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Abstract

Background: Endocrine science remains underrepresented in European Union research programs despite the fundamental role of hormone
health in human wellbeing. Analysis of the CORDIS database reveals a persistent gap between the societal impact of endocrine disorders and
their research prioritization. At the national funding level, endocrine societies report limited or little attention of national research funding
toward endocrinology. The EndoCompass project—a joint initiative between the European Society of Endocrinology and the European Society
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of Pediatric Endocrinology, aimed to identify and promote strategic research priorities in endocrine science to address critical hormone-related
health challenges.

Methods: Research priorities were established through comprehensive analysis of the EU CORDIS database covering the Horizon 2020
framework period (2014-2020). Expert consultation in growth disorders was conducted to identify key research priorities, followed by broader
stakeholder engagement, including society members and patient advocacy groups.

Results: Research priorities encompass genetic diagnosis of growth disorders; growth plate-targeted therapies; molecular mechanisms of
Silver-Russell syndrome and imprinting disorders; hypothalamic dysfunction in Prader-Willi syndrome; and characterization of Noonan
syndrome and tall stature conditions. Emphasis is placed on creating disease registries to facilitate outcome studies and developing precision
therapeutics based on growth regulation pathways.

Conclusions: This component of the EndoCompass project provides an evidence-based roadmap for strategic research investment. This
framework identifies crucial investigation areas into growth disorder pathophysiology, prevention, and treatment strategies, ultimately aimed
at reducing the burden of these disorders on individuals and society. The findings support the broader EndoCompass objective of aligning
research funding with areas of highest potential impact in endocrine health.

Keywords: short stature, growth hormone, Silver-Russell syndrome, imprinting disorders, Prader-Willi syndrome, Noonan syndrome, tall stature

Significance

Endocrine research is underrepresented in EU research programmes, despite endocrine processes playing a vital role in
human health. This chapter focuses on conditions of abnormal growth, specifically growth conditions due to growth
hormone-insulin-like growth factor-1 axis and growth plate abnormalities, small for gestational age with failure to catch
up, Silver—Russel syndrome and related methylation disorders, Prader-Willi syndrome, Noonan syndrome and other raso-
pathies, and overgrowth disorders. These conditions have associated metabolic, cardiovascular, and mental health risks,
lower health-related quality of life, and thus have a large societal impact. The chapter sets out future research priorities
for each of these conditions. Priorities include research into aetiology of growth conditions and prediction of outcomes,
efficacy of growth-promoting drugs, development of models of disease (in vivo animal models, organoids, or induced
pluripotent stem cells), new drug development, and consequences of the conditions in adulthood including development
of databases and biobanks.
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Introduction

Growth during infancy, childhood, and adolescence is the re-
sult of a complex interplay of many factors. The control is
mainly related to internal factors, such as genes and hormones,
including growth hormone (GH) and insulin-like growth fac-
tors (IGFs), and to external factors, such as nutrition and
environment. '

The hormones GH, secreted by the pituitary gland, and
IGF-1, mainly produced by the liver, have leading roles in lon-
gitudinal growth, while other hormones, such as sex hor-
mones, also contribute. GH and IGF-1 promote chondrocyte
(cartilage cell) proliferation in the growth plates. The growth
plate is a cartilage plate located at the end of long bones and
vertebrae. Within the growth plate, chondrocytes are neatly
organized into columns where they undergo rapid division, en-
large, and produce extracellular matrix. The extracellular ma-
trix at the outer zone of the growth plate eventually calcifies
and then transforms into bone. New chondrocytes are pro-
duced from chondroprogenitors and so continuously produce
fresh growth plate cartilage, which eventually transforms into
bone tissue. Consequently, the continuous formation of new
cartilage, proliferation and enlargement of chondrocytes
moves the growth plate further away from the center of the
bone, and thus causes lengthening of bones, making children
grow taller. Estrogen and testosterone, due to conversion to
estrogen, promote growth plate ossification, eventually lead-
ing to the disappearance of the growth plate and thus cessation
of growth.>?

Some children have growth retardation, leading to short
stature. Short stature is defined as a height less than or equal
to a standard deviation score (SDS) of —2, equivalent to the
2.3rd centile, and thus has a prevalence of 1/43. Severe short
stature (<—3 SDS) has a prevalence of 1/1000 (0.1st centile).
In 2019, UNICEF estimated that there were 144 000 000 chil-
dren with short stature below the age of 5 years, worldwide.*

Studies suggest that GH deficiency, being small for gesta-
tional age (SGA) at birth, Silver-Russell syndrome (SRS),
and other methylation disorders, Prader-Willi syndrome
(PWS), Noonan syndrome, and skeletal dysplasias have asso-
ciated metabolic, cardiovascular and mental health risks, and
lower health-related quality of life, therefore having a large so-
cietal impact. For example, annual costs for PWS can be as
high as €65 000 per patient.”'* However, much more re-
search is warranted. More research is also required for the
understanding of the underlying pathophysiology of many
conditions associated with short stature.

Tall stature syndromes consist of a group of overgrowth
—intellectual disability (OGID) syndromes and a group of con-
ditions characterized by tall stature syndromes without an in-
tellectual disability. The OGID syndromes are a heterogenous
group of conditions characterized by increased height with or
without increased head circumference, in association with an
intellectual disability."” Tall stature syndromes without learn-
ing difficulties consist of a variety of conditions, of which
Marfan syndrome is the most common."'® However, most syn-
dromes are rare, and the natural history and consequences for
health and well-being are not well known. The molecular
mechanisms of tall stature have not been fully elucidated,
and many patients with tall stature syndromes have not had
an underlying cause identified.

This chapter describes the epidemiology, associated path-
ology, social impact, and current knowledge in 5 fields of
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growth disorders, and then outlines the future research prior-
ities for these fields.

Short stature and GH, IGF-1, and growth plate
disorders

Epidemiology, societal impact, research state of art

As discussed above, short stature is defined as a height <-2
SDS, equivalent to the 2.3rd centile (with a prevalence of
1/43), whereas severe short stature (< —3 SDS) has a preva-
lence of 1/1000 (0.1st centile). Ten percent of those born
SGA (height or weight <—2 SDS for gestational age) do not
show catch-up growth,'” and SGA with persistent short stat-
ure at age 4 occurs in 1/500.°

Around 80%-90% of the variation in adult height within a
specific population is attributable to genetic factors. An indi-
vidual’s height is substantially determined by the additive ef-
fects of both common and rare genetic variants. Recent
genome-wide association studies have identified over 7000
different loci associated with stature, covering approximately
21% of the genome.'® In individuals with severe short stature,
rare monogenic etiologies can now be found, and many of the
genes involved relate to growth plate function.

For the past 4 decades, the primary treatment for short stat-
ure has been recombinant human GH, regardless of the under-
lying etiology. Additional efforts to increase height have
included modulating the duration of the growth period, either
through pubertal suppression using gonadotrophin-releasing
hormone agonists, or by delaying epiphyseal closure using ar-
omatase inhibitors. Rare patients with GH resistance are eli-
gible for treatment with recombinant IGF-1.

As understanding increases regarding the diverse molecular
etiologies of short stature, there is increased need for molecu-
lar stratification and novel precision therapeutics targeting
these disorders. Currently, novel precision medicine ap-
proaches are being developed for specific skeletal dysplasias,
such as C-type natriuretic peptide agonists for achondropla-
sia.!” Further understanding of the genetic pathways involved
in growth plate function and improved diagnostics of short
stature are required, in order to improve care and develop
more novel precision medicine approaches.

The long-term safety of GH treatment has been thoroughly
studied in the last decade, but studies on long-term safety and
efficacy of other treatments are lacking.*’

Future research priorities

The key future research areas in short stature, GH/IGF-1, and
growth plate are in genetics, growth plate patho-physiology,
and personalized medicine. They include strategies to (1) fur-
ther identify the etiology of short stature and predict height
outcomes, (2) assess current and develop new drugs to stimu-
late growth, (3) study response to growth-promoting therap-
ies, and (4) assess effects of short stature/intrauterine growth
retardation and treatment on health in adulthood.

Eetiology and prediction of height outcomes

¢ Improve methods, pathways, and gene panels to diagnose
congenital growth failure/short stature of monogenic,
polygenic, and epigenetic causes, and reduce diagnostic
delay.
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e Characterize interactions between multiple genetic var-
iants, including abnormalities of GH and IGF-1 secretory
and signaling pathways.

