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Background: Noonan syndrome (NS) is a genetic multisystem disorder
characterised by variable clinical manifestations including dysmorphic facial
features, short stature, congenital heart disease, renal anomalies, lymphatic
malformations, chest deformities, cryptorchidism in males.

Methods: In this narrative review, we summarized the available data on puberty
and gonadal function in NS subjects and the role of the RAS/mitogen-activated
protein kinase (MAPK) signalling pathway in fertility. In addition, we have reported
our personal experience on pubertal development and vertical transmission in NS.

Conclusions: According to the literature and to our experience, NS patients
seem to have a delay in puberty onset compared to the physiological timing
reported in healthy children. Males with NS seem to be at risk of gonadal
dysfunction secondary not only to cryptorchidism but also to other underlying
developmental factors including the MAP/MAPK pathway and genetics. Long-
term data on a large cohort of males and females with NS are needed to better
understand the impact of delayed puberty on adult height, metabolic profile and
well-being. The role of genetic counselling and fertility related-issues is crucial.

KEYWORDS

Noonan syndrome, puberty, gonadal function, vertical transmission, familial cases,
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Introduction

Noonan syndrome (NS) is an autosomal-dominant inherited disorder affecting 1:1000
to 1:2500 live births. The clinical phenotype is variable and involves multiple organ systems
(1-4). NS belongs to a group of phenotypically overlapping genetic conditions caused by
germline mutations in genes encoding components or regulators of the RAS/mitogen-
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activated protein kinase (MAPK) signalling pathway, collectively
known as RASopathies (1-4).

The three most common reported features in this condition are
unusual facial features, short stature and congenital heart defects
but several other organs may be involved. Since no consensus
clinical diagnostic criteria for Noonan syndrome have been
published, although scoring systems (5) and UK guidelines are
available (6), we aimed to evaluate the clinical context and the
degree and extent of gonadal dysfunction in patients with NS.

Clinical manifestations and genotype

Clinical manifestations vary with the age and include
dysmorphic facial features (curly/wooly hair, wide forehead,
thickly hooded/prominent eyes, neck skin webbing, small chin),
short stature, and congenital heart disease (especially pulmonary
valve stenosis, hypertrophic cardiomyopathy); chest deformity
(pectus carinatum/excavatum, broad thorax), variable degrees of
developmental delay and other features include neonatal feeding
difficulties/failure to thrive, cryptorchidism in boys, lymphatic
dysplasia and coagulation defects (1-3). The syndrome is typically
caused by gain-of-function (activating) mutations in multiple genes
in the RAS/MAPK signal transduction pathway.

Noonan Syndrome is caused by an heterozygous pathogenic (or
likely pathogenic) variant in one of the associated genes. Genes
implicated include: PTPNI1I (accounting for 40-50% of total NS
patients) (1-4), SOSI (10-20%), RAF1 (3-17%), RIT1 (9%), and a
group of genes, SHOC2, RASA2, LZTRI, SPRED2, RIT1, SOS2, CBL,
KRAS, NRAS, MRAS, PRAS, BRAF, PPP1CB, A2MLI1, MAP2K1 and
CDC42 (each of these genes accounting for 1-5% of NS cases or less)
(1-4, 7). Most frequently, the causative variant is a single nucleotide
variant (SNV) revealed through sequence analysis, although, a few
NS and NS-like cases have been reported to show copy number
variations (8, 9). In approximately 20-30% of patients with NS, the
genetic cause of the disease remains unknown. Noonan Syndrome
shows mainly an autosomal dominant inheritance. NS is often
sporadic, however 30%-75% of individuals with the condition have
an affected parent Due to the high recurrence risk (50% at each
pregnancy), it is mandatory to test both parents. More rarely, NS
shows an autosomal recessive or digenic inheritance (10), where the
parents are usually healthy carriers, with a recurrence risk of 25%.
Distinctive features of the different genotypes conditions have been
reported showing some phenotype-genotype correlations (11).

Characteristics of puberty in
Noonan syndrome

Children with NS often are referred to the pediatric
endocrinologist because of the short stature, undescended testes
in males or delayed puberty both in males and females (3).
Although height and weight are usually normal at birth, height
SD score decreases within the first few months. In general, there is a
delay of at least a 2-years between bone age and chronological age,
and continued growth may occur into the early 20s (3).
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Rezende et al. evaluated 133 Brazilian subjects with a molecular
diagnosis of NS and mean age at onset of puberty of 11.9 + 1.9 years
in girls and 12.5+ 1.7 years in boys, which was significantly later
than the local population (p=0.025, p< 0.001). Girls presented with
delayed puberty more frequently than boys and height gain from
the onset of puberty to adult height was lower in children with
pubertal delay (12). In a study including 65 NS subjects (clinical
diagnosis without genetic confirmation), Romano et al. showed that
the mean age at Tanner stage II was 13.4 years (range 10.8-16.4
years) in males and 13 years in females (range 10.9-15 years); 35%
of males started puberty later than 13.5 years, and 44% of females
started puberty later than 13 years. Duration of puberty highly
correlated with pubertal height gain in males and females (13).

In a retrospective, multicentre, cohort study including 228
Italian NS subjects with genetic diagnosis of the disease, Libraro
et al. showed that at the onset of puberty, NS females had a mean
age of 12.1 + 2.3 years, with a mean bone age (BA) of 11.3 + 1.7
years, while male patients had a mean age of 12.1 + 1.3 years, with a
mean BA of 10.8 £ 1.3 years. The frequency of delayed puberty was
reported in 45% of females and 10% of males (14). In addition, in a
group of 12 genetically confirmed NS subjects who reached final
height, Tamburrino et al. showed a delay in onset by about 6
months in NS subjects compared to the general population and that
pubertal growth had a lowered peak, in particular in males (15, 16).

In a prospective observational study of a large cohort of 97 NS
followed for a mean of 12 years, Shaw AC et al. showed that
hormone injections had been given to 6 of 97 (6%) individuals to
induce pubertal development. In those not receiving exogenous sex
hormones, puberty started at a mean age of 14.5 years in males and
14 years in females with a range of 10-18 years in both sexes. It
should be considered that only 35% of patients had a genetically
confirmed disease (PTPN11) (17). All these data highlight that
puberty can be delayed in many patients with NS regardless of
gender, and that final height could be compromised due to
inadequate height gain at puberty. There are no data to suggest
whether cryptorchidism in males was associated with absent or
insufficient “Mini puberty”. Clinical and laboratory data suggest
that postnatal growth impairment as well as inadequate height gain
during puberty can also be explained by a reduction in the IGF1
generation stimulated by GH. Available evidence suggests a partial
insensitivity to GH by a post-receptor mechanism in NS (18).

