonadism.
Proc Natl Acad Sci USA. (2006) 103:6281-6. doi: 10.1073/pnas.06009
62103

Salenave S, Chanson P, Bry H, Pugeat M, Cabrol S, Carel JC, et al. Kallmann’s
syndrome: a comparison of the reproductive phenotypes in men carrying
KAL1 and FGFR1/KAL2 mutations. J Clin Endocrinol Metab. (2008) 93:758—
63. doi: 10.1210/j¢c.2007-1168

Albuisson J, Pécheux C, Carel JC, Lacombe D, Leheup B, Lapuzina P, et al.
Kallmann syndrome: 14 novel mutations in KAL1 and FGFR1 (KAL2). Hum
Mutat. (2005) 25:98-109. doi: 10.1002/humu.9298

Dodé C, Fouveaut C, Mortier G, Janssens S, Bertherat J, Mahoudeau J,
et al. Novel FGFR1 sequence variants in kallmann syndrome, and genetic

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

evidence that the FGFRIc isoform is required in olfactory bulb and palate
morphogenesis. Hum Mutat. (2007) 28:97-108. doi: 10.1002/humu.9470
Pitteloud N, Meysing A, Quinton R, Acierno JS Jr, Dwyer AA, Plummer
L, et al. Mutations in fibroblast growth factor receptor 1 cause Kallmann
syndrome with a wide spectrum of reproductive phenotypes. Mol Cell
Endocrinol. (2006) 254-255:60-9. doi: 10.1016/j.mce.2006.04.021

Xu N, Qin Y, Reindollar RH, Tho SP, McDonough PG, Layman LC.
A mutation in the fibroblast growth factor receptor 1 gene causes fully
penetrant normosmic isolated hypogonadotropic hypogonadism. ] Clin
Endocrinol Metab. (2007) 92:1155-8. doi: 10.1210/jc.2006-1183

Raivio T, Sidis Y, Plummer L, Chen H, Ma ], Mukherjee A, et al. Impaired
fibroblast growth factor receptor 1 signaling as a cause of normosmic
idiopathic hypogonadotropic hypogonadism. J Clin Endocrinol Metab.
(2009) 94:4380-90. doi: 10.1210/jc.2009-0179

Trarbach EB, Costa EM, Versiani B, de Castro M, Baptista MT, Garmes HM,
et al. Novel fibroblast growth factor receptor 1 mutations in patients with
congenital hypogonadotropic hypogonadism with and without anosmia. J
Clin Endocrinol Metab. (2006) 91:4006-12. doi: 10.1210/jc.2005-2793

Wang XL, Wang DD, Gu JQ, Zhang N, Shan ZY. A female patient
with normosmic idiopathic hypogonadotropic hypogonadism carrying
a novel mutation in FGFR1. Genet Mol Res. (2014) 13:9472-6.
doi: 10.4238/2014.November.11.12

Miraoui H, Dwyer AA, Sykiotis GP, Plummer L, Chung W, Feng B, et al.
Mutations in FGF17, IL17RD, DUSP6, SPRY4, and FLRT3 are identified in
individuals with congenital hypogonadotropic hypogonadism. Am ] Hum
Genet. (2013) 92:725-43. doi: 10.1016/j.ajhg.2013.04.008

Kim HG, Kurth I, Lan E, Meliciani I, Wenzel W, Eom SH, et al. Mutations
in CHD7, encoding a chromatin-remodeling protein, cause idiopathic
hypogonadotropic hypogonadism and kallmann syndrome. Am ] Hum
Genet. (2008) 83:511-9. doi: 10.1016/j.ajhg.2008.09.005

Kim HG, Layman LC. The role of cHD7 and the newly identified WDR11
gene in patients with idiopathic hypogonadotropic hypogonadism
and Kallmann syndrome. Mol Cell Endocrinol. (2011) 346:74-83.
doi: 10.1016/j.mce.2011.07.013

Marcos S, Sarfati J, Leroy C, Fouveaut C, Parent P, Metz C, et al. The
prevalence of CHD7 missense versus truncating mutations is higher in
patients with kallmann syndrome than in typical CHARGE patients. ] Clin
Endocrinol Metab. (2014) 99:E2138-E43. doi: 10.1210/jc.2014-2110
Balasubramanian R, Choi JH, Francescatto L, Willer J, Horton ER,
Asimacopoulos EP, et al. Functionally compromised CHD7 alleles in patients
with isolated GnRH deficiency. Proc Natl Acad Sci U S A. (2014) 111:17953-8.
doi: 10.1073/pnas.1417438111

Xu C, Cassatella D, van der Sloot AM, Quinton R, Hauschild M, De Geyter
C, et al. Evaluating CHARGE syndrome in congenital hypogonadotropic
hypogonadism patients harboring CHD7 variants. Genet Med. (2018)
20:872-81. doi: 10.1038/gim.2017.197

