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Noonan syndrome is characterized by multiple phenotypic features, including growth
retardation, which represents the main cause of consultation to the clinician. Longitudinal
growth during childhood and adolescence depends on several factors, among them an
intact somatotrophic axis, which is characterized by an adequate growth hormone (GH)
secretion by the pituitary, subsequent binding to its receptor, proper function of the post-
receptor signaling pathway for this hormone (JAK-STAT5b and RAS/MAPK), and
ultimately by the production of its main effector, insulin like growth factor 1 (IGF-1).
Several studies regarding the function of the somatotrophic axis in patients with Noonan
syndrome and data from murine models, suggest that partial GH insensitivity at a post-
receptor level, as well as possible derangements in the RAS/MAPK pathway, are the most
likely causes for the growth failure in these patients. Treatment with recombinant human
growth hormone (rhGH) has been used extensively to promote linear growth in these
patients. Numerous treatment protocols have been employed so far, but the published
studies are quite heterogeneous regarding patient selection, length of treatment, and
dose of rhGH utilized, so the true benefit of GH therapy is somewhat difficult to establish.
This review will discuss the possible etiologies for the growth delay, as well as the
outcomes following rhGH treatment in patients with Noonan syndrome.
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INTRODUCTION

Noonan syndrome (NS - MIM# 163950) is a congenital disorder with an estimated incidence of one
in 1,000 to 2,500 live births (1, 2). This estimate, however, may not be accurate since the condition
may be underdiagnosed, particularly in mild cases, complicating the determination of its true
frequency in the general population (3). The presence of familiar cases is consistent with an
autosomal dominant inheritance pattern, but sporadic cases are more frequent (4). Although this
syndrome presents three cardinal characteristics: distinctive facial features, postnatal short stature
and cardiac anomalies (5), it coexists with minor signs such as cryptorchidism, delayed puberty,
bleeding disorders, thoracic abnormalities, skin disorders, variable degrees of neurocognitive delay
and predisposition to myeloproliferative disorders.

Noonan syndrome overlaps phenotypically with a number of related syndromes such as
Neurofibromatosis type 1 (MIM#162200 - 1:3,000), Noonan syndrome with multiple lentigines
(MIM #151100 - 1:100,000), Cardiofaciocutaneous syndrome (MIM #115150 - 1:200,000) and
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Costello syndrome (MIM #218040 - 1:400,000) (6). All of these
conditions, including Noonan syndrome, are known as
RASopathies, since their common molecular etiology are gain
of function pathogenic variants of different components of the
Ras/mitogen-activated protein kinase (MAPK) signaling
pathway (7). This results in hyperactivation of the pathway,
and possible deregulation of various cellular processes such as
proliferation, survival, differentiation, migration, and
metabolism. Up to date, the spectrum of genes with germline
pathogenic variants associated with Noonan syndrome exceeds
20 (PTPN11, SOS1, SOS2, KRAS, NRAS, RIT1, RRAS, RASAI,
RASA2, MRAS, RAFI1, BRAF, MAP2K1, MAP3K8, SHOC2,
PPPICB, SPRY1, LZTR1, MYST4, A2ML1, and CBL). The role
of some of these variants, however, remains controversial for
some genes, such as A2MLI (8), or require further studies for
others, such as MAP3K8, SPRY1 and MYST4 (9). Approximately
73% of NS cases, however, exhibit a pathogenic variant in a sub-
set of genes (PTPN11 50%; SOSI 11%, RAF1 5%, RIT1 5%, KRAS
1.5%), which allows for some genotype-phenotype correlations
(Supplementary Table 1).

GROWTH DELAY IN
NOONAN SYNDROME

One of the cardinal features of Noonan syndrome is proportional
growth retardation, occurring in most patients (10, 11), and
represents the main cause of consultation to the clinician. These
patients tend to have a birth length which is normal or slightly
subnormal for gestational age. Cessans and co-workers found, in
a molecular characterized cohort of 386 NS patients, that those
patients with PTPNII and RAFI pathogenic variants were
shorter at birth (12). In contrast, Malaquias and co-workers
did not find this relationship between genotype and birth length
in a cohort of 127 NS patients (13). Interestingly, both studies
reported a significantly higher frequency of prematurity in NS
patients, which could be associated with polyhydramnios, which
is frequently observed in NS patients (14). Concerning postnatal
growth, it usually follow a channel that is below, but parallel to
the third percentile during infancy and childhood (12, 13). Even
though deregulation of the RAS/MAPK pathway may explain
this scenario, other factors may be involved, such as feeding
problems (15) or a history of cardiac surgery. Patients with NS
exhibit slow bone maturation and delayed puberty, which is
associated with a limited pubertal growth spurt, leading to
progressive growth retardation (16). A genetic correlation has
been proposed, with patients with PTPNI11, RAFI, and KRAS
pathogenic variants showing more severely impaired growth
than those patients with SOSI variants (12, 13). This may be
explained by different magnitudes of RAS/MAPK activation for
each genotype, and/or by the involvement of other signaling
pathways related to RAS/MAPK (e.g. PI3K/AKT, JAK2/
STATDS5). Finally, adult heights, in different populations, have
been reported below the third percentile in most affected patients
(4, 17, 18). The average adult height for men with Noonan
syndrome is 162.5 cm, and for women is 153 cm. It should be

mentioned that women with Noonan syndrome reach their adult
height by the end of their second decade of life, whereas men
reach this milestone at the beginning of their third decade,
suggesting that they undergo a limited but prolonged
pubertal spurt.

Pathophysiology of Short Stature

The pathophysiology of short stature in this condition remains
poorly understood. Different potential mechanisms have been
hypothesized, including growth hormone deficiency (GHD) (19—
21), neurosecretory dysfunction (22) or mild GH resistance (23).
The somatotrophic axis has been studied extensively in these
patients, showing normal to elevated serum GH, with adequate
responses to GH stimulation tests, but in some cases, they
exhibit low mean GH concentrations during a 12-hour
overnight profile. In addition, these patients show serum IGF-1
and ALS concentrations at the lower limit of the normal range,
with IGFBP-3 concentrations usually within the normal
range (20, 24, 25). The IGF-1 generation test, as reported by
Bertelloni and co-workers in a well-defined pre-pubertal NS
cohort with PTPNI11 pathogenic variants, showed an impaired
responsiveness to GH stimulation compared with patients with
short stature and healthy children (26). This hormonal profile
suggests that some of these patients may show evidence of partial
GH insensitivity, possibly at a post-receptor level.