Gonadal function in
Noonan syndrome

There are only scant published data on gonadal and
reproductive function and fertility in Noonan syndrome (19, 20).

Ankarberg-Lindgren et al. followed longitudinally 12 NS males
from pre-puberty until adulthood showing that at a mean age of
22.3 + 3.6 years, adult Noonan males showed higher Luteinizing
hormone (LH), Follicle stimulating hormone (FSH), testosterone
and estradiol levels, and lower anti-miillerian hormone (AMH) and
inhibin B levels than the reference population, indicative of
hypergonadotropic hypogonadism. Sertoli cell dysfunction in
combination with impaired Leydig cell function reported by the
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authors in NS group regardless of the presence or absence of
cryptorchidism suggested that cryptorchidism was not the only
contributing factor for impaired testicular function in males with
NS. The limitation of this study is that only the PTPNI11 gene was
tested. 5 out of 12 boys had a mutation in this gene and there was no
association between the reproductive hormonal profile and PTPN11
gene mutations (21).

Moniez et al. evaluated the gonadal function of 37 NS males
genetically confirmed [PTPNII gain of function mutation in 26
(70.3%) patients, PTPN1I loss of function mutations in 2 (5.4%),
SOS1 mutations in 6 (16.2%), RAFI mutations in 2 (5.4%), and KRAS
mutations in 1 (2.7%)] of whom 16 (43%) had entered puberty at a
median age of 13.5 years (range: 11.4-15.0 years). In particular, age at
pubertal onset was negatively correlated with BMI SDS (R=—-0.541;
P =0.022) and testosterone levels were normal suggesting that Leydig
cell function is not affected. In contrast, NS patients had significant
lower levels of AMH (mean SDS: —0.6 + 1.1; P = 0.003) and inhibin B
(mean SDS: —1.1+1.2; P<0.001) compared with the general
population, suggesting a Sertoli cell dysfunction. Lower AMH and
inhibin B levels were found in NS-PTPNI11 patients, whereas these
markers did not differ from healthy children in SOS1 patients. No
difference was found between cryptorchid and non-cryptorchid
patients for AMH and inhibin B levels (p=0.43 and 0.62
respectively) while 4 PTPN11 patients displayed hypergonadotropic
hypogonadism with azoospermia/cryptozoospermia (22). There are
two limitations of this study: 1) Except for the NS-PTPN11 patients,
the study of genotype-phenotype correlations was limited by the
small amount of data in the other subcohorts 2) Several kits were used
for hormone assays (retrospective study) (22).

Marcus et al. evaluated the male gonadal function in 9 males
with NS (7 PTPN11, 1 BRAF, 1 not genetically confirmed) aged
between13 and 19 years. LH levels were normal in all patients while
Inhibin B was low in six males and above the lower limit of normal
in two. All 3 men with normal testicular descent (1 PTPNII, 1
BRAF, 1 not genetically confirmed) showed Sertoli cells dysfunction
(raised FSH level in combination with low inhibin B concentration)
suggesting that bilateral cryptorchidism is not the only cause of the
impairment of testicular function. Since no data regarding semen
quality or paternity data are available, these findings showed no
direct proof of impaired fertility but are expression of a likely
gonadal dysfunction (23).

In the study of Shaw AC et al. including NS 97 patients, of the 18
individuals who had attempt to have children, 12 (67%) had
experienced no problems, 2 (11%) had one miscarriage, one had a
history of recurrent miscarriages, one pregnancy ended in stillbirth
and one woman had difficulty conceiving. One male had a low sperm
count, and considering the small number of subjects who wanted to
start a family, the impact of cryptorchidism on reproductive function
could not be assessed. The major limitation of this study is that that
only 35% of this cohort had a genetically confirmed disease (PTPN11)
and the number of adults who attempted to have children with
genetic confirmation of the disease was not reported (17).

Elsawi et al. in 1994 evaluated genital tract function in 11 men
with NS without genetic confirmation of the disease. Testicular
maldescent was reported in six of them and puberty was delayed in
three (one with history of cryptorchidism). The mean testis volume
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was 21 ml (range 15-25) and none of the patients reported sexual
dysfunction. LH and testosterone levels were normal in all patients,
but the FSH levels were raised in all men with cryptorchidism with
the exception of one man who had normal sized testes. Four of the
men had married, and had fathered children and NS occurred in
their offspring confirming paternity. Only one of these fathers
belongs to the group of patients with history of cryptorchidism
while the other four with history of cryptorchidism had
azoospermia (3 patients) or severe oligozoospermia (1 patient),
with raised plasma levels of FSH. In this study two men aged 21 and
22 with a history of delayed puberty were unable to produce a
sample of semen at the time of their visit. The limitation of this
study is the lack of genetic confirmation of NS (24).

These findings suggest different causes of gonadal dysfunction
involving either Sertoli or Leydig cells beside the presence or absence
of cryptorchidism (22). Available studies on gonadal function in NS
published in the last 15 years are summarized in Table 1.

Vertical transmission in Noonan
syndrome and role of RAS pathway
in fertility

The reproductive system in females with Noonan syndromes
appears to be normal although the prevalence of fertile or unfertile
women with NS is not well understood. Most familial cases that
have been reported have shown an overrepresentation of affected
mothers. Although males appear to have reduced fertility, male
transmission is well described and not uncommon (16, 17, 25-29).

The male infertility described in Noonan males was initially
attributed to the presence of cryptorchidism. The observation of the
presence of gonadal function alterations even in patients without a
history of cryptorchidism led to the hypothesis that other
underlying intrinsic and developmental factors including the
MAP/MAPK pathway and genetics could also contribute to the
gonadal dysfunction described in males with this syndrome (19, 20)

RAS pathway plays a significant role in normal germ cell
development affecting proliferation and migration. Abnormal RAS
function may result in abnormal Sertoli and germ cell development
with or without abnormal testicular descend and can explain the cases
of infertility observed in some NS males (19, 20, 30). Puri et al.
described the critical role of PTPNI11 for the proliferation, self-renewal
and differentiation of spermatogonial stem cells that are necessary to
replenish the germ cells that will become sperm. Immunofluorescence
studies revealed that PTPN11 is expressed in the nuclei and cytoplasm
of Sertoli cells and contributes to spermatogonial stem cells self-
renewal (31). Additional information regarding PTPN11 functions
in Sertoli cells was generated from a transgenic mouse model in which
PTPN11 expression was eliminated specifically in Sertoli cells. This
model showed that PTPN11 deficiency caused sterility due to an
imbalance in the differentiation and self-renewal of spermatogonial
stem cells, a dysfunctional blood-testis-barrier and the lack of sperm
production (31, 32). With the limitation of the small number of
patients, the difference between genes and Sertoli function (impaired
in PTPN11 group and not impaired in SOS1 group) described by
Moniez et al. suggests a genotype-phenotype correlation (22).
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TABLE 1 Available studies on gonadal function in Noonan Syndrome published in the last 15 years.