Bergman JE, Janssen N, Hoefsloot LH, Jongmans MC, Hofstra RM, van
Ravenswaaij-Arts CM. CHD7 mutations and CHARGE syndrome: the
clinical implications of an expanding phenotype. ] Med Genet. (2011)
48:334-42. doi: 10.1136/ jmg.2010.087106

Pingault V; Bodereau V, Baral V, Marcos S, Watanabe Y, Chaoui A, et al. Loss-
of-function mutations in SOX10 cause Kallmann syndrome with deafness.
Am ] Hum Genet. (2013) 92:707-24. doi: 10.1016/j.ajhg.2013.03.024
Pingault V, Faubert E, Baral V, Gherbi S, Loundon N, Couloigner V, et al.
SOX10 mutations mimic isolated hearing loss. Clin Genet. (2015) 88:352-9.
doi: 10.1111/cge.12506

Maione L, Brailly-Tabard S, Nevoux ], Bouligand ], Young J. Reversal
of congenital hypogonadotropic hypogonadism in a man with Kallmann
syndrome due to SOX10 mutation. Clin Endocrinol (Oxf). (2016) 85:988-9.
doi: 10.1111/cen.13231

Suzuki E, Izumi Y, Chiba Y, Horikawa R, Matsubara Y, Tanaka M, et al.
Loss-of-function SOX10 mutation in a patient with Kallmann syndrome,
hearing loss, and iris hypopigmentation. Horm Res Paediatr. (2015) 84:212—
6. doi: 10.1159/000436965

Vaaralahti K, Tommiska J, Tillmann V, Liivak N, Kinsikoski J, Laitinen
EM, et al. De novo SOX10 nonsense mutation in a patient with
Kallmann syndrome and hearing loss. Pediatr Res. (2014) 76:115-26.
doi: 10.1038/pr.2014.60

Frontiers in Endocrinology | www.frontiersin.org

10

May 2020 | Volume 11 | Article 253


https://doi.org/10.1210/jc.2012-4116
https://doi.org/10.1111/and.12397
https://doi.org/10.4103/2230-8210.104077
https://doi.org/10.1210/jc.2010-2292
https://doi.org/10.1210/jc.2006-0603
https://doi.org/10.1016/j.mce.2011.04.017
https://doi.org/10.1530/EJE-12-1055
https://doi.org/10.1111/j.1365-2265.2007.03026.x
https://doi.org/10.1590/S0004-27302012000800006
https://doi.org/10.1056/NEJM199904223401605
https://doi.org/10.1007/s11102-017-0822-x
https://doi.org/10.1111/j.1365-2265.2009.03642.x
https://doi.org/10.1093/molehr/gan027
https://doi.org/10.1038/ng1122
https://doi.org/10.1073/pnas.0600962103
https://doi.org/10.1210/jc.2007-1168
https://doi.org/10.1002/humu.9298
https://doi.org/10.1002/humu.9470
https://doi.org/10.1016/j.mce.2006.04.021
https://doi.org/10.1210/jc.2006-1183
https://doi.org/10.1210/jc.2009-0179
https://doi.org/10.1210/jc.2005-2793
https://doi.org/10.4238/2014.November.11.12
https://doi.org/10.1016/j.ajhg.2013.04.008
https://doi.org/10.1016/j.ajhg.2008.09.005
https://doi.org/10.1016/j.mce.2011.07.013
https://doi.org/10.1210/jc.2014-2110
https://doi.org/10.1073/pnas.1417438111
https://doi.org/10.1038/gim.2017.197
https://doi.org/10.1136/
https://doi.org/10.1016/j.ajhg.2013.03.024
https://doi.org/10.1111/cge.12506
https://doi.org/10.1111/cen.13231
https://doi.org/10.1159/000436965
https://doi.org/10.1038/pr.2014.60
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Festa et al.

Genetics Test in Delayed Puberty

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Shin §J, Sul Y, Kim JH, Cho JH, Kim GH, Kim JH, et al. Clinical,
endocrinological, and molecular characterization of Kallmann syndrome
and normosmic idiopathic hypogonadotropic hypogonadism: a single
center experience. Ann Pediatr Endocrinol Metab. (2015) 20:27-33.
doi: 10.6065/apem.2015.20.1.27

Dodé C, Teixeira L, Levilliers J, Fouveaut C, Bouchard P, Kottler
ML, et al. Kallmann syndrome: mutations in the genes encoding
prokineticin-2 and prokineticin receptor-2. PLoS Genet. (2006) 2:e175.
doi: 10.1371/journal.pgen.0020175

