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SUMMARY

Summary

RASomthies comprise a group of disorders clinically characterized by short stature, heart defects, facial
dysmorphism, varying degrees of intellectual disability and cancer predisposition. They are caused by
germline mutations in genes encoding key compamentdulators of the highly conserved RAS

MAPK signaling pathwaydleadin generaio dysregulation of cell signal transmisBmnexample

germline mutations in the genes encoding members of the RAS subfamily of GTPases are associated
with variable pdnotypes of the RASopathy spectrum, ranging from Costello syndiRA® (
mutations) to Noonan ar@@hrdiofaciocutaneous syndromé@RASmutations)Only asmall number

of cases with germlinRAS mutations have been reporpedviouslyAffected individuaksxhibited

features fittingNoonan syndromeand the observed germline mutations differed from the typical
oncogenidNRAS mutations occurring as somatic events in turibes.first part of this thesis
describeshe genotype and phenotype spectadii9 previously unpublished individuals with a
RASopath due to mutations iNRAS. Importantly, three of them harbometssense mutations

affecting @2, which was previously described to occur exclusively in cancer. The phenotype in our
cohort was variable but \weithin the RASopathy spectrum. Further, one of the patientsf).G12

had a myeloproliferative disorder, and ind&vidual(p.G1R) exhibited an uncharacterized brain

tumor. This part of the thesiexpand the genotype and phenotype spectrum of geriNRAS

mutations and providevidence thaiRAS mutations do not spare the caressociated mutational

hotspots.

Noonan syndromisthe most common typ# RASopathieg\pproximately 50% of cases\afonan
syndromere caused by mutation®iFPN11Whiletheknowledge aboututatiors causing Noonan
syndromes steadily increasjriige molecular mechanismderlying the cognitive impairment seen in
patients with Noonan syndrongestill poorly understoodn the second part of this thesis the
generation ok newmouse model of Noonan syndrome is desciiita¢dxpresssthe hyperactivatl
proteinShp2s61Yfrom an endogenous locus in a restricted maneesitatory neurorad astrocytes

of the forebrain. Unlike mice with a global expression of this muttaiscstrain is viable and without
severe systemiopairmentsUsing dissociated hippocampal neymwagoundchanges in the release
of neurotransmitterfrom the presynagsand alterations in the surface expression of synaptic
glutamate receps, sggesting deficits in synaptic transmission and plestroity in the
hippocampus. Furthermore, we show thab#isal ERK phosphorylation level is increased and that
the activityinduced activation of ERK as well as the consequent regulation of gessgoBxisre
perturbedThis study uncovers the impaired actindycedERK phosphorylatiomnd downstream
gene expressiammurineneurons expressing the hypera&he®61Y and proposethat the abeant
activitydependent gene expression contributdsetpathophysiology of cognitive deficliserved

in Noonan syndrome



ZUSAMMENFASSUNG

Zusammenfassung

RASopathiemmfassemrine Gruppe kongenitaler genetischer Stérungen, die durch Kleinwuchs,
Herzfehler, faziale Dysmorphiund einen unterschiedlichen Schweregkadntiver
Beeintrachtigung sowie eine gewisse Tumorpradispositigekennzeichnet sind.
Keimbahnmutationen in Genen, die fur Signalkomponenten ddedulatoren des
hochkonservierteRASMAPK Signalwegs kodieren, werdend@ésserzellulare Dysregulation
und de Entstehung von RASopathierals ursachlich angesehen.Seltener sind
Keimbahnmutationen in Genen, die fur die Familie der RAS GTPasen codigremineinem

eher variablen Phéanotyp des RASop8&8iheitrums assoziiert. hga reicht da Spektrum von
CogdelloSyndrom KIRAS Mutationen) tber NoonanSyndrom und Cardiegfaciccutanes
SyndromKRASMutationen)Die bishergen BerichtéberKeimbahnmutationen NRAS sind

rar. Betroffene zeigen Noon#mpische Merkmale und die gefundendiRAS
Keimbahnmutationerunterscheiden siclhon dem bekannten onkogenen Spektrum der
somatischen Mutationen Tumorenab.Der erste Teil dieser Dissertation beschreibt 19 neue
RASopathid-allemit Mutationen IlNRAS. Dabei habenrdi der beschriebenen Patienten eine
Mutation an Bsition G12eine Position, an deuvor Mutationenausschlie3lich in Tumoren
gefunden wurde. Der Phanotyp der Kohertgeist sich als var@tiegt aberinnerhalb des
RASopathkspektrums Dieser Teil der Dissertatiosoll dasbekannte Genotyphanotyp
Spektrum arNRAS Mutationenerweiternund zeigt, dasBlRAS Mutationen ebenfalls an
bekannten Krebassoziierten Hotspots vorkomm&mnnen und nicht wie bisher angenommen

mit dem Leben unvereinbar sind

NoonanSyndrom gehdrt ebenfalls zur Gruppe der R&B@n. In circa 50 Prozent &étlevon
NoonanSyndromwerden kausale MutationerPiilPN11gefunden. Jedoch sind die molekularen
Mechanismen, die zu den kognitiven Beeintrachtigungen in NS fihren noch weitestgehend
unbekannt. Im zweiten Teil dieser Dissien wird ein neues Mausmodell aiiter Ptpnll
Mutationcharakterisigrivelchalie Uberaktivierende Mutation von einem endogenen Lokus und
exklusivin exzitatorischen Neuronend Astrazytendes Vorderhirnexprimiert Im Gegensatz
zur globalen Exprs®n dieser Mutation fuhrt dies zu einem lebensfahigen Phanotyp ohne schwere
systemische Beeintrachtigung. Anhand von dissoziierten neuronalen Kulturen dieses Mausmodells
fandenwir Hinweise fur Verédnderungen in der Ausschittung prasynaptischer Vesikahasow
veranderte synaptische Oberflachenexpression GhramatRezeptoren Dies sind
Mechanismen, diér die aktivitadtsabhangige neuronale Plastizitat von elementarer Bedeutung ist.
Weiterhinist die aktivitadtsabhangige Phosphorylierung von ggRt6rtund die darauffolgende
Regulation deGenexpressiorbenfalls beeintrachtigdiese Studiest eine der ersten, die die
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Folgender gestorteRASMAPK Signalkaskad® Gehirnanalysiertind spricht dafur, dass die
aberrante praund postsynaptische Kompasi sowie die Beeintrachtigung der Genregulation
durch die ERK Dysregulation durchaus zu mdogli¢tethomechanismeréhlen,die zur

kognitiven Beeintrachtigung in NS fihren kénnen.
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1. INTRODUCTION

1. Introduction

In 1962 Dr. Jacqueline Noonan first descrilede patients with similar facial features,
pulmonary valve stenosis and multiple anonadli@asmeeting of the Society for Pediatric
ResearchAt that tmegt he desi gnati on Owasa prevailifgufomalesr syn
resembling this phenotyplee described on the meetimg1968, ke was the first tdefine

this as a new syndrom&sociated with congenital heart defetish also affects femadesl

is clinically and etiologically different from Turner syndifdomman 1968In thesame year,

Kaplan and colleagues were the first ones to report a patiemt wo NoonanEs syn
(Kaplan et al. 1958\t that time the knowledge about Noonan syndidiBgwas still in its

very infancy but researthsstrongly progressed to the present time.

NSis a congenitaleveloprentaldisorderand one of the most common monogenic diseases

It is not without reasothatNSisc al | ed 6t he most common syndr
by the NS family support groupsDuring the last 15 yearsamy achievementsf basic
molecular genetresearclnaveincreased the knowledge aboutpghth@enesi®f NS and

many causative mutations halreadybeenidentified Howeverthe knowledge about the
detailedpathogenesis of NS is still sparse. To investigajertbtypghenotype correlations

and especially the mechanid@isindthe diseasspecific orgn dysfunctions still remains a
challenging task for basic resedaBaining deeper insight into pathogenessll of great
importancdor the establishment of possible clirtreatmentrials. Theaim ofmy thesisvas

to combine these two important reseéigttis thefirst partoutlines the clinical and molecular
spectrumin patients witha RASopathphenotypecaused by a germlimautation inNRAS,
whichwas published iAltmuller et al. (2017@)Genot ype and phNRADLt ype
germline variantso i n t he THesecang mad mytdesiur n al
focuseson neurondalterations caused agairof-function mutation iPtpd linvestigated

in anewly establish@douse modeRarts of this study wagpablished iltmuller etal. (2017b)
OAberrant n enduced signkling aandt gemearessyjon in a mouse model of
RASopat oy Gendtias. P L
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1.1. Noonan syndrome

1.1.1. Characteristic features and physical signs
NS is an autosomal dominant congenital disorder with antedtpnavalence of 1:1000 to
1:2500 livebirthsNS belongs to a class of developmental disorders, collectively named
RASopathies, which is linkeddweractivatinghutations in genes encoding for components of
theRASmitogenactivated protein/extracellutagnalregulated kinasR ASMAPK) signaling
cascade(Zenker 2011 Clinical manifestations include typicedniofacialappearance,
congenital heart defectgbbed neclgnd postnatakduced growth, cryptorchidism in males,
eye abnormalitigdsypotoniaand skeletal anomaliAsvariable degree dévelopmental delay
and intellectual disabilityhich is described in more detadection 1.2, belongs tdhe key
features of NStoo The typical facial features include~set posteriorly rotated ears,
hypertelorismiow posterior hairlindgroadforeheadand ptosigseeFigure 1.1)These very
distinctive appearandesad tofade with age making diagismoredifficult in adulthoodNS
characteristics are variable in expression and can manifest in almost @loonganset al.
201QTartaglia et al. 2010