Authors Methods and Results

Population

Limitations

Moniez 2018
et al. (22)

Retrospective study in 37
males with genetically
confirmed NS. Serum
sexual hormone levels
(LH, FSH, testosterone ,
AMH, inhibin B were
analysed

Ankarberg- 2011 12 NS males were

NS patients had significant lower levels of AMH and inhibin B compared
with the general population, suggesting a Sertoli cells dysfunction

Before puberty, reproductive hormone levels (LH, FSH, testosterone, E,

Except for the NS-PTPN11 patients,
the study of genotype-phenotype
correlations was limited by the small
available data in the other
subcohorts. Several kits were used for
hormone assays (retrospective study)

Only PTPN11 gene was tested. 5 out

Lindgreen longitudinally followed AMH, inhibin B were within the expected range in almost all cases of 12 boys had a mutation in the
et al. (21) from pre/puberty until In adulthood, NS males had higher LH, FSH, testosterone and E levels PTPNI1 gene
adulthood. Testicular and lower AMH and inhibin B levels than the reference population.
volume and sexual This study indicates Sertoli cell dysfunction in combination with impaired
hormone concentrations Leydig cell function in both NS groups (with and without
were evaluated cryptorchidism)
Marcus 2008 Evaluation of gonadal LH levels were normal in all patients. Inhibin B was low in six males and Small number of patients. No
et al. (23) function in 9 males with just above the lower limit of normal in two. All 3 men with normal possible genotype-phenotype

NS (7 PTPN11, 1 BRAF, 1
not genetically confirmed)
aged from 13 to 19 years

testicular descent (1 PTPN11, 1 BRAF, 1 not genetically confirmed)
showed Sertoli cells dysfunction (raised FSH level in combination with

correlation (7 PTPN11, 1 BRAF, 1
not genetically confirmed)

low inhibin B concentration) suggesting that bilateral cryptorchidism is
not the only cause of the impairment of testicular function

AMH, anti-miillerian hormone; FSH, Follicle stimulating hormone; LH, Luteinizing hormone; E, estradiol.

According to Moniez et al,, the difterences between genotypes
may be explained by variations in the degree of activation of the
RAS/extracellular signal-regulated kinase (ERK) signalling pathway
or by differential, genotype-dependent, tissue specificity (22). In a
study in mice Hasegawa et al. showed that MEK/ERK signaling
directly and indirectly contributes to the cyclical self-renewal of
spermatogonial stem cells by mediating a signal that promotes their
periodical self-renewal and proliferation (33)

Data on duck ovaries showed that epidermal growth factor
receptor (EGFR) promotes the proliferation of quail follicular
granulosa cells through the MAPK/(ERK) signaling pathway (34).

Fan HY et al. showed that MAPK3/1 (ERK1/2) in Ovarian
Granulosa Cells are essential for female fertility. Because the
signaling molecules RAS and ERK1/2 are activated by an LH
surge in granulosa cells of preovulatory follicles, the authors
disrupted ERK1/2 in mouse granulosa cells and provided in vivo
evidence that these kinases are necessary for LH-induced oocyte
resumption of meiosis, ovulation, and luteinization (35). In
addition, Idrees et al. showed that PTPN11 (SHP2) is
indispensable for growth factors and cytokine signal transduction
during bovine oocyte maturation and blastocyst development (36).

Genetic counselling and surveillance

According to the autosomal dominant inheritance, an affected
individual has a 50% chance of transmitting the variant, and thus
the condition, to each child, male or female. It is therefore
important to perform molecular testing in both parents to define
the recurrence risk. If the identified pathogenic variant is not
detected on the blood samples of the parents, the recurrence risk
is slightly higher than that of the general population, taking into
account the possibility of gonadal mosaicism (28).

Frontiers in Endocrinology

In cases with autosomal recessive inheritance (37, 38), parents of
an affected individual are usually carriers of an heterozygous variant
and they have, at every pregnancy, a 25% chance of having an affected
child, a 50% chance of having carriers and a 25% of having an healthy
non carrier child. Individuals with an heterozygous variant can be
asymptomatic or can present with mild features (28). The children of
an affected individual are obligate heterozygous, and their affected
state depends on the other parent.

In case of pregnancy of an affected individual or an at risk
relative, genetic counselling is recommended to indicate the available
options to monitor the pregnancy. When the causative variant (or
variants) is known, invasive prenatal testing on chorionic villus
sampling (CVS) or amniotic fluid can determine whether the
foetus carries the familial variant and therefore if it is affected. New
evidences are emerging on the possible employment of non-invasive
prenatal screening test (NIPT) for single-gene disorders. Mohan et al.
demonstrated the potential value of NIPT in the early detection of
NS, as well as other single-gene disorders (39). When the molecular
cause is unknown, high-resolution ultrasound scans are indicated.
Ultrasound finding are nonspecific and may include increased nuchal
translucency (NT), cystic hygroma, fetal edema, polyhydramnios,
hydronephrosis and cardiac anomalies (40).

Early diagnosis, either by invasive or non-invasive genetic testing
or by ultrasound scans, leaves the couple with the decision on whether
or not to carry on an affected pregnancy. To overcome this decision,
preimplantation genetic testing (PGT) can be offered to couples with an
high recurrence risk. This option, recently introduced in assisted
reproductive technology, is available only when the causative variant
is known. PGT is performed on embryo biopsy and afterwards, only
non-affected embryos are transferred to the uterus (28, 41).

Recommended surveillance for affected individuals includes
auxological, cardiovascular, cognitive, eyes/hearing, orthopedic,
coagulation/bleeding evaluations (28, 42).

frontiersin.org


https://doi.org/10.3389/fendo.2023.1213098
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Patti et al.

Bleeding disorders described in NS include thrombocytopenia,
platelet dysfunction, von Willebrand disease, factor deficiencies (XI,
XII, VIIL V, IX, II, XIII) (43).