¢ Create large data sets for populations with short stature to
assess genetic etiology and to create a genomic predictor
of height/a polygenic risk score, including the effects of
rare variants.

e Refine polygenic risk scores to accurately predict adult
height in patients from all racial and ethnic backgrounds.

* Develop real-world evidence for the utility of genomic
prediction models in clinical practice and develop digital
tools that allow for integration of prediction models
into clinical care.

¢ Develop a system to make an inventory of the phenotype
of patients with genetic causes of short stature, so that the
phenotypic spectrum of genetic causes is continuously
updated.

¢ Develop personalized in vitro and in vivo models to under-
stand the underlying pathophysiology of individual growth
disorders. This could include development of easier access
to individual patient’s chondrocytes or other cell-based mod-
els, such as organoids, using patient-derived tissues.

¢ Increase insight in the cause and mechanism of absent
catch-up growth after being born SGA.

Current drugs and drug development

* Develop new drugs for the treatment of short stature, in-
cluding drugs directly targeting the growth plate.

o Assess the efficacy and safety of drugs developed for skel-
etal dysplasia, including achondroplasia, for the stimula-
tion of growth in other forms of short stature.

¢ Explore the use of in vitro models to develop and test new
drugs, for example growth plate organoids (growth plate in
a dish) or induced pluripotent stem cell (iPSC)-derived chon-
drocytes, with introduction of specific mutations therein.

® Develop appropriately controlled clinical trials for defini-
tive assessment of long-term safety and efficacy of aroma-
tase inhibitors, and of delaying puberty, to increase adult
height.

e Assess long-term safety and efficacy of long-acting GH
drugs.

Response to growth-promoting therapies

e Explore the role of genetic variation, including genetic
heterogeneity and rare genetic variants, in patients’ re-
sponses to growth-promoting therapies and understand
how to use these data to guide therapy for patients.

* Develop new and more accurate biomarkers of longitudinal
growth, which can be used to assess treatment efficacy and
accurately predict responses to growth-promoting therapy.

¢ Examine the use of personalized in vitro models to predict
response to growth-promoting treatment.

e Develop and implement artificial intelligence (AI) and ma-
chine learning—based approaches to predict response to
growth-promoting agents and direct choice of treatment.

Long-term health throughout the lifespan

¢ Characterize health problems in adult life in patients with
syndromic and non-syndromic short stature, and
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intrauterine growth retardation, including quality of life
assessments.

e Facilitate international collaboration to aggregate regis-
try data for such current and long-term health outcomes
and future growth-promoting therapies.

o Assess long-term effect and safety of pediatric IGF-1 treat-
ment in adulthood.

e Assess quality of life and psychological well-being, for
example social relationships, working capacity, and fa-
tigue, in treated and untreated people with short stature
during the lifespan, including research into prediction of
who will gain most in terms of quality of life with
growth-promoting treatment. This will help to find a
balance between gain in quality of life, cost of treatment
and healthcare budget.

e Study the degree, reasons and consequences of disparities,
and perform research that aims to reduce disparities, in
Europe and beyond

Anticipated impact of the research

Improved diagnosis of growth disorders will have far-reaching
benefits for the individual suffering from a growth disorder as
well as for society as a whole. It would allow personalized
medical monitoring and treatment of a larger proportion of
patients, and also contribute to the development of novel,
safe, and efficacious treatments.

Advances in our knowledge of the growth plate and our
ability to model growth in vitro will also allow development
and trials of drugs, which will ultimately improve outcomes,
so improving quality of life. Advances in our ability to predict
response to growth-promoting therapies, whether via genetic
profiles, individualized disease models, or the use of Al, will al-
low practitioners to truly practice personalized precision
medicine. Prediction of who will gain most in terms of quality
of life from growth-promoting therapy will help to determine
who should receive treatment in our changing society, with
greater acceptance of inter-individual differences and scarce
healthcare resources.

Gaining more knowledge about the prevalence and type of
health problems in adults with short stature will lead to health
risk awareness in professionals and patients, which will help to
prevent long-term negative health outcomes.

Silver-Russell syndrome and other imprinting
disorders associated with short stature

Epidemiology, societal impact, research state of art

Imprinting disorders such as SRS [Online Mendelian
Inheritance in Man® reference (OMIM) #180860] and
Temple syndrome (OMIM #616222) are increasingly recog-
nized as important causes of short stature. However, they
are frequently overlooked and misdiagnosed, as the clinical
and molecular diagnosis is challenging. Making a diagnosis
is key for bespoke management, treatment, peer support,
and tailored health surveillance.

These conditions are multisystem disorders requiring multi-
disciplinary care and demanding significant health resources,
particularly in childhood. The prevalence of imprinting disor-
ders is more frequent than previously appreciated.?' Evidence
is accumulating that these conditions are associated with ad-
verse cardiometabolic health.
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Silver-Russell syndrome is associated with severe prenatal
and postnatal growth retardation, characteristic features (rela-
tive macrocephaly, prominent forehead, and body asymmetry)
and severe feeding difficulties.”” The diagnosis is suspected
upon the presence of 4 or more of these 6 items. The reported
incidence of SRS ranges from 1/30 000 to 1/100 000 live births
per year, but it is probably more common.

An underlying molecular cause is currently identified in
around 60% of patients fulfilling the criteria of SRS. These in-
clude 30%-60% with loss of methylation (LOM; a molecular
alteration) in 11p15 and 5%-10% with maternal uniparental
disomy of chromosome 7 (UPD(7)mat). Rare mutations af-
fecting CDKN1C, HMGA2, PLAG1 and IGE2 are also re-
ported, together with imprinting defects responsible for
Temple syndrome.”*

However, 40% of individuals with a clinical diagnosis of
SRS do not have a molecular diagnosis and are labeled “clin-
ical SRS.” A greater understanding of the genetic causes of
clinical SRS is needed to optimize healthcare.

Children with SRS have phenotypic features in common
with other imprinting disorders (eg, lack of appetite during in-
fancy, growth failure, pubertal abnormalities, and high serum
IGF-1 levels), while other features are distinct. The underlying
causes explaining these similarities and differences are import-
ant for clinical care, but are as yet unknown. One hypothesis is
that imprinted genes are co-regulated or that some genes have
an impact on the expression of others, within a network of im-
printed genes.”*** However, the mechanisms of regulation
and interactions of most of the imprinted loci are far from
being understood. Clinical features of SRS and effects of GH
therapy during childhood have been reported,** but the conse-
quences and optimal management of SRS and many of the
rarer imprinting disorders across the lifespan are unknown.

Future research priorities

Key future research in SRS and imprinting disorders focuses
on the identification of the full spectrum of molecular altera-
tions, their causes and functional consequences. By combining
this knowledge with deep phenotyping, the clinical relevance
of imprinting disturbances will be evaluated, and personalized
clinical regimens can be developed. Another key research area
regards the clinical consequences of SRS/ imprinting disorders
across the lifespan. Specific aims to achieve these goals include
the following.

Building the base for research

¢ Create a pan-EU database of imprinting disorders that in-
cludes phenotypical and molecular data.

¢ Establish a biobank with samples from individuals with
different imprinting disturbances.

¢ Generate suitable in vitro and in vivo models for imprint-
ing disorders.

¢ Undertake comprehensive studies to determine the preva-
lence of imprinting disorders.

Making use of new technology

Implement and use high-throughput omics technologies (gen-
omics, epigenomics, transcriptomics, proteomics, and liquid
biopsy) and Al, as follows:

¢ Identify genome-wide episignatures, in different tissues.
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¢ Identify new imprinting disorders.

e Study (epi)genotype-phenotype correlations to explain
the clinical features and predict prognosis.

¢ Improve the genetic testing algorithms and include prog-
nostic markers.

¢ Develop single-cell transcriptome analysis for imprinting
disorders.

¢ Characterize effects of imprinting defects in germ cells.

e Develop Al and machine learning to improve epidemio-
logical insight, diagnosis, and prediction of future compli-
cations of imprinting disorders, eg, epigenetic methylation
signatures, facial recognition, such as further improvement
of the Face2Gene app).

Identifying the causes of aberrant imprinting

¢ Decipher the molecular causes of imprinting defects (eg,
enable genetic and reproductive counseling).