Growth Regulation in Murine Models

Several NS murine models have been developed (27). These
models express pathogenic variants of Ptpnll (D61G) (28-30),
Sos1 (E846K) (31), Kras (V14I) (32), Ritl (A57G) (33) and Rafl
(L613V) (34), in all tissues. All of them exhibit a normal birth
length, but show reduced body length by weaning, which is
concordant with the postnatal growth retardation observed in
human NS patients. Regulation of growth has been investigated
only in the murine model that expresses the pathogenic variants
Ptpn11 D61G/+ (28-30). De Rocca and co-workers (24) showed
that serum IGF-1 levels are significantly lower in NS mice until
the sixth week of life, when serum IGF-1 reach normal levels. A
similar pattern was observed for serum IGF binding protein-3
(IGF-BP3), so the authors suggested that this scenario might be
restricted to the growing period.

At a molecular level, Araki and co-workers (28) showed
increased immunostaining of phospho-Erk (effector of RAS/
MAPK pathway) at the developing limb buds of this model. In
mouse embryonic fibroblasts, however, there was no difference in
Erk activation in response to growth factors between
heterozygous (D61G/+) and homozygous (D61G/D61G) mice.
In addition, De Rocca (29) observed strong Erk phosphorylation
in the liver of NS animals compared with their WT littermates,
and Araki (28) suggested that Erk activation in this murine
model might be dependent on the cell context. Furthermore, De
Rocca demonstrated that inhibition of Erk phosphorylation
significantly increased IGF-1 blood levels and body length in
NS mice.

Tajan and co-workers (30) evaluated growth plate development
in this NS murine model, and showed that the hypertrophic zone
was smaller compared to WT animals. This finding correlated with
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a lower expression of transcripts associated with the hypertrophic
stage, and with decreased alkaline phosphatase (ALP -chondrocyte
differentiation marker) activity in NS chondrocytes. Moreover,
increased basal and growth factor induced Erkl1/2
phosphorylation was observed in NS hypertrophic chondrocytes.
Interestingly, Tajan (30) showed that IGF-1 supplementation or
inhibition of Erk phosphorylation partially corrects the growth
retardation observed in NS mice. In addition, inhibition of Erk
phosphorylation restored the length of the hypertrophic zones and
ALP activity. Thus, Tajan hypothesizes that systemic IGF-1
deficiency is not the only mechanism responsible for poor
growth plate development in NS.

In addition, De Rocca et al. proposed that autocrine/paracrine
IGF-1 production may be altered in bone, and thus contribute to
the impaired growth observed in NS. Several authors have
suggested a direct participation (IGF-1 independent) of the
RAS/MAPK pathway on physiological growth plate
development (35, 36). Moreover, the important role of the
RAS/MAPK pathway in growth plate development has been
documented in achondroplasia and hypochondroplasia, the most
common primary skeletal dysplasias in humans, which are
caused by gain of function variants of the fibroblast growth
factor receptor 3 (FGFR3) (37). It has been demonstrated that
specific RAS/MAPK signaling inhibition in an achondroplasia
murine model (Fgfr3 Y367C/+) leads to a significant recovery of
bone growth (38).

Data from murine NS models provide evidence that the
growth retardation in NS, at least in those cases associated
with a specific Ptpnll variant, may be due either to partial GH
insensitivity at a post-receptor level, and/or to an effect on RAS/
MAPK activation. This murine model (Ptpn11 D61G/+) not only
reproduces several Noonan syndrome characteristics, but also
allows for the understanding of the molecular process involved in
the development of these features, in a tissue specific context.
This has helped to clarify the effects of RAS/MAPK pathway
deregulation in growth plate physiology. Further investigation of
growth plate development, especially in those murine models
with pathogenic variants associated with severe growth
deficiency, as in the case of the murine model developed by
Hernandez-Porras and co-workers (Kras +/V14I), would be
very informative.

IGF-1 Reduction and
RAS/MAPK Hyperactivation

An intriguing aspect regarding linear growth in NS is the possible
molecular relationship between GH induced hyperactivation of
the RAS/MAPK pathway and reduced generation of IGF-1. The
clues appear to reside in the interplay between this pathway and
the JAK2-STAT5b signaling pathway, which induces IGF-1
production after GH receptor activation (39). Although the
inhibitory effect of SHP2 which is activated in NS, on JAK-
STATS5b signaling has been shown in some cell lines (40), the
Ptpnll D61G/+ murine model does not reveal any change in
STATS5b activity when stimulated with GH (29). Another issue to
consider is the possible participation of the Src family of kinases
(SFK), whose activation by GH is independent of the JAK2-

STATS5b pathway, and results in induction of RAS/MAPK
signaling (41, 42). Further research will be necessary to better
understand the interplay between these intracellular pathways,
and to clarify the mechanisms whereby pathogenic variants in
RAS/MAPK, which prolong the intracellular signal induced by
GH, results in a reduced generation of IGF-1.

GROWTH HORMONE TREATMENT FOR
NOONAN SYNDROME

Treatment with recombinant human growth hormone (rhGH)
has been shown to accelerate growth in patients with NS, but the
benefit of long-term therapy over adult height is still the subject
of some debate. The US Food and Drug Administration
approved the treatment of NS patients with rhGH in 2007, and
recently the European Medicine Agency (EMA) approved it too.
In several other countries, such as Brazil, Israel, The Philippines,
South Korea and Switzerland, rhGH is also licensed for this
indication (43).

Most of the evidence regarding rhGH therapy in patients with
NS originates from observational uncontrolled studies with
relatively small numbers of subjects. Thus, very few controlled
trials reporting adult height or near adult height in these patients
have been published, but some longitudinal prospective trials
and retrospective studies based on post-marketing studies are
available. These data are difficult to compare, however, due to the
heterogeneous treatment protocols employed, as well as the
different cohort selection criteria, age at onset of therapy,
rhGH dose employed, and duration of treatment. Some of the
series published show a significant gain in adult height of
approximately 1.4 + 0.8 SDS (9.5 £ 54 cm) (44), but others
have not confirmed these findings (45). The published studies
can be classified into post-marketing observational studies,
generally financed by the pharmaceutical industry, and
prospective and retrospective clinical trials conducted in
selected groups of patients.

Short-Term Studies

Several short-term studies with less than one year of rhGH
therapy have reported a transient increase in height velocity
and height SDS in NS patients, as described for other clinical
conditions characterized by short stature (20, 46, 47). In
addition, Siklar and co-workers reported the effect of rhGH
treatment during three years in a group of 47 patients with NS
(48). In this study, the height standard deviation score (HSDS)
increased from -3.62 + 1.14 to -2.85 + 0.96, and this increase was
significantly greater when compared with the patients who did
not receive rhGH (Table 1). Longer-term studies, such as those
published by MacFarlane (49) and Lee (50), also reported an
increase in height velocity and height SDS during rhGH therapy
in patients with NS (Table 1). The MacFarlane study is the only
controlled trial reporting data from 31 children (23 treated and 8
untreated), which showed that after 3 years of rhGH therapy, the
treated group gained an average of 3.3 cm more than the
untreated group (49). In addition, Lee compared the responses
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TABLE 1 | Published short-term studies in patients with Noonan syndrome treated with rhGH.