In addition, hematologic disorders and increased risk of
malignancies are described in NS. The most common hematologic
disorders are transient myeloproliferative disorders in neonates and
infants, that in 10% of cases can progress to Juvenile Myelomonocytic
leukemia (JMML) (26, 42). Other malignancies include acute
lymphoblastic and myeloid leukemia, rhabdomyosarcoma (including
embryonal rhabdomyosarcoma), neuroblastoma and brain tumors
(low-grade gliomas and glioneuronal tumors) (28, 44-48).

According to Kratz et al, NS children are at an eightfold greater
risk of developing childhood cancer compared to the general
population (48). Because the cancer risk is below 5%, cancer
surveillance is not recommended. However, for children
with PTPNI11 or KRAS pathogenic variants, known for their
association with JMML and myeloproliferative disorders, physical
exam including the assessment of spleen size and complete blood
count every 3-6 months until the age of 5 years is suggested (28, 49).

Sporadic cases of leukemia and solid tumors in the absence of
any clinical signs of NS may harbor somatic variants in PTPN11,
KRAS, LZTRI, MRAS, NRAS, BRAF, MAP2K1 (28, 50-52).

In particular, an association between PTPNII and acute
lymphoblastic and myeloid leukemia as well as an association
between MAP2KI and ovarian and lung cancers have been
described (48-50). Since these somatic variants are not present in
the germline, the tumor predisposition is not heritable (28, 50-52).

Personal experience on pubertal
development in Noonan syndrome

We collected retrospective pubertal data in a cohort of 16
subjects with NS who have started puberty (8 females, 8 males).
The mean age at the last evaluation was 17.25 + 4.5 years (minimum
11.5 -maximum 29.8 years). The diagnosis was genetically

TABLE 2 Data of our 16 patients with Noonan Syndrome.

10.3389/fendo.2023.1213098

confirmed in all patients (7 PTPN11, 4 KRAS, 2 BRAF, 2
SHOC2, 1 SOS1). Clinical pubertal onset was defined as testicular
volume > 4 ml in boys and breast development (B2 Tanner stage) in
females (53, 54). Hormonal parameters including serum LH, 17-3-
estradiol, and testosterone were evaluated by chemiluminescent
assay (Roche). LH, 17-B-estradiol and testosterone were considered
detectable if 20.1 U/L, > 5 pg/ml, 5 ng/dl, respectively. Bone age
was assessed by Greulich and Pyle method (55).

Mean age at puberty onset in the female group was 12.23 years
+ 2.7 SD (minimun 8.9-maximum 16), mean age at pubarche was
12.9 years + 1.8 SD, mean age at dosable (0.1 U/L) LH was 11.2
+ 2.4 years, age at dosable 17-f-estradiol (= 5 pg/ml) was 12.4+ 3.2
years, age at menarche was 16.09+ 2.2 years (minimun 12.5-
maximum 18 years). Puberty was pharmacologically induced in a
girl with panhypopituitarism caused by suprasellar germinoma
(case 9, Table 2).

Mean age at puberty onset in males was 13.3+ 0.8 years (range
12.1-14.3 years), mean age at pubarche was 14+ 1.4 years (range 12-
15 years), mean age at dosable LH (0.1 U/L) was 12.4 + 2 years
(range 8.5-14.3 years), mean age at dosable testosterone (= 5 ng/ml)
was 13.1 + 1 years (range 11.7-14.3 years). 2 out of 8 males have a
history of cryptorchidism. The three men that have reached the final
height (1 out of 3 with history of cryptorchidism) had a normal value
of testosterone (range 577-1045 ng/dl) and normal testicular volume
(range 20-25 ml).

The gap between bone age and chronological age was negative
at the age of 8-10 years (mean —30+11.6 months; minimum -38
months, maximum —9 months) as well as at the age of 10-14 years
(mean -12.4+11.4 months, minimum -28 months, maximum
+6 months).

Final height was reached at a mean age of 16.7 + 1 years in
females (minimum 15.4 years, maximum 18.2 years, 5 subjects) and
a mean age of 19.1 £ 1.6 years in males (minimum 17.3 years,
maximum 20.5 years, 3 subjects), (Table 2).

Genetic variant classification in our patients is reported in
Table 3 (56).

Case Gene Mutation Gender Pubertyonset Dosable Dosable Age at Pubertal stage Last A Menarche Cryptorchidism VT at last
y*) LH (y*) EorT final at last exami- examinationheight Target (%) examination
(y*) height (y) nation (SD) (SD) (ml)
1 SOS1 €.322G>A, F 20,4 14,6 14,7 14,1 18,2 5 0,3 09 17,0
p-Glul08Lys
2 KRAS c.436G>T, F 17,6 9,9 9,9 99 16,2 5 34 -2,1 13
p.Ala146Ser
3 BRAF c.770A>G, F 16,1 10,5 10,1 10,1 154 4 34 2,8
p-GIn257Arg
4 SHOC2 C4A>G, M 23,5 142 142 142 19,6 5 3,7 2,5 No 20
p.Ser2Gly
5 KRAS c.101C>G, F 11,5 8,9 84 9,5 2 -4 4
p.Pro34Arg
6 PTPN11 c923A>G, M 144 12,1 11,7 11,7 2 0,7 0,4 Yes 5
p.Ans308Ser
7 PTPN11 c.1403C>T, M 17,5 14,3 143 143 4 15 0,1 No 12
p.Thr468Met
(Continued)
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TABLE 2 Continued

10.3389/fendo.2023.1213098

Case Gene Mutation Gender Pubertyonset Dosable Dosable Age at Pubertal stage Last A Menarche Cryptorchidism VT at last
(y*) LH (y*) EorT final at last exami- examinationheight Target (y) examination
") height (y) nation (SD) (SD) (ml)

8 PTPN11 c236A>G, F 15 10,5 9.2 115 16,6 5 18 2,1 12,5
p.GIn79Arg

9 BRAF c.681G>C, F 20,1 16,0 13,5 18,5 4 -0,6 04 18
p.Val276Leu

10 PTPN11 €228 G>C, M 219 12,6 10,5 12,6 20,5 5 2,2 -0,1 No 25
p.Glu76Asp

11 PTPN11 c922A>G, M 20,0 133 134 134 17,3 5 -24 -1 Yes 20
p-Asn308Asp

12 PTPN11 €236 A>G, F 17,7 14,1 12,7 13,1 4 1 -1,3
p.GIn79Arg

13 SHOC2 c4A>G, M 152 14,1 14,2 14,2 3 3,2 2,8 No 12
p.Ser2Gly

14 PTPN11 c.188A>G, M 13,0 12,9 12,9 12,9 2 1,5 0,8 No 8
p.Tyr63Cys

15 KRAS c40 G>A, M 14,5 12,7 8,5 12,0 2 -23 -39 No 6
p-Vall4lle

16 KRAS c40G>A F 29,8 13,8 17 5 -28 16
p-Valldlle

M, male; F, female; FSH, Follicle stimulating hormone; LH, Luteinizing hormone; E, estradiol; T, testosterone; VT, testis volume; y*, age in years; SD, standard deviation.