¢ Understand the regulation within imprinted regions, and
the role of epigenetic regulation in human development.

Understanding the impact of disturbed genomic imprinting

Delineate the functional impact of disturbed genomic imprint-
ing on cellular processes and the clinical outcome, as follows:

¢ Study the functional interactions between imprinted
genes and their products.

¢ Develop novel treatments for imprinting disorders using
experimental in vitro/ex vivo/in vivo models.

Answering key clinical questions

Phenotype of SRS and related imprinting disorders associated
with short stature:

¢ Can deep phenotyping find genetic causes for specific fea-
tures, such as feeding difficulties, changing appetite, poor
pubertal growth spurt with rapid bone age progression,
abnormal body composition, insulin resistance, and go-
nadal dysfunction?

e What is the contribution of genomic imprinting to growth
retardation, appetite, metabolism, puberty, reproductive
function, and cognitive development?

¢ Does imprinting affect the hypothalamic regulation of ap-
petite/satiety?

e Why do early adrenarche and rapidly evolving puberty
occur?

¢ GH-IGF-1 axis studies to evaluate receptor functionality
and signaling to explain why is serum IGF-1 often high?

e What causes testicular dysfunction in males with 11p15
LOM?

e What are the phenotypic consequences of multi-locus im-
printing disturbances?

¢ Why do children with UPD(7)mat have more psychiatric
problems than those with 11p15 LOM?

e What are the key clinical and developmental features and/
or biomarkers pointing to a growth-related imprinting
disorder?

Effect of age:

¢ Why does appetite change with increasing age/across the
life course?
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e Why are some clinical features age-specific?

Pregnancy and fertility:

e Why is the rate of children born after assisted reproduct-
ive technologies higher amongst patients with imprinting
disorders and SRS than in the general population?

¢ Does LOM affect gametes?

e Why do fetuses with SRS and related imprinting disorders
associated with short stature have small placentas?

e What is the role of IGF-2 in the growth restriction in im-
printing disorders related to short stature?

Treatment:

e What is the impact of GH therapy on body composition,
glucose/insulin regulation and lipid metabolism, cogni-
tion and health-related quality of life during and after
treatment?

® Why do many children with SRS and associated imprint-
ing disorders have high serum IGF-1 levels before the start
of GH therapy and very high levels during therapy?

e Which treatment can preserve growth potential when
there is early adrenarche and rapidly progressing puberty?

e What is the optimal treatment for imprinting disorders
other than SRS, for example GH in Temple syndrome?

¢ How can we best develop personalized therapeutic regimens?

¢ Develop new and more accurate biomarkers of longitudinal
growth, which can be used to assess treatment efficacy and
accurately predict responses to growth-promoting therapy.

Long-term health throughout the lifespan

Determine the long-term consequences of SRS and related im-
printing disorders on:

¢ Cognition, vitality, health-related quality of life, education,
work, socioeconomic status, relationships and offspring.

¢ Cardiovascular health, glucose/insulin regulation and lip-
id metabolism.

¢ Body composition (fat mass, lean body mass, visceral fat).

¢ Bone density and joints.

e Reproductive function.

e Treatment, including positive, and negative effects.

Study the degree, reasons and consequences of disparities, and
perform research that aims to reduce disparities, in Europe
and beyond.

Anticipated impact of future research

Establishing databases, animal models, and a biobank, as well
as the application of high-throughput, omic-based methods,
will not only improve the diagnostic algorithm and yield,
but also increase our understanding of disturbed genomic im-
printing and epigenetic regulation in general. Altogether, these
strategies will lead to the identification of diagnostic/prognos-
tic biomarkers, improvement of current treatment, develop-
ment of novel and personalized therapies, and improvement
and development of guidelines.

Inclusion of artificial intelligence—based diagnostic work-
flows and predictive methods will facilitate cost-effective deci-
sions regarding the most appropriate treatment. Evaluation of
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the impact of these improvements on the care, health, and
quality of life of patients and their families will help to intro-
duce procedures preventing deterioration of mental health,
thus preventing high societal costs. A greater appreciation of
the natural history of these conditions will help the design of
life-long health surveillance strategies.

Additionally, studying SRS might also give insights into
metabolic consequences related to SGA in general, of rele-
vance to a much larger population than just patients with
SRS. Such new insights have the potential to influence wider
healthcare decisions for this population born SGA and reduce
healthcare costs.

Prader-Willi syndrome

Epidemiology, societal impact, research state of art

Prader-Willi syndrome is a rare genetic neurodevelopmental
disorder due to loss of expression of paternally expressed
genes in the chromosome region 15q11-q13 (OMIM
#176270), due to paternal deletion of the chromosomal region
(55%-60%), maternal disomy (40%-45 %), imprinting muta-
tions or epimutations (2%-5%)* or chromosomal rearrange-
ments including the PWS chromosomal region. Diagnosis is
ideally in the first few months of life. Incidence is approximate-
ly 1/15 000-1/25 000 live births per year.*’

The syndrome is characterized by a specific trajectory includ-
ing neurodevelopmental, nutritional, endocrine/metabolic, and
behavioral dimensions, due to impaired hypothalamic develop-
ment. At birth, neonates display severe muscular hypotonia with
feeding difficulties. This is then followed by reduced calorie re-
quirement, excessive weight gain, and early severe obesity with
hyperphagia and poor satiety.”* Hypothalamic impairment may
lead to hormone deficiencies,””>*® such as GH deficiency, hypo-
gonadism, hypothyroidism, and impaired insulin secretion.
Prader-Willi syndrome is the only genetic obesity with elevated
ghrelin levels at all ages,>'* and poor muscle mass as well as
high fat mass with low visceral fat. Short stature is common.
Dysautonomia is also frequently observed, together with mul-
tiple comorbidities (orthopedic and ocular problems).

People with PWS display mild or moderate learning disabil-
ities, speech and communication disorders, social disabilities,
difficulties with emotional control leading to temper tantrums,
compulsive and ritualistic behaviors, skin picking, and some
features of autism spectrum disorder.>*3°

This is a complex and severe condition, with high morbidity
and mortality, that has large impact on the person, the family,
the carers, and society.?”*® Recombinant human GH was li-
censed in 2002 and improves body composition and growth,
but treatment for other features of PWS does not exist.
Treatment should target obesity, hyperphagia, impaired sati-
ety, anxiety, and behavior. This requires further efforts to dis-
entangle the mechanisms and pathophysiology of the
condition, as well as to understand the specific needs of people
living with PWS at all ages.

Future research priorities

Genetics and genomics

e Identify the full genetic variation in the PWS locus to es-
tablish the role of genes and non-protein coding RNAs
and their individual and combined contribution to the
PWS phenotypes.
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Expand genetic profiling beyond the PWS locus to un-
cover complex gene-network effects: genome-wide meth-
ods such as genome-wide association studies and
whole-genome sequencing could help define phenotypic
variability and its dependence on genetic factors outside
chromosome 15.

Use larger cohorts to probe the genotype-phenotype rela-
tionships of PWS genetic subtypes extensively.

Define the epigenetic landscape of the PWS locus at differ-
ent stages of the disease and across tissues, particularly in
brain and placenta. Expand the epigenetic profiling of
PWS beyond methylation to also include histone modifi-
cation and chromatin topology.

Understand the interplay between environment and PWS
epigenetic marks and how it might contribute to the devel-
opment of features of PWS.

Evaluate the feasibility and efficacy of incorporating PWS
screening into existing prenatal screening protocols
across different countries (eg, non-invasive prenatal test-
ing), as well as developing novel, minimally invasive
and cost-effective newborn screening assays for PWS.

Animal models, iPSC, and pathophysiological research

Maximize the utility of iPSC and CRISPR/Cas9-engi-
neered cellular models of PWS to decipher precise effects
of genomic variance in the disease. It will be informative
to expand the types of neuronal and non-neuronal differ-
entiation models and employ organ-on-chip and 3D orga-
noid technologies.

Continue to develop animal models (eg, by deleting mul-
tiple PWS genes or by studying species that are closer to
humans) that would display symptoms that are of pri-
mary importance to PWS, particularly hyperphagia.
None of the mice models recapitulate all the symptoms
observed in patients with PWS.

Determine whether the postnatal and peripubertal peri-
ods can be used as critical windows for interventions
with lasting behavioral effects, by modification of the nat-
ural trajectory.

Understand what drives the abnormal development of
hypothalamic and extra-hypothalamic circuits involved
in appetite regulation in PWS.

Biomarkers

Use additional omics technologies, such as metabolomics
and lipidomics, to identify known and potentially further
PWS subtypes, and biomarkers for their detection.
Identify biomarkers and use Al to predict lasting effects of
early treatment or intervention.

Use functional brain magnetic resonance imaging to find
targets to treat hyperphagia.

Expand biobanking of post-mortem tissues, including
placenta and fetal brains.

Clinical issues and endocrine abnormalities

Unravel the mechanism of excessive fat mass with de-
creased lean mass, and assess the roles of oxytocin, GH,
IGF-1, and insulin.
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Understand the mechanism of dysautonomia and the role
of oxytocin.

Elucidate the mechanism of the increased GH sensitivity
and the roles of IGF-binding protein-7 (IGFBP-7) and
IGFBP-3.

Find the optimal treatment in poorly controlled type 2
diabetes.

Unravel the mechanism of rapidly evolving early pu-
barche and develop adequate treatment.

Understand the mechanism of combined (central and go-
nadal) hypogonadism in both men and women, and iden-
tify a marker for fertility in women.

Identify the optimal treatment regimen to induce and pro-
gress puberty and maintain optimal testosterone concen-
trations during adulthood.

Assess quality of life and psychological and physical well-
being, for example social relationships, working capacity,
fatigue, in treated and untreated people with PWS during
the life span.

Develop new and more accurate biomarkers of response
to therapy, which can be used to assess treatment efficacy
and accurately predict responses to therapy.

Study the degree, reasons and consequences of disparities,
and perform research that aims to reduce disparities, in
Europe and beyond

Transition of adolescents to young adults

Undertake research to optimize care through transition from
pediatric to adult endocrinology and nutrition departments.
Assess the long-term effects of GH treatment on body
composition, and the safety and economic value of GH
treatment in adolescents and adults.

Better characterize the needs of adolescents and adults
with PWS to optimize socialization, self-determination,
and daily living.

Investigate how to optimize the quality of life of people
with PWS, for example by improving their environment.

Behavioral and psychiatric issues

Determine genetic risk factors for psychosis.

Understand the pathophysiology of compulsivity/impul-
sivity including skin picking, thinking rigidity, and social
disabilities.

Understand the biological substrates underlying the switch
in feeding behavior and the specifics of PWS hyperphagia.

Clinical trials

Use pharmacogenomics to understand the lack of reduc-
tion of hyperphagia in previous trials in PWS versus other
conditions with hyperphagia.

Develop early treatment with disease-modifier effects (eg,
drug/interventions with epigenetic effects).

Develop and support trials with innovative treatments for
children and adults with PWS.

Aging

Investigate brain anatomy and function in longitudinal
studies from adolescence to late adulthood.
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® Understand the mechanisms of accelerated biological
aging (role of telomere length, GH treatment, and geno-
type) and develop potential methods for intervention.

¢ Develop and test tools to evaluate cognitive impairment in
adults with PWS.

Anticipated impact of the research

Developing animal models that replicate the natural history of
the syndrome, establishing extensive clinical databases with
lifetime information, and creating biobanks to identify new bi-
omarkers, along with using high-throughput omic techniques,
will have multiple benefits. Not only will these developments
improve early diagnostic algorithms and outcomes, they will
also enhance our understanding of the syndrome’s natural
progression (trajectory) and, in particular, the links between
endocrine, metabolic, and behavioral difficulties, and lead to
new approaches and therapies, including critical periods and
disease-modifying drugs.

Incorporating Al-based diagnostic workflows and predict-
ive methods will enable cost-effective treatment decisions.
Evaluating the impact of these advancements on care, health,
and quality of life for patients and their families will help im-
plement effective procedures to prevent cognitive decline and
reduce significant societal and public costs. A deeper under-
standing of the natural course of these conditions will guide
lifelong health-monitoring strategies.

Noonan syndrome

Epidemiology, societal impact, research state of art

Noonan syndrome (OMIM #163950) is a relatively common
developmental disorder with an estimated incidence of 1/2000
to 1/2500 live births per year.>>** The phenotype varies in se-
verity and can affect multiple organ systems. Major features
include a distinctive facial gestalt, cardiac defects (ie, pulmon-
ary valve stenosis and hypertrophic cardiomyopathy), short
stature, skeletal abnormalities (ie, pectus deformities and
scoliosis), variable cognitive deficits, and predisposition to cer-
tain cancers.

In addition to the classic clinical features of Noonan syn-
drome, new important endocrine aspects have been reported
in recent years, including metabolic abnormalities (glucose in-
tolerance/insulin resistance, and low high-density lipoprotein)
and reduced bone mass.”*'"*?> Gonadal dysfunction with defi-
cient spermatogenesis has been reported in men with Noonan
syndrome,**** while fertility in women appears less affected.
Very few data are available about the quality of life of either
children or adults.*

Recombinant human GH was approved by the US Food and
Drug Administration in 2007 and the European Medicines
Agency in 2020 as a treatment for short children with
Noonan syndrome. Although studies have shown an increase
in height without serious side effects in the medium term,*”
there are still unanswered questions.

Noonan syndrome belongs to a group of phenotypically
overlapping genetic disorders, including Noonan syndrome
with multiple lentigines, Mazzanti syndrome (also known as
Noonan syndrome-like disorder with loose anagen hair),
cardio-facio-cutaneous syndrome, Costello syndrome, neuro-
fibromatosis type 1, Legius syndrome and other emerging dis-
orders.*® All of these syndromes are caused by germline
pathogenic variants in genes encoding components of the
RAS/mitogen-activated protein kinase (MAPK) signaling
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pathway.*>°° This family of disorders is known as
RASopathies and is one of the largest groups of multiple con-
genital anomaly disorders.

A better understanding of the molecular mechanisms under-
lying the different manifestations of Noonan syndrome and
RASopathies has led to the identification of molecular targets
for specific pharmacological interventions.’’ Many specific
agents (eg, SHP2 and MEK inhibitors) have already been de-
veloped for the treatment of RAS/MAPK-driven malignancies.
In addition, other molecules with the property of modulating
RAS/MAPK activation are indicated in non-malignant dis-
eases (eg, C-type natriuretic peptide analogs in achondroplasia
or statins in hypercholesterolemia), and may offer opportun-
ities to develop target treatment for RASopathies.

Future research priorities

Molecular bases and genotype-phenotype correlations

o Identify the missing genes responsible for Noonan syn-
drome and other RASopathies or alternative diagnoses for
individuals presenting with RASopathy-like phenotypes.

e Expand knowledge of clinically relevant genotype-
phenotype correlations at both gene and variant levels.

e Develop Noonan syndrome-specific growth charts ac-
cording to the genotype. Assess whether the origin of
short stature may vary among different genotypes (eg,
GH secretion pattern and partial GH insensitivity, as
well as defective chondrocyte differentiation). >3

e Develop in vitro and in vivo model systems to understand
pathogenetic mechanisms, and develop functional assays
to characterize the impact of genetic variants.

Natural history and long-term health throughout the lifespan

Although the course of the disease is well known in childhood,
there is still very limited information available about the nat-
ural history of Noonan syndrome in adulthood. An important
challenge is to better describe the outcome in adulthood, par-
ticularly in terms of fertility, bone health, and possible meta-
bolic dysfunction.

¢ Expand studies of health-related quality of life as little is
known in people with Noonan syndrome.*®

¢ Carry out prospective studies to investigate the prevalence
and mechanisms of infertility in both men and women.
Gonadal dysfunction with deficient spermatogenesis has
been reported in men with Noonan syndrome.****

¢ Investigate bone mass accrual and assessment of bone fra-
gility in adults and the elderly. Decreased bone mass has
been reported in Noonan syndrome and in other
RASopathies.**>*

e Perform prospective long-term follow-up studies to fur-
ther investigate a possible risk of type 2 diabetes or other
metabolic disturbances.

e Perform collaborative research into the pathophysiology
and management of bleeding disorder and risk of malig-
nancies in several subtypes of Noonan syndrome and oth-
er RASopathies.

e Assess psychological and physical wellbeing, for example
social relationships, working capacity, fatigue, in treated
and untreated people with Noonan syndrome during the
life span.

920z Asenuer ¢ uo Jasn Bunoo | uopuoT Jo AlsisAlun ‘s,8b1099) 1S A0 Aq 6761828/2.21/Z 1uswaddng/ce | /aonie/opusle/wioo dnoolwapese//:sdiy woll papeojumod



ii80

¢ Study the degree, reasons and consequences of disparities,
and perform research that aims to reduce disparities, in
Europe and beyond

Current and future therapeutic perspectives

e Address the following unresolved issues regarding GH
treatment:

o Differential response to therapy by genotype.

o Potential beneficial effects on muscle hypotonia and
motor development.

o Safety in patients with pre-existing hypertrophic
cardiomyopathy.

o Safety regarding tumor risk.

o Final adult height and the actual gain in height, using
controlled trials that take into consideration the late
growth due to late puberty.

o Develop new and more accurate biomarkers of longi-
tudinal growth, which can be used to assess treatment
efficacy and accurately predict responses to growth-
promoting therapy.

e Examine future therapeutic perspectives:

0 Drug repurposing of compounds modulating RAS/
MAPK activation as a new approach to treat or prevent
medical complications associated with RASopathies.

o Other potential targets for selective therapies, such as
correction of functional defects at the subcellular, cel-
lular, or tissue levels (ie, dysfunction of the myelomo-
nocytic lineage or mitochondrial bioenergetics).

Anticipated impact of future research

The development of national and international registries
would be valuable to collect data on the natural history of
these patients, including the medical complications that may
arise during their lifetime, and to assess the efficacy and safety
of specific medical interventions. A better understanding of the
disease will help to establish evidence-based recommendations
for the management of patients with Noonan syndrome, and
may lead to the identification of drug targets and the develop-
ment of therapy.

Tall stature

Epidemiology, societal impact, research state of art
Tall stature syndromes encompass the family of OGID syn-
dromes, characterized by increased height with or without in-
creased head circumference, in association with an intellectual
disability'® and tall stature without an intellectual disability.
The OGID syndromes are rare, and prevalence is not accurately
known. Several monogenic causes of the OGID syndromes have
been identified, including NSD1 (Sotos syndrome, OMIM
#117550), NFIX (Malan syndrome, OMIM #614753), EZH2
(Weaver syndrome, OMIM #277590), DNMT3A (Tatton-
Brown-Rahman syndrome, OMIM #615879), PTEN (PTEN
hamartoma tumor syndrome, OMIM #601728), CHDS
(OMIM #615032), GPC3 (Simpson-Golabi-Behmel syndrome,
OMIM #312870) and MTOR (Smith-Kingsmore syndrome,
OMIM #616638). While each condition is characterized by a
unique phenotype and often recognizable facial gestalt, differenti-
ation can be challenging and requires genetic investigation.’>>°
There is societal impact of these conditions, as they are com-
plex multi-organ syndromes that affect physical health and
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require lifelong multi-disciplinary medical input for assess-
ment and treatment of complications. People with OGID syn-
dromes are often not able to work and require lifelong support
from others.

Tall stature syndromes without learning difficulties encom-
pass a variety of conditions. Marfan syndrome (OMIM
#154700), caused by a pathogenic variant in the FBN1 gene,
is the most common (prevalence approximately 1/5000).'°
Phenotypically related conditions are those due to variants
of genes encoding components of the transforming growth
factor-B (TGFB) signaling pathway, notably the TGFBR1
and TGFBR2 genes, such as Loeys-Dietz syndromes (OMIM
#609192 and #610168),%” and other tall stature syndromes
without learning disabilities exist. Familial tall stature may
have monogenic or polygenic genetic causes and is often not
further investigated.

Marfan syndrome affects multiple organs and tissues, in-
cluding the cardiovascular (ie, mitral valve prolapse, aortic
root aneurysm and dissection), ocular (ie, severe myopia and
ectopia lentis) and skeletal (ie, disproportionately tall stature,
arachnodactyly, pectus deformity, and scoliosis) systems.'®
With the advances in the diagnosis and management of life-
threatening cardiovascular events that have occurred over
the past 50 years, individuals with Marfan syndrome currently
have a life expectancy approaching that of the general popula-
tion.”® However, patients with Marfan syndrome continue to
face many morbidities, including the sequelae of multiple sur-
geries, as well as musculoskeletal impairments.

Health-related quality of life in MSF is highly correlated with
musculoskeletal defects, aerobic capacity, and physical decondi-
tioning,’” but little is known about psychosocial functioning.
Due to their rarity, little is known of the natural history and con-
sequences of most other syndromic and non-syndromic tall stat-
ure conditions on health and well-being in today’s society.

Tall stature syndromes are often diagnosed late after a long
diagnostic odyssey. Earlier diagnosis will allow for earlier ap-
propriate management,’® for example screening for aorta
pathology in Marfan syndrome.

There are limited pharmacological options to inhibit
growth, and no drugs are licensed. Knowledge of signaling
pathways for growth is expanding, and pharmacological tar-
gets have been identified, but drugs with high efficacy and
long-term safety have yet to be developed.

Future research priorities

The main aim for future research is to develop personalized
medicine, determined by the underlying gene variant, leading
to gene-directed therapy and surveillance for tall stature syn-
dromes (with or without intellectual disability). To achieve
this aim, the following topics and research questions need to
be addressed.

Molecular bases and genotype-phenotype correlations

¢ Identify new genes or new genetic/epigenetic mechanisms
for tall stature syndromes, by genetic investigations of pa-
tients with a tall stature syndrome and healthy families
with extreme tall stature.

e Use methylation signatures to discover new genes in-
volved in tall stature syndromes.

¢ Investigate genotype-phenotype correlations to determine
whether syndrome information (including prognosis) and

920z Asenuer ¢ uo Jasn Bunoo | uopuoT Jo AlsisAlun ‘s,8b1099) 1S A0 Aq 6761828/2.21/Z 1uswaddng/ce | /aonie/opusle/wioo dnoolwapese//:sdiy woll papeojumod



Gevers et al.

management guidance should be variant rather than gene
based.

¢ Understand the biological mechanisms that result in aber-
rant growth and tall stature, at both cellular level and or-
gan level, including the growth plate.

Natural history and long-term health throughout the lifespan

¢ Clarify and expand (where appropriate) the phenotype of
tall stature syndromes, including longitudinal studies to
determine adult phenotype.

e Assess the natural history and long-term health conse-
quences of OGID and non-syndromic tall stature in adult-
hood, including quality of life and psychosocial
functioning.

¢ Study the degree, reasons and consequences of disparities,
and perform research that aims to reduce disparities, in
Europe and beyond

Therapeutic perspectives

¢ Develop new therapies for the treatment of monogenic
tall stature syndromes, including:

o use of molecular targets for specific pharmacological
interventions, with development of drug trials (ie,
TGF pathway inhibitors or modulators).

o identification of new molecular targets and drugs for
inhibition of growth.

¢ Translate knowledge of mechanisms of tall stature into
drugs for treatment of short stature.

¢ Further investigate the use of epiphysiodesis for tall stat-
ure (eg, outcomes, complications, optimal age).

* Develop new and more accurate biomarkers of longitu-
dinal growth, which can be used to assess treatment effi-
cacy and accurately predict responses to therapy.

Clinical care

e Enable earlier recognition and diagnosis of OGID
syndromes.

¢ Develop specific management guidelines (including for
surveillance), based on the evolving phenotypic under-
standing and genotype-phenotype correlations.

Anticipated impact of future research

Earlier diagnosis will allow for earlier appropriate manage-
ment: for example, early screening for aorta pathology in
Marfan syndrome, or screening for intellectual disability
and/or associated medical complications (including, for
some, an increased tumor risk) in OGID syndromes.

The better understanding of the molecular mechanisms
underlying the different manifestations of tall stature syn-
dromes will help to identify molecular targets for specific
pharmacological interventions. Pharmacological intervention
may improve the quality of life of these patients. Knowing
about the long-term psychological and physical well-being of
these groups of patients will allow for improvement in sup-
porting them from medical and psychological points of view.

ii81

Funding

None declared.