Cole LW, Sidis Y, Zhang C, Quinton R, Plummer L, Pignatelli D,
et al. Mutations in prokineticin 2 and prokineticin receptor 2 genes in
human gonadotrophin-releasing hormone deficiency: molecular genetics
and clinical spectrum. ] Clin Endocrinol Metab. (2008) 939:3551-9.
doi: 10.1210/jc.2007-2654

Sarfati J, Guiochon-Mantel A, Rondard P, Arnulf I, Garcia-Pifiero A,
Wolczynski S, et al. A comparative phenotypic study of Kallmann syndrome
patients carrying monoallelic and biallelic mutations in the prokineticin 2
or prokineticin receptor 2 genes. J Clin Endocrinol Metab. (2010) 95:659-69.
doi: 10.1210/j¢.2009-0843

Sarfati ], Fouveaut C, Leroy C, Jeanpierre M, Hardelin JP, Dodé C. Greater
prevalence of PROKR2 mutations in kallmann syndrome patients from the
maghreb than in european patients. Eur | Endocrinol. (2013) 169:805-9.
doi: 10.1530/EJE-13-0419

Cox KH, Oliveira LMB, Plummer L, Corbin B, Gardella T, Balasubramanian
R, et al. Modeling mutant/wild-type interactions to ascertain pathogenicity
of PROKR2 missense variants in patients with isolated GnRH deficiency.
Hum Mol Genet. (2018) 27:338-50. doi: 10.1093/hmg/ddx404

Sinisi AA, Asci R, Bellastella G, Maione L, Esposito D, Elefante A, et al.
Homozygous mutation in the prokineticin-receptor2 gene (Val274Asp)
presenting as reversible kallmann syndrome and persistent oligozoospermia:
case report. Hum Reprod. (2008) 23:2380-4. doi: 10.1093/humrep/den247
Tommiska J, Toppari ], Vaaralahti K, Kinsakoski J, Laitinen EM, Noisa P,
et al. PROKR2 mutations in autosomal recessive Kallmann syndrome. Fertil
Steril. (2013) 99:815-8. doi: 10.1016/j.fertnstert.2012.11.003

Wang Y, Gong C, Qin M, Liu Y, Tian Y. Clinical and genetic features of
64 young male paediatric patients with congenital hypogonadotropic
hypogonadism (CHH). Clin Endocrinol (Oxf). (2017) 87:757-66.
doi: 10.1111/cen.13451

Libri DV, Kleinau G, Vezzoli V, Busnelli M, Guizzardi E Sinisi AA,
et al. Germline prokineticin receptor 2 (PROKR?2) variants associated with
central hypogonadism cause differental modulation of distinct intracellular
pathways. Italian Study Group on Idiopathic Central Hypogonadism (ICH).
J Clin Endocrinol Metab. (2014) 99:E458-E63. doi: 10.1210/jc.2013-2431
Falardeau J, Chung WC, Beenken A, Raivio T, Plummer L, Sidis Y,
et al. Decreased FGF8 signaling causes deficiency of gonadotropin-
releasing hormone in humans and mice. J Clin Invest. (2008) 118:2822-31.
doi: 10.1172/JCI34538

Chung WC, Moyle SS, Tsai PS. Fibroblast growth factor 8 signaling
through fibroblast growth factor receptor 1 is required for the emergence of
gonadotropin-releasing hormone neurons. Endocrinology. (2008) 149:4997-
5003. doi: 10.1210/en.2007-1634

Trarbach EB, Abreu AP, Silveira LF, Garmes HM, Baptista MT, Teles MG,
et al. Nonsense mutations in FGF8 gene causing different degrees of human
gonadotropin-releasing deficiency. J Clin Endocrinol Metab. (2010) 95:3491-
6. doi: 10.1210/j¢.2010-0176

Sykiotis GP, Plummer L, Hughes VA, Au M, Durrani S, Nayak- Young S, et al.
Oligogenic basis of isolated gonadotropin-releasing hormone deficiency.
Proc Natl Acad Sci USA. (2010) 107:15140-4. doi: 10.1073/pnas.1009622107

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Sedlmeyer IL, Hirschhorn JN, Palmert MR. Pedigree analysis of
constitutional delay of growth and maturation: determination of familial
aggregation and inheritance patterns. J Clin Endocrinol Metab. (2002)
87:5581-6. doi: 10.1210/jc.2002-020862

Zhu J1, Choa RE, Guo MH, Plummer L, Buck C, Palmert MR,
et al. A shared genetic basis for self-limited delayed puberty and
idiopathic hypogonadotropic hypogonadism. ] Clin Endocrinol Metab.
(2015) 100:E646-54. doi: 10.1210/jc.2015-1080

Parent AS, Teilmann G, Juul A, Skakkebaek NE, Toppari ], Bourguignon
JP. The timing of normal puberty and the age limits of sexual precocity:
variations around the world, secular trends, and changes after migration.
Endocr Rev. (2003) 24:668¢93. doi: 10.1210/er.2002-0019