TABLE 3 Genetic variant classification in our patients.

Case Gene Mutation classification (ACMG criteria)

1 SOS1 ¢.322G>A, p.Glul08Lys Pathogenic (PS2, PS3, PS4, PM2, PM5, PP3, PP4, PP5)

2 KRAS c.436G>T, p.Alal46Ser Pathogenic (PM1, PM2, PM5, PP2, PP3, PP4, PP5)

3 BRAF ¢.770A>G, p.GIn257Arg Pathogenic (PS2, PS3, PM1, PM2, PM5, PP2, PP3, PP4, PP5)

4 SHOC2 c.4A>G, p.Ser2Gly Pathogenic (PS2, PS3, PS4, PM2, PP4, PP5)

5 KRAS c.101C>G, p.Pro34Arg Pathogenic (PM1, PM2, PM5, PP2, PP3, PP4, PP5)

6 PTPN11 ¢.923A>G, p.Ans308Ser Pathogenic (PM1, PM2, PM5, PP2, PP3, PP4, PP5)

7 PTPN11 ¢.1403C>T, p.Thr468Met Pathogenic (PS3, PS4, PM2, PM5, PM6, PP1, PP2, PP3, PP4, PP5)
8 PTPNI11 ¢.236A>G, p.GIn79Arg Pathogenic (PM1, PM2, PM5, PP2, PP3, PP4, PP5)

9 BRAF c.681G>C, p.Val276Leu Likely pathogenic (PM2, PP2, PP3, PP4, PP5)

10 PTPN11 ¢.228 G>C, p.Glu76Asp Pathogenic (PS1, PM1, PM2, PM5, PP2, PP3, PP4, PP5)

11 PTPN11 ¢.922A>G, p.Asn308Asp Pathogenic (PS2, PS3, PS4, PM1, PM2, PM5, PP1, PP2, PP3, PP4, PP5)
12 PTPN11 €236 A>G, p.GIn79Arg Pathogenic (PM1, PM2, PM5, PP2, PP3, PP5)

13 SHOC2 c4A>G, p.Ser2Gly Pathogenic (PS2, PS3, PS4, PM2, PP5)

14 PTPN11 c.188A>G, p.Tyr63Cys Pathogenic (PS1, PS3, PS4, PM1, PM2, PP1, PP2, PP3, PP4, PP5)
15 KRAS c.40 G>A, p.Vall4lle Pathogenic (PS2, PS3, PS4, PM1, PM2, PP2, PP3, PP4, PP5)

16 KRAS c.40G>A p.Vall4lle Pathogenic (PS2, PS3, PS4, PM1, PM2, PP2, PP3, PP4, PP5)

Variant classification and interpretation criteria. PS, pathogenic strong, PM, pathogenic moderate; PP= pathogenic supporting.

PS1=Same amino acid change as a previously established pathogenic variant regardless of nucleotide change, PS2=De novo (both maternity and paternity confirmed) in a patient with the disease
and no family history, PS3=Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene product, PS4=The prevalence of the variant in affected
individuals is significantly increased compared to the prevalence in controls, PM1=Located in a mutational hot spot and/or critical and well-established functional domain (e.g. active site of an
enzyme) without benign variation, PM2=Absent from controls (or at extremely low frequency if recessive) in Exome Sequencing Project, 1000 Genomes or ExXAC, PM5=Novel missense change at
an amino acid residue where a different missense change determined to be pathogenic has been seen before, PP1=Co-segregation with disease in multiple affected family members in a gene
definitively known to cause the disease, PP2=Missense variant in a gene that has a low rate of benign missense variation and where missense variants are a common mechanism of disease,
PP3=Multiple lines of computational evidence support a deleterious effect on the gene or gene product (conservation, evolutionary, splicing impact, etc), PP4=Patient’s phenotype or family
history is highly specific for a disease with a single genetic etiology, PP5=Reputable source recently reports variant as pathogenic but the evidence is not available to the laboratory to perform an
independent evaluation (56).
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Conclusion

According to the literature and to our experience, NS patients
seem to have a delay in puberty compared to the physiological
timing reported in healthy children (57). Males with NS seem to be
at risk of gonadal dysfunction secondary to cryptorchidism or to
other underlying developmental factors including the MAP/MAPK
pathway and genetics. The latter hypothesis is supported by the
observation of the key role of the RAS/MAPK pathway and
PTPN11 gene on Sertoli cell development and spermatogonial
stem cells self-renewal (20, 30, 31).

Long-term data on a large cohort of males and females with NS
are needed to better understand the impact of delayed puberty on
adult height, cardio-metabolic risk factors, bone health and well-
being. The role of genetic counselling and fertility related-issues
remain crucial.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

GP and MM conceived the idea for the topic, both contributed
to the outline; MS, NM, ER, TC, AZ helped to write the first draft,
GR and MD helped with the genetic investigations and the drafting

References

1. Zenker M, Edouard T, Blair JC, Cappa M. Noonan syndrome: improving
recognition and diagnosis. Arch Dis Child (2022) 107(12):1073-8. doi: 10.1136/
archdischild-2021-322858

2. Roberts AE, Allanson JE, Tartaglia M, Gelb BD. Noonan syndrome. Lancet (2013)
381(9863):333-42. doi: 10.1016/S0140-6736(12)61023-X

3. Noonan JA. Noonan syndrome and related disorders: alterations in growth and
puberty. Rev Endocr Metab Disord (2006) 7(4):251-5. doi: 10.1007/s11154-006-9021-1

4. Tartaglia M, Aoki Y, Gelb BD. The molecular genetics of RASopathies: An update
on novel disease genes and new disorders. Am ] Med Genet C Semin Med Genet (2022)
190(4):425-39. doi: 10.1002/ajmg.c.32012

5. van der Burgt I. Noonan syndrome. Orphanet ] Rare Dis (2007) 2:4. doi: 10.1186/
1750-1172-2-4

6. Noonan Syndrome Guideline Development Group. Management of Noonan
syndrome - a clinical guideline. University of Manchester. Available at: https://
rasopathiesnet.org/wp-content/uploads/2014/01/265_Noonan_Guidelines.