Macfarlane et al. (49)

Patients, n 23 30
Publication year 2001 2015
Patient population United Kingdom USA
Duration of therapy (years) 3 4

Age at start, years (range or SD) 9.3+ 2.6 (4.51t0 14.0)

Height at start, SDS (SD) -2.7 (+0.4) -2.64 (£ 0.96)
rhGH doses (mg/kg/day) (SD) 0.047 0.048 (£ 0.011)
Height at 1 year, SDS (SD) -2.2 (+£0.6) ND
Height gain at 1 year, SDS (SD) 0.5 0,50 (+0,03)
Growth Velocity at 1 year (cm/year) 8.4.+£1.7 ND
Genetic analysis ND ND
Height at therapy end, SDS (SD) -1.9(+0.9) (n:23) -1.48 (£ 0.09)
Height gain at therapy end, SDS (SD) 0.8 1.14 (£ 0.13)

Data are expressed as means [Adapted from Carcavilla et al. (43)].

to rhGH therapy in patients with NS and Turner Syndrome (TS),
which were enrolled in the Nordinet International Outcome
Study (IOS), and demonstrated that both groups of patients
achieved a similar response after 4 years of thGH therapy (50). In
NS and TS patients, the 4-year adjusted AHSDS were 1.14 + 0.13
and 1.03 + 0.04, respectively. Based on untreated, disease-specific
references, the four year adjusted AHSDS for NS and TS were
1.48 +0.10 and 1.79 + 0.04 (p<0.0001) respectively, with AHSDS
being greater in younger patients at the onset of treatment.
Finally, Horikawa and co-workers investigated the long-term
efficacy and safety of Norditropin® in a 4 year randomized,
double blind, multicenter trial in prepubertal patients with NS
(51) (Table 1). The patients treated were randomized 1:1 to
receive thGH at a dose of either 0.033 or 0.066 mg/kg/day.
Height SDS increased from -3.24 to -2.39 in the low dose group
(change in HSDS was 0.85), and from -3.25 to -1.41 in the high
dose group (change in HSDS was 1.84) after 208 weeks of therapy
(p<0.001). It should be noted that the authors did not observe
any serious adverse events during therapy with rhGH.

Adult Height/Near Adult Height

Adult or near-adult height data have been reported in four
studies, and there is additional information from four patients

Lee et al. (50)

8.39+3.45 (2.410 14.3) 9.8 + 3.4 (0.08 t0 17.8)

Siklar et al. (48) Horikawa et al. (51)

47 51
2016 2020
Turkey Japan
3 4
6.06 (2.25)
-3.62 (£ 1.14) -3.24 (£ 0.6) [0.033] -3.25 ( = 0.71) [0.066]
0.0385 0.033/0.066
ND -2.4[0.033] -1.78[0.066]
0.4 (£ 0.44) 0.84 [0.033] 1.47 [0.066]
ND ND
PTPN11 (n:39) PTPN11, SOS1, KRAS, RAF1, BRAF, SHOC2, RIT1
-2.85 (+ 0.96) -2.39 [0.033] -1.41[0.066]
0.77 (£ 0.42) 0.85 [0.033], 1.84 [0.066]

documented by Municchi and co-workers in 1995 (52). None of
these studies included a control group, so the growth of the
treated patients was compared with historical growth references
for NS. Unfortunately, some of these references are from cross
sectional studies without genetic confirmation of the condition,
and with small numbers of patients. As observed in Table 2, age
at start of treatment and duration of rhGH varied widely among
these studies, whereas mean heights at the start of treatment were
similar. These studies show a relatively large variation in the
height gain observed during rhGH therapy (0.6 — 2.0 SDS), with
the best results reported in patients who started treatment at a
younger age.

More recent data suggest that an additional spontaneous
height gain of 1.0 SDS may occur during the end of the second
decade of life in girls with NS, with a further gain of 0.57 SDS at
the start of the third decade in boys with NS (58). Therefore, the
potential positive effects of a late pubertal growth spurt should
be considered in the projections of adult height in patients with
NS. Osio and co-workers reported adult height in 18 children
with NS who were treated with rhGH during a mean period
of 7.5 years (53). These authors reported an increase in
adult height from -2.9 to —1.2 SDS after completion of
rhGH treatment in this uncontrolled study (Table 2).

TABLE 2 | Published adult height data in patients with Noonan syndrome treated with rhGH.

Kirk et al. (45) Osio et al. (53) Raaijmakers Noordam Romano Ranke
et al. (54) et al. (55) et al. (16) et al. (56)
Patients with adult height, n 10 18 24 29 65 140
Data source KIGS UK Random study KIGS world Random study NCGS KIGS observational
observational
Publication year 2001 2005 2008 2008 2009 2019
Age at start, years (range or SD) 10.2 (8to 15) 8.2 (3to 14) 10.2 11.0 6 to 18) 11.6 (8.0) 9.6 (4.6 to 14.6)
Height' at start, SDS (range or SD) -3.1 (-4 to -2) -2.9 (-4 to -2) -3.3 -2.8 (-4 to-2) 3.5(1.0) -3.3 boys; -3.7
girls
rhGH dose, mg/kg/day 0.085 0.033/0.066 0.035 0.05 0.05 0.037
Duration of therapy, years (range or 5.3 (210 8) 7.5 (4 to012) 7.6 6.4 (3to 10) 5.6 (2.6) >3
SD)
Height gain', SDS (range) 0.6 (-0.2to -1) 1.7 (0.4 10 0.3) 0.97 1.3 (-0.6 to 1.2 boys; 1.5 girls 1.2 boys; 1.3 girls
2.4)
Height gain®, SDS (range) 0.8 1.7 (0.51t0 3.1) 0.61 1.3(-0.2 to 0.7 boys; 0.3 girls ND
2.7)

Data are expressed as means; 'according to Tanner; according to Noonan reference [Adapted from Dahigren (57) and Cascavilla et al. (43)].
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In addition, they observed a further height gain of 0.9 SDS in
males and 0.5 SDS in females during late puberty, so these
patients attained their adult height at a mean age of 19.5 years
(range 17-21 years).

Noordam and co-workers have also published adult height
data in 29 patients with NS (55). The mean adult height SDS of
these patients was -1.5 and 1.2 according to National and
Noonan standards, respectively. The mean adult height for boys
was 171 cm and 157 cm for girls indicating a final height gain of
1.3 SDS, which corresponds to approximately 9.5 cm (Table 2).
Linear regression analysis showed that age at start of puberty
made the only statistically significant contribution to the gain in
adult height in this series. In addition, Tamburrino and co-
workers reported growth data in patients affected by
RASopathies with a molecularly confirmed diagnosis. Adult
height was reported in 33 patients, including 16 patients with
GH deficiency (GHD). This study showed that long-term rhGH
therapy accelerates growth in GHD subjects affected by
RASopathies, normalizing adult height for Ranke standards,
although most patients did not show the characteristic catch-up
growth observed in patients with isolated GHD treated
with thGH (59). Recently Malaquias and co-workers,
reported 42 patients (35 PTPNI11+) who were treated with
rhGH, and followed 17 until adult height. This study showed
that PTPNI11+ patients had a greater growth response
than PTPNII- patients. Among the patients that reached
adult height, AH-CDC SDS and AH-NS SDS were -2.1 +
0.7 and 0.7 £ 0.8, respectively. The total increase in height
SDS was 1.3 + 0.7 and 1.5 + 0.6 for normal and NS standards,
respectively (60).

