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TIMELINE OF GENE DISCOVERY AND ASSOCIATION

positional candidacy functional candidacy genomic sequencing (hypothesis-free approach)
(2001) (2005-2010) (since 2013)
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somatic PTPN11 mutations PTPN11 mutations: functional delineation of previously uncharacterized circuits
in JMML and childhood MAPK vs with role in RAS-MAPK signaling
leukemia PI3K/AKT/mTOR signaling

Tartaglia M, Aoki Y, Gelb BD. The molecular genetics of RASopathies: An update on novel disease genes and new disorders.
Am J Med Genet C Semin Med Genet. 2022 Nov 16. doi: 10.1002/ajmg.c.32012. PMID: 36394128.

RASOPATHIES PREVALENGE AND GENE ASSOCIATIONS

ICa))
~ i ”1""7:?;’ -

il ‘(;:3 " "- o ' SPRED1 ~ « Mop o
! A s ’\;: Ras-GTP = ‘ So sy
” > N ~
7 - gl ° -

B ~

P o S e SHOC2 MRAS \\ ~
| 222 ="\ ik \

- = PPP1CB \

SPRED1

/ {-,\ 1:3000
1:390,000 ‘4&: N & *
o 2

/
- =2
5 - | o
o q'*}‘ @
» ‘

% r
51 0
\

5
A%

RASOPATHIES NETWORH

connect - collaborate - accelerate

GLINIGAL DIAGNOSIS

Infancy (<1 year) Toddlerhood (1-3 years) ® Childhood (4-12 years) 100% -
"s = Adolescence (13—18 years)® Adulthood (>18 years) B 90% A
= ) 80% 1
e 3 3
= £ ry 70% A
70% 4 = 2 ®
Q - o - 60% A
A 3 2
0%y 3 2 ® 50% 1
£ £
O 40% 4
50% { 8 .
L 30% A
—~ R e
¢ ° % o
* 2 © 10% 1
30% A - o%
Clinical Paediatric Paediatric
20% + Geneticists Endocrinologists Cardiologists
Characteristic facial features
m Congenital heart defects
10% 4 = Neonatal feeding difficulties / Failure to thrive
m Short stature and / or delayed puberty
Chest deformities (i.e., pectus carinatum, pectus excavatum)
0% - = Undescended testicles
Clinical Geneticists Paediatric Endocrinologists Paediatric Cardiologists = Increased bruising or bleeding
m Acute leukaemia and myeloproliferative disorders
mLymphedema, lymphatic effusions, lymphatic vessel dysplasia
Total respondents 108 144 109 m Delays in motor skill development
How frequently are patients referred to you from each age group for Noonan In your experience, how frequently are the following characteristics a
syndrome? leading cause for a clinical diagnosis of Noonan syndrome?

n = 361 (99%) respondents. Physicians could select from the following choices for the five n =362 (99%) respondents. Physicians could select from the following

age groups: ‘Never’, ‘Very Seldom’, ‘Occasionally’, Frequently’ and ‘Most’. Shown are the  choices for each characteristic: ‘Never’, ‘Very Seldom’, ‘Occasionally’,

results of merging ‘Frequently’ and ‘Most’ for each age group (% [n]). Frequently’ and ‘Most’. Shown are the results of merging ‘Frequently’ and
‘Most’ for each age group (% [n]).

Infancy Toddlerhood Childhood Adolescence Adulthood
(<1 year) (1-3 years) (4-12 years) (13—18 years) (>18 years)

Affective disorders | 0 136 122

Social issues § 7 155 118
Learning disabilities 13 190 141 64
Skeletal abnormalities 144 71
Chronic pain 7 4 68

Growth retardation 174 148 2
Lymphedema 33 38
Heart defects 187 146 76 67
0 100 200 O 100 200 O 100 200 O 100 200 O 100 200

What are the most important factors in each age group that affect quality of life in patients with Noonan syndrome?
n = 242 (66%) physicians for affective disorders/social issues/learning disabilities (blue), skeletal/pain/growth (pink) and lymphedema/heart (green). Note that respondents
could provide answers in one or more categories.

Garcia-Mifaur S, Burkitt-Wright E, Verloes A, Shaikh G, Lebl J, Ostman-Smith I, Wolf CM, Ortega Castelld E, Tartaglia M, Zenker M, Edouard T. European Medical Education Initiative on Noonan
syndrome: A clinical practice survey assessing the diagnosis and clinical management of individuals with Noonan syndrome across Europe. Eur J Med Genet. 2022 Jan;65(1):104371. doi:
10.1016/j.ejmg.2021.104371. Epub 2021 Oct 29. PMID: 34757053.

BREADTH OF RAS/MAPK GONDITIONS

(@)

RAS/MAPK signalling absent decreased normal mildly moderately severely
strength increased increased increased
Phenotype lethal meta- normal RASopathy RASopathy cancer
chondro- or
matosis cancer
Genetic germiine germline n/a germiine germiine somatic
mechanism somatic

/////—_ Dosing of MEKI n/a n/a n/a for RASopathy, full
lower than oncological dose

RAS pathway dysregulation
Chaput D, Andelfinger G. Small molecule inhibition for RASopathy-associated hypertrophic

M. Zenker. Clinical Overview of RASopathies Am J Med Genet part C. Nov 2022 cardiomyopathy: Clinical application of a basic concept. Can J Cardiol. 2024 Mar 1:S0828-
282X(24)00185-5. doi: 10.1016/j.cjca.2024.02.020. PMID: 38432396.

Class Diagnostic entities

Noonan syndrome and related disorders Noonan syndrome,
cardiofaciocutaneous syndrome,
Costello syndrome,
Noonan syndrome with multiple lentigines, Noonan
syndrome-like disorder with loose anagen hair,
CBL syndrome

Neurofibromatosis type 1 and related disorders Neurofibromatosis type 1,

Legius syndrome,

“Nonsystemic” RASopathies Autosomal dominant intellectual disability type 5
(SYNGAP1 syndrome),

E.I. Pierpont et al.

Neurobiology of Disease 180 (2023) 106074
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Age at seizure onset (years) » AL ) _ ) .
c. (e d] Circulation: Arrhythmia and Electrophysiology ¢ Volume 17, Number 4 ¢ https://doi.org/10.1161/CIRCEP.123.012022
B C Endothelial Vascular malformation B e {
: i Al 50% of CS patients develop MAT
- \5' I Right Atrium
BRAF I KIDRe! ¥ ‘\
Astrocyte Tumor " Ectopic Foci
MAP2K1 Ew\ Ney, G Gross, A., _L|V|_ns_k|, A Kratz, C P, & Stew_art, D.R. _(2022). Cancer mc@ence and_ 4 P wave Normal sinus rhythm
{ \ surveillance strategies in individuals with RASopathies. American Journal of Medical Genetics
\ 3 Part C: Seminars in Medical Genetics, 190C: 530- 540. https://doi.org/10.1002/ajmg.c.32018
Neural progenitor Brain malformation
MAP2K2
0 25 50 75 100 0 4 8 12 14 t ' t
Percent with seizures E-Chess Seizure severity score

. .. . . Multifocal atrial tachycardia
Figure 1 Characteristics of epilepsy in CFC syndrome. A.
Histogram depicting age of onset of seizures among 76 individuals =
with CFC syndrome. B-C. Frequency and severity of epilepsy SEIZ“re
based on the affected gene. CFC, cardiofaciocutaneous; E-Chess,
Early Childhood Epilepsy Severity Scale.

Tumor
DNET, glioma

Pierpont, Elizabeth I. et al. Neurologic and neurodevelopmental
complications in cardiofaciocutaneous syndrome are associated
with genotype: A multinational cohort study. 2022 Genetics in
Medicine, Volume 24, Issue 7, 1556 - 1566

Juvenile myelomonocytic
leukemia UMML)

Autism spectrum Hypertrophic cardiomyopathy

o)

Clusters
demonstrating

L‘f‘"’\
statistically L7 )
significant Y)
hyperconnectivity
in children with
Noonan syndrome -
(NS) within visual, Neuroanatomical

ventral attention, < ‘

left frontoparietal

and limbic, - -

sk 6 Arterio-venous malformation (AVM)
Bruno JL, Shrestha SB, Reiss AL, Saggar M, Green T. Altered canonical and m

striatal-frontal resting state functional connectivity in children with pathogenic “eart & “ascular anomalies

variants in the Ras/mitogen-activated protein kinase pathway. Mol Psychiatry.
2022 Mar;27(3):1542-1551. doi: 10.1038/s41380-021-01422-5. PMID: 35087195 “EME 0“0

NEUROPSYCH

Social/ Bleeding/

Supravalvular pulmonary stenosis
Often associated with PVS, needs surgery
NS (PTPN11, SOST1)

CFCS (BRAF)

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

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

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

Faienza, M.F.; Meliota, G.; Mentino, D.; Ficarella, R.; Gentile, M.; Vairo, U.; D’amato, G. Cardiac Phenotype
and Gene Mutations in RASopathies. Genes 2024, 15, 1015. https://doi.org/10.3390/genes15081015
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Delayed puberty

Lean body Poor suck/swallow Loose anagen hair Malocclusion

feeding Nevus/Nevi Hyno/hyperdontia

energy expenditure Giant cell lesions

mineral density Vomiting

_ Gastroparesis/ Melanoma
Pain Rhabdomyosarcoma Slow motility Bladder cancer
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Prevalence of gastrointestinal disorders in individuals with
RASopathies: May RAS/MAP/ERK pathway dysfunctions be a
model of neuropathic pain and visceral hypersensitivity?

Chiara Leoni ®¥& Valentina Giorgio, Giuseppe Stella, Roberta Onesimo, Elizabeth K. A. Triumbari

Maria Podagrosi, Eliza Kuczynska, Catello Vollono, Keith ). Lindley, Giuseppe Zampino Table 1. Prevalence of feeding problems in the first year of life in patients with NS with the most

prevalent gene mutations.

TABLE 4. Rome IV questionnaire results Draaisma etal, 2020 [15] ~ 36/63 =57% 6/16 = 37.5% 2/4=50% c

Genetics etiologies and genotype phenotype correlations
in a cohort of individuals with central conducting
lymphatic anomaly

Mandi Liu', Christopher L. Smith’, David M. Biko? Dong Li?>*, Erin Pinto', Nora O'Connor>, Cara Skraban®, Elaine H. Zackai(®?,

Hakon Hakonarson®?, Yoav Dori' and Sarah E. Sheppard (5>*
A RASopathies, N = 15 B Mosaic KRAS, N =2
Edema » ' 29% Edema 1.00%
Anasarca mmm 12% Anasarca 0%
Chylopericardium m= 6% Chylopericardium 0%
Protein losing... & 1 24% Protein losing... ' 50%
Chylous Ascites mmm 12% Chylous Ascites 0%
Plastic bronchitis == 6% Plastic bronchitis 0%
Chylothorax m—— 47% Chylothorax 0%
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

European Journal of Human Genetics (2022) 30:1022—1028;

THERAPEUTIC POSSIBILITIES

Med ¢? CelPress .

First published: 27 July 2022 | https://doi.org/10.1002/ajmg.a.62917 | Citations: 2

Check Article AVallablllty PTPN11 SOSI RA.FI Canadian Journal of Cardiology 40 (2024) 789—799

Funding information: Million Dollar Bike Grant Program” University of Pennsylvania (to G.Z.) Digilio etal., 2012 [9] 13/20 = 65% 0/8=0% 3/4=75% Review ReVe rse repurpOSing: Potential Utl I Ity
MEK Inhibition for RASopathy-Associated Hypertrophic of cancer drugs in nonmalignant illnesses

ardiomyopathy: Clinical Application of a Basic Concept

Dominic Chaput, and Gregor Andelfinger, MD, FRCPC Mina Nikanjam,"** Kaitlyn Wells,”* Shumei Kato,’ Jacob J. Adashek,* Shanna Block,

R e e Tiemens, D.K.; van Haaften, L.; Leenders, E.; van Wegberg, A.M.J.; Gunther Moor, B.; Geelen, J.; Draaisma, Cardiouasolar Gentic Reearch Laboratos, CHU Sainse Justine Research Center, Deparment of Peditrics, Universié de Monréal, Monial, Quebec, Canada and Razelle Kurzrock®*
(%) (%) (%) J.M.T. Feeding Problems in Patients with Noonan Syndrome: A Narrative Review. J. Clin. Med. 2022, 11,754.
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Gender ? IM=6 3 2 “# Receptor tyrosine ond — o ___, Tocilizumab
! pat kinase — ~40% of cancers « la viaianitoid @
Functional constipation 14 (47) 13(87) 17 (85) 44 (68) S Extracellular
g Journal of Thrombosis and Haemostasis Plasma membrane

Soespgd

arthritis
Infigratinib in
FGFR3 > ~ > )
~2.5% of cancers I I achondroplastic

Functional abdominal pain 16 (53) 13(87) 11(55) 40 (61) e available online 2 August 2024
A . ) 5 (7) ; (20) s (75) - (37) &l In Press, Corrected Proof (@) What's this? CYtOplasm PTPN1D C sos ) dwarﬁsm
erophagia
o Article RAS ° RAS TSC1/2 Everolimus
Irritable bowel syndrome 2(7) 3(20) 3(15) 8(12) peen 6P NS, NSML) SOS1 (NS), GTP ~2% and ~3.5% —» —* in TSC partial
Targeted treatments for vascular | ) S0S2 (NS) HRAS (C5J; of cancers L= iberhmly <
Functional dyspepsia 0 0 1(5) 1(2) : . - - NRAS (NS), > W . Alpelisib in
malformations: current state of the art = MRAS((NS)) PI3K pathway \ Byl
Abdominal migraine 2(7) 0 1(5) 3(5) Emmanuel Seront *® | Cedric Hermans * 2@ , Laurence M. Boon ' > @ | KRAS (CFC N'S) ~38% of cancers ' (theOfeﬂCB')
Non retentive fecal 0 0 2(10) 2(3) Mikko Videla 2 A E @ l RITT (NS) KRAS — __, Trametinib
. . BEVACIZUMAB TGFB BMP o ~16% of cancers in AVM .
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| mCFCs (21) NS, CFC, CS, Legius ~» Therapeutics —» Non-Malignant
syndrome
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‘ KLF4
| u Cell {
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g ] - o ¢ malformations -
Abdominal Abdominal Both acute and Pain of ' ‘ '
Acute Pain Chronic Pain chronic unknown origin
abdominal pain
Wy, ;
, S0S7:¢.2536G>A (Dori, 2020) Insulin, IGFT... CNP
S0S71:¢.1655G>C (Lioncino, 2022) RIT1:0.104656 (Andef s019) Vosoritide
S0S17:c.1322G>A (Nakano, 2022 {e > naeiringer,
( ) RITT:c.246T>G (Andelfinger, 2019; Nakano, 2022; Gordon, 2022) O 5 TransCon CNP
RITT:c.170C>G (Leegaard, 2022) tatins
Growth factor D RITT, unspecified (Hriberkin, 2022) Simvastatin '
Lovastatin
Tyrosinekinasereceptor fJilk @ seceseeccemeeeae- : NPRB

Patient Registry

) NATIONAL CANCER INSTITUTE

RASA1-related capillary malformation-arteriovenous Table 1
malformation syndrome (CM-AVM)

Mosaic RASopathies Nevus sebaceous syndrome/ Schimmelpenning—
Feuerstein—Mims syndrome,
keratinocytic epidermal nevus (syndrome), congenital
melanocytic nevus/neurocutaneous melanosis,
oculoectodermal syndrome,
vascular malformations with and without regional
overgrowth and others

Facial features

CIinical red flags for RASopaﬂ-liES h'l'tD s:f/doi .Drgf‘l 0.101 E\J'rj hfc.2021.07.004

Lioncino et al. Heart Failure Clin 18 (2022) 19-29

NC'WS/C#&’V Winter 2022-23

NS: broad forehead, down slanting palpebral fissures, hypertelorism, low PTPN17:0.854T>C (Nakano, 2022)

? RASopathies Study e —

set ears, pterygium colli, epicanthal folds, short and depressed nasal TN ! PTPN11, unspecified (Chakraborty, 2022)
root =1 - ' — @
CS: hypertelorism, down slanting palpebral fissures. Facial features are Natural HIStory StUdy @
coarser. Feeding and suction difficulties are more prevalent. I
CFCS: macrocephaly, bitemporal narrowing, coarse facial features, small i

curly friable hair with sparse eyebrows with hyperkeratosis (ulerythema RAF1:c.770C>T (Meisner, 2021; Mussa, 2022) =+

ophryogenes), broad nasal base, wide labial philtrum. Coarser than NS T
C. > i, 201

Cardiovascular

Pulmonary valve stenosis, hypertrophic cardiomyopathy, mitral valve
dysplasia, atrial septal defect, ventricular septal defect, atrioventricular
septal defect, aortic coarctation, coronary arteries abnormalities

Mosaic RASopathies

Electrocardiography

Extreme right-axis deviation (north west axis), left or right bundle branch
block (NSML), prolonged QT (NSML), repolarization abnormalities,
multifocal atrial tachyarrhythmia (CS)

Short stature, hypotonia (CFCS), Pes planus (CFCS), scoliosis, pectus

ure, ’ | . . CURE DRUG REPURPOSING
deformity, hip dysplasia, osteopenia/osteoporosis

Cafe-au-lait spots, papillomas (CS), palmar keratoderma, acanthosis COLLABORATO RY —
nigricans, keratosis pilaris (CFC), ulerythema ophryogenes (CFQ), i feCEaan E} —

lentigines (NSML), multiple pigmented nevi Germline

Somati
Cryptorchidism, transitional cell carcinoma of the urinary bladder (CS) i

\ — SORGIRINIIN Neurofibromatosis type 1
Trametinib
% Saint-Laurent, C., Mazeyrie, L., Yart, A., & Edouard, T. (2024). Novel therapeutic perspectives in Noonan syndrome and RASopathies.

A EERE LTy G, 8
- - - b
N, \) ceL ® @ RRAS NRAS KRAS HRAS <« 11 Qt
R y N ® sos1/2 ( 6o 60D € ) Neurofibromin
ol Gab1/2
6 + A / RRAS NRAS KRAS HRAS cGMP GTP

§ B L TOTT l
N cuL3 1\ LZTR1 /\ LZTR1 ll— Spred-1

o o SHP2 inhibitors g .- @
KRAS ¢.183A>C (Chang, 2021) / — &

KRAS ¢.35G>A (Sheppard, 2023) PP1CB
KRAS:c.436G>T (Sheppard, 2023)
KRAS: ¢.35G>A (D’Onofrio, 2023)

- Noonan Syndrome

SHOC2 NS with multiple lentigines

MEK1/2 |- - -MEK inhibitors
T Trametinib NS with loose anagen hair

* NRAS:c.182A>G (Chowers, 2023) * * Selumetinib

NRAS:c.181C>A (Copland, 2023) r;T?R inhibitors Mirdametinib CBL syndrome
------ ironmus
! CFC syndrome
\ — / Costello syndrome

Proliferation, differentiation, survival :
Selumetinib Legius syndrome

European journal of pediatrics, 183(3), 1011-1019. https://doi.org/10.1007/s00431-023-05263-y

. Tiemens et al. OrphanetJRare Dis ~ (2021) 16:449
Survival, cell https:/doi.org/10.1186/513023-021-02083-x Orphanet Journal of
Rare Diseases

proliferation

Easy bruising, von Willebrand disease, coagulation defects,
thrombocytopenia, NS/myeloproliferative disease (leukocytosis with

Opportunities for MEK Inhibitors in RASopathies: A Comprehensive Review of Safety, Efficacy, and Future Perspectives of REVIEW open Access

Trametinib and Selumetinib. Life. 2024; 14(6):731. https://doi.org/10.3390/life 14060731 ,')

‘ Gene Features
Nevus sebaceous HRAS, KRAS, NRAS -
KKeratinocytic epidermal nevi HRAS, KRAS, NRAS i Musculoskeletal
Melanocytic nevi HRAS, NRAS i
Nevus spilus ' HRAS, NRAS - -
Woolly hair nevus HRAS, NRAS | p Dermatologic
Melorheostosis 0 MAR2KL, KR | ~ Sclerosing bone dysplasia’ =
Lymphatic anomalies SOS1, KRAS, ARAF, BRAF, NRAS, CBL - :
Vascular malformations KRAS, NRAS, BRAF, MAP2K1, RASA1  Low flow and arteriovenous ma Geni :

_ Juvenile myelomonocytic leukemia PTPN11, CBL, NF1, NRAS, KRAS - T enitourinary
RAS-associated autoimmune leukoproliferation NRAS, KRAS Autoimmunity and lymphoproliferatio Hematopo ietic
Epidermal nevus syndromes (ENS) HRAS, KRAS; NRAS Epidermal nevi, eyes, skeletal, C

immelpenning-Feuerstein-Mims syndrome (SFMS)  HRAS, NRAS, KRAS Sebaceous nevi, brain, eye and
ICutaneous skeletal hypophosphatemia syndrome (CSHS) HRAS, NRAS ‘ Epidermal nevi, melanocytic nevi, hypopho:

.~ [Keratinocytic epidermal nevus syndrome (KENS) KRAS ! ‘ Keratinocytic nevi, brain, eye and skeletal abnor Gastrointestinal

Phacomatosis pigmentokeratotica (PPK) HRAS, KRAS, BRAF Speckled lentiginous and sebaceous nevus, bral

monocytosis, thrombocytopenia, and hepatosplenomegaly)

Failure to thrive, gastroesophageal reflux, intestinal malrotation, pyloric
stenosis

Hearing loss, laryngomalacia, cataract, strabismus

C ‘ph;iaérén‘iocurtggﬂe‘ous lipomatosis (ECCL) KRAS, NRAS | anomf“,'iﬁs;_Ski”NIQSEO"SA‘"?NEEE&F'?? Sensorineural
ulo-ectodermal syndrome (OES) KRAS epibulbar dermoids, a‘p”lasxacutlscongemm . | . S . : f | h d h l Ch . l H :
rham disease KRAS eurologic eizures, infantile spasms, hydrocephalus, Chiari | malformation, .
i ntellectual disability Challenging cases... New approaches
- Il A 1l A e A, IRAIEIEL sl i | [ 1 1 "
0 Endocrine Grggtllj‘lrgormone deficiency, hypoglycemia, delayed puberal spurt, short Treatment Reg|Stry

Carli D, Resta N, Ferrero GB, Ruggieri M, Mussa A. Mosaic RASopathies: A review of disorders caused by somatic pathogenic
variants in the genes of the RAS/MAPK pathway. Am J Med Genet C Semin Med Genet. 2022 Dec;190(4):520-529. PMID: 36461154. On IZIZIII|IZZIIg‘J,|r

Juvenile myelomonocytic leukemia, lymphedema

Patient engagement in the design of clinical ==
research in Noonan syndrome spectrum
disorders: a scoping review

Dagmar K. Tiemens'®, Jacqueline Nugteren', Erika Leenders?, Ellen Wingbermhle®>*,
Carina A. C. M. Pittens® and Jos M. Th. Draaisma'”
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