7. Umeki I, Niihori T, Abe T, Kanno SI, Okamoto N, Mizuno S, et al. Delineation of
LZTR1 mutation-positive patients with Noonan syndrome and identification of LZTR1
binding to RAF1-PPP1CB complexes. Hum Genet (2019) 138(1):21-35. doi: 10.1007/
500439-018-1951-7

8. Leung GKC, Luk HM, Tang VHM, Gao WW, Mak CCY, Yu MHC, et al.
Integrating functional analysis in the next-generation sequencing diagnostic pipeline of
RASopathies. Sci Rep (2018) 8(1):2421. doi: 10.1038/s41598-018-20894-0

9. Chen JL, Zhu X, Zhao TL, Wang J, Yang YF, Tan ZP. Rare copy number
variations containing genes involved in RASopathies: deletion of SHOC2 and
duplication of PTPN11. Mol Cytogenet (2014) 7:28. doi: 10.1186/1755-8166-7-28

10. Ferrari L, Mangano E, Bonati MT, Monterosso I, Capitanio D, Chiappori F, et al.
Digenic inheritance of subclinical variants in Noonan Syndrome patients: an alternative
pathogenic model? Eur ] Hum Genet (2020) 28(10):1432-45. doi: 10.1038/s41431-020-
0658-0

Frontiers in Endocrinology

10.3389/fendo.2023.1213098

of the genetic counselling section, FN and NI contributed to the
multiple revisions. All authors contributed to the article and
approved the submitted version.

Acknowledgments

Author MM is a member of The European Reference Network
on rare endocrine conditions (Endo-ERN). We are grateful for the
Department of Neuroscience, Rehabilitation, Ophtalmology,
Genetics, Maternal and Child Health (DINOGMI), University of
Genova - a Department of Excellence - for the support in the several
steps leading to the approval and publishing the study.

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.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

11. Zenker M. Clinical overview on RASopathies. Am ] Med Genet C Semin Med
Genet (2022) 190(4):414-24. doi: 10.1002/ajmg.c.32015

12. Rezende RC, Noronha RM, Keselman A, Quedas EPS, Dantas NCB, Andrade
NLM, et al. Delayed puberty phenotype observed in noonan syndrome is more
pronounced in girls than boys. Horm Res Paediatr (2022) 95(1):51-61. doi: 10.1159/
000522670

13. Romano AA, Dana K, Bakker B, Davis DA, Hunold JJ, Jacobs J, et al. Growth
response, near-adult height, and patterns of growth and puberty in patients with
Noonan syndrome treated with growth hormone. J Clin Endocrinol Metab (2009) 94
(7):2338-44. doi: 10.1210/jc.2008-2094

14. Libraro A, D'Ascanio V, Cappa M, Chiarito M, Digilio MC, Einaudi §, et al.
Growth in children with noonan syndrome and effects of growth hormone treatment
on adult height. Front Endocrinol (Lausanne) (2021) 12:761171. doi: 10.3389/
fendo.2021.761171

15. Tamburrino F, Gibertoni D, Rossi C, Scarano E, Perri A, Montanari F, et al.
Response to long-term growth hormone therapy in patients affected by RASopathies
and growth hormone deficiency: Patterns of growth, puberty and final height data. Am
J Med Genet A (2015) 167A(11):2786-94. doi: 10.1002/ajmg.a.37260

16. Tamburrino F, Scarano E, Schiavariello C, Perri A, Pession A, Mazzanti L.
Endocrinological manifestations in RASopathies. Am ] Med Genet C Semin Med Genet
(2022) 190(4):471-7. doi: 10.1002/ajmg.c.32013

17. Shaw AC, Kalidas K, Crosby AH, Jeffery S, Patton MA. The natural history of
Noonan syndrome: a long-term follow-up study. Arch Dis Child (2007) 92(2):128-32.
doi: 10.1136/adc.2006.104547

18. Malaquias AC, Jorge AAL. Activation of the MAPK pathway (RASopathies) and
partial growth hormone insensitivity. Mol Cell Endocrinol (2021) 519:111040.
doi: 10.1016/j.mce.2020.111040

19. Edouard T, Cartault A. Gonadal function in Noonan syndrome. Ann Endocrinol
(Paris) (2022) 83(3):203-6. doi: 10.1016/j.and0.2022.04.008

frontiersin.org


https://doi.org/10.1136/archdischild-2021-322858
https://doi.org/10.1136/archdischild-2021-322858
https://doi.org/10.1016/S0140-6736(12)61023-X
https://doi.org/10.1007/s11154-006-9021-1
https://doi.org/10.1002/ajmg.c.32012
https://doi.org/10.1186/1750-1172-2-4
https://doi.org/10.1186/1750-1172-2-4
https://rasopathiesnet.org/wp-content/uploads/2014/01/265_Noonan_Guidelines
https://rasopathiesnet.org/wp-content/uploads/2014/01/265_Noonan_Guidelines
https://doi.org/10.1007/s00439-018-1951-7
https://doi.org/10.1007/s00439-018-1951-7
https://doi.org/10.1038/s41598-018-20894-0
https://doi.org/10.1186/1755-8166-7-28
https://doi.org/10.1038/s41431-020-0658-0
https://doi.org/10.1038/s41431-020-0658-0
https://doi.org/10.1002/ajmg.c.32015
https://doi.org/10.1159/000522670
https://doi.org/10.1159/000522670
https://doi.org/10.1210/jc.2008-2094
https://doi.org/10.3389/fendo.2021.761171
https://doi.org/10.3389/fendo.2021.761171
https://doi.org/10.1002/ajmg.a.37260
https://doi.org/10.1002/ajmg.c.32013
https://doi.org/10.1136/adc.2006.104547
https://doi.org/10.1016/j.mce.2020.111040
https://doi.org/10.1016/j.ando.2022.04.008
https://doi.org/10.3389/fendo.2023.1213098
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Patti et al.