Observational Post-Marketing Studies

The KIGS program (sponsored by Pfizer) for NS patients from
the United Kingdom, showed a mean increase in adult height
of 0.8 SDS. This was a cohort of 10 very short patients (-3.0
SDS) treated for an average of 5.3 years, whose age at initiation
of therapy was relatively late (20). A study by Raaijmakers and
co-workers, reported near adult height in 24 patients after at
least 4 years of treatment. The median age at the start of
treatment was 10.2 years and the median duration of rhGH
treatment was 7.6 years. Median gain in height was 0.61 SDS
according to Tanner standards, and 0.97 SDS according to
Noonan standards (54) (Table 2). In addition, Romano and
co-workers, evaluated the response to thGH therapy in 252
patients by analyzing growth data from children with NS who
were enrolled in the National Cooperative Growth Study
(sponsored by Genentech). These authors reported near
adult height in 65 patients, and the mean height gain was
1.4 SDS, which represents a mean gain of 8.9 cm for girls and
10 cm for boys (16) (Table 2). These results were compared
with children treated with rhGH for idiopathic growth
hormone deficiency and Turner Syndrome. Children with
NS monitored for at least 4 years had a significant increase
in height SDS scores, and their height velocity was greater
than in girls with Turner syndrome treated for the same
period. The most recent study of the KIGS program,
published in 2019, describes a cohort of 140 patients treated

up to adult height (Table 2). The males reached an adult
height of 163.7 cm (-2.0 SDS), and the females 149.5 cm (-2.5
SDS), with an increase in 1.1 SDS for boys and 1.3 SDS for
girls, after a mean duration of treatment of 6.8 and 6.3 years,
respectively (56).

Variables Correlated With

Increased Growth

Several authors (50, 61) have shown that early initiation and
longer duration of therapy are associated with a greater height
gain. Thus, initiation of rhGH therapy at a relatively late age
may explain the modest results observed by some authors
(20). In addition, the duration of rhGh therapy before puberty
and the height SDS at the onset of puberty are important
contributors to near adult height in patients with NS. This
suggests that growth optimization may be possible with earlier
initiation and longer duration of rhGH therapy in patients
with this condition (56, 59). No significant correlation with
rhGH dose nor with gender, however, has been observed in
most of these studies (56, 61). In addition, whether the clinical
phenotype is moderate or severe does not appear to be a
predictor of the response to rhGH therapy. Both phenotypes
respond similarly to rhGH treatment despite the significantly
higher mean GH levels observed in the severe phenotype (62).
In some short-term studies, a correlation between the growth
response and the genotype has been suggested, with a lower
growth response in patients who carry a PTPN11 pathogenic
variant. This finding has not been confirmed by other authors,
however, who have not observed any differences in height
gain, height velocity SDS, adult height and/or serum IGF-1 in
NS patients with or without PTPNII pathogenic variants
(16, 56).

Serum IGF1 has been used to monitor the response to rhGH
therapy in NS, and usually rises during rhGH therapy in parallel
with an increase in height SD (61). Two studies have investigated
the response to rhGH treatment in NS patients with GH
deficiency. The study by Tamburrino and co-workers (59)
showed that GH-deficient patients, treated with the doses of
rhGH employed for classical GH deficiency, had a gain in height
SDS that placed them within the normal range for NS, but not for
the normal population. This suggests that GH deficiency is not
the only explanation for the short stature observed in some of
these patients, and that the doses of rhGH employed for patients
with classical GH deficiency are insufficient to normalize height
in NS.

Zavras and co-workers (63) assessed growth response
following GH therapy (0.25 mg/Kg/week) in five GH-deficient
NS (NSGHD) patients and in five idiopathic GH deficient
patients (IGHD). At the beginning of GH treatment, height
velocity were statistically lower in NSGHD children than in
IGHD. During the first three years of rhGH therapy, the NSGHD
patients showed a slight increase in height (from -2.71 SDS
to —2.44 SDS) and in height velocity (from —2.42 SDS to -0.23
SDS), but these parameters remained significantly lower than in
IGHD children. In addition, after five years of rhGH therapy,
height gain was higher in IGHD children (mean 28.3 cm) than in
NSGHD patients (mean 23.6 cm).
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Safety of rhGH Therapy

The overall experience with rhGH therapy in most short children
is relatively reassuring. However, some studies have shown an
increased risk for cardiovascular events and second tumors in
children with a primary tumor treated with rhGH during
childhood and adolescence (64, 65). Other publications,
however, have not shown a significant increase in overall
mortality in low-risk patients, such as those with isolated GH
deficiency or idiopathic short stature. In patients with an
inherent increased mortality risk, such as those with a
predisposition or harboring tumors, the increased mortality
rates appear to be related the underlying diagnosis rather than
to rhGH therapy (66).

We should state, however, that none of the published series
with patients with NS has reported serious adverse effects during
rhGH therapy. Key parameters, such as BMI and markers of
carbohydrate metabolism usually remain within the normal
range during rhGH therapy (47). Two prospective studies
specifically designed to evaluate cardiac anatomy and function
after 1 and 4 years of rhGH therapy, did not show any change in
myocardial function, or of ventricular wall thickness (20, 67).

In addition, RAS/MAPK hyperactivation is a common feature
of many types of somatic malignancies. NS represents a cancer-
prone syndrome and is associated with increased risks for
childhood leukemia and solid tumors, as shown by Kratz and
co-workers (68). Some genotypic variants of NS are associated
with the development of neoplasms, such as the substitution of
codons p.Asp61 and p.Thr73Ile at SHP2 (PTPNI1), which are
associated with Myeloid Leukemia (69). Even though there are a
few cases described in the literature, most studies have not shown
an increase in the incidence of neoplasms in patients with NS
treated with rhGH. It should be stated, however, that there are no
long-term studies specifically designed to address this outcome,
so continuing surveillance is of paramount importance in
NS patients.