Wehkalampi K, Silventoinen K, Kaprio J, Dick DM, Rose R], Pulkkinen
L, et al. Genetic and environmental influences on pubertal timing assessed
by height growth. Am J Hum Biol. (2008) 20:417e23. doi: 10.1002/ajhb.
20748

Morris DH, Jones ME, Schoemaker M]J, Ashworth A, Swerdlow AJ. Familial
concordance for age at menarche: analyses from the breakthrough
generations study. Paediatr Perinat Epidemiol. (2011) 25:306ell.
doi: 10.1111/.1365-3016.2010.01183.x

Day FR, Thompson DJ, Helgason H, Chasman DI, Finucane H, Sulem P
et al. Genomic analyses identify hundreds of variants associated with age at
menarche and support a role for puberty timing in cancer risk. Nat Genet.
(2017) 49:834e41. doi: 10.1038/ng.3841

Howard SR, Oleari R, Poliandri A, Chantzara V, Fantin A, Ruiz-Babot
G, et al. HS6ST1 insufficiency causes self-Limited delayed puberty in
contrast with other GnRH deficiency genes. J Clin Endocrinol Metab. (2018)
103:3420-9. doi: 10.1210/jc.2018-00646

Tornberg ], Sykiotis GP, Keefe K, Plummer L, Hoang X, Hall JE,
et al. Heparan sulfate 6-O-sulfotransferase 1, a gene involved in
extracellular sugar modifications, is mutated in patients with idiopathic
hypogonadotrophic hypogonadism. Proc Natl Acad Sci USA. (2011)
108:11524-9. doi: 10.1073/pnas.1102284108

Howard SR, Guasti L, Ruiz-Babot G, Mancini A, David A, Storr HL, et al.
IGSF10 mutations dysregulate gonadotropin-releasing hormone neuronal
migration resulting in delayed puberty. EMBO Mol Med. (2016) 8:626-42.
doi: 10.15252/emmm.201606250

Howard SR, Guasti L, Poliandri A, David A, Cabrera CP, Barnes MR,
et al. Contributions of function-Altering variants in genes implicated
in pubertal timing and body mass for self-Limited delayed puberty.
J Clin Endocrinol Metab. (2018) 103:649-59. doi: 10.1210/jc.2017-
02147

Mancini A, Howard SR, Cabrera CP, Barnes MR, David A, Wehkalampi
K, et al. EAP1 regulation of GnRH promoter activity is important
for human pubertal timing. Hum Mol Genet. (2019) 28:1357-68.
doi: 10.1093/hmg/ddy451

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Festa, Umano, Miraglia del Giudice and Grandone. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Endocrinology | www.frontiersin.org

11

May 2020 | Volume 11 | Article 253


https://doi.org/10.6065/apem.2015.20.1.27
https://doi.org/10.1371/journal.pgen.0020175
https://doi.org/10.1210/jc.2007-2654
https://doi.org/10.1210/jc.2009-0843
https://doi.org/10.1530/EJE-13-0419
https://doi.org/10.1093/hmg/ddx404
https://doi.org/10.1093/humrep/den247
https://doi.org/10.1016/j.fertnstert.2012.11.003
https://doi.org/10.1111/cen.13451
https://doi.org/10.1210/jc.2013-2431
https://doi.org/10.1172/JCI34538
https://doi.org/10.1210/en.2007-1634
https://doi.org/10.1210/jc.2010-0176
https://doi.org/10.1073/pnas.1009622107
https://doi.org/10.1210/jc.2002-020862
https://doi.org/10.1210/jc.2015-1080
https://doi.org/10.1210/er.2002-0019
https://doi.org/10.1002/ajhb.20748
https://doi.org/10.1111/j.1365-3016.2010.01183.x
https://doi.org/10.1038/ng.3841
https://doi.org/10.1210/jc.2018-00646
https://doi.org/10.1073/pnas.1102284108
https://doi.org/10.15252/emmm.201606250
https://doi.org/10.1210/jc.2017-02147
https://doi.org/10.1093/hmg/ddy451
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Genetic Evaluation of Patients With Delayed Puberty and Congenital Hypogonadotropic Hypogonadism: Is it Worthy of Consideration?
	Definition
	Etiology and Epidemiology
	Differential Diagnosis
	Genetics of CHH
	Autosomal Recessive Forms
	X-Linked Forms
	Autosomal Dominant Forms
	Oligogenic Inheritance
	Genetic Analysis in CHH 
	Importance of Genetic Diagnosis in CHH 
	Overlapping Etiology Between CHH and Self-Limited Delayed Puberty
	New Genes Causing Self-Limited Delayed Puberty
	HS6ST1
	IGFS10
	FTO
	EAP1


	Conclusions
	Author Contributions
	References