Authors’ contributions

Evelien Gevers (Investigation [equal], Methodology [equal],
Project administration [equal], Writing—original draft [equal],
Visualization [equal], Writing—review & editing [equal]),
Anita Hokken-Koelega (Investigation [equal], Methodology
[equal], Project administration [equal], Visualization [equal],
Writing—original draft [equal], Writing—review & editing
[equal]), Maithe Tauber (Investigation [equal], Methodology
[equal], Project administration [equal], Writing—original draft
[equal], Writing—review & editing [equal]), Gerhard Binder
(Investigation [equal], Writing—original draft [equal]), Elena
Bochukova (Investigation [equal], Writing—original draft
[equal]), Sebastien Bouret (Investigation [equal], Writing—
original draft [equal]), Assumpta Caixas (Investigation
[equal], Writing—original draft [equal]), Justin Davies
(Investigation [equal], Writing—original draft [equal]),
Andrew Dauber (Investigation [equal], Writing original draft
[equal], Thomas Edouard (Investigation [equal], Writing—
original draft [equal]), Thomas Eggermann (Investigation
[equal], Writing—original draft [equal]), Eloise Giabicani
(Investigation [equal], Writing—original draft [equal]), Irene
Netchine (Investigation [equal], Writing—original draft
[equal]), O. Nilsson (Investigation [equal], Writing—original
draft [equal]), Kristina Saravinovska (Writing—review &
editing [equal]), Manouk van der Steen (Investigation
[equal], Writing—original draft [equal]), Marco Tartaglia
(Investigation [equal], Writing—original draft [equal]),
Katharina Tatton-Brown (Investigation [equal], Writing—
original draft [equal]), Karen Temple (Investigation [equal],
Writing—original draft [equal]), Armelle Yart (Investigation
[equal], Writing—original draft [equal]), and Martin Zenker
(Investigation [equal], Writing—original draft [equal])

Conflict of interest: None declared.

References

1. Dattani MT, Brook CGD, eds. Brook’s Clinical Pediatric
Endocrinology. 7th ed. Wiley-Blackwell; 2019. https:/doi.org/10.
1002/9781119152712

2. Baron J, Sivendahl L, De Luca F, et al. Short and tall stature: a new
paradigm emerges. Nat Rev Endocrinol. 2015;11(12):735-746.
https:/doi.org/10.1038/nrendo.2015.165

3. Kronenberg HM. Developmental regulation of the growth
plate. Nature. 2003;423(6937):332-336. https:/doi.org/10.1038/
nature01657

4. United Nations Children’s Fund (UNICEF), World Health
Organization, World Bank Group. Levels and Trends in Child
Malnutrition: UNICEF/WHO/World Bank Group Joint Child
Malnutrition Estimates. Key Findings of the 2020 Edition. World
Health Organization; 2020.

5. Melmed S. Pathogenesis and diagnosis of growth hormone defi-
ciency in adults. N Engl ] Med. 2019;380(26):2551-2562. https:/
doi.org/10.1056/NEJMral817346

6. Hokken-Koelega ACS, van der Steen M, Boguszewski MCS, et al.
International consensus guideline on small for gestational age: eti-
ology and management from infancy to early adulthood. Endocr
Rev.2023;44(3):539-565. https:/doi.org/10.1210/endrev/bnad 002

7. Lokulo-Sodipe O, Inskip HM, Byrne CD, et al. Body composition
and metabolism in adults with molecularly confirmed silver-russell
syndrome. | Clin Endocrinol Metab. 2024;109(11):¢2001-e2008.
https:/doi.org/10.1210/clinem/dgae074

920z Asenuer ¢ uo Jasn Bunoo | uopuoT Jo AlsisAlun ‘s,8b1099) 1S A0 Aq 6761828/2.21/Z 1uswaddng/ce | /aonie/opusle/wioo dnoolwapese//:sdiy woll papeojumod


https://doi.org/10.1002/9781119152712
https://doi.org/10.1002/9781119152712
https://doi.org/10.1038/nrendo.2015.165
https://doi.org/10.1038/nature01657
https://doi.org/10.1038/nature01657
https://doi.org/10.1056/NEJMra1817346
https://doi.org/10.1056/NEJMra1817346
https://doi.org/10.1210/endrev/bnad002
https://doi.org/10.1210/clinem/dgae074

ii82

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

de Lind van Wijngaarden RF, Cianflone K, Gao Y, Leunissen RW,
Hokken-Koelega AC. Cardiovascular and metabolic risk profile
and acylation-stimulating protein levels in children with
Prader-Willi syndrome and effects of growth hormone treatment.
J Clin Endocrinol Metab. 2010;95(4):1758-1766. https:/doi.org/
10.1210/5c.2009-0656

Noronha RM, Villares SMF, Torres N, et al. Noonan syndrome pa-
tients beyond the obvious phenotype: a potential unfavorable meta-
bolic profile. Am ] Med Genet A.2021;185(3):774-780. https:/doi.
org/10.1002/ajmg.a.62039

Ranke MB. Treatment of children and adolescents with idiopathic
short stature. Nat Rev Endocrinol. 2013;9(6):325-334. https:/
doi.org/10.1038/nrendo0.2013.71

Backeljauw P, Cappa M, Kiess W, et al. Impact of short stature on
quality of life: a systematic literature review. Growth Horm IGF
Res.  2021;57-58:101392.  https:/doi.org/10.1016/j.ghir.2021.
101392

Rodrigez JMR, Toda LI, Lépez ID, et al. Adult height and health-
related quality of life in patients born small for gestational age
treated with recombinant growth hormone. Sci Rep. 2023;13(1):
3135. https:/doi.org/10.1038/s41598-023-30281-z

Burgevin M, Lacroix A, Bourdet K, ez al. Quality of life and mental
health of adolescents and adults with Silver-Russell syndrome. Eur |
Med Genet. 2022;65(5):104482. https:/doi.org/10.1016/j.ejmg.
2022.104482

Loépez-Bastida J, Linertova R, Oliva-Moreno ], et al. Social/eco-
nomic costs and health-related quality of life in patients with
Prader-Willi syndrome in Europe. Eur | Health Econ. 2016;17(1):
99-108. https:/doi.org/10.1007/s10198-016-0788-z
Tatton-Brown K, Weksberg R. Molecular mechanisms of childhood
overgrowth. Am | Med Genet C Semin Med Genet. 2013;163(2):
71-75. https:/doi.org/10.1002/ajmg.c.31362

Milewicz DM, Braverman AC, De Backer ], et al. Marfan syn-
drome. Nat Rev Dis Primers. 2021;7(1):64. https:/doi.org/10.
1038/s41572-021-00298-7

Hokken-Koelega AC, De Ridder MA, Lemmen R], Den Hartog H,
De Muinck Keizer-Schrama SM, Drop SL. Children born small for
gestational age: do they catch up? Pediatr Res. 1995;38(2):267-271.
https:/doi.org/10.1203/00006450-199508000-00022

Yengo L, Vedantam S, Marouli E, et al. A saturated map of com-
mon genetic variants associated with human height. Nature.
20225610(7933):704-712.  https:/doi.org/10.1038/s41586-022-
05275y

Merchant N, Dauber A. Shedding new light: novel therapies for
achondroplasia and growth disorders. Pediatr Clin North Am.
2023;70(5):951-961. https:/doi.org/10.1016/j.pcl.2023.05.008
Sidvendahl L, Cooke R, Tidblad A, et al. Long-term mortality after
childhood growth hormone treatment: the SAGhE cohort study.
Lancet Diabetes Endocrinol. 2020;8(8):683-692. https:/doi.org/
10.1016/52213-8587(20)30163-7

Yakoreva M, Kahre T, Zordania R, ez al. A retrospective analysis of
the prevalence of imprinting disorders in Estonia from 1998 to
2016. Eur | Hum Genet. 2019;27(11):1649-1658. https:/doi.org/
10.1038/s41431-019-0446-x

Wakeling EL, Brioude F, Lokulo-Sodipe O, et al. Diagnosis and
management of Silver-Russell syndrome: first international consen-
sus statement. Nat Rev Endocrinol. 2017;13(2):105-124. https:/
doi.org/10.1038/nrendo.2016.138

Timer Z, Lopez-Hernandez JA, Netchine I, et al. Structural and se-
quence variants in patients with Silver-Russell syndrome or similar
features-Curation of a disease database. Hum Mutat. 2018;39(3):
345-364. https:/doi.org/10.1002/humu.23382

Patten MM, Cowley M, Oakey RJ, Feil R. Regulatory links between
imprinted genes: evolutionary predictions and consequences. Proc
Biol Sci. 2016;283(1824):20152760. https:/doi.org/10.1098/rspb.
2015.2760

Abi Habib W, Brioude F, Azzi S, ef al. Transcriptional profiling at
the DLK1/MEG3 domain explains clinical overlap between

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

European Journal of Endocrinology, 2025, Vol. 193, Suppl. 2

imprinting disorders. Sci Adv. 2019;5(2):9425. https:/doi.org/10.
1126/sciadv.aau9425

Salles J, Eddiry S, Lacassagne E, et al. Patients with PWS and related
syndromes display differentially methylated regions involved in
neurodevelopmental and nutritional trajectory. Clin Epigenetics.
2021;13(1):159. https:/doi.org/10.1186/s13148-021-01143-0

Bar C, Diene G, Molinas C, Bieth E, Casper C, Tauber M. Early
diagnosis and care is achieved but should be improved in infants
with Prader-Willi syndrome. Orphanet | Rare Dis. 2017;12(1):
118. https:/doi.org/10.1186/s13023-017-0673-6

Miller JL, Lynn CH, Driscoll DC, et al. Nutritional phases in
Prader-Willi syndrome. Am | Med Genet A. 2011;155A(5):
1040-1049. https:/doi.org/10.1002/ajmg.a.33951

Tauber M, Hoybye C. Endocrine disorders in Prader-Willi syn-
drome: a model to understand and treat hypothalamic dysfunction.
Lancet Diabetes Endocrinol. 2021;9(4):235-246. https:/doi.org/
10.1016/52213-8587(21)00002-4

Maillard J, Park S, Croizier S, et al. Loss of Magel2 impairs the de-
velopment of hypothalamic Anorexigenic circuits. Hum Mol Genet.
2016;25(15):3208-32135. https:/doi.org/10.1093/hmg/ddw169
Feigerlova E, Diene G, Conte-Auriol F, et al. Hyperghrelinemia pre-
cedes obesity in Prader-Willi syndrome. | Clin Endocrinol Metab.
2008;93(7):2800-2805. https:/doi.org/10.1210/jc.2007-2138
Kuppens RJ, Di¢ne G, Bakker NE, et al. Elevated ratio of acylated to
unacylated ghrelin in children and young adults with Prader-Willi
syndrome. Endocrine. 2015;50(3):633-642. https:/doi.org/10.
1007/s12020-015-0614-x

Grootjen LN, Diene G, Molinas C, et al. Longitudinal changes in
acylated versus unacylated ghrelin levels may be involved in the
underlying mechanisms of the switch in nutritional phases in
Prader-Willi syndrome. Horm Res Paediatr. 2024;97(4):343-352.
https:/doi.org/10.1159/000534560

Fernandez-Lafitte M, Cobo J, Coronas R, et al. Social responsive-
ness and psychosocial functioning in adults with Prader-Willi syn-
drome. | Clin Med. 2022;11(5):1433. https:/doi.org/10.3390/
jem11051433

Dykens EM, Roof E, Hunt-Hawkins H, et al. Diagnoses and char-
acteristics of autism spectrum disorders in children with
Prader-Willi syndrome. | Neurodev Disord. 2017;9:18. https:/
doi.org/10.1186/s11689-017-9200-2

Tauber M, Boulanouar K, Diene G, et al. The use of oxytocin to im-
prove feeding and social skills in infants with Prader-Willi syn-
drome. Pediatrics. 2017;139(2):€20162976. https:/doi.org/10.
1542/peds.2016-2976

Butler MG, Manzardo AM, Heinemann J, Loker C, Loker J. Causes
of death in Prader-Willi syndrome: Prader-Willi Syndrome
Association (USA) 40-year mortality survey. Genet Med.
2017;19(6):635-642. https:/doi.org/10.1038/gim.2016.178
Pacoricona Alfaro DL, Lemoine P, Ehlinger V, et al. Causes of death
in Prader-Willi syndrome: lessons from 11 years’ experience of a na-
tional reference center. Orphanet | Rare Dis. 2019;14(1):238.
https:/doi.org/10.1186/s13023-019-1214-2

Roberts AE, Allanson JE, Tartaglia M, Gelb BD. Noonan syn-
drome. Lancet. 2013;381(9863):333-342. https:/doi.org/10.1016/
S$0140-6736(12)61023-X

Zenker M, Edouard T, Blair JC, Cappa M. Noonan syndrome: im-
proving recognition and diagnosis. Arch Dis Child. 2022;107(12):
1073-1078. https:/doi.org/10.1136/archdischild-2021-322858
Paccoud R, Saint-Laurent C, Piccolo E, et al. SHP2 drives
inflammation-triggered insulin resistance by reshaping tissue
macrophage populations. Sci Transl Med. 2021;13(591):
eabe2587. https:/doi.org/10.1126/scitranslmed.abe2587
Tamburrino F, Mazzanti L, Scarano E, et al. Lipid profile in
Noonan syndrome and related disorders: trend by age, sex and
genotype. Fromt Endocrinol (Lausanne). 2023;14:1209339.
https:/doi.org/10.3389/fendo.2023.1209339

Delagrange M, Rousseau V, Cessans C, et al. Low bone mass in
Noonan syndrome children correlates with decreased muscle mass

920z Aenuer g1 uo Jasn Bunnoo] uopuoT jo Alsianiun ‘s,ab1099 185 AN Aq 6%61828/2.1/Z 1uawaddng/ce | /olonie/opusla/woo dno-ojwapeoe//:sdpy wol) papeojumoq


https://doi.org/10.1210/jc.2009-0656
https://doi.org/10.1210/jc.2009-0656
https://doi.org/10.1002/ajmg.a.62039
https://doi.org/10.1002/ajmg.a.62039
https://doi.org/10.1038/nrendo.2013.71
https://doi.org/10.1038/nrendo.2013.71
https://doi.org/10.1016/j.ghir.2021.101392
https://doi.org/10.1016/j.ghir.2021.101392
https://doi.org/10.1038/s41598-023-30281-z
https://doi.org/10.1016/j.ejmg.2022.104482
https://doi.org/10.1016/j.ejmg.2022.104482
https://doi.org/10.1007/s10198-016-0788-z
https://doi.org/10.1002/ajmg.c.31362
https://doi.org/10.1038/s41572-021-00298-7
https://doi.org/10.1038/s41572-021-00298-7
https://doi.org/10.1203/00006450-199508000-00022
https://doi.org/10.1038/s41586-022-05275-y
https://doi.org/10.1038/s41586-022-05275-y
https://doi.org/10.1016/j.pcl.2023.05.008
https://doi.org/10.1016/S2213-8587(20)30163-7
https://doi.org/10.1016/S2213-8587(20)30163-7
https://doi.org/10.1038/s41431-019-0446-x
https://doi.org/10.1038/s41431-019-0446-x
https://doi.org/10.1038/nrendo.2016.138
https://doi.org/10.1038/nrendo.2016.138
https://doi.org/10.1002/humu.23382
https://doi.org/10.1098/rspb.2015.2760
https://doi.org/10.1098/rspb.2015.2760
https://doi.org/10.1126/sciadv.aau9425
https://doi.org/10.1126/sciadv.aau9425
https://doi.org/10.1186/s13148-021-01143-0
https://doi.org/10.1186/s13023-017-0673-6
https://doi.org/10.1002/ajmg.a.33951
https://doi.org/10.1016/S2213-8587(21)00002-4
https://doi.org/10.1016/S2213-8587(21)00002-4
https://doi.org/10.1093/hmg/ddw169
https://doi.org/10.1210/jc.2007-2138
https://doi.org/10.1007/s12020-015-0614-x
https://doi.org/10.1007/s12020-015-0614-x
https://doi.org/10.1159/000534560
https://doi.org/10.3390/jcm11051433
https://doi.org/10.3390/jcm11051433
https://doi.org/10.1186/s11689-017-9200-2
https://doi.org/10.1186/s11689-017-9200-2
https://doi.org/10.1542/peds.2016-2976
https://doi.org/10.1542/peds.2016-2976
https://doi.org/10.1038/gim.2016.178
https://doi.org/10.1186/s13023-019-1214-2
https://doi.org/10.1016/S0140-6736(12)61023-X
https://doi.org/10.1016/S0140-6736(12)61023-X
https://doi.org/10.1136/archdischild-2021-322858
https://doi.org/10.1126/scitranslmed.abe2587
https://doi.org/10.3389/fendo.2023.1209339

Gevers et al.

44,

4S.

46.

47.

48.

49.

50.

S1.

52.

and low IGF-1 levels. Bone. 2021;153:116170. https:/doi.org/10.
1016/j.bone.2021.116170

Moniez S, Pienkowski C, Lepage B, et al. Noonan syndrome males
display Sertoli cell-specific primary testicular insufficiency. Eur |
Endocrinol. 2018;179(6):409-418. https:/doi.org/10.1530/E]JE-
18-0582

Ankarberg-Lindgren C, Westphal O, Dahlgren J. Testicular size de-
velopment and reproductive hormones in boys and adult males with
Noonan syndrome: a longitudinal study. Eur ] Endocrinol.
2011;165(1):137-144. hteps:/doi.org/10.1530/EJE-11-0092
Binder G, Grathwol S, von Loeper K, et al. Health and quality of life
in adults with Noonan syndrome. | Pediatr. 2012;161(3):501-
505.e1. https:/doi.org/10.1016/j.jpeds.2012.02.043

Sodero G, Cipolla C, Pane LC, et al. Efficacy and safety of growth
hormone therapy in children with Noonan syndrome. Growth
Horm IGF Res. 2023;69-70:101532. https:/doi.org/10.1016/j.
ghir.2023.101532

Tartaglia M, Gelb BD, Zenker M. Noonan syndrome and clinically
related disorders. Best Pract Res Clin Endocrinol Metab.
2011;25(1):161-179. https:/doi.org/10.1016/j.beem.2010.09.002
Tajan M, Paccoud R, Branka S, Edouard T, Yart A. The RASopathy
family: consequences of germline activation of the RAS/MAPK
pathway. Endocr Rev. 2018;39(5):676-700. https:/doi.org/10.
1210/er.2017-00232

Zenker M. Clinical overview on RASopathies. Am | Med Genet C
Semin Med Genet. 2022;190(4):414-424. https:/doi.org/10.1002/
ajmg.c.32015

Saint-Laurent C, Mazeyrie L, Yart A, Edouard T. Novel therapeutic
perspectives in Noonan syndrome and RASopathies. Eur | Pediatr.
2024;183(3):1011-1019. https:/doi.org/10.1007/s00431-023-05263-y
Stagi S, Ferrari V, Ferrari M, Priolo M, Tartaglia M. Inside the
Noonan “universe”: literature review on growth, GH/IGF axis

53.

54.

55.

Sé.

57.

58.

59.

ii83

and rhGH treatment: facts and concerns. Fromt Endocrinol
(Lausanne). 2022;13:951331. https:/doi.org/10.3389/fend0.2022.
951331

De Rocca Serra-Nédélec A, Edouard T, Tréguer K, et al. Noonan
syndrome-causing SHP2 mutants inhibit insulin-like growth factor 1
release via growth hormone-induced ERK hyperactivation, which con-
tributes to short stature. Proc Natl Acad Sci U S A. 2012;109(11):
4257-4262. https:/doi.org/10.1073/pnas. 1119803109

Grove DE, Stein RA, Nosil J. Effect of background correction on left
ventricular ejection fraction calculation through analysis of a simple
cardiac model. Med Phys. 1986;13(6):949-953. https:/doi.org/10.
1118/1.595824

Tatton-Brown K, Loveday C, Yost S, et al. Mutations in epigenetic
regulation genes are a Major cause of overgrowth with intellectual
disability. Am | Hum Genet. 2017;100(5):725-736. https:/doi.org/
10.1016/j.ajhg.2017.03.010

Burkardt DD, Tatton-Brown K, Dobyns W, Graham JM ]Jr.
Approach to overgrowth syndromes in the genome era. Am | Med
Genet C Semin Med Genet. 2019;181(4):483-490. https:/doi.org/
10.1002/ajmg.c.31757

Velchev JD, Van Laer L, Luyckx I, Dietz H, Loeys B. Loeys-dietz
syndrome. Adv Exp Med Biol. 2021;1348:251-264. https:/doi.
org/10.1007/978-3-030-80614-9_11

Pyeritz RE. Marfan syndrome: improved clinical history results in
expanded natural history. Genet Med. 2019;21(8):1683-1690.
https:/doi.org/10.1038/s41436-018-0399-4

Edouard T, Picot MC, Bajanca F, et al. Health-related quality of life
in children and adolescents with Marfan syndrome or related disor-
ders: a controlled cross-sectional study. Orphanet | Rare Dis.
2024;19(1):180. https:/doi.org/10.1186/s13023-024-03191-0

920z Aenuer g1 uo Jasn Bunnoo] uopuoT jo Alsianiun ‘s,ab1099 185 AN Aq 6%61828/2.1/Z 1uawaddng/ce | /olonie/opusla/woo dno-ojwapeoe//:sdpy wol) papeojumoq


https://doi.org/10.1016/j.bone.2021.116170
https://doi.org/10.1016/j.bone.2021.116170
https://doi.org/10.1530/EJE-18-0582
https://doi.org/10.1530/EJE-18-0582
https://doi.org/10.1530/EJE-11-0092
https://doi.org/10.1016/j.jpeds.2012.02.043
https://doi.org/10.1016/j.ghir.2023.101532
https://doi.org/10.1016/j.ghir.2023.101532
https://doi.org/10.1016/j.beem.2010.09.002
https://doi.org/10.1210/er.2017-00232
https://doi.org/10.1210/er.2017-00232
https://doi.org/10.1002/ajmg.c.32015
https://doi.org/10.1002/ajmg.c.32015
https://doi.org/10.1007/s00431-023-05263-y
https://doi.org/10.3389/fendo.2022.951331
https://doi.org/10.3389/fendo.2022.951331
https://doi.org/10.1073/pnas.1119803109
https://doi.org/10.1118/1.595824
https://doi.org/10.1118/1.595824
https://doi.org/10.1016/j.ajhg.2017.03.010
https://doi.org/10.1016/j.ajhg.2017.03.010
https://doi.org/10.1002/ajmg.c.31757
https://doi.org/10.1002/ajmg.c.31757
https://doi.org/10.1007/978-3-030-80614-9_11
https://doi.org/10.1007/978-3-030-80614-9_11
https://doi.org/10.1038/s41436-018-0399-4
https://doi.org/10.1186/s13023-024-03191-0

	EndoCompass project: research roadmap for growth disorders
	Introduction
	Short stature and GH, IGF-1, and growth plate disorders
	Epidemiology, societal impact, research state of art
	Future research priorities
	Eetiology and prediction of height outcomes
	Current drugs and drug development
	Response to growth-promoting therapies
	Long-term health throughout the lifespan

	Anticipated impact of the research

	Silver-Russell syndrome and other imprinting disorders associated with short stature
	Epidemiology, societal impact, research state of art
	Future research priorities
	Building the base for research
	Making use of new technology
	Identifying the causes of aberrant imprinting
	Understanding the impact of disturbed genomic imprinting
	Answering key clinical questions
	Long-term health throughout the lifespan

	Anticipated impact of future research

	Prader-Willi syndrome
	Epidemiology, societal impact, research state of art
	Future research priorities
	Genetics and genomics
	Animal models, iPSC, and pathophysiological research
	Biomarkers
	Clinical issues and endocrine abnormalities
	Transition of adolescents to young adults
	Behavioral and psychiatric issues
	Clinical trials
	Aging

	Anticipated impact of the research

	Noonan syndrome
	Epidemiology, societal impact, research state of art
	Future research priorities
	Molecular bases and genotype-phenotype correlations
	Natural history and long-term health throughout the lifespan
	Current and future therapeutic perspectives

	Anticipated impact of future research

	Tall stature
	Epidemiology, societal impact, research state of art
	Future research priorities
	Molecular bases and genotype-phenotype correlations
	Natural history and long-term health throughout the lifespan
	Therapeutic perspectives
	Clinical care

	Anticipated impact of future research

	Funding
	Authors’ contributions
	References