REFERENCES

1. Allanson JE. Noonan Syndrome. ] Med Genet (1987) 24:9-13. doi: 10.1136/
jmg.24.1.9

2. Sharland M, Burch M, McKenna WM, Patton MA. A Clinical Study of
Noonan Syndrome. Arch Dis Child (1992) 67:178-83. doi: 10.1136/
adc.67.2.178

3. Mendez HM, Opitz JM. Noonan Syndrome: A Review. Am ] Med Genet
(1985) 21:493-506. doi: 10.1002/ajmg.1320210312

4. 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)
92:128-32. doi: 10.1136/adc.2006.104547

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

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

7. Aoki Y, Niihori T, Inoue S, Matsubara Y. Recent Advances in Rasopathies.
] Hum Genet (2016) 61:33-9. doi: 10.1038/jhg.2015.114

8. Brinkmann J, Lissewski C, Pinna V, Vial Y, Pantaleoni F, Lepri F, et al. The
Clinical Significance of A2ML1 Variants in Noonan Syndrome has to be
Reconsidered. Eur | Hum Genet (2021) 29:524-7. doi: 10.1038/s41431-020-
00743-3

9. Tidyman WE, Rauen KA. Expansion of the Rasopathies. Curr Genet Med Rep
(2016) 4:57-64. doi: 10.1007/s40142-016-0100-7

CONCLUSION

Despite the recent description of new genes associated with Noonan
syndrome, and the availability of several murine models with
pathogenic variants of the RAS/MAPK pathway, the molecular
pathophysiology for the growth delay observed in these patients has
not been elucidated. One of the most intriguing questions is the
possible molecular link between RAS/MAPK hyperactivation and
IGF-1 expression, and its relationship with growth plate
development. In addition, therapy with rhGH increases height
velocity in patients with NS, but firm conclusions regarding the
effects of this therapy on adult height are not available. Therefore,
there is a need for large controlled clinical trials in patients with this
condition, in order to accurately assess the effects of rhGH therapy
over adult height. In addition, given the complexity of this disorder,
in terms of the high prevalence of cardiac defects and the possible
risks of malignancy, it is very important to maintain a strict
surveillance of these patients.

AUTHOR CONTRIBUTIONS

FR developed the Introduction and the Growth delay in Noonan
syndrome sections. XG developed the Growth hormone
treatment for Noonan syndrome section. FC developed the
Conclusion section and perform sections integration and
manuscript revision. All authors contributed to the article and
approved the submitted version.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fendo.2021.
691240/full#supplementary-material

10. Shoji Y, Ida S, Niihori T, Aoki Y, Okamoto N, Etani Y, et al. Genotype-
Phenotype Correlation Analysis in Japanese Patients With Noonan
Syndrome. Endocr ] (2019) 66:983-94. doi: 10.1507/endocrj.EJ18-0564

11. Lallar M, Bijarnia-Mahay S, Verma IC, Mandal K, Puri RD. Mutation and
Phenotypic Spectrum of Patients With Rasopathies. Indian Pediatr (2021)
58:30-3. doi: 10.1007/s13312-021-2092-y

12. Cessans C, Ehlinger V, Arnaud C, Yart A, Capri Y, Barat P, et al. Growth
Patterns of Patients With Noonan Syndrome: Correlation With Age and
Genotype. Eur ] Endocrinol (2016) 174:641-50. doi: 10.1530/EJE-15-0922

13. Malaquias AC, Brasil AS, Pereira AC, Arnhold IJP, Mendonca BB, Bertola DR,
et al. Growth Standards of Patients With Noonan and Noonan-like
Syndromes With Mutations in the RAS/MAPK Pathway. Am ] Med Genet
A (2012) 158A:2700-6. doi: 10.1002/ajmg.a.35519

14. Baldassarre G, Mussa A, Dotta A, Banaudi E, Forzano S, Marinosci A, et al.
Prenatal Features of Noonan Syndrome: Prevalence and Prognostic Value.
Prenat Diagn (2011) 31:949-54. doi: 10.1002/pd.2804

15. Croonen EA, Draaisma JMT, van der Burgt I, Roeleveld N, Noordam C. First-
Year Growth in Children With Noonan Syndrome: Associated With Feeding
Problems? Am ] Med Genet A (2018) 176:951-8. doi: 10.1002/ajmg.a.38649

16. 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. ] Clin Endocrinol
Metab (2009) 94:2338-44. doi: 10.1210/jc.2008-2094

Frontiers in Endocrinology | www.frontiersin.org

June 2021 | Volume 12 | Article 691240


https://www.frontiersin.org/articles/10.3389/fendo.2021.691240/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2021.691240/full#supplementary-material
https://doi.org/10.1136/jmg.24.1.9
https://doi.org/10.1136/jmg.24.1.9
https://doi.org/10.1136/adc.67.2.178
https://doi.org/10.1136/adc.67.2.178
https://doi.org/10.1002/ajmg.1320210312
https://doi.org/10.1136/adc.2006.104547
https://doi.org/10.1186/1750-1172-2-4
https://doi.org/10.1016/S0140-6736(12)61023-X
https://doi.org/10.1038/jhg.2015.114
https://doi.org/10.1038/s41431-020-00743-3
https://doi.org/10.1038/s41431-020-00743-3
https://doi.org/10.1007/s40142-016-0100-7
https://doi.org/10.1507/endocrj.EJ18-0564
https://doi.org/10.1007/s13312-021-2092-y
https://doi.org/10.1530/EJE-15-0922
https://doi.org/10.1002/ajmg.a.35519
https://doi.org/10.1002/pd.2804
https://doi.org/10.1002/ajmg.a.38649
https://doi.org/10.1210/jc.2008-2094
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Rodriguez et al.

Growth in Noonan Syndrome

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Noonan JA, Raaijmakers R, Hall BD. Adult Height in Noonan Syndrome. Am
J Med Genet A (2003) 123A:68-71. doi: 10.1002/ajmg.a.20502

Yart A, Edouard T. Noonan Syndrome: An Update on Growth and
Development. Curr Opin Endocrinol Diabetes Obes (2018) 25:67-73.
doi: 10.1097/MED.0000000000000380

Romano AA, Blethen SL, Dana K, Noto RA. Growth Hormone Treatment in
Noonan Syndrome: The National Cooperative Growth Study Experience.
] Pediatr (1996) 128:518-21. doi: 10.1016/50022-3476(96)70005-7

Cotterill AM, McKenna WJ, Brady AF, Sharland M, Elsawi M, Yamada M,
et al. The Short-Term Effects of Growth Hormone Therapy on Height
Velocity and Cardiac Ventricular Wall Thickness in Children With
Noonan’s Syndrome. J Clin Endocrinol Metab (1996) 81:2291-7.
doi: 10.1210/jcem.81.6.8964866

Padidela R, Camacho-Hubner C, Attie KM, Savage MO. Abnormal Growth in
Noonan Syndrome: Genetic and Endocrine Features and Optimal Treatment.
Horm Res (2008) 70:129-36. doi: 10.1159/000145016