20. Kelnar CJ. Noonan syndrome: the hypothalamo-adrenal and hypothalamo-
gonadal axes. Horm Res (2009) 72 Suppl 2:24-30. doi: 10.1159/000243775

21. Ankarberg-Lindgren C, Westphal O, Dahlgren J. Testicular size development
and reproductive hormones in boys and adult males with Noonan syndrome: a
longitudinal study. Eur J Endocrinol (2011) 165(1):137-44. doi: 10.1530/EJE-11-0092

22. Moniez S, Pienkowski C, Lepage B, Hamdi S, Daudin M, Oliver I, et al. Noonan
syndrome males display Sertoli cell-specific primary testicular insufficiency. Eur |
Endocrinol (2018) 179(6):409-18. doi: 10.1530/EJE-18-0582

23. Marcus KA, Sweep CG, van der Burgt I, Noordam C. Impaired Sertoli cell
function in males diagnosed with Noonan syndrome. ] Pediatr Endocrinol Metab
(2008) 21(11):1079-84. doi: 10.1515/jpem.2008.21.11.1079

24. Elsawi MM, Pryor JP, Klufio G, Barnes C, Patton MA. Genital tract function in
men with Noonan syndrome. | Med Genet (1994) 31(6):468-70. doi: 10.1136/
jmg.31.6.468

25. Huckstadt V, Chinton J, Gomez A, Obregon MG, Gravina LP. Noonan
syndrome with loose anagen hair with variants in the PPP1CB gene: First familial
case reported. Am | Med Genet (2021) 185(4):1256-60. doi: 10.1002/ajmg.a.62089

26. Chaves Rabelo N, Gomes ME, de Oliveira Moraes I, Cantagalli Pfisterer J, Loss
de Morais G, Antunes D, et al. RASopathy cohort of patients enrolled in a Brazilian
reference center for rare diseases: A novel familial LZTR1 variant and recurrent
mutations. Appl Clin Genet (2022) 15:153-70. doi: 10.2147/TACG.S372761

27. Brasil AS, Malaquias AC, Kim CA, Krieger JE, Jorge AA, Pereira AC, et al. KRAS
gene mutations in Noonan syndrome familial cases cluster in the vicinity of the switch
II region of the G-domain: report of another family with metopic craniosynostosis. Am
] Med Genet A (2012) 158A(5):1178-84. doi: 10.1002/ajmg.a.35270

28. Roberts AE. Noonan syndrome. GeneReviews®. Adam MP, Mirzaa GM, Pagon
RA, Wallace SE, Bean LJH, Gripp KW, Amemiya A, editors. Seattle (WA): University of
Washington, Seattle (2001) p. 1993-2023.

29. Ekvall S, Wilbe M, Dahlgren J, Legius E, van Haeringen A, Westphal O, et al.
Mutation in NRAS in familial Noonan syndrome-case report and review of the
literature. BMC Med Genet (2015) 16:95. doi: 10.1186/s12881-015-0239-1

30. Luo D, He Z, Yu C, Guan Q. Role of p38 MAPK signalling in testis development
and male fertility. Oxid Med Cell Longev (2022) 2022:6891897. doi: 10.1155/2022/
6891897

31. Puri P, Walker WH. The regulation of male fertility by the PTPN11 tyrosine
phosphatase. Semin Cell Dev Biol (2016) 59:27-34. doi: 10.1016/j.semcdb.2016.01.020

32. Hu X, Tang Z, Li Y, Liu W, Zhang S, Wang B, et al. Deletion of the tyrosine
phosphatase Shp2 in Sertoli cells causes infertility in mice. Sci Rep (2015) 5:12982.
doi: 10.1038/srep12982

33. Hasegawa K, Namekawa SH, Saga Y. MEK/ERK signaling directly and indirectly
contributes to the cyclical self-renewal of spermatogonial stem cells. Stem Cells (2013)
31(11):2517-27. doi: 10.1002/stem.1486

34. Wu Y, Xiao H, Pi J, Zhang H, Pan A, Pu Y, et al. EGFR promotes the
proliferation of quail follicular granulosa cells through the MAPK/extracellular
signal-regulated kinase (ERK) signaling pathway. Cell Cycle (2019) 18(20):2742-56.
doi: 10.1080/15384101.2019.1656952

35. Fan HY, Liu Z, Shimada M, Sterneck E, Johnson PF, Hedrick SM, et al. MAPK3/
1 (ERK1/2) in ovarian granulosa cells are essential for female fertility. Science (2009)
324(5929):938-41. doi: 10.1126/science.1171396

36. Idrees M, Xu L, Song SH, Joo MD, Lee KL, Muhammad T, et al. PTPN11 (SHP2)
is indispensable for growth factors and cytokine signal transduction during bovine
oocyte maturation and blastocyst development. Cells (2019) 8(10):1272. doi: 10.3390/
cells8101272

37. Jenkins J, Barnes A, Birnbaum B, Papagiannis J, Thiffault I, Saunders CJ. LZTR1-
related hypertrophic cardiomyopathy without typical noonan syndrome features. Circ
Genom Precis Med (2020) 13(2):€002690. doi: 10.1161/CIRCGEN.119.002690

38. Motta M, Fasano G, Gredy S, Brinkmann J, Bonnard AA, Simsek-Kiper PO,
et al. SPRED2 loss-of-function causes a recessive Noonan syndrome-like phenotype.
Am ] Hum Genet (2021) 108(11):2112-29. doi: 10.1016/j.ajhg.2021.09.007

Frontiers in Endocrinology

08

10.3389/fendo.2023.1213098

39. Mohan P, Lemoine J, Trotter C, Rakova I, Billings P, Peacock S, et al. Clinical
experience with non-invasive prenatal screening for single-gene disorders. Ultrasound
Obstet Gynecol (2022) 59(1):33-9. doi: 10.1002/u0g.23756

40. Myers A, Bernstein JA, Brennan ML, Curry C, Esplin ED, Fisher J, et al.
Perinatal features of the RASopathies: Noonan syndrome, cardiofaciocutaneous
syndrome and Costello syndrome. Am ] Med Genet A (2014) 164A(11):2814-21.
doi: 10.1002/ajmg.a.36737

41. De Rycke M, Berckmoes V. Preimplantation genetic testing for monogenic
disorders. Genes (Basel) (2020) 11(8):871. doi: 10.3390/genes11080871

42. Niemeyer CM. RAS diseases in children. Haematologica (2014) 99(11):1653-62.
doi: 10.3324/haematol.2014.114595

43. Briggs BJ, Dickerman JD. Bleeding disorders in Noonan syndrome. Pediatr
Blood Cancer (2012) 58(2):167-72. doi: 10.1002/pbc.23358

44. Jongmans MC, van der Burgt I, Hoogerbrugge PM, Noordam K, Yntema HG,
Nillesen WM, et al. Cancer risk in patients with Noonan syndrome carrying a PTPN11
mutation. Eur ] Hum Genet (2011) 19(8):870-4. doi: 10.1038/ejhg.2011.37

45. Denayer E, Devriendt K, de Ravel T, Van Buggenhout G, Smeets E, Francois I,
et al. Tumor spectrum in children with Noonan syndrome and SOS1 or RAF1
mutations. Genes Chromosomes Cancer (2010) 49(3):242-52. doi: 10.1002/gcc.20735

46. Moschovi M, Touliatou V, Papadopoulou A, Mayakou MA, Nikolaidou-
Karpathiou P, Kitsiou-Tzeli S. Rhabdomyosarcoma in a patient with Noonan
syndrome phenotype and review of the literature. ] Pediatr Hematol Oncol (2007) 29
(5):341-4. doi: 10.1097/MPH.0b013e31805d8f57

47. Lodi M, Boccuto L, Carai A, Cacchione A, Miele E, Colafati GS, et al. Low-grade
gliomas in patients with noonan syndrome: case-based review of the literature.
Diagnostics (Basel) (2020) 10(8):582. doi: 10.3390/diagnostics10080582

48. Kratz CP, Franke L, Peters H, Kohlschmidt N, Kazmierczak B, Finckh U, et al.
Cancer spectrum and frequency among children with Noonan, Costello, and cardio-
facio-cutaneous syndromes. Br ] Cancer (2015) 112(8):1392-7. doi: 10.1038/bjc.2015.75

49. Villani A, Greer MC, Kalish JM, Nakagawara A, Nathanson KL, Pajtler KW,
et al. Recommendations for cancer surveillance in individuals with RASopathies and
other rare genetic conditions with increased cancer risk. Clin Cancer Res (2017) 23(12):
€83-90. doi: 10.1158/1078-0432.CCR-17-0631

50. Tartaglia M, Martinelli S, Cazzaniga G, Cordeddu V, Iavarone I, Spinelli M, et al.
Genetic evidence for lineage-related and differentiation stage-related contribution of
somatic PTPN11 mutations to leukemogenesis in childhood acute leukemia. Blood
(2004) 104(2):307-13. doi: 10.1182/blood-2003-11-3876

51. Estep AL, Palmer C, McCormick F, Rauen KA. Mutation analysis of BRAF,
MEKI1 and MEK2 in 15 ovarian cancer cell lines: implications for therapy. PloS One
(2007) 2(12):e1279. doi: 10.1371/journal.pone.0001279

52. Marks JL, Gong Y, Chitale D, Golas B, McLellan MD, Kasai Y, et al. Novel MEK1
mutation identified by mutational analysis of epidermal growth factor receptor
signaling pathway genes in lung adenocarcinoma. Cancer Res (2008) 68(14):5524-8.
doi: 10.1158/0008-5472.CAN-08-0099

53. Tanner JM, Whitehouse RH. Clinical longitudinal standards for height, weight,
height velocity, weight velocity, and stages of puberty. Arch Dis Child (1976) 51(3):170—
9. doi: 10.1136/adc.51.3.170

54. Carel JC, Léger J. Clinical practice. precocious puberty. N Engl ] Med (2008) 358
(22):2366-77. doi: 10.1056/NEJMcp0800459

55. Greulich WW, Pyle SI. Radiographic atlas of skeletal development of the hand
and wrist. 2nd ED. Standford, California: Stanford University Press (1959) p. 1-182.

56. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics and
the Association for Molecular Pathology. Genet Med (2015) 17(5):405-24. doi: 10.1038/
gim.2015.30

57. Serensen K, Mouritsen A, Aksglaede L, Hagen CP, Mogensen SS, Juul A. Recent
secular trends in pubertal timing: implications for evaluation and diagnosis of
precocious puberty. Horm Res Paediatr (2012) 77(3):137-45. doi: 10.1159/000336325

frontiersin.org


https://doi.org/10.1159/000243775
https://doi.org/10.1530/EJE-11-0092
https://doi.org/10.1530/EJE-18-0582
https://doi.org/10.1515/jpem.2008.21.11.1079
https://doi.org/10.1136/jmg.31.6.468
https://doi.org/10.1136/jmg.31.6.468
https://doi.org/10.1002/ajmg.a.62089
https://doi.org/10.2147/TACG.S372761
https://doi.org/10.1002/ajmg.a.35270
https://doi.org/10.1186/s12881-015-0239-1
https://doi.org/10.1155/2022/6891897
https://doi.org/10.1155/2022/6891897
https://doi.org/10.1016/j.semcdb.2016.01.020
https://doi.org/10.1038/srep12982
https://doi.org/10.1002/stem.1486
https://doi.org/10.1080/15384101.2019.1656952
https://doi.org/10.1126/science.1171396
https://doi.org/10.3390/cells8101272
https://doi.org/10.3390/cells8101272
https://doi.org/10.1161/CIRCGEN.119.002690
https://doi.org/10.1016/j.ajhg.2021.09.007
https://doi.org/10.1002/uog.23756
https://doi.org/10.1002/ajmg.a.36737
https://doi.org/10.3390/genes11080871
https://doi.org/10.3324/haematol.2014.114595
https://doi.org/10.1002/pbc.23358
https://doi.org/10.1038/ejhg.2011.37
https://doi.org/10.1002/gcc.20735
https://doi.org/10.1097/MPH.0b013e31805d8f57
https://doi.org/10.3390/diagnostics10080582
https://doi.org/10.1038/bjc.2015.75
https://doi.org/10.1158/1078-0432.CCR-17-0631
https://doi.org/10.1182/blood-2003-11-3876
https://doi.org/10.1371/journal.pone.0001279
https://doi.org/10.1158/0008-5472.CAN-08-0099
https://doi.org/10.1136/adc.51.3.170
https://doi.org/10.1056/NEJMcp0800459
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1159/000336325
https://doi.org/10.3389/fendo.2023.1213098
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Abnormalities of pubertal development and gonadal function in Noonan syndrome
	Introduction
	Clinical manifestations and genotype
	Characteristics of puberty in Noonan syndrome
	Gonadal function in Noonan syndrome
	Vertical transmission in Noonan syndrome and role of RAS pathway in fertility
	Genetic counselling and surveillance
	Personal experience on pubertal development in Noonan syndrome

	Conclusion
	Data availability statement
	Author contributions
	Acknowledgments
	References