Figure 1.1: Clinical photograph documenting the craniofacial phenotype of NS. NS patient with an
24N mutation in NRAS at the age of 10 years. Note the broad forehead, down slanting palpebral fissures,
ocular ptosis, hypertelorism and low-set ears that belong to the main characteristics of facial features in NS.
Moreover, he has a short and broad (webbed) neck and widely spaced nipples. This image is exemplarily
taken from the patient cohort described in Part 1 of this thesis and adapted from Altmuller et al. (2017a).
Written consent from the patient’s legal guardian for publication of the image was obtained.
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First possible hints for the clinical diagnosis of NS are prenatal findings like an increased nuchal
translucency, pleural effusions, a fetal heart defect, and/or polyhydramnios seen in ultrasound,
which can also complicate pregndRoperts et al. 20L& hildren regularlysal present with

feeding difficultiedailure to thrive, recurrent vomiting, and gastroesophageal reflux making
tubefeedingnecessary in severe cases. Typically the period of severe feeding problems is limited
and resolves after 18 mon{Reomano et al. 20L@fter trisomy 21, NS is the second most
common syndrome with congenital heart defects. The heart defects itself vary in severity and
characteristics with pulmonary stenosis and hypertrophic cardiomyopathy being most
frequently found(Prendiville et al. 2014A wide range of other lesions, including
atrioventricular septal defects and aortic stenoses, are also ¢badngih et al2010.

Usually birth weight and body length are normal, but a postnatal onset of growth retardation
and subsequent short stature with relative macrocephaly is comm(@RabedS et al. 20113

Puberty is usually delayed in both sexes and is characterized by a dinbeishlegrpwth
spurt(Romano et al. 20LHowever, a delay in the pubertal growth spurt does not necessarily
lead to short stature in adulthood, possibly because the time span when growth occurs is also
prolonged. Growth hormone deficiency can also occur. Grdaitiateon can be caused by
abnormalities in growth hormone (GH) and IGF1 sigrsihiog elevated serum GH levels and

low serum IGH levels are found imomeNS patients suggesting GH insensit{ityonan

and Kappelgaard 20Q15keletal malformations associated withyNiSally include scoliosis

and pectus deformitie§ he latteare observed in the vast majority, but usually do not require
surgical intervention. Scoliosis occurs in approximately 10% of patients. Other bony defects,
such as vertebral anomalies, occlamafrequencyTartaglia et al. 20101ore than 80% of

the affected individuals display abnormalities in their visual fuketawimg loss ieported

less frequentlyub data are variabl@remers and van der Burgt 1932 et al. 1998 artaglia

et al. 2010 Ectodermal anomalies and lymphatic dysplasia are also cdimenoutaneous
involvement can include keratosis pilaris/hyperkeratotic skin, sparse djebraghs et al.

2010. Lymphatic issues in NS are estimated to accaibout 20% of the cases including
peripheral lymphedema, hydrops, and lymphangiectasis, complicating the management of these
conditions(Romano et al. 2000’ he typicafacial features and other characteristics like the
webbed neck (pterygium colli), wiekglgiced nipples and cryptorchidism in males are believed

to result from lymphatic obstructions or dysfunction during embdewretopmeniRoberts

et al. 2013 Infants with NSftenalsopresent with hematological disorders glédsy bruising

and bleeding diathedgisie to coagulation defedtsratz et al. 2011Kratz et al. 2035
Individuals with N@lsohave a slightly increased risk to develop neoplasias, depending on the
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specific gene mutation. Recurrently observedshi®iated neoplasias include juvenile
myelomonocytic leukemia (JMML), gialhtesions of the jaws, rhabdomyosarcoma and brain
tumors(Tartaglia et al. 20enker 2011Strullu et al. 201Kratz et al. 20)5IJMML, a severe
myeloproliferative disorder of infancy, is particularly associated with mutations of the RAS
MAPK pathway with somatic mutations IRTPN1]1 KRAS and NRAS, and loss of
neurofibromin function accounting for a majority of qdemeyer 2034Somati® TPN11
KRAS,andNRAS mutations found in JMML are assumed to have a stronger impact on cellular
physiology, wbh implies their incompatibility with life, if these mutations occur in germline
(Tartaglia and Gelb 2010

1.1.2. Neurodevelopmental deficits
In an early studyi1992 that included 151 individuals with clinical signs of NS, a delay in
achieving motor milestones was commonly described: Unsupported sitting is reported with 10
months and walking with 21 months of mear{@tggrland et al. 199Zhis can be attributed
at least in patb hypotonia often observed in thebédren(Tartaglieet al. 2020Individuals
with NS tend to be clumsier dmalve a poor coordinatigwood et al. 1995

Language impairments are commaomong individuals with N&irst spoken twavord
sentences occur aaneage of 31 montliSharland et al. 1992Zhe verbal abilities are usually
slightly impaired, while the visual and spatial domains of learning and aneralatyvely
preservedLee et al. 2008\lfieri et al. 200)1This makeshildhood intelligence an important
predictor of adult intelligence. While the cognitive performance of individuals with NS
generatan reach a normal level in adulthood, the verbal 1Q does not develop proportionately
and requires additional support for the improvement of verbal skillssefomest of the
difficulties during childhood tend to ease in adultlfBoélofs et al. 20L6Most affected
individuals have normal to low 1Qs between 7@ a@dwith a mean 1Q of 84. Of note, 10%

to 40% of individuals with NS require special education and IQ is usually about 10 points lower
than the familial backgrourfdan der Burgt et al. 199%e et al. 2005Memory &sks
depending on prefronthlppocampal networks are more challenging for individuals with NS
than tasks depending on cortical regi@respont et al. 20LRAttention deficithyperactivity
disorder (ADHD) has been reported, t@gerhoeven et al. 2008Social interaction
impairments, alexithymia (the inability express its own emeatna@pblems iremotional
perceptionhave been reported, t@derhoeven et al. 200&hildren with NS often show
stubbornness. Individuals with NS can h#s@e a poor sedfisteem, depression, and social

4
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inadequate behavior, but reported data are lifRideadano et al. 20LQack of social lifand
theinability to fit ino it representhe main prol@m However, rost individuals descritieeir
guality of life as satisfactory or golite majority ofdults with NS finishes high school and
has paying jobs, contributing to a good quality ¢sheav et al. 200Romano et al. 20110

1.1.3. Genotype-phenotype correlations in NS

Up to now B genes aralready identified to cause RSPN1]1SOS1RAF], RIT1, KRAS
CBL, NRAS, SOS2BRAF, LZTR1, SHOC2 MEK1, and RRAS (in descendinfrequency
according tahe NSEuroNet Databag®ava et al. 200Aoki et al. 20LRoberts et al. 2013
Flex et al. 2014ramamoto et al. 2019mportantly, all genes encode for members or
modulators of thRASMAPK signaling cascadidore than 50% of the mutations causing NS
are found ilPTPN11 encoding for the Protein Tyrosine Phosph&HE&2 These mutations
are typically gawf-function (GOF) mutations clustering in importaregulatorydomains of
SHP2that shift the proteirconformationtowards a constitutively active s{@tataglia and
Gelb 201D

Distinct genotypphenotype correlatisemergedn NSduring the past decaflggure 1.2
Mutations ilPTPN1lu sual | y ¢ a u s eassodiated wvitle distinstdacia fedtuées, N S
short staturandheart defedtypically pulmonary valve stenosiatrial septal defecisgctus
deformities,bleeding disorders, and predisposition for JMNterestingly, PTPN11308
mutationsvere found to be less frequently associated with cognitive impairceanisarison
to otherPTPN11mutationghat areassciated with strongeognitiveimpairmentgPierpont

et al. 200Roberts et al. 20L& contrastmutdions iNKRAS are considered to lgenerally
morevariable including more severe intellectual impai(@ena et al. 20P6Viutations in
SO3g are linked tanarkedskin abnormalitieas found inCardiofaciocutaneogyndrome
(CFCS)and pulmonary valve stenosimjt patientsusuallyshow linear growthand a low
prevalence of cognitive impairménartaglia et al. 200Lepri et al. 20)1Hypertrophic
cardiomyopathies frequently occur in NS patient&WiE1 mutationgPandit et al. 200Zee

et al. 2011 Mutations irBRAFare typically associated VGHCS(segparagraphi.2.), but are
also foundn severe formof NSwithneongal growth failurevariable feeding difficulties, short
stature, dysmorphic facial features,-toildoderate cognitive deficitlevelopmental delay,

skeletal anomalies and hypot@é&kozy et al. 200%e et al. 2011
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Genotypephenotypecorrelationf rarer mutationare still preliminargnd call for further
investigationsespeciallypubtypes of NS thare not caused by mutation®iPN11a much
lower general prevalendéhus, only a limited number of casesestudied andt is not

possible gt to draw reliable conclusions

1.2. RASopathies

RASopathies arecentl\been introduced as a collective terdetscribe the group of genetic
disorders with dysregulation of the RWSPK pathway as the common underlying mechanism
(see Figure 1(Z)dyman and Rauen 20a¥ which NS is the most frequent ¢Rauen 2033

The dher congenital disorder® aarebut especially in the first years of life, the phenotypic
overlaps are highetween the single conditiomsd a cleadistinction between the single
conditionds not always possibtéowever, each syndrome is characterized by its own features.
Interestinglythe comparison of cognitive abilities in all RASopathies shows a clear trend that
mutations in components of the RIMBPK pathway located upstream of RAS in the cascade
have only a milder effect on cognitive abilities. Mutations in signadioglesalownstream of

RAS show more sever impairments in cognitive alj@iéiearini et al. 2009

Cardiofaciocutaneous syndrome (CFG®MIM: 115150s a vey rare condition caused by
mutations inBRAF, KRAS MEK1, andMEK2 Epidemiological studies providing a clear
prevalence in Europe al&cking,as it is true for most of the RASopathies. CFCS is
characterized by distinctive facial appearance, cardiacmat@fs, ectodermal,
gastrointestinalpcular, and musculoskeletal abnormalities, and short stature. Affected
individuals have very thin and usually curly hair and dystrophic nails. Cognitive delay ranges
from mild to severe but is typically significantiye severe than in NBauen 1993idyman

and Rauen 20D9

Costello syndrome (CS OMIM: 21804p is charact&zed by severe postnatal feeding
difficulties and resulting failure to thrive during infancy, short stature, developmental delay,
intellectual disability, heart defect, macrocephaly, and increased risk for the development of
neoplasias. The typical-N& facial features are present, but the traits are coarser and affected
individuals usually have loose soft skin with deep palmar and plantar creases. Mutations are
exclusively found IHRAS (Gripp and Lin 1993 idyman and Rauen 2009

Noonan syndrome with loosen anagen hair NSLAH, OMIM: 60772) is caused

exclusively by mutations $HIOC2, also known ablazzantisyndrome Affected individuals

6
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present withfacial features typical of NS, short and webbed neck, redundant skin, hypernasal
voice, enlarged cerebrospinal fluid spaces, mild psychomotorhgetagctivity,and
ectodermal abnormalities with generallyydpigmented and hairless skin. The hair is easily
pluckable, sparse, thehpw growingandusuallysilverblond. Growth hormone deficiency is
frequent. Developmental delay and intellectual disability tend to be slightly more pronounced
than in NS in gemal (Mazzanti et al. 2003ordeddu et al. 2009

Noonan syndrome with multiple lentigines(NSML, OMIM: 151109 formerly known as
LEOPARD syndrome is a rare autosomal dominant disordexcibmynstands for multiple
LentiginesEKG abnormalitiespcular hypertelorisnpulmonary valve stenosahnormal
genitaliayetardation of growthand deafnessand together with mild intellectual disability
describe the main characterisbéstinct nutations irPTPN1landRAF1are known to cause
NSML.In contrast to NS, mutations®TPN1lcausing NSML result in reduced SHP2 catalytic
activity(Gelb and Tartaglia 1993dyman and Rauen 2009

Neurofibromatosis type 1 (NF1OMIM: 16220pis an autosomal dominant disorder chuse

by heterozygous loss of NeurofibronNR.1 is characterized ltlge presence @ix or more

café adait maculesaxillaryfreckling,and later on the development of multiple cutaneous
neurofibromas and iris Lisch nodul€be NSlike facies, c®liosis, darning disabilities,
macrocephalygnd a certain tumor predisposition are accompanying the skin abnormalities
(Friedman 1993 idyman and Rauen 2009

Legius syndrome (LS, OMIM: 611431 or NFl-like syndrome is associated with the
heterozygous loss &PRED1land a very rarautosomal dominardondition. An exact
prevalence is not knowits characteristics comge multiple café au lait spots without
neurofibromas or other tumor manifestations typical forAtfditional clinical manifestations
includefreckling, lipomas, macrocephaly, and learning disafildidevelopmental delay

(Stevenson et al. 199&lyman and Rauen 2009

Neurofibromatosis-Noonan syndrome (NFNS OMIM: 60132)L harbors traits of both
syndranes but patientsnormallyhave a singldF1 mutation. Doubldneterozygosity faMF1
andPTPN11mutations rarely cause NFN&ually patients present with lower incidence of
plexiform neurofiboromas, skeletal anomaimernal tumors, thé&Stypical facie and
congenital heart defd@artaglia et al. 2010
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Figure 1.2: Genotype-Phenotype correlation of RASopathies. Each disorder is linked to mutations in
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RAS-MAPK signaling causing RASopathies are depicted here. Colors represent the different syndromes. The
thickness of the arrow is related to the frequency of mutations causing the respective syndrome. This figure
is adapted from Prof. Dr. Martin Zenker.
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1.3. SHP2 and the RAS-MAPK signaling cascade

In the followingmore details about the molecular functions of SHP2 and th&RRAS

signaling cascade are provated depicteth Figures 1.3 and14.

1.3.1. RAS-MAPK signaling cascade

In general, the MAPK signaling cascade is a highly conserved pathwaysthates
extracellulastimulivia cytoplasmic signaling protémikie nucleus. Itis involved in the control

of many célilar processes such as growth, proliferation, differentiation, migration, and
apoptosis. MAPIsignalingan be activated in response to cytokines, hormones, and growth
factors binding to cell surface receptorsiatedacts with other cellular signaliathpyays
resulingin its complex regulatioBysregulation of this cascade is associated with RASopathies

and, most prominently, various forms of cancer. MAPK pathways are constituted -of a three
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tier kinase module in which a MAPK is activated upon phgktwr by a mitogeactivated
protein kinase kinase (MAPKK), which in turn is activated when phosphorylatet ggra
activated protein kinase kinksmse JIAPKKK). There are several MAPK pathways known,
and the best studied mammalian cascade RABRARERK pathway(see Figure 1.4)
(Dhillon et al. 2007 All MAPK pathways can be divided into five steps that are explained in
detail in the following for the RASAFERK pathway.

Activation of the cascade

Ligand binding tthe extracellular domain of the transmembisaneine kinase receptors on

the @ll surface leads to the dimerization andmdsphorylation of thatraceular domains

of the receptor This autophosphorylation is required for the recruitment of the signaling
complex composed gluanine nucleotide exchange fag@EsFs)Son of sevenless 1 or 2
(SOS12) and the growth factor recepbmund protein 2 (GRB2GEFs at the plasma
membrane catalyze the release of guanosine diphosphate (GDP) from the -birndiagide

pocket of RAS. Free RAS rapidly binds guanosine triphosphate (GTP), which is in excess in the
cytoplasm. The GFPound RASasthe active form cantigract with its downstream target

RAF and activate (Quilliam et al. 199%artaglia et al. 20110

The G-Protein: RAS

More than three decades ago, the Rat Sarcoma Virus (RAS) genes were first described and
identified as key players in tumorigenesis. HaKiesterr and neuroblastorRAS HRAS,

KRAS andNRAS) encode for the three highly homologous mesydfghe mammalian RAS
subfamily of small monomeric GTPdBasbacid 19§7However, the entire RAS superfamily
consists of more than 30 human géWsmnerberg et al. 2Q0BAS proteins belorg the

group of small GTPaseshichpossess a lowatrinsic GTPhydrolysisactivity and thuare

capablef thedephosphorylain ofa GTP molecule bound to theircleotideébindingpocket

to GDP. These small GTPases act as molecular s\seh&sguré.3), as specific changes in

their threedimensional conformatiodepending on the binding of either GTP or GDP
determine their capacity to biaald activatedownstream signaling molectuiles RAF.The

major conformational changes involve the Switcth Seuitch 1l regions of RABatbindto

the &phosphate of GTP. After GTRydrolysisthe switch regions return to a relaxed
conformationRAS activity is regulated by two different classes of enzymes that regulate cycling
of RAS proteins between a GIbBund inactive conformation and a Gddund adtve form:

GEFs that induce the exchange of GDP by GTP (see abfmemsby promoting RAS
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activation, and GTPase activating proteins (GAPS) that accelerate the relatively low intrinsic
GTPase activity of RABerebyreturning tats inactive conformatiomhe interaction of RAS

with receptor associated GEFs is significantly facilitated by RAS prenylation, which leads to its
targeting to the plasma membrane. Activad&tienpromotes the translocationRAF to

the plasma membrane, where additional phodation events promote the full activation of

RAF (Vetter and Wittinghofer 2000artaglia and Gelb 2QTG@rtaglia et al. 20110

Neurofibromin and Spredire involved in negative feedback loops regulating/lRRE
signaling byncreasing the GTPase activityRé{S Neurofibromin contains a GAielated
domain and is known to act as a brake on cellular signaling through-MaAR¥®\&ascade
through its function as GAP for RA®e bss or inactivation of neurofibromin can lead to an
unconstrained cell proliferatibfrovo-Marqui and Tajara 2Q00&pred&cts in a similar way
as a braken RASMAPK signalingFigure MD). Spred proteinsanform a complex with
RASand in this waguppresghe phosphorylation and activat®AF (Wakioka et al. 2001

MAPKKK: RAF

RAF1 (CRAF) ARAF andBRAF are seringhreonine kinasdahat function downstream of

RAS. Under basal conditions, the inactive state of RAF is radibaihe binding of 133

dimers. The recruitment of RAF to the plasma membrane, which is initiated by (&TiRated

bound RAS, is an essential step in its activation and depends on the concerted action of the
RASBInding domain (RBD) and the cysteink domain CRD of RAF. Via the RBD RAF

can interact with the effector loop of RAS isoforms that are themselves anchored to the plasma
membrane. Once recruited to the plasma membrane the inhibBe8ybirtling dissociates.

Then RAF is phosphorylateditst activation loop, undergoes conformational chaanggts
dimerizes, leading to its full activation at the plasma membrane. RAF kinases phosphorylate and
thereby activate the dual specificity kinases MEK1 and MEK2 as their main downstream targets
(Baljuls et al. 201Bavoie and Therrien 2015
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Figure 1.3: Schematic diagram of RAS activation and deactivation. (A) In the inactive state has bound
GDP and the switch | and switch Il regions, displayed as the small arms, remain in a relaxed conformation.
(B) A GEF is needed for GDP to be released. A new GTP molecule can bind to the active site. (C) The GTP-
bound state is stabilized by backbone interactions of the y-phosphate of GTP in two sequence motifs
located in the switch | and switch Il region and. (D) The intrinsic GTP hydrolysis of RAS and a GAP function
together to eject the GTP molecule and to return the protein to an inactive state. The release of the y-
phosphate (P) after GTP hydrolysis allows the switch regions to return to the relaxed conformation. This
figure is based on Vetter and Wittinghofer (2001).

MAPKK: MEK

MEK1 and MEK2 are duabecificity protein kinases thet activated by phosphorylation of

two Serine residues (S218 and S222 in MEK1) in their activation loop. Upon activation, MEK
mediates the phosphorylation and activation of human ERK1/2 at Tyr204/187 and then
Thr202/185. Interestingly, ERKs are so fardhly known physiological substrates of MEK
(Shaul an&eger 200.7/Moreover, MEK functions as a cytoplasmic anchor and nuclear export
shuttle for ERK(Fukuda et al. 1997

MAPK: ERK

ERK1 and 2 arserine/threonie protein kinases and modulate the activity state of many
cytoplasmic and nuclear proteMEK1 and 2 catalyze the phosphorylation of ERK1/2, which
is required for the enzymatic activation of ERK1/2. Whereas RAF and MEK have narrow

substrate specificitigsRK1/2 have hundreds of cytoplasmic and nuclear substrates including

11
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regulatory molecules and transcription fadusca et al. 2016ERKs function and

downstream signaling targets are explained in more detail in the following chapter.

1.3.2. ERK nuclear translocation and regulation of gene expression

The transient nuclear translogatd ERK is required for the regulation of gene expression in
response to growth factor stimulatigBrunet et al. 19%9 The MEKdependent
phosphorylation of ERKs necessary, but still not sufficient forrthelear translocation of

ERK and gphosphorylatiofindependent event or component is needed additi@Daligt

and McArdle 2010 MEK and many ERK substrates contain a Docking (D) domain or DEF
(docking site for ERK and FXFP) that are made of a cluster of positively charged residues with
two or more hydrophobic residues and serve as specificity determinants inn&Rlg sig
(Raman et al. 200MEK functions as a cytoplasmic anchor for inactive (ERkuda et al.

1997. Due to its nuclear export signal (NES), MEK is mainly cytosolic. Upon adbyation
phosplorylation MEK phosphorylates ERK enablingittdissociation and translocatioin

ERK into the nucleu§-ukuda et al. 199&dachi et al. 1999ERK does not contain intrinsic
nuclear localization or export signals and depends on the dynamic association with a huge
variety of proteins for its proper subcellular targétmg Kriegsheim et al. 2Q0ERK

activated by phosphorylati(pERK) can either translocate into the nucleus as a monomer by
passive diffusion or as a dimer requiring active transport througifRRm s e-importins A

or direct interaction with the nuclear pore complex (NR&Z) et al. 2004 The passive
transport is energyand transport factendependent and involves ERK binding to
phenylalanineepeats of nucleoporins in the NERaman et al. 200¥Whether ERK has a

nuclear anchor is still under del§ateii et al. 2004 The nuclear export of ERK is primarily

not based on neproteinsynthesis. Furthermore, MEK, the upstream pasfrieRK is also

able to shuttle between the cytosol and the nucleus and is suggested to be involved in the nuclear
export of ERK. It is suggested, that the nuclear export of ERK involves -dégEkdent,
activeexportmechanism. Inactivated ERK prefegdhytibinds to MEKwhichis one way to

rapidly export ERK from the nucle@8dachi et al. 20D0Targets ofpERK include
transcription factors, cytoskeletal prateregulatory enzymes, and other kingSB¥s are

capable of modulating gene expression by phosphorylating transcription factors and other
activating kinases, which then phosphorylate proteins involved in gene efpeassamnet

al. 2001 There is a huge variety of possibilities of ERK activation and modulating gene

transcription, as well as other nuclear and cytoplasmic downstream effects of ERIK activati

12
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1.4. NRAS mutations in human disorders

RAS genes are frequently mutated in malignancies. While mutations in individual RAS genes
haveadifferent prevalencelmuman cancers, their oncogenic mutations almost invariably affect
codons 12, 13, and 61, legdio constitutive activation of the transducer and upregulation of
downstrearsignalingpathway$Bos 198P NRAS harbors the second most sdim mutations

reported in cancgForbes et al. 20L%omatic mutations NRAS are found in more than

15% of skin cancer and affect almost 10% of hemato@widtigmphoid cancer and more

than 6% of solid tumors in thyroid and meninges (COSMIC Dafatwdss et al. (20)5pf

the malignancies affecting hematopaeticlymphoidissuesNRAS mutations are found in
approximately 20% of patients with juvenile myelomonocytic leukemia (JMML). This aggressive
pediatric myelodysplastic syndrome is characterized by its early onset in childhood and usually
severe progressi@Flotho et al. 199Qauchle et al. 20p@dditionally The Cancer Genome

Atlas Research Network (20&lyzed the genomes of 200 clinically annotated adult cases of
de nowazute myeloid leukemia (AMRMIM 60162Hand identified recurrent mutations in the

NRAS gene in 15 samples.

The congenital melanocytic nevi syndrome (CMNS, OMIM 137550) can baesalddya
mutations iMNRAS. Here, the somatic mutations are restricted to codor\BAS and are

found in a mosaic fashion in the affected tissues, but not in blood samples of the patients, which
excludes the possibility of germline mutations. The ouiobEmutations in members of the
RAS-MAPK pathway in a somatic mosaic patteeni sed t er m O(poskeraet ¢ Ras
al. 2018

In 2010, heterozygous géna mutations ilNRAS were identified as a rare cause of NS
(Cirstea et al. 20L@ total number ofdpatients froni3unrelated families have been reported
previouslyCirstea et al. 201Digilio et al. 201, Runtuwene et al. 201Denayer et al. 2012
Kraoua et al. 201Ekvall et al. 20)3mportantly the reportedRAS mutations causing NS
do not affect the oncogenic hotspots and appear to be functional hypomorphs compared to the
cancefassociated somatic mutati(@sstea et al. 201Runtuwene et al. 2QTlenayer et al.
2012. It was previously assumed that germline mutatioN®RAS affectingthe known
oncogenic hotspots in codons 12, 13 and 61 are not compatible ant hfeght lead to
embryonic lethality. We were able to present the first report to show that appanasanon
germline mutations INRAS affecting one of these hotspots for ayenic variants may be
compatible with life and lead to a clearly recognizable RASwpaibtypdAltmuller et al.
2017
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1.5. Molecular functions of SHP2

Phosphorylation of tyrosine residues of extracellular receptors as response to external stimuli
or intracellular proteins is a major mechanism to control signal transduction and activity states
of proteins as intracellular signal transducers. The tight cahpbbsphorylation and

dephosphorylation events by protein tyrosine kinases and protein tyrosine phosphatases

respectivelyepresents an important mechanism in controlling intracellular signal transduction.

The Src homology2 (SH2) domain containingrogrosine phosphatase SHP2, encoded by
PTPN11 is one of these signal transducers controlling the phosphorylation state by
dephosphorylating intracellular interaction partners. Together with SHP1, it comprises the small
family of SHZontaining nowecgtor protein tyrosine phosphatases. SHP2 consists of two
tandem SH2lomains (NSH2 and €SH2) located at the-términus followed by a protein
tyrosine phosphatase (PTP) catalytic domain andeani@al tail with twotyrosine
phosphorylation sites and alprerich stretch (Figured®). TheD’El oop connecting
sheets of the #$H2 domain is able to insert into the PTP domain’s catalytic site. This change
in the conformation serves as intramolecular switch. Within tHedp Ehe amino acid D61

is located and is able to form hydrogen bonds with the amino acid C459 of the PTP domain,
thereby inducing the conformational change andrdnilbition of the protein resulting in the
OOFRst ated of 4MBHBadord@amdiNgeulO3bof &t al. 1998\eel et al. 2003

The bindingof phosphetyrosinecontaining dtvators like the GRB&ssociated binding

protein 1 (GAB1) to the SH2 domains weakens the intramolecular interaction b&wWeen N

and PTP domain. A conformational switch makes the catalytic pocket available for its substrates
and the phosphatase is infits n ¢ t i osntaalt ed004T).FThegeBH2alomain is not

directly involved in ligand binding but regulatepdésificityHof et al. 1998 TheC-terminal

tail of SHP2 can mediate the interaction with SH3 deroataining proteins, although the
precise role remainsclear. Via thewvo SH2domains, SHP2 is able tmdbiselectively to
phosphotyrosineesidues and promote the association with cell surfacerss@glitadhesion

moleculesand scaffolding molecul@&eel et al. 2003

14



1. INTRODUCTION

A B inactive C active

= oo

[
Y Substrate
P

Py e ]

receptor extracellular

e = |

> intracellular
_GRB2_=
D> [ —

e @7
5
x
i
P B
4

ERK1/2
3 B

C byt 4 .- —

l nucleus
ERK1/2
P P

N e S

activity-dependent gene regulation

Neurofibromin

E  NS/JMML

Figure 1.4: SHP2 structure and major components of the RAS-MAPK pathway. (A) SHP2 consists of two
tandem SH2-domains, a PTP-domain and a C-terminal tail. (B) In the inactive state, the N-SH2 domain binds
to the PTP-domain and renders the phosphatase in the closed conformation. (C) The proximity of a
phosphorylated activator changes the conformation of SHP2 and opens it, making the catalytic cleft of the
PTP domain available for substrates to be dephosphorylated. (D) Schematic representation of the major
components of the RAS-MAPK signaling cascade. Molecules shown in light-grey have a positive modulatory
role in signal transduction, while molecules displayed in dark-grey are involved in negative feedback
mechanisms. (E) Mutations leading to NS or JMML predominantly affect the binding interface between the
N-SH2 domain and the PTP domain leading to a constantly active state of the protein. This figure is based
on Tajan et al. (2015).

SHP2 is one of the very few PTPs displaying a positive functignaintsnsduction: It

promotes the activation of the RIM&PK signaling pathway and was shown to be necessary

for maintained ERKactivationSHP2is known to act upstream of RAS (Figure 1.8B2
canfunctionas an adaptor protein and binds to phospbsitye residues of the GRB®S

compl ex, thereby promoting SHP2@Qulliamstaloci at i
1995 Tartaglia and Gelb 201Boweverthe precisenechanism dhe activation of thRAS

MAPK signaling cascade is still oompletely cleatnder which conditions SHP2 binds

directly to the GRB30OS complex recruited to actidalRTKs or whether a@yrosin
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phosphorylated substrate is needed is poorly undefB&gaa et al. 201.5However, SHP2
was recently shown to act on phosphoryR#e€l Phosphorylated RAS has a lower affinity for
its effector RAF that in turn leads to a reduction in activated downstreWARKSignaling.
SHP2 binds to Stinducedyrosinephosphorylated RAS and dephosphorylates it, promoting
the binding of RAS toAF and the subsequent activation of downstrearM®®XK signaling
(Bunda et al. 20150ther kown substrates of SHP2 are moao dualphosphorylated

interactiorpartners. Examples are:

- SproutySproutyis phosphorylated atconserved tyrosine residue in its atermoinal
domain in response to grow#cttor stimulation. This phosphorylation site functions
as a binding site for the SH2 domain of the adaptorutel&®B2 It prevents the
binding of GRB2 to SHPZ he recruitment of the GRERDS complex to SHP2 is a
necessary step in the activation of RAS and the sequestration of GRB2 by Sprouty is
known to inhibitsignaling events downstream of RAS. Tdphasphoration of
Sproutyby Shp2 prevents the inhibitory action of Sprouty orNRREXK signaling
(Kim and BaiSagi 2004

- PDGFR SHP2 can dephosphorylate tyrosine kinase receptors like PDGFR on specific
phosphetyrosineresiduesThese phosphorylated residuesliate the recruitment of
p120 RasGAP (a GTPamdivating protein), which triggers the release of GTP and
subsequent RAS inactivatidhe dephosphorylation of PDGFR by SHP2 results in
the exclusion of RasGAP frosignaling complexes and thereby supports RAS

activation.

- SRC kinaseThe SRCdependendctivatiorof RASMAPK signaling can be promoted
by SHP2whichnegatively reguéstthe recruitment ofhe kinase CSKrajan et al.
2015.

The humarPTPN11gene consists of 15 coding exwitls an open reading frame of 1Bp9

The resultingorotein has593 amino acids. Little is known about promoter or regulatory
sequencesnd transcriptional regulatig@rossmann et al. 201&HP2 is highly conserved
between species. Corkscresvyis the orthologuef SHP2in D. melanogasied fip-2 inC.
elegaNeel et al. 2003The loss of SHP2 results in embryonic lethality and severe defects in
gastrulation throughout different speaiekiding mic@llard et al. 199&lerbst et al. 1996

Gutch et al. 19980pling et al. 200Bonetti et al. 201 Fajan et al. 20L55HP2 is ubiquitously

expressed already in embryonic tissdes involved in heart development and hematopoiesis
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(Lauriol et al. 20)5Moreover, SHP2 plays a pivotal role in neurodevelopment determining
neuronal progetor fate decisions and patterning of cortex and ceref@Huthier et al. 2007

Ke et al. 20QHagihara et al. 2008HP2 plays important roles in energy expenditure and
energy homeostasis, insulin regulation and glucose metéhibkem and Myers 20114
Inducible Shp2 knockout mouse models further demonstrated an important function of SHP2
in bone, skeletal and cartilage development as well as muscle dev@optagdis et al.

2004 Bauler et al. 20,lKamiya et al. 20).Based on specific diseasadels, many futions

of SHP2 during development and adulthood could be already linked to dysregulated cell
signalindTajan et al. 2015

1.6. PTPN11 mutations and SHP2 dysregulation in human disease

RASopatmassociatednutations inPTPN1lare almost exclusively missense chdhges
cluster inimportant functional domains. Biochemical and functional characterizations of
diseas@ssociated mutations support the view of perturbdeR Sthction bydistinct
mechanism@ artaglia et al. 200 Typically, the mutations disrupt the binding interface of the
N-SH2 and the PTBomain, thereby destabilizing thinding network and preventing SHP2

to form its inactive closed conformation (Figud& )L The protein in theconstitutivelyopen
conformatiorresults in an increased phosphatasetydilutated amino acids participate in
hydrogen bond network. Suhgtons onthesepositiors can disrupt the dH2/PTP domain
binding interfaceas explained for the hydrogen bond of the amino acids D61 and C459,
accounting for enhanced basal activity of the prGtier known mutations alter the binding
specificity otheflexibility of the NSH2 domairiKeilhack et al. 20p®ueto the positive role

of SHP2in the RASMAPK signaling cascade it is well establishedPTaNIL GOF
mutations lead to a hyperactivation of ERK1/2 in several cell types under basalvsthss

upon stimulation by several agonists. However, the precise molecular mechanisms remain
poorly understoo(Araki et al. 200#ragale et al. 2Q0eilhack et al. 2008ishi et al. 2009
Bonetti et al. 2014ee et al. 2014

Somatically acquir@d PN1Imutations occur in hematological cancers and other mzikgna

Most frequently mutated amino acid positions in cancer are E76, A72, D&b0and
(COSMICDatabasd-orbes et al. (2035 heidentification of GOF muteins in solid tumors

and leukemia highlightdeTPN1las a new protoncogene. Mutations iIRTPN1lare
particularly associated with juvenile myelomonocytic leukemia (JMML), a rare type of leukemia
that may be associated with NS or occur as isolated spemglasia, and other forms of
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leukemialThe D61Y substitution RTPN1lgene was identified as somatic mutation in patients
with severe sporadic JMMTLartaglieet al. 2003 Importantly,JMML can be also caused by
activating mutations MRAS, KRASand loss of function ®feurofibromin all known to have

an activating function on RASAPK signalingTajan et al. 2015

In NS, amino acids iBHP2most frequentlgubstitutecire N308, Y63, D61, Q79, avid04
(NSEuroNet databasdyS-associated mutation cluster at the same domains as oncogenic
mutations observed as somavents in cancer, but individual amino acid substitutions are
usually different between somatic and germline mutati®i$’hllprobably related to a
different degree of activity of the resulting mutant protein. Germline mutations observed in NS
with JMML result in an intermediate activity of SHP2, which would explain the usually benign
clinical course and spontaneous regression of the leukemia compared to the clinical course
observed in isolated JMML. It is believed that$$éBciated germline mutatidrare a
tendency to cause mildeOF effects than somatic mutations found in cafieetaglia et al.

2003 Keilhack et al. 200Biihori et al. 20Q5Tartaglia et al. 2008Voreovey germline
mutations affecting amino acids D61 and T73 in NS patiersigificantly associateih

an increased risk of JIMM&trullu et al. 20)4An increase in ERK phosphorylation due to
hyperactivation of the RABAPK sigraling cascade was shown for cell lines, neuronal and
other tissues overexpressing dSMML-associateshutants oPTPN11(Tartaglia et al. 2003

Araki et al. 200De Rocca Seddedelec et al. 2012The hyperactivity of RASAPK

signaling is thought to be causative for NS pathogenesis

1.7. NS-associated animal models

Several animal models for NS and ot&oRathiehavealreadypeenestablishedependent

on theresearch focug\nimal models of NS were shown to recapitulate several abnormalities
seen in human RASopathies such as cardiac,dddeetsl and hematological anomalies (Table
1.1). However, only few animal models were used to investigate neurodevelopmental and
neurocognitive aspects previoudige importantimitationfactor in the use of the animal
models is the reduced viabiktyd survival of animals with homozygousonstitutive
mutations in theRASMAPK pathway. Conditional models and restricted expression of
RASopathyrelated mutations help e@ercome the lethality and provadsuitablenodelfor
theinvestigation athe effectof a mutationn clearly defined tissues or org8eseraanimal

studies were already able to demonstrate that inhibition of ERK phosphorylation by the
inhibition of its upstream kinase MEK is able to rescue fully or at least in part phenotypic
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features in NS models, such as the cardiac defects, craniofacial malformations, and growth
defectgKrenz et al. 200&raki et al. 200®akamura et al. 2009 Rocca Serdedelec et
al. 2012Leeet al. 2014

Recentlytwo mouse modslwith a constitutive knockn of the NSassociatethutations
Shp2%¢ and Shp2*8P, respectivelyvere published. Both animal models shdeathing
deficits Additionally, th&hp2®° model also display@dpdrments in synaptic transmission,

as well as increased ERK activation in the brain. In this theglenotype could be reversed

by the application of MEK inhibitors decreasing the phosphorylation rate of ERK and
normalizing synaptic functidhee et al. 20J4Normally it would be expected that the
increaseRASMAPK signaling would enhance the respective neuronal fungimovesver,

the elevated signalilgves due to hyperactive RABAPK signaling severetiysturb the
physiological propertiehustheimpairments in neuronal functioefiectat least in pathe

complexity of this signaling cascade

Results obtained from animal experiments offer the opjipttuperform a preclinical screen

of possible pharmacological treatment strategies in aotangietd manner. Prior to the
initiation of clinicastudies on patients with NS, it is inevitable to test the respective drugs in
applicable dosage in angrtdbwever, only a few drugs pass the preclinical. Seneexample
PD0325901 is a very potent and selddisk inhibitor derived from benzhydroxamate esters
leadingo the inhibition of ERKBarrett et al. 2008PD0325901 islready used mclinical

phase 2stud/ on patients with NF1(https://clinicaltrials.gov/show/NCT02096471)
Furthermoreit is tested in clinical phase 1 studies on patients witltctaloamcer and KRAS
mutant norsmall cell lung cancerhttps://clinicaltrials.gov/show/NCT02510001
https://clinicaltrials.gov/show/NCT02022982

However, animal models for NS provide not only the first step into clinical and pharmacological
research buare also important to gain further understanding in pathophysiological basic
researchlable 1.provides an overview of the most releihassociated animal models.
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Table 1.1: Published studies using NS-associated animal models
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Target tissue, cells

Genetic background Phenotype Signaling defect Reference
or construct
Const. Shp2®16/+ 12956/SvEv Brain phenotype: Impairments in spatial learning and LTP, increase.d baseline excitatory function, increased .
surface AMPA receptor expression. ERKC Lee etal. (2014)
Const. Shp2N30s0/+ C57BI/6J ) o .
Rescue with MEK inhibitor SL327 and lovastatin
Const. Shp20s'6/+ B6 x 1295V hybrid Homozygous lethal, heterozygotes show decreased viability, <l context—d(eépendent PERK Araki et al.
Global phenotype: craniofacial abnormalities, myeloproliferative disease, severe cardiac defects 3 fold higher PTP activity (2004)
Cond. Shp2Ps™Y/+ *
on P 12954/Sv)ae X C57BL/6, Cardiac defects and enhanced ERK activation, ~ Araki et al.
Const. Shp2®1%% 12956/SvEv, or C57BL/6 artial rescue by U0126 PERKC (2009)
Const. Shp2N30so/+ ! P Y
Global phenotype: Postnatal growth retardation in length and weight . . . De Rocca Serra-
. . IGF1C, pERK C, no influence
Const. Shp2Pe16/+ ns. associated with reduced IGF-1 serum levels, Nedelec et al.
. - . AT on JAK/STATS5 or PI3K/Akt
partial rescue of IGF-1 levels and growth deficits with MEK inhibitor U0126 (2012)
Homozygous lethal, ERK C Chen et al
Const. Sos 146K C57BL/6J x 12951/Svim) | Global phenotype: Growth delay, distinctive facial dysmorphia, hematologic abnormalities, and cardiac defects, RacC (2010) ’
amelioration of phenotype by prenatal administration of MEK inhibitor PD0325901 Stat3 C
Global phenotype: Short stature, craniofacial dysmorphia, hematologic abnormalities, splenomegaly, and MEK &
Const. Raf1¢13V* 12956 x C57BL/6 cardiac defects, - Wu etal. 2011)
Rescue by postnatal MEK inhibition with PD0325901
Homozygous lethal,
. . . . . - Hernandez-
Global phenotype: Growth delay, craniofacial dysmorphia, cardiac defects, hematologic abnormalities, severe A .
Const. KrasV'4 129S2/Sv or C57BL/6)J MPD ERK C only in the heart Porras et al.
. PR (2014)
Increase of survival rate by MEK inhibitor PD0325901
Inducible cswA7%, .
Ubiquitous expression is lethal, ERK C, Interaction with Notch, Qishi et al.
l. csw7K, D. melanogaster o .
ectopic wing veins DPP and JAK/STAT (2006)
1. cswN?%7° (N308D)
Inducible csw®®'YL,
I. cswh72S,
l.csw™3'B, Brain phenotype: Impairments in long-term memory, A Pagani et al.
D. melanogaster Sustained ERKC
l. cswE7eKL, g Rescue with phosphatase inhibitor NSC-87877 (2009)
R cswlzszv’
1. cswN?%7° (N308D)

*same model as in our study. B: mutation is associated with leukemia and NS. Cond.: conditional. Const.: constitutive. I.: Inducible. L: leukemia-associated mutation.
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1.8. Function of the RAS-MAPK pathway in neurons
Neurons are termimabdifferentitedcellsand do not divide anymore. ProteinsieRASMAPK

pathway, mainly responsible for cell proliferation and differentiegfomyever highly expressed

in neuronsThe RASMAPK pathway in neurons mediates multiple forms of neynlastctity
underlying memory formation and learning in animals and h(8naatt 2004The precise
regulation of thRASMAPK pathwayn a cell typspecifiananneis critical fonormal neuronal
function(Ryu and Lee 20L& ecentlythe dysregulationf RASMAPK signaling was suggeéste

to be the cause for impaired learrisigvell adefects in hippocampal synaptic transmission and
plasticityn mice carrying the hyperac®mp2°° mutationthat is frequenttipund in NS patients
(Lee et al. 20)4

Synaptic plasticity is the ability ofrtearonal synapsesadapt to enduring changes in its signaling
strength and is crucial for information processing in the braintdramgotentiation (LTHs the
longlasting strengthening of synaptic responses following increased firiigeatesease in
synaptic strength can be caws#ter bya higher amount of neurotransmitters released from the
presynaptic bouton, or by a higher sensitivihegidstsynaptic cell due toiacrease in receptor
density ethe postsynaptiellsurfaceLongterm depression (LTD) is the continuous weakening
of synaptic transmission and strerdjie to decreased neurotransmitter release or decreased
postsynapticeceptor densityrogether . TP and LTD interact and represenportantcellular
mechanisms of learning and memory. Experirsbotging thaMEK inhibitors prevent LTP
clearly support a role for ERK involvement in learamd) memory an&RK activation is
necessary for the induction of L{EAglish and Sweatt 199ikins et al. 1998ERK1 and 2 are
activatedin response to excitatory signaling in neurons, mediated by the most abundant
neurotransmitter glutamate. However, the routes of neuronal ERK actvapanticularly

diversewhich isreviewedn Thomas and Huganir (20@4)d depicted in Figurebl.

The requirement for RABAPK signaling in synaptic plasticity and learning is evolutionarily
conservedYe and Carew 2010he activation of the RABAPK pathway is tightly controlled

in the postsynaptic spine near the postsynaptic density (PSD), which functions not only as a
structural scaffold but also specifically coupleactieation of neurotransmitter receptors to
downstream signaling pathways asyheptisite(Husi et al. 200&cannevin and Huganir 2000
Hardingham et al. 2Q0homas and Huganir 2Q0&heng and Kim ). Classicallyhe neuronal
RASMAPK pathway ighought to beactivated mainly through receptor tyrosine kinases in
response to neurotrophins, such as brain derived neurotrophic factor (BDNF). In addition, calcium
influx through NmethyiD-aspartatd NMDA) receptors or voltaggated calcium channels in

response to glutamate or membrane depolarization also activates-M&PRASthway in
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postsynaptic neurons. Various regulators, such as RasGEFs and Ras@mBsthe
neurotrophin and glutamatmedated activation dRAS. However, the precise route of RAS

MAPK activation is still not clear.

@ Synaptic vesicle

' Voltage-gated calcium channel
() NMDA receptor

Calcium molecule

® Glutamate
= Shp2

@ Neurotrophin

iﬁS-GEFs RAS-GAPs
C

n Neurotrophin receptor

Figure 1.5: Neuronal routes to ERK activation. The RAS-MAPK signaling cascade can be activated in
response to neurotrophin signaling. Calcium influx through either NMDA receptors or voltage-gated calcium
channels can also trigger the increase in GTP-bound RAS and thus, activate also lead to the activation of ERK.
However, it is not entirely clear, how the influx of calcium leads to the activation of RAS-MAPK signaling in
neurons.

In neurons RASMAPK signaling controls the trafficking of postsynaptic glutamate receptors,
whichis crucial fothe activitinducedenhancememf neurotransmissiaturing LTP(Patterson

et al. 2010Moreover, posphorylated ERK1/2 can translocate from dendrites to the nucleus and
mediate neuronal activityduced reprogramming of gene expresswhich iscrucial forthe
persistent usagkependent neuronal plasticfiegert and Bading 20Q1Furthermore, the
activation of synaptic NMDA receptors is coupled to the activation of ERKMRdesponsie
element binding protein (CREB} RASMAPK signalingand has a neuroprotective efféat
contrastthe activation aéxtrasynaptislMDA receptors leads to CREBut off and promotes

cell deattfHardingham and Bading 2DItheactivitydependent activation of ERifolongs the
transcriptionally active state of CR&®a selective way to convey sigmala stimulusand

amplitudedependent mannéom the ell surface to the nucleitardingham et al. 200//u et
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al. 2001a However, itis still not entirely cleanow the complex regulation aficium influx
activaesRASMAPK signaling anthe subsequent activation of gene expredsimthermore, it
is currently unknown wether and howhe neuronaRASMAPK signalingascade affected by
NS-associatethutatiors inPTPN11

Additionally, he activation of MAPK signaling and ERK phosphorylatias shown to be
important for the control of dendritic shape, spine and filopodia formation, implgrtiesntin
RASMAPK signaling cascadésoin structural plasticifEnglish and Sweatt 199¥u et al.
2001bZhou et al. 20)5Moreover SHP2 was shown to be involved in the regulation of neurite
outgrowth(Rosario et al. 2007

1.9. Synaptic vesicle pools

In hippocampal neuronseurotransiitter-containingsynaptic vesicles (SVs) are organized into
functiond pools Thereadilyreleasablpool (RRP)s docked to the presynaptic active zone and
primed for neurotransmitter reledseonstitutes about 5% of the SVeeRecycling Pool (RP)

of SVscan beaeleased upon persistent stimulaiwhcorresponds to further-20% of SVs. e

resting pool of SVRtP) whichis refractory to release in response to,l@#ctrical stimulation

and short higlpotassium applicatiocpmprises the 85% tife totalSVs Currentlythe function

of this pool is10t entirely cleabut it might serve as a reservéieplasticityinduced recruitment

of vesicles into the RP leading to synaptic strengthEBnenBRP and RP together comprise the

total recyclig pool (TRP) oEVs(see Figure Bl in the results sectiothportantly, SV pools

are involved in numerous presynaptic mechanisms regulating synaptic strength and plasticity
(Rizzoli and Betz 200Alabi and Tsien 20L&V Pools are suggested to undergo three stages of
development: First SVs accumulate and build up a recycling pool allowing a moderate synaptic
release rate. Second, a transitory state emerges, in WRiiPgitaelually arises with SVs docked

to the active zone and enatadast release. Finally the increase in the number of recycling SVs
leads to the formation of theHFRMozhayeva et al. 2002

It has been describtdtRASMAPK signaling is implicated in the control of SV distribution and
recycling, as well as the establishment of functionalicyoapections and presynaptic short

term plasticity. The presynaptic phosphoprotein Synapsinl is involved in the modulation of
neurotransmitter release at presynaptic terminals by tethering SVs to the actin cytoskeleton.
Synapsinl hdgur known ERK phoghorylation sites on Serib2, 67 549nd 551Jovanovic et

al. 199pMatsubara et al. 1998 Synasinl is phosphorylated SVs are released from the binding

to the actin cytoskeletamhich isalso known adsynapsin dispersiarit is suggested that MAPK
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dependent phosphorylation of Synapsinl actively contributes to thedap@riggent modulation
SV cyclingdistribution,and neurotransmitter release. Furtherntioeglomain D of Synapsinla
interacts with SH8omain containing proteins like Grb2, PI3K ar®fa{Cesca et al. 2010
However, the precise contributionRASMAPK signaling to the regulation 8¥sremains

elusive.

1.10. Glutamate receptors

Glutamate is the most abundant neurotransmitter in the brain mediating excitatory
neurotransmissiolt. is rel@sed from presynaptic terminals and activates glutamate receptors at
the postsynaps@notropic receptors are ligagdted ion channels thead to the depolarization

of the postsynaptic cefla influx of cations. There are threetgpbs ofionotropicglutamate
receptors a-amine3-hydroxys-methyi4-isoxazolepropionic acidANIPA), kainate, andN-
methyiD-aspartatdNMDA) receptorswhich are aimplicated imeurotransmission and the
regulation of synaptic plasticifiieir activation leads to thelinf of Na andor Ca?*, resulting

in the depolarization of the postsynaptic neuBoth AMPA and NMDAtypes of glutamate
receptors are essential for the expression of LTP an@Ttaymelis et al. 2010

1.10.1. AMPA receptors

AMPA receptors alienotropic transmembrane receptbiat mediate fast synaptic transmission
in response to the binding of glutamateeyare composed of four different subunits, namel
GluAlto GluAd4. Together these suburfiasm homae or heteromeric receptofSVIPA receptors

in the hippocampus are mainly composed of GIUA1l/GIuA2 or GIuA2/GIuA3 subunits.
Importantly, he subunit composition determirthe properties of the receptwuscher and
Malenka&2013. The GIuA2 subunit governs the permeability to calsnoliymand potassium.
The channel is impermeable to calcium if a GIUA2 subunit is preseraGhikRAMPARS in
contrast are permeable to calcium, sodium and potgtsiumnd CulCandy 2000 The
interaction with scaffolding proteins is determined by -eentihal sequence of the single
subunits, which differs most between the singlengs All GluA subunits have a PDZ binding
domain in their @erminal tail, allowing the binding to various interaction pgheet al. 2001
Additionally,the channel localization, conductance, and open probability Egulaéed by
phosphorylatioTraynelis et al. 2010
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Already under unstimulated condioAMPA receptors show a relatively high turnover with 10
to 20% being internalized within 10 minuB8A2/GIuA3 receptors have a constant recycling
rate between intracellular and surface receptuch isndependent of activity and mediated by
the stlort CGterminal tail of the receptor subun@luAl/GluA2 receptors remain rather
cytoplasmic due to the anchoring function of the lotgrn@nal tail of GIuA1 and remain
dormant(Passafaro et al. 20@heng and Lee 20@&hi et al. 2001However, e high mobility

and recycling rate of AMPA receptors alfowthe rapid changes in synaptic efficacy during LTP
and LTD.GIuAl receptorbelong tathe main targef synaptic plasticityhe surface level of
GIuAl receptors can be influenced by synaptic a¢Btieyng and Lee 200Their activity
dependent exocytosis requires the stimulatibiVIDA receptors anthe cal¢gum/calmodulin
dependent protein kinase TaMKIl), as well as RABAPK signaling and ERK activati@ihu

et al. 2002Patterson et al. 201®trong depolarization andl@um influx through NMDA
receptorss known tdriggerL TP, thusactivatingcaMKII andleadingo thephosphorylabn and
subsequent exocytosis of AMPA recepfsssa consequence of LTP intlon, more GIuAl
receptors are inserted into the spine surfagedéathe strengtkning of synaptic transmission.

In contrast, nly a modest depolarization and calcium influx through NMDA receptors is achieved
during weak activity of presynaptic nesirdhat preferentially activates phosphatases
dephosphorylating AMPA receptors and promotes their endocytosis. This process subsequently
leads to LTD(Luscher and Malenka 2R1Phe endocytosis of AMPA receptors can be also
mediated by the activation of NMDA receptaisich happens in a Ragnd p3&lependent
manneir(Zhu et al. 2002

The delivery and retrieval of AMPA receptors as mechanisms underlyesgifanglasticity i
further supported byynapseodbs.erVhits omheordomern d
that a subset of glutamatergic synapses in the CNS lack AMPA -mreedfati@md currents.

However, these synapses contain functional NMDA receptors permeableiutm. The

activation of NMDA receptotsy neuronal activiye ads t o t he activati on
respective synaptic contact, leading to a potentiated synaptic transmission, either due to activation
by phosphorylation of AMPASs already presetine surface or due to the insertion of new AMPA
receptorgSheng and Lee 20&erchner and Nicoll 20D8

1.10.2. NMDA receptors

The NMDA receptor is a specific typeiafotropic glutamate recepttivat has remarkable

properties distinguishing them from other types of ligated ion channehis will be explained
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in this paragraph. NMDA recept@ar® foundon the preand postsynapse, where they can be
found synaptically, as well as-pamd extrasynapticalfghipton and Paulsen 2DIMMDA

receptors are hetetetramers thatonsist of two GIuN1 subunits and additional two GIUN2 (A

D) or GIUN3 (AB) subunitsThe two predominant isoforms in the adult brain, especially in the
hippocampus, are GIUN2A and GIuN2B subuRiteer GIuUN1/GIluN2A or GIuN1/GIuN2B,

or tri-heteromers consisting of GIUN1/GIuN2A/GluN2B sububsld up a tetrameric complex

and determiathe properties of the receptor. Each subunit has four major domnauiding

different binding or interaction sites for various extracellular and ultnasedulator€f note,

the permeation and gating properties of the receptatsaregulated by the subunit composition

of the receptorlLuscher and Malenk2012 Paoletti et al. 2013Interestingly, the subunit
composition of NMDA receptors undergoes a developmental switch. The GIuUN2B subunit is
already highly expressed during embryonic stages amdased in the first postnatal week and

later on restricted to the forebrain in the adult brain. In the first two postnatal weeks, a major
change in the GIuN2 subunit composition takes place. The GIUN2A expression starts postnatal
and rises steadily iradulthood. This subunit exchange is an evolutionary conserved process in
the time window of synapse maturation and leads to the acceleration in the kinetics of the receptors.
However, the molecular mechanism responsible for the GtaNZBN2A developmeal

switch is still not fully understood but is thought to be driven by neuronal activity. Importantly,
even in the adult brain the NMDA receptor subunit composition is still plastic and can change
rapidly(Paoletti et al. 2013

One of the unique properties of the NMDA receptor is that the opening and closing of the ion
channel are primariligandgated byhebinding of glutamate and itsagonist glycine or serine.
Glutamate binds to the GIuN2 subunit, whereas glyciser{oe) binds to the GIuN1 subunit
However, the current flow through the ion chanragdgionallyoltage dependent. At negative
membrane potentials, NMDA receptors are inactive and the pore is blocked by magnesium ions
rendering the channel imperbiledor all other ions. Upon depolarization of the cell membrane
magnesium ions are ejected, allowing a vdépgadent flow of sodium and calcium into the cell

and potassium out of the céill.this way, NMDA receptors act as coincidence detectong for t
activation and depolarization of both, the pre and postsynap(Raodtti et al. 201L3he
coincident depolarization and glutamate binding enables a maximum calcium influx and
subsequently leads to the activatiomtofigellular signaling cascades altering synaptic efficacy
(Luscher and Malenka 2DX®wever, this unique activation mechanism causes the unusually slow
kinetics of the NMDA receptatompared to the faatting AMPA recepto(Baoletti eal. 20138
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The GIuN2 subunit is the major determinant of the NMDA receptor channels properties and
kinetics. GIUN2A receptors have a higher open probability and faster deactivation kinetics than
GIuN2B receptorsGIuN2B receptors are mobile and recyubee frequently than GIuUN2A
receptors, allowing the fitned regulation of receptor number and subunit composition in an
activitydependent manneidditionally, GIuUN2B receptors hawv@igher calcium permeability
leading to a stronger calcium infilian GIUN2A receptorgPaoletti et al. 200L3mportantly
GIuN2A and GIuN2B receptodiffer in theirassociation of the cytoplasmite@ninus with
intracellular signaling molecules. The most prominent signaling molecute tmk&idMDA
receptor is CaMK]lwhichis highly abundant at synap&=8MKIl interacts more strongly with

the Gterminal domain dBIuN2B subunitshan with the one dsluN2A. Because of the crucial

role of CaMKIl in LTP induction, the GluN2BaMKII intemaction has major implications for
synaptic plasticifarria and Malinow 200%he interaction dBluN2B-CaMKIl is necessary for

the phosphorylation of GluAlceptors on S831, leading to their membrane insertion and
increasing synaptic strength, thereby supporting the important role of this interactig¢daitt LTP

et al. 2012 The RASguaninenucleotidaeleasing factor 1 (RasGRF1) is another preferential
binding partners of the-t€rminal domain of GIUN2BhE interaction of GIuN2B and RasGRF1
isimplicated ira positive modulatory roleBRK activation. RasGRF1 isaciunicalmodulin
dependent R&EF stimulating the conversion of the GDRSBP and subsequent activation of
RAS. RasGRF1 bound to GIUN2B at the postsynaptic density is necessary for the activation of
ERK and CREBKrapivinsky et al. 200Bian et al. 2004This implements GluN2Bediated
signaling in the activation of the RMSPK pathway and the subsequent activation of its
downstream targets ERK and CREB, both necessary for neuronal survival andRéadéittity

et al. 2013
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2. Material and Methods

The chemicals used in this work were @sexth from the companias indicatedThe quality of

the reagents was of analytical grade.

2.1. Analysis of the NRAS mutations in a cohort of RASopathy patients

2.1.1. Subjects and phenotyping

Patients were clinically assessed by experienced clinical géiigbatstats described here had
molecular confirmation in a diagnostic setting, except for the clinically affected family-member 5
3, who declined genetic testing. Standardized patient data was collected via the NSEuroNet
database (www.nseuronet.com) amedred by the referring clinician. This database uses a
comprehensive online questionnaire to facilitate the collection and impstednelizatioof

clinical information.

Clinical data and samples for genetic testing were obtained from all Isdwtiduaformed
consent of the patientsd parents/ | egal guar
performed in accordance with the Declaration of Helsinki and the national legal regulations.
Specific written permission was obtained fousleeclinical photographs for publication in this
project

2.1.2. Molecular analysis

NRAS mutations were identified by routine genetic testing of the known RASopathy genes using
Sanger sequencing as well as whole exome sequencirigafi®iis 10, 162, 11, ad 12) of

DNA extracted from venous blood samples, except fo2 catéchwas diagnosed prenatally on

DNA extracted froncthorionic villus sampled&/here available, DNA samples from parents and
additional affected family members were investigated riouttieon discovered in the index case

in order to demonstrate thde novoccurrence of the mutation or-segregation with the
RASopathyphenotype (seSupplementary Tablgl). In selected cases, DNA samples from
various tissue sources were examinedtitics to leukocyte DNA to prove that the mutation

was not a clonal event in haematopoietic cells. These sources included buccthgetisagsd

in patient 1urine,and saliva in patientfigernailsn patient 12, and fibroblasts in patient 13.

In our lab, DNA was isolated from leukocytasd other material if availalilg standard
proceduresExon 2 and 3 and exdntron boundaries of th& RAS gene (GenBank:
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NM_002524.4) were amplified from genomic A sequenced using standard procedures in
Sanger SequenciRgagentand volumeor standard PCR and thegsiencingeactiorare listed
in Table 2.1 and 2.2.

Primer sequences Exon 2, fwd: tccttccatttggtgcectac; rev: tgggtaaagatgatccgaca, 507 bp

Exon 3, fwd: caaaccagataggcagaaatgg; rev: ggtaacctcatttccccataaag, 286 bp

Table 2.1: PCR master mix

Chemicals 1x Master Mix (pl)
H.O 7.6

dNTPs 2
RxnBuffer (10x) 2

MgCl. (50 mmol) 0.2

DMSO (5%) 1

Betaine (5 M) 4

Primer (2.5 pmol) 1

Taq Polymerase 0.1

DNA 0.7

The labinternal tandardPCRconditions are designed as touchdown PCR program:

94°C, 3 min initial denaturation, 94 {@enaturation) forB8se¢6555 °C(annealing) for 10 sec
and 72C (elongation) for 48ecfor 33cycledollowed by 72 °C (final elongation) for 10.min

Table 2.2: Sequencing master mix.

Chemicals 1x Master Mix (pl)
H.O 2.7

Primer (2.5 pmol) 0.6

Big Dye Mix 0.2
Sequencing Buffer (5x) 1

PCR product 0.5

After PCR amplification and sequencing reaction, PCR products were purifiagensimgyt
AMPure magneticbeads (Applied Biosysis) in an automated workstati¢implicons were

directly sequenced using At BigDye Terminator Seencing Kitv3.1(Applied Biosystems
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and an automated capillary sequencer (ABI 3500; Applied Biosysteotber requied
chemicals were purchased from Applied BiosystemsSedqoence electropherograms were
analyzed using the Sequence Pilot software SegPatient (JSI medicd?€Rt@misiubsequent
sequencing was performed by experienced technicians in the dsdglwataryof the Institute

for Human Geneticdledical FacultgndUniversity Hospital Magdeburg.

2.2. Shp2P%"Y animals

2.2.1. Breeding

For this study, the conditional mouse ma8ep2®Y (B6.129S@tpnlltmlToa/Mmjax),
originally published by Chan and cgilea in 200@€Chan et al. 20p9%vas obtained frorDr.
Benjamin GNeel,Princess Margaret Cancer Cehtmento,Canadaand kepunder C57BL6J
background. This mea model harbors a strong activating point mutation in exdat@nafl
which is rendered inactive by flankingