ERNATHACA

ENDOCRI NE A
RASOPATHI

Tuesday, 180v2025-17h00- 18h30 CEST
Chair by
LauraMazzant] Italy




Welcome Technicaloints

A We pleaseto be numerous  Sregistrations
AWebi nar being recorded

AThank you to
ATurn off your microphone and disconnect \
AUse the Chat for your guestions or Raise
A A satisfaction survey will be sent to you :

AWebinars # will be available on | TH/
Ahttps://ern _-ithaca.eu/documentation/educational __-resources/

AAnne Hugon Project Manager ERN ITHACA - anne.hugon@aphp.fr

L]

2025 o°.wieV Reference
S IN]
.'.


https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/
https://ern-ithaca.eu/documentation/educational-resources/

Welcomand Introduction
2 SOAWRIYNR 2 DMLY & 2 LIEG KA S A

G ! { 2 LJIE 6B AIRER S ByRiK G2 302 Y Y F FIPKNB Y2 RR ¥ BIE 5B &0
RS@St 2ILyFOWR® (i K
0 NI §¥ NE b iz 6 KBS NIKEA S NB B SRISKERDR B0 A f A

> P KSE LIKEBR2 ONR i 8 LIREM § 12(LITH KA E2nh FHENSBI a0 §
- a3 NB aAINRSd (K S NIdzie & NIRS  + d aNER AT B\ &/ (Bdzy RS NE & B 3
AYLER @I G O8 WBR2 1§ 8 Xzt O 2dY S 4

¢ KSSoANREAA FRNRELIS OAN f AAKEIFO B y RA O & R dz
w! { 2 LISIIKNIS RIGEAR A AN i SRR FOA B mﬁgvgalmm;ﬁa}@ﬂ §3 S
FYREYAEBKEBY I ISIVERAE £ F o RENBAFKES I NBFTFSO
YiylFasrsSyi

:.:;.'.,?.\ Euro e
2025 oroidd Reference
g0’ Net



Introduction

Webinar. & 9 V R 2 @&3pebitspf RASopathies
Chairedoy
A Laura Mazzanti- Alma Mater Honorary Professor, University of Bologna, Bologna, Italy

A few words on our speakers

A Marco Tartaglia - Head of Molecular Genetics and Functional Genomics, Research Division, Ospedale
PediatricoBambino Gesu, IRCCS, Roma, Italy

A Thomas Edouard Endocrine, Bone Diseases, and Genetics Unit, Children's Hospital, Toulouse Universi
Hospital, Toulouse, France

A Federicalamburrino- Rare Disease Unit, Department of Pediatrics, IRG@Snicodi{ I Yy i Qh NA 2 f
Bologna, Italy

A Alexander A L JorgeUniversity of Sdo Paulo (USP), Head and Principal Investigator of the Genetic
Endocrinology Unit at Hospital d&$inicasUniversity of Sdo Paulo, Sao Paulo, Brazil
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TodiTehhe mol ecul a
RASopathil es

Marco Tartaglia

Head Molecular Genetics and Functional Genomics, Research Di@spmdale
PediatricoBambinoGesy IRCCS, Roma, Italy
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Molecular basis
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major clinical features

systemic RASopathies

Distinctive facies
CHD/HCM
Short stature

Variable DD/ID

Variable cancer predisposition
Hair and skin abnormalities
Lymphatic abnormalities
Skeletal abnormalities

Bleeding diathesis

Feeding difficulties
Immunological abnormalities
Delayed puberty

Visual and hearing defects
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Noonan syndrome

NS with multiple lentigines
cardiofaciocutaneous syndrome
Costello syndrome

Mazzanti syndrome
CBL-associated syndrome,

MAPK 1-associated syndrome
ERF-associated syndrome
neurofibromartosis, type |

Legius syndrome
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Timeline -

Mllestones

positional candidacy

(2001)
NF1 PTPN11
ﬁe H [

1

somatic PTPN11
mutations in JMML and
childhood leukemia

functional candidacy genomic sequencing (hypotesis -free approach )
(2005-2010) (since 2013)
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circuits with role in RAS -MAPK signaling

25 genes implicated

RASopathies

N

Insights on the mechanism (s)
of disease

Tartaglia, Aoki & Gelb

Molecular diagnosis in >90% of
patients with clinical diagnosis

Improved care and more
accurate counseling

Development of
therapies

Am J Med Genet C 190:425 -39 '
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CBL-associated

systemic RASopathies - genetic landscape ~syndome
' CBL

Noonan A
syndrome o
PTPNT 1 N
Neurotioromaroslis
SOS| type 1, incl. NFNS
KRAS P
NRAS : - CFC syndrome NE]
RAF 1 Mazzanti """ KRAS
BRAF syndrome effectors i L YWHAZ ,
MAP2K] W BRAF ERF-associated
RIT] SHOC?Z syndrome
PPPICB MAPZKI
ot MAP2K2 ERF
LZIRI LEOPARD syndrome
MRAS
RRAS2 PIPNTI Costellosyndrome  MAPKI-associated Legius
SPRED? RAFI Syndrome syndrome
BRAF
MAPKI SPREDT

“Tartaglia & Gelb (2010) Ann N Y Acad Sci 1214:99 -121
Tartaglia, Aoki, Gelb (2022) Am J Med Genet C Semin Med Genet 19C



What have we learned ?
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“They don’t give us time to learn anything
in school; we have to listen
to the teacher all day.”




NS incidence has
been estimated
as between
1:1000 to 1:2500

Mendez HMM & Opitz JM (1985)
Am J Med Genet 21:493-506.

Nora JJ et al. (1974)
Am J Dis Child 127:48-55.

Noonan Syndrome

An Update and Review for the Primary Pediatrician

Jacqueline A. Noonan, M.D,

Introduction

Noonan syndrome' is a rela
tively common multiple congenital

518

anomaly syndrome, with an esti-
mated incidence of between one
per 1,000 and one per 2,500 live
births.” Affected individuals have

usually short in stature with a chest
deformity, and about half have a
congenital cardiac  abnormality.
Autosomal dominant inheritance,
with variable expression, has been
documented in a number of fami-
lies. Many cases, however, appear
10 be sporadic. The diagnosis rests
solely on chinical critena, and so
far, the underlying cause or genetic
defect is unknown.

I'he natural history of this syn-
drome is still being defined. Chil-
dren  with Noonan syndrome
have a large number of potential
health problems, making it essen-
tial for the primary-care pediatri-
cian to be aware of this syndrome,
so that the special needs of such
children may be met.

History

In 1883, Kobylinski® reported a
20-year-old male with clinical fea-
wires compatible with what is now
called Noonan syndrome. Many
carly publications reported both

males and females with a webbed
neck, small stature with lowsset cars,
micrognathia, and other anom-
alies which probably represented a
number of different syndromes in-
cluding Noonan syndrome. In
1930, Ullrich* described a number
of patients with webbed neck and
lhﬂ" stature, some of “'l\l)l“ l‘fl)l’!‘-
sented Turner syndrome and, no
doubt, some Noonan syndrome.
While Ullrich was intrigued pri-
marily by the webbed neck, in
1938, Turner® described a number
of patients with sexual infantilism
who also had a webbed neck and
short stature. Turner syndrome
was later recognized as a sex chro-
mosome abnormality with cither
the absence or an abnormality of
one of the X chromosomes. Ull-
rich was intrigued by the work of a
mouse geneticist, Bonnevie, who
had bred a mutant strain of mice
with a webbed neck and swelling of
the limbs. In 1949, Ullrich® specu-
lated on the possible similarity be-
tween his patients and the mice
bred by Bonnevie. The term Bon-
nevie-Ullrich  syndrome  became
popular, particularly in Furope,
and was used to describe children,
some of whom would now be rec-
ognized as having Noonan syn-
drome. In 1943, Flavell” reported
amale who had a phenotype simi-
lar to that reported by Turner,
and he used the term “male

Department of Pegiatric Cardiology, University of Kentucky, Lexington, Kentucky

Address correspondence 10: Jacqueling A, Noonan, M.D., University of Kentucky, Department of
Pediatric Cardiology. 800 Rose Street, Room MN 472, Lexinglon, KY 40536-0084

CLINICAL PEDINTRICS

Turner” syndrome. In 1963,
Noonan and Ehmke" reported
nine  patients — six  males and
three females, with short stamre
and characteristic facies including
hypertelorism, ptosis, and lowset
ears — whom we felt represented a
distinct syndrome. Several of the
males had undescended  testes,
Chest deformities were frequent,
and all had valvular pulmonary
Chromosome  studies
were normal. Dr. John Opitz” sug-
gested the eponym Noonan syn-
drome be used 10 describe such
patients. He felt my observation
that this syndrome occurred in both
males and females was not associ-
ated with chromosomal abnormali-
ties and could be inherited justified
the eponym. For a number of years,
the term Turner phenotype persist-
cd, butin 1968, the eponym Noonan
syndrome appeared in print for the
first time. Thereafter, Dr. Victor
McKusick listed Noonan syndrome
as a hereditary congenital disorder
of the cardiovascular system, Since
the eponym Noonan syndrome is ek
atively recent, many pediatricians
have only a limited knowledge of
this conditon. This review is in
tended to be an update and review
for the primary pediatrician.

Stenosis.

Genetics

Because of the superficial re
semblance between patients with
Noonan syndrome and those with
Turner syndrome, an abnormalin
of the X chromosome has been

SEPTEMBER 1

Syndrome of the month

Noonan syndrome

JUDITH E ALLANSON

Journal of Medical Genetics 1987, 24, 9-13

From The Genetics Centre, Southwest Biomedical Research Institute, PO Box 8845, Scousdale, Arizona

85252, USA.

Noonan syndrome was first described over 20 years
ago by Noonan and Ehmke'; they defined a specific
group of nine patients with valvular pulmonary
stenosis who, in addition, had short stature, mild
mental retardation, hypertelorism, and unusual
facies. In retrospect, the first case was probably
described by Kobylinski in 1883.> Since that time,

publications. The incidence of Noonan syndrome
has been estimated to be between 1in 1000 and 1 in
2500 live births.® The cardinal features of Noonan

Y are short , congenit art defect,
broad or webbed neck, a peculiar chest deformity
with pectus carinatum superiorly and pectus excava-
tum inferiorly, and characteristic facies, which alter
predictably with age to produce a discrete but
changing phenotype which is described and illus-
trated below, Good reviews of Noonan syndrome
are to be found by Mendez and Opitz,* Nora et al,*
Char et al.® and Pearl.

Received for publication 22 Apeid 1986,
Accepted for publication 2 May 1986,

Clinical features*

GROWTH

At birth the average length is 47 cm. Birth weight is
generally normal (40%) but can be high, secondary
to subcutaneous oedema. Prepubertal growth tends
to parallel the 3rd centile (60%) with a relatively
normal growth velocity. The pubertal growth spurt
is often reduced or absent.” Delayed bone age has
been reported in up to 20% of cases. Normal growth
hormone levels with slightly raised somatomedin
levels have been found in some patients.'” Detailed
growth curves for males and females with Noonan
syndrome are now available.''

CRANIOFACIAL

In the newborn period the main features are
hypertelorism with downward slanting palpebral
fissures (95%), low set, posteriorly rotated ears with
a thick helix (90%), deeply grooved philtrum with

*Incidence figures are derived from revicws by Mendez and Opitz.* Pearl.”
and Al unless specifically referenced

\

G | Facial appearance in
newborn period.
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Molecular diagnosis offers the opportunity to
overcome the weakness of subjective clinical
criteria




Inheritance

RASopathies are largely
autosomal dominant
disorders €&

é but recessive forms
do exist

Genetics
Collepe of Medkal Genetis and Genom ORIGINAL RESEARCH ARTICLE | inMedicine o,

Autosomal recessive Noonan syndrome associated with
biallelic LZTR1 variants

Jennifer J. Johnston, PhD"?3, Jasper J. van der Smagt, MD?*?3, Jill A. Rosenfeld, M523,
Alistair T. Pagnamenta, PhD*?3, Abdulrahman Alswaid, MD>, Eva H. Baker, MD, PhD®,
Edward Blair, BMSc’, Guntram Borck, MD?2, Julia Brinkmann®, William Craigen, MD, PhD3,

Vu Chi Dung, MD, PhD'°, Lisa Emrick, MD'", David B. Everman, MD'?, Koen L. van Gassen, PhD?,
Suleyman Gulsuner, MD, PhD'3, Margaret H. Harr, MS'%, Mahim Jain, MD, PhD'>%%,

Alma Kuechler, MD'6, Kathleen A. Leppig, MD'’, Donna M. McDonald-McGinn, MS', er

Ngoc Thi Bich Can, MD, PhD'®, Amir Peleg, MD'®, Elizabeth R. Roeder, MD?°, R. Curtis Rogers, MD'?,  at
Lena Sagi-Dain, MD'?, Julie C. Sapp, ScM', Alejandro A. Schaffer, PhD?!, Denny Schanze, PhD®, se
Helen Stewart, MD’, Jenny C. Taylor, PhD*, Nienke E. Verbeek, MD, PhD?, 1i-

Magdalena A. Walkiewicz, PhD?*?*, Elaine H. Zackai, MD'®, Christiane Zweier, MD??, he
Members of the Undiagnosed Diseases Network, Martin Zenker, MD, PhD®, Brendan Lee, MD, PhD*and 1l
Leslie G. Biesecker, MD' n-

_on

had a typical NS phenotype and presented  [Noonan and Ehmke, 1963: Noonan, 1968: Collins and

AR TlCLE The American Journal of Human Genelics 108, 2112-2129, November 4, 2021

SPRED2 loss-of-function causes
a recessive Noonan syndrome-like phenotype

Marialetizia Motta,! (iiulia Fasano,!.1% Sina Gredy,%'5 Julia Brinkmann,*!'% Adeline Alice Bonnard,*1%
Pelin Ozlem Simsck-Kiper,© Elif Yilmaz Gulec,” Leila Essaddam,® Gulen Eda Utine,®

Ingrid Guarnetti Prandi,” Martina Venditti,! Francesca Pantaleoni,’ Francesca Clermentina Radio,!
Andrea Ciolfi,’ Stefania Petrini,'® Federica Consoli,!! Cédric Vignal,* Denis Hepbasli,> Melanie Ullrich,?
Flke de Boer,'?'# Lisenka E.L.M. Vissers,!2'% Sami Gritli,'* Cesare Rossi,'® Alessandro De Luca,!!
Saayda Ben Becher,® Bruce D. Gelb,'® Bruno Dallapiccola,! Antonella Lauri,! Giovanni Chillemi,”!”
Kai Schuh,?1¢ Tléléne Cavé,*> 19 Martin Zenker,*'® and Marco Tartaglia'-*




Two different classes of LZTRInutations underlie dominant
and recessive forms of Noonan syndrome

Negative Dominance

840

VS

‘ recessiveNoonansyndrome

Yamamotcet al. (2015)JMed Genet52:41321
Johnstoret al. (2018)GenetMed 20:117585

, Motta etal. (2019) Hum Mol Genet 28:1007-1022 f”'

Loss of Function




Noonan syndrome (12 genes)
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Genetic heterogeneity
and extent of
phenotypic variation
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Genotype -Phenotype Correlations at the Gene Level

short stature cancer predisposition cognitive deficits
MAP2K1/2) SPRED1/2




Genotype -Phenotype

Correlations at the Mutation Level

M. Zenker

KRAS

per e

ASD, HCM, moderate MR,
ectodermal involvement and facies
resembling CFCS

PS, mild learning difficulties,
no ectodermal abnormalities,
NS-like facial features

BRAF

p.L245F p.G464A  Q257R

IQ 120 IQ 90 Q30
DO NOT POST

S259PTIF

T260P/RN
N74D S257TPL | | P261TISIAHRA D486N/G 14898 L613V
R41Q R256G/S | /| N262YK R391M S427G T491IR S$612T
RBD CRD Activation segment

RAF1 PTPNI1

Domain HCM  Disorder HCM
CRe 96% 1655 75%
CR3/C-ter 27% NS 9%

LEOPARD syndrome

3 041 os 2

Pandit et al. (2007) Nat Genet 39:1007-12 Dhandapany ef al. (201+) Nat Genet 46:635-9
Digilio et al. (2009) Monogr Hum Genet 17:109-18 Bowen et al. (2011) PLoS Genet 7:¢1002050




> Am J Dis Child. 1968 Oct;116(4):373-80. doi: 10.1001/archpedi.1968.02100020377005.

Hypertelorism with Turner phenotype. A new
syndrome with associated congenital heart disease

J A Noonan

> Am ] Dis Child. 1969 Jun;117(6):652-62. doi: 10.1001/archpedi.1969.02100030654006.

Multiple lentigenes syndrome

R J Gorlin, R C Anderson, M Blaw

Case Reports > Am J Med Genet. 1986 Nov;25(3):413-27. doi: 10.1002/ajmg.1320250303.

New multiple congenital anomalies/mental
retardation syndrome with cardio-facio-cutaneous
involvement--the CFC syndrome

J F Reynolds, G Neri, J P Herrmann, B Blumberg, J G Coldwell, P V Miles, J M Opitz

Case Reports > Aust Paediatr J. 1977 Jun;13(2):114-8. doi: 10.1111/j.1440-1754.1977.tb01135.x.

A new syndrome: mental subnormality and nasal
papillomata

J M Costello

Case Reports > Am J Med Genet A. 2003 Apr 30;118A(3):279-86. doi: 10.1002/ajmg.a.10923.

Noonan-like syndrome with loose anagen hair: a new
syndrome?

Laura Mazzanti !, Emanuele Cacciari, Alessandro Cicognani, Rosalba Bergamaschi, Emanuela Scarano,

Antonino Forabosco

LETTERS

Germline loss-of-function mutations in SPREDI cause a
neurofibromatosis 1-like phenotype
Hilde Brems"%, Magdalena Chmara'29, M 39, Ellen Denayer', Koji Taniguchi,

Riet Somers'”, Ludwine Messiaen®, Sofie De Schepper’, Jean-Pierre Fryns', Jan Cools', Peter
Gilles Thomas®8, Akihiko Yoshimura* & Eric Legius'

) ATRIATA

ARTICLE

4 Sahh

Enhanced MAPK1 Function Causes a Neurodevelopmental
Disorder within the RASopathy Clinical Spectrum

Marialetizia Motta,'”/ Luca Pannone,'.%2’ Francesca Pantaleoni,! Gianfranco Bocchinfuso,?
Francesca Clementina Radio,' Serena Cecchetti,* Andrea Ciolfi,' Martina Di Rocco,”> Mariet W. Elting,*
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Eva H. Brilstra,” Stefania Boni,® Laura Mazzanti,” Federica Tamburrino,” Larry Walsh,'? Katelyn Payne,'”
Alberto Ferndndez-Jaén,'' Mythily Ganapathi,’> Wendy K. Chung,’? Dorothy K. Grange,'?

H H . Ashita Dave-Wala,'s Shalini C. Reshmi, !¢ Dennis W. Bartholomew, !> Danielle Mouhlas, !>
Germlme mutations Of the CBL gene dEfII"IE @ Giovanna Carpentieri,' Alessandro Bruselles,” Simone Pizzi,' Emanuele Bellacchio,’
gEﬂEtIC synclrome with predlsposmon to ]UVH Francesca Piceci-Sparascio,'” Christina LiRewski,'* Julia Brinkmann,'* Ronald R. Waclaw,'?

Quinten Waisfisz,® Koen van Gassen,” Ingrid M. Wentzensen,”® Michelle M. Morrow,?" Sara Alvarez,?!
myelomonocytlc leukaemia Monica Martinez-Garcia,”' Alessandro De Luca,'” Luigi Memo,”” Giuseppe Zampino,”* Cesare Rossi,”*
B Pérez,"? F Mechinaud,® C Galambrun,* N Ben Romdhane,® B Isidor,® § Marco Seri,** Bruce D. Gelb,”* Martin Zenker,'® Bruno Dallapiccola,' Lorenzo Stella,?

J Derain-Court,” B Cassinat® J Lachenaud,'? S Kaltenbach,! A Salmon, Carlos E. Prada,'”->¢ Simone Martinelli,>** Elisabetta Flex,>** and Marco Tartaglia'->s.*

S Pereira,’ M L Menot,” N Royer,” O Fenneteau,’® A Baruchel,"" C Chorienme; I'

Original article

A Verloes,"'* H Cavé'*

Hypothesis-free

«functional

Germline CBL mutations cause developmental
abnormalities and predispose to juvenile
myelomonocytic leukemia

Charlotte M Niemeyer' ', Michelle W Kang™'*, Danielle H Shin™'%, Ingrid Furlan', Miriam Erlacher',
Nancy | Bnmn’ Severa Bunda', lrn’) Z Finkl

Irene Schm

Andrea He REPORT
Franco Lo¢
Michael O1

candidacy»

nature

}“ i‘ rfuman
oy,
e g

in®, Kathleen M Sak *, Thomas A Gorr', Parinda Mehta’,

«positional
candidacy»

“ Heterozygous Germline Mutations in the CBL Tumor-Suppressor
Gene Cause a Noonan Syndrome-like Phenotype

Simone Martinelli,! Alessandro De Luca,? Emilia Stellacci,! Cesare Rossi,? Saula Checquolo,*

Francesca Lepri,2 Viviana Caputo,! Marianna Silvano,! Francesco Buscherini, Federica Consoli,2
Grazia Ferrara,* Maria C. Digilio,> Maria L. Cavaliere,® Johanna M. van Hagen,” Giuseppe Zampino,®
Ineke van der Burgt,® Giovanni B. Ferrero,!? Laura Mazzanti,!! Isabella Screpanti,* Helger G. Yntema,?
Willy M. Nillesen,? Ravi Savarirayan,!2 Martin Zenker,!* Bruno Dallapiccola,® Bruce D. Gelb,14
and Marco Tartaglia'*

«Golden Age» of
Syndrome delineation
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Recognizing new
RASopathies by unbiased

clinical reassessment

ARTICLE ‘!) Check for uaoalni:
Loss-of-function variants in ERF are associated with a Noonan
syndrome-like phenotype with or without craniosynostosis

Maria Lisa Dentici'?*, Marcello Niceta (3*?*, Francesca Romana Lepri®, Cecilia Mancini”, Manuela Priolo®, Adeline Alice Bonnard (3%,
Camilla Cappelletti*®, Chiara Leoni (", Andrea Ciolfi(?, Simone Pizzi’, Viviana Cordeddu®, Cesare Rossi'®, Marco Ferilli?,

Mafalda Mucciolo®, Vito Luigi Colona(®’, Christine Fauth'', Melissa Bellini'?, Giacomo Biasucci'?, Lorenzo Sinibaldi (%',

Silvana Briuglia'*, Andrea Gazzin (3%, Diana Carli{"*, Luigi Memo'®, Eva Trevisson (37, Concetta Schiavariello()'*, Maria Luca'®,
Antonio Novelli (3*, Caroline Michot'®, Anne Sweertvaegher™®, David Germanaud®'**, Emanuela Scarano'®, Alessandro De Luca(»™,
Giuseppe Zampino’*, Martin Zenker (3?%, Alessandro Mussa(®'*, Bruno Dallapiccola?, Helene Cavé(®®, Maria Cristina Digilio’ and
Marco Tartaglia (5%

© The Author(s), under exclusive licence to European Society of Human Genetics 2024

* 611888 OMIM - Online Mendelian Inheritance in Man

ETS2 REPRESSOR FACTOR; ERF
Gene-Phenotype Relationships

Phenotype Phenotype
Location Phenotype al " MIM number Inheritance mapping key
199132 Chitavat syndrome 617180 AD 3

Craniosynostosis 4 600775 AD 3
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Tot CRS4
(N=26) (N=36)
* Short stature (<3rd centile) 15/26 /6
§ - | ~w DD/ID 13/25* 10/30
Wi . 4 Speech delay/learning difficulties 19/25 14/30
9 j - - ~| W & Behavioural abnormalities 5/26 10/28
a2 - A o Macrocephaly (including relative) 24/26 8/25
' Facial features
high forehead 16/26 29/35
> hypertelorism 21/26 33/36
DPF 16/26 23/36
' ptosis 16/26 25/36
p(ATg233%) p.(Phe504fs=27) p.(lled6Asnfs*16) P {ProANgls®73) p.(Lys40115°9) Wide/depressed nasal bridge 17/26 34/36
- thick lips/macrostomia 20/26 22/36
low-set ears 19/26 14/21
posteriorly angulated ears 17/26 15/20
thickened helix 12/26 14420
Short/webbed neck 15/26 9/14
Low posterior hairline 8/26 11/14
CHD/HCM 1/25 1/14
| Pectus abnormalities’ 9/23 1/1 [
Ectodermal features
thin/curly hair 11/26 2/36
sparse eyebrows 6/26 16/36
- : . : keratosis pilaris/ulerythema ophryogenes 4/25 NA
pAArg233*) p.(Lys401Glufs*10) pArg218°) p.(Gly299Argfs*9) pAArg233*) dark skin 10/26 NA
L . café-au-laits spots 6/24 NA
Clinically variable lentigines 423 Na
nevi 13/24 NA
3/13 19/25 |

a bjet s rdiac involvement [ Craniosynostosis?
e Dentici etal ., Eur J Hum Genet , 32:954-63.




gene expression
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DentatciBUdHunGene3d 2?8 95-96.3

ERF is anETS domain transcriptional
repressor that binds to DNA in a
sequence -specific manner to
transcriptionally silence target genes

ERF is regulated by ERK
phosphorylation via nucleo -
cytoplasmic shuttling.

ERkmediated phosphorylation
promotes ERF translocation to the
cytoplasm , allowing transcription of
target genes




Noonan syndrome LEOPARD syndrome

| Binding to GAB1 ! Binding to GAB1
SHP2 SHP2

T PTPase activity l PTPase activity

Notwithstanding the clinical overlap,
different molecular mechanisms underlie RASopathies

TARGETED PHARMACOLOGICAL APPROACHES ARE REQUIRED

PISK/ART/mTOR signaling

APh signaling inown pathways

1 Ptpn11 Q¥R e Raf1e13V models: T Ptpn1l Y2/°¢ model :

The use of MEK inhibitors allows Rapamycin, an inhibitor

to rescue multiple clinical features of the PI3K-AKT-mTOR pathway, is
(e.g., reduced growth , HCM) effective in blocking HCM progression




«Noonan syndrome » IS not
a clinically exhaustive term

the involved gene and pathogenic
.~/ variant (s) should be taken into
) @) 1o accountto effectively apply

@ precision medicine and optimize

= i patient management and care.




Take home message (1)

RASopatshhiagse t he upregul ati on
RAMAPK signalil ng as CoOmmon
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Take home message (2)

3
Mutations may affect protein function by
multiple mechanisms and have different
consequences on intracellular signaling

Other pathways contribute to the clinical
phenotype and phenocopies do exist

RASopathy mutants are weak
hypermorphs & mutations do not
necessarily predispose to cancer
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Noonan syndrome ( NS)

A Common genetic disorder (1 in 2,000 live births)!
A - Autosomal dominant (affected parent in &1/ 3)

Distinctive facial features 1 Congenital heart defects (80%) 3

@

p pul y
Often associated with PVS, needs surgery
NS (PTPN11, SOS1)
CFCS (BRAF)

Short stature (50 T 70%)*

Hypertrophic cardiomyopathy
Frequently asymmetric hypertrophy
Associated with LVOTO and MV anomalies
NSML (PTPN11)

CS (HRAS)
CFCS (BRAF)
NS (SOS1, KRAS, PTPN11, RAF-1)

o

Pulmonary valve stenosis
Low efficacy of balloon vavluloplasty
NS (PTPN11, SOS1, RIT1, RAF-1)
CFCS (BRAF, MAP2K2)
CS (HRAS)

Roberts et al. Lancet 20131 Fai emzaal .20G2MNes

A Many other defects
i Cryptorchidism in males®
i Skeletal anomalies (pectus, scoliosis)®
i Developmental delay and learning disability, hearing and visual impairment®
I Increased risk of cancer (juvenile myelomonocytic leukaemia 3%, brain tumour <1%)7:8

1. Roberts AE et al. Lancet 2013;381:333i 42; 2. Zenker M et al. Arch Dis Child 2022;107:1073i 8; 3. Faienza MF et al. Genes 2024;15:1015; 4. Edouard T et al. Eur J Med Genet 2022;65:104404;

5. Dyscerne. 2010. NS Clinical Management Guidelines. Available at: https://dyscerne.org/dysc/digitalAssets/0/265_Noonan_Guidelines.pdf. Accessed November 2025; 6. Tajan M et al. Endocr Rev 2018;39:676i 700;
7. Protocole National de Diagnostic et de Soins (PNDS). RASopathies: Syndromes de Noonan, cardio-facio-cutané et apparentés. 2021. Available at: https://www.has-sante.fr/upload/docs/application/pdf/2021-
10/pnds_rasopathies_texte sept21 2021-10-01 09-53-19 890.pdf. Accessed October 2025; 8. Perrino MR et al. Clin Cancer Res 2024;30:48341 43.
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https://www.has-sante.fr/upload/docs/application/pdf/2021-10/pnds_rasopathies_texte_sept21_2021-10-01_09-53-19_890.pdf
https://www.has-sante.fr/upload/docs/application/pdf/2021-10/pnds_rasopathies_texte_sept21_2021-10-01_09-53-19_890.pdf
https://www.has-sante.fr/upload/docs/application/pdf/2021-10/pnds_rasopathies_texte_sept21_2021-10-01_09-53-19_890.pdf
https://www.has-sante.fr/upload/docs/application/pdf/2021-10/pnds_rasopathies_texte_sept21_2021-10-01_09-53-19_890.pdf
https://www.has-sante.fr/upload/docs/application/pdf/2021-10/pnds_rasopathies_texte_sept21_2021-10-01_09-53-19_890.pdf

Nutritional and metabolic aspects

A Feeding difficulties and failure to thrive

are frequent in newborns and infants (75%)

i Poor sucking, prolonged feeding times, recurrent vomiting

i Tube feeding needed in 25%

I Usually resolves within the first few years of life

A Lean phenotype with BMI in the lowi normal range

A Aetiology unknown, could be due to increased energy expenditure
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Roberts AE et al. Lancet 2013;381:333i 42; da Silva FM et al. Am J Med Genet A 2016;170:1525i 31; Cessans C et al. Eur J Endocrinol 2016;174:6417 50.
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Height (cm)

Growth and puberty

Short stature in 50 T 70% of patients with NS !

200 - Boys 180 Girls
190 . 1707 ,
180 — 169.2 cm (i 1.3 SDS)? 160 o 154.4 cm (i 1.7 SDS)?
170 - o -
160 162.5 cm (i 2 SDS)? = 1597 Y 152.7 cm (i 2 SDS)?
150 S 140 / . )
140 - £ 1307
130 % 120
120 T 1104
o wl
90 — Healthy patients (mean + 2 SDS) 90 /-~ Healthy patients (mean + 2 SDS)
80 —Mal e patientsNasDH NS ( mean80- " — Female patients with NS (mean + 2 SDS)
70 T T T T T T T T 1 70 — T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Age in years Age in years
Adapted from Ranke et al. 19882 Adapted from Ranke et al. 19882
Birth |l ength in tR& Isonvadrl M omrmalestangon@l age)

Decreased growth veloeyeégr andf shget stature by
Wor sening during puberty due to del ay

Bone age typicall2yedebayadtdl bwi aboprgrmpowtiltonged catch

1. Edouard T et al. Eur J Med Genet 2022;65:104404; 2. Ranke MB et al. Eur J Pediatr 1988;148:220i 7; 3. Binder G et al. J Pediatr 2012;161:501i 5.



Noonan syndrome -related disorders

NS with
multiple lentigines 2

Lentigines,
deafness

NS with loose anagen hair 4
L

Hairless skin,
loose anagen hair

/1! NF

NS

| Neurofibromas,
café-au-lait spots

Cardiofaciocutaneous
syndrome 3

Ectodermal
lesions,
mental

retardation

Noonan syndrome 34

Costello syndrome 3

Short stature, HCM,
pulmonary valve stenosis mental
retardation,
solid tumour
(15%)
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RASopathies

Tyrosine kinase receptor

l p————— Spred-1

v

PTPN11

/\ gene

Hyperactivation

™~

/ Proliferation, differentiation, survival

NS with multiple lentigines

NS with loose anagen hair

CBL syndrome

CFC syndrome

Legius syndrome

Saint-Laurent C et al. Eur J Pediatr 2024;183:10117 9.



Genotype T phenotype correlations for growth

@
In 144 patients with a clinical diagnosis of NS In 420 patients with a confirmed genetic diagnosis of NS
SOS1 >PTPN11 > RAF1
200 — Boys o
190 - N . ¢
132 - PR B c. - :
— d (] i 1 . = ry o
E 160 — ﬁ _ -."' - ._‘:,E_‘E o b @ s, ;
& 150 1 AT A LT s . .
£ 140 - o 3 it DT R e e e ————
o e z e 1
© 130 T v § et T .
W . . H ' a
T 120+ SE R z H .
110 - R ¢ . . *
100 - 1. w ) -
90 Healthy patients (mean + 2 SDS) @ -
80 — Male patients with NS (mean + 2 SDS) D 12 24 5 48 60 72 84 96 108 120 132 144 156 168 18D 192 204 216 228 240
70 T T T T T T T T 1 Age (months)
0 2 4 6 8 10 12 14 16 18 20
Age in years * KRAS - NS-PTPN11T  © NSML-PTPNI1 & 2081 = RAF
Adapted fromlR&®ke et al. Adapted from Cessans et al. 20162

U The severity of short stature is correlated with genotype

1. Ranke MB et al. Eur J Pediatr 1988;148:220i 7; 2. Cessans C et al. Eur J Endocrinol 2016;174:6417 50.



Pathophysiology of short stature (  PTPN11 mutation)

Endochondral ossification

Germinative zone




Pathophysiology of short stature (  PTPN11 mutation)

NS mouse model
PTPN11 D61G/+

A WT NS

Alcian blue

Tajan et al. 20182

RAS/ MAPIK
bb

Abnormal chondrocyte differentiation
(IGF-1 independent)?

GH insensitivity?

1. De Rocca Serra-Nédélec A et al. Proc Natl Acad Sci USA 2012;109:4257i 62; 2. Tajan M et al. Hum Mol Genet 2018;27:22767 89.
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Pathophysiology of short stature (
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Growth chart
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Activating mutations in BRAF disrupt the
hypothalamo-pituitary axis leading to
hypopituitarism in mice and humans

Angelica Gualtieri"'®, Nikolina KypnanouLm, Louise C. Gregory 214 Maria Lillina Vignolama,

James G. Nicholson® ', Rachael Tan', Shin-ichi Inoue3, Valeria Scagliotti], Pedro Casado(® *, James Blackburn',
Fernando Abollo-Jimenez!, Eugenia Marinelli', Rachael E. J. Besser® 2, Wolfgang Hégler® >, I. Karen Temple’,
Justin H. Davies®?, Andrey Gagunashvili'?, lain C.A.F. Robinson", Sally A. Camper® '2, Shannon W. Davis® '3,
Pedro R. Cutillas® 4, Evelien F. Gevers', Yoko Aoki3, Mehul T. Dattani® 2'* & Carles Gaston-Massuet@ 145
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Gualtieri A et al. Nat Commun 2021;12:2028.



Short - to medium -term response to growth hormone treatment

[ J
In 51 patients with NS and short stature,
treatment over 4 years with somatropin 33 pg/kg/day vs 66 pg/kg/day

33 ug/kg/day 66 ug/kg/day

P &. 0001

U Good cardiac and metabolic tolerance

Horikawa R et al. Endocr J 2020;67:8037 18.