Tanaka K, Sato A, Naito T, Kuramochi K, Itabashi H, Takemura Y. Noonan
Syndrome Presenting Growth Hormone Neurosecretory Dysfunction. Intern
Med (1992) 31:908-11. doi: 10.2169/internalmedicine.31.908

Binder G, Neuer K, Ranke MB, Wittekindt NE. PTPNI1I Mutations are
Associated With Mild Growth Hormone Resistance in Individuals With
Noonan Syndrome. ] Clin Endocrinol Metab (2005) 90:5377-81.
doi: 10.1210/jc.2005-0995

Noordam C, van der Burgt I, Sweep CG, Delemarre-van de Waal HA, Sengers
RC, Otten BJ. Growth Hormone (GH) Secretion in Children With Noonan
Syndrome: Frequently Abnormal Without Consequences for Growth or
Response to GH Treatment. Clin Endocrinol (Oxf) (2001) 54:53-9.
doi: 10.1046/j.1365-2265.2001.01188.x

Limal J-M, Parfait B, Cabrol S, Bonnet D, Leheup B, Lyonnet S, et al. Noonan
Syndrome: Relationships Between Genotype, Growth, and Growth Factors.
J Clin Endocrinol Metab (2006) 9:300-6. doi: 10.1210/jc.2005-0983
Bertelloni S, Baroncelli GI, Dati E, Ghione S, Baldinotti F, Toschi B, et al. IGF-
I Generation Test in Prepubertal Children With Noonan Syndrome Due to
Mutations in the. PTPNI1I gene Hormones (Athens) (2013) 12:86-92.
doi: 10.1007/BF03401289

Hernandez-Porras I, Guerra C. Modeling RASopathies With Genetically
Modified Mouse Models. Methods Mol Biol (2017) 1487:379-408.
doi: 10.1007/978-1-4939-6424-6_28

Araki T, Golam Mohi M, Ismat FA, Bronson RT, Williams IR, Kutok JL, et al.
Mouse Model of Noonan Syndrome Reveals Cell Type- and Gene Dosage-
Dependent Effects of Ptpnll Mutation. Nat Med (2004) 10(8):849-57.
doi: 10.1038/nm1084

De Rocca Serra-Nédélec A, Edouard T, Tréeguer K, Tajan M, Araki T, Dance
M, et al. Noonan Syndrome-Causing SHP2 Mutants Inhibit Insulin-Like
Growth Factor 1 Release Via Growth Hormone-Induced ERK
Hyperactivation, Which Contributes to Short Stature. Proc Natl Acad Sci
USA (2012) 109:4257-62. doi: 10.1073/pnas.1119803109

Tajan M, Pernin-Grandjean J, Beton N, Gennero I, Capilla F, Neel BG, et al.
Noonan Syndrome-Causing SHP2 Mutants Impair ERK-dependent
Chondrocyte Differentiation During Endochondral Bone Growth. Hum Mol
Genet (2018) 27:2276-89. doi: 10.1093/hmg/ddy133

Chen PC, Wakimoto H, Conner D, Araki T, Yuan T, Roberts A, et al.
Activation of Multiple Signaling Pathways Causes Developmental Defects in
Mice With a Noonan Syndrome-Associated. Sosl mutation ] Clin Invest
(2010) 120:4353-65. doi: 10.1172/JCI43910

Hernandez-Porras I, Fabbiano S, Schuhmacher AJ, Aicher A, Cafiamero M,
Camara JA, et al. K-RasV14I Recapitulates Noonan Syndrome in
Mice. Proc Natl Acad Sci USA (2014) 111:16395-400. doi: 10.1073/pnas.
1418126111

Takahara S, Inoue SI, Miyagawa-Tomita S, Matsuura K, Nakashima Y, Niihori
T, et al. New Noonan Syndrome Model Mice With RIT1 Mutation Exhibit
Cardiac Hypertrophy and Susceptibility to B-Adrenergic Stimulation-Induced
Cardiac Fibrosis. EBioMedicine (2019) 42:43-53. doi: 10.1016/j.ebiom.
2019.03.014

Wu X, Simpson J, Hong JH, Kim KH, Thavarajah NK, Backx PH, et al. Mek-
ERK Pathway Modulation Ameliorates Disease Phenotypes in a Mouse Model
of Noonan Syndrome Associated With the RafIL613V Mutation. J Clin Invest
(2011) 121:1009-25. doi: 10.1172/JCI144929

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Bauler TJ, Kamiya N, Lapinski PE, Langewisch E, Mishina Y, Wilkinson JE,
et al. Development of Severe Skeletal Defects in Induced SHP-2-deficient
Adult Mice: A Model of Skeletal Malformation in Humans With SHP-2
Mutations. Dis Model Mech (2011) 4:228-39. doi: 10.1242/dmm.006130
Bowen ME, Ayturk UM, Kurek KC, Yang W, Warman ML. SHP2 Regulates
Chondrocyte Terminal Differentiation, Growth Plate Architecture and
Skeletal Cell Fates. PloS Genet (2014) 10:¢1004364. doi: 10.1371/
journal.pgen.1004364

Vajo Z, Francomano CA, Wilkin DJ. The Molecular and Genetic Basis of
Fibroblast Growth Factor Receptor 3 Disorders: The Achondroplasia Family
of Skeletal Dysplasias, Muenke Craniosynostosis, and Crouzon Syndrome
With Acanthosis Nigricans. Endocr Rev (2000) 21:23-39. doi: 10.1210/
edrv.21.1.0387

Lorget F, Kaci N, Peng J, Benoist-Lasselin C, Mugniery E, Oppeneer T, et al.
Evaluation of the Therapeutic Potential of a CNP Analog in a Fgfr3 Mouse
Model Recapitulating Achondroplasia. Am ] Hum Genet (2012) 91:1108-14.
doi: 10.1016/}.ajhg.2012.10.014

Woelfle J, Billiard J, Rotwein P. Acute Control of Insulin-Like Growth Factor-I
Gene Transcription by Growth Hormone Through Stat5b. ] Biol Chem (2003)
278:22696-702. doi: 10.1074/jbc.M301362200

Stofega MR, Herrington J, Billestrup N, Carter-Su C. Mutation of the SHP-2
Binding Site in Growth Hormone (GH) Receptor Prolongs GH-promoted
Tyrosyl Phosphorylation of GH Receptor, JAK2, and STAT5B. Mol
Endocrinol (2000) 14:1338-50. doi: 10.1210/mend.14.9.0513

Rowlinson SW, Yoshizato H, Barclay JL, Brooks AJ, Behncken SN, Kerr LM,
et al. An Agonist-Induced Conformational Change in the Growth Hormone
Receptor Determines the Choice of Signalling Pathway. Nat Cell Biol (2008)
10:740-7. doi: 10.1038/ncb1737

Zhu T, Ling L, Lobie PE. Identification of a JAK2-independent Pathway
Regulating Growth Hormone (GH)-Stimulated p44/42 Mitogen-Activated
Protein Kinase Activity. GH Activation of Ral and Phospholipase D is Src-
Dependent. ] Biol Chem (2002) 277:45592-603. doi: 10.1074/jbc.M201385200
Carcavilla A, Suarez -Ortega L, Ramon-Krauel M, Ezquieta Zubicaray B,
Labarta Aizptn J1, Quinteiro Gonzalez S, et al. Tratamiento Con Hormona De
Crecimiento En El Sindrome De Noonan: Revision De La Bibliografia Y
Recomendaciones Del Tratamiento. Rev Esp Endocrinol Pediatr (2020) 11:23—
39. doi: 10.3266/pre2020.Jul.584

Giacomozzi C, Deodati A, Shaikh MG, Ahmed SF, Cianfarani S. The Impact
of Growth Hormone Therapy on Adult Height in Noonan Syndrome: A
Systematic Review. Horm Res Paediatr (2015) 83:167-76. doi: 10.1159/
000371635

Kirk JM, Betts PR, Butler GE, Donaldson MD, Dunger DB, Johnston DI, et al.
Short Stature in Noonan Syndrome: Response to Growth Hormone Therapy.
Arch Child (2001) 84:440-3. doi: 10.1136/adc.84.5.440

de Schepper J, Otten BJ, Frangois I, Bourguignon JP, Craen M, van der Burgt I,
et al. Growth Hormone Therapy in Pre-Pubertal Children With Noonan
Syndrome: First Year Growth Response and Comparison With Turner
Syndrome. Acta Paediatr (1997) 86:943-46. doi: 10.1111/j.1651-2227.
1997.tb15175.x

Ahmed ML, Foot AB, Edge JA, Lamkin VA, Savage MO, Dunger DB.
Noonan’s Syndrome: Abnormalities of the Growth Hormone/IGF-I Axis
and the Response to Treatment With Human Biosynthetic Growth
Hormone. Acta Paediatr Scand (1991) 80:446-50. doi: 10.1111/j.1651-
2227.1991.tb11880.x

Sklar Z, Genens M, Poyrazoglu §, Bass F, Darendeliler F, Bundak R. The
Growth Characteristics of Patients With Noonan Syndrome: Results of Three
Years of Growth Hormone Treatment: A Nationwide Multicenter Study.
] Clin Res Pediatr Endocrinol (2016) 8:305-12. doi: 10.4274/jcrpe.3013
MacFarlane CE, Brown DC, Johnston LB, Patton MA, Dunger DB, Savage
MO, et al. Growth Hormone Therapy and Growth in Children With Noonan’s
Syndrome: Results of 3 Years” Follow-Up. J Clin Endocrinol Metab (2001)
86:1953-6. doi: 10.1210/jcem.86.5.7468

Lee PA, Ross JL, Pedersen BT, Kotnik P, Germak JA, Christesen HT. Noonan
Syndrome and Turner Syndrome Patients Respond Similarly to 4 Years’
Growth-Hormone Therapy: Longitudinal Analysis of Growth-Hormone-
Naive Patients Enrolled in the NordiNet® International Outcome Study and
the ANSWER Program. Int ] Pediatr Endocrinol (2015) 2015:17. doi: 10.1186/
$13633-015-0015-1

Frontiers in Endocrinology | www.frontiersin.org

June 2021 | Volume 12 | Article 691240


https://doi.org/10.1002/ajmg.a.20502
https://doi.org/10.1097/MED.0000000000000380
https://doi.org/10.1016/s0022-3476(96)70005-7
https://doi.org/10.1210/jcem.81.6.8964866
https://doi.org/10.1159/000145016
https://doi.org/10.2169/internalmedicine.31.908
https://doi.org/10.1210/jc.2005-0995
https://doi.org/10.1046/j.1365-2265.2001.01188.x
https://doi.org/10.1210/jc.2005-0983
https://doi.org/10.1007/BF03401289
https://doi.org/10.1007/978-1-4939-6424-6_28
https://doi.org/10.1038/nm1084
https://doi.org/10.1073/pnas.1119803109
https://doi.org/10.1093/hmg/ddy133
https://doi.org/10.1172/JCI43910
https://doi.org/10.1073/pnas.1418126111
https://doi.org/10.1073/pnas.1418126111
https://doi.org/10.1016/j.ebiom.2019.03.014
https://doi.org/10.1016/j.ebiom.2019.03.014
https://doi.org/10.1172/JCI44929
https://doi.org/10.1242/dmm.006130
https://doi.org/10.1371/journal.pgen.1004364
https://doi.org/10.1371/journal.pgen.1004364
https://doi.org/10.1210/edrv.21.1.0387
https://doi.org/10.1210/edrv.21.1.0387
https://doi.org/10.1016/j.ajhg.2012.10.014
https://doi.org/10.1074/jbc.M301362200
https://doi.org/10.1210/mend.14.9.0513
https://doi.org/10.1038/ncb1737
https://doi.org/10.1074/jbc.M201385200
https://doi.org/10.3266/pre2020.Jul.584
https://doi.org/10.1159/000371635
https://doi.org/10.1159/000371635
https://doi.org/10.1136/adc.84.5.440
https://doi.org/10.1111/j.1651-2227.1997.tb15175.x
https://doi.org/10.1111/j.1651-2227.1997.tb15175.x
https://doi.org/10.1111/j.1651-2227.1991.tb11880.x
https://doi.org/10.1111/j.1651-2227.1991.tb11880.x
https://doi.org/10.4274/jcrpe.3013
https://doi.org/10.1210/jcem.86.5.7468
https://doi.org/10.1186/s13633-015-0015-1
https://doi.org/10.1186/s13633-015-0015-1
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Rodriguez et al.

Growth in Noonan Syndrome

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Horikawa R, Ogata T, Matsubara Y, Yokoya S, Ogawa Y, Nishijima K, et al.
Long-Term Efficacy and Safety of Two Doses of Norditropin® (Somatropin)
in Noonan Syndrome: A 4-Year Randomized, Double-Blind, Multicenter
Trial in Japanese Patients. Endocr J (2020) 67:803-18. doi: 10.1507/
endocrj.EJ19-0371

Municchi G, Pasquino AM, Pucarelli I, Cianfarani S, Passeri F. Growth
Hormone Treatment in Noonan Syndrome: Report of Four Cases Who
Reached Final Height. Horm Res (1995) 44:164-7. doi: 10.1159/000184618
Osio D, Dahlgren ], Wikland KA, Westphal O. Improved Final Height With
Long-Term Growth Hormone Treatment in Noonan Syndrome. Acta
Paediatr (2005) 94:1232-7. doi: 10.1111/j.1651-2227.2005.tb02081.x
Raaijmakers R, Noordam C, Karagiannis G, Gregory JW, Hertel NT, Sipild I,
et al. Response to Growth Hormone Treatment and Final Height in Noonan
Syndrome in a Large Cohort of Patients in the KIGS Database. ] Pediatr
Endocrinol Metab (2008) 21:267-73. doi: 10.1515/jpem.2008.21.3.267
Noordam C, Peer PGM, Francois I, De Schepper ], van den Burgt I, Otten BJ.
Long-Term GH Treatment Improves Adult Height in Children With Noonan
Syndrome With and Without Mutations in Protein Tyrosine Phosphatase,
non-Receptor Type 11. Eur ] Endocrinol (2008) 159:203-8. doi: 10.1530/EJE-
08-0413

Ranke MB, Lindberg A, Carlsson M, Camacho-Hiibner C, Rooman R.
Treatment With Growth Hormone in Noonan Syndrome Observed During
25 Years of KIGS: Near Adult Height and Outcome Prediction. Horm Res
Paediatr (2019) 91:46-55. doi: 10.1159/000498859

Dabhlgren J. Growth Hormone Therapy in Noonan Syndrome: Review of Final
Height Data. Horm Res (2009) 72:46-8. doi: 10.1159/000243779

Binder G, Grathwol S, von Loeper K, Blumenstock G, Kaulitz R, Freiberg C,
et al. Health and Quality of Life in Adults With Noonan Syndrome. ] Pediatr
(2012) 161:501-5. doi: 10.1016/j.jpeds.2012.02.043

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 ] Med Genet A (2015) 167A:2786-94. doi: 10.1002/
ajmg.a.37260

Malaquias AC, Noronha RM, Souza TTO, Homma TK, Funari MFA,
Yamamoto GL, et al. Impact of Growth Hormone Therapy on Adult
Height in Patients With PTPNI1 Mutations Related to Noonan Syndrome.
Horm Res Paediatr (2019) 91:252-61. doi: 10.1159/000500264

Ozono K, Ogata T, Horikawa R, Matsubara Y, Ogawa Y, Nishijima K, et al.
Efficacy and Safety of Two Doses of Norditropin® (Somatropin) in Short
Stature Due to Noonan Syndrome: A 2-Year Randomized, Double-Blind,
Multi- Center Trial in Japanese Patients. Endocr J (2018) 65:159-74.
doi: 10.1507/endocrj.EJ17-0313

van der Burgt I, Thoonen G, Roosenboom N, Assman-Hulsmans C, Gabreels
F, Otten B, et al. Patterns of Cognitive Functioning in School-Aged Children

63.

64.

65.

66.

67.

68.

69.

70.

With Noonan Syndrome Associated With Variability in Phenotypic
Expression. J Pediatr (1999) 135:707-13. doi: 10.1016/s0022-3476(99)70089-2
Zavras N, Meazza C, Pilotta A, Gertosio C, Pagani S, Tinelli C, et al. Five-Year
Response to Growth Hormone in Children With Noonan Syndrome and
Growth Hormone Deficiency. Ital ] Pediatr (2015) 41:71. doi: 10.1186/s13052-
015-0183-x

Tidblad A, Bottai M, Kieler H, Albertsson-Wikland K, Sivendahl L.
Association of Childhood Growth Hormone Treatment With Long-Term
Cardiovascular Morbidity. JAMA Pediatr (2021) 175(2):e205199.
doi: 10.1001/jamapediatrics.2020.5199

Swerdlow AJ, Cooke R, Beckers D, Borgstrom B, Butler G, Carel JC, et al.
Cancer Risks in Patients Treated With Growth Hormone in Childhood: The
Saghe European Cohort Study. J Clin Endocrinol Metab (2017) 102:1661-72.
doi: 10.1210/jc.2016-2046

Sivendahl L, Cooke R, Tidblad A, Beckers D, Butler G, Cianfarani S, et al.
Long-Term Mortality After Childhood Growth Hormone Treatment: The
SAGhE Cohort Study. Lancet Diabetes Endocrinol (2020) 8:683-92.
doi: 10.1016/S2213-8587(20)30163-7

Noordam C, Draaisma JM, van den Nieuwenhof J, van der Burgt I, Otten BJ,
Daniels O. Effects of Growth Hormone Treatment on Left Ventricular
Dimensions in Children With Noonan’s Syndrome. Horm Res (2001)
56:110-3. doi: 10.1159/000048101

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) 112:1392-7.
doi: 10.1038/bjc.2015.75

Villani A, Greer M-LC, 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:e83-90. doi: 10.1158/1078-0432.CCR-17-0631
Carcavilla A, Suarez-Ortega L, Rodriguez Sanchez A, Gonzalez-Casado I,
Ramon-Krauel M, Labarta JI, et al. Noonan Syndrome: Genetic and Clinical
Update and Treatment Options. Pediatr (Barc) (2020) 93:61.e1-61.e14.
doi: 10.1016/j.anpedi.2020.04.008

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 © 2021 Rodriguez, Gaete and Cassorla. 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

June 2021 | Volume 12 | Article 691240


https://doi.org/10.1507/endocrj.EJ19-0371
https://doi.org/10.1507/endocrj.EJ19-0371
https://doi.org/10.1159/000184618
https://doi.org/10.1111/j.1651-2227.2005.tb02081.x
https://doi.org/10.1515/jpem.2008.21.3.267
https://doi.org/10.1530/EJE-08-0413
https://doi.org/10.1530/EJE-08-0413
https://doi.org/10.1159/000498859
https://doi.org/10.1159/000243779
https://doi.org/10.1016/j.jpeds.2012.02.043
https://doi.org/10.1002/ajmg.a.37260
https://doi.org/10.1002/ajmg.a.37260
https://doi.org/10.1159/000500264
https://doi.org/10.1507/endocrj.EJ17-0313
https://doi.org/10.1016/s0022-3476(99)70089-2
https://doi.org/10.1186/s13052-015-0183-x
https://doi.org/10.1186/s13052-015-0183-x
https://doi.org/10.1001/jamapediatrics.2020.5199
https://doi.org/10.1210/jc.2016-2046
https://doi.org/10.1016/S2213-8587(20)30163-7
https://doi.org/10.1159/000048101
https://doi.org/10.1038/bjc.2015.75
https://doi.org/10.1158/1078-0432.CCR-17-0631
https://doi.org/10.1016/j.anpedi.2020.04.008
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Etiology and Treatment of Growth Delay in Noonan Syndrome
	Introduction
	Growth Delay in Noonan Syndrome
	Pathophysiology of Short Stature
	Growth Regulation in Murine Models
	IGF-1 Reduction and RAS/MAPK Hyperactivation

	Growth Hormone Treatment for Noonan Syndrome
	Short-Term Studies
	Adult Height/Near Adult Height
	Observational Post-Marketing Studies
	Variables Correlated With Increased Growth
	Safety of rhGH Therapy

	Conclusion
	Author Contributions
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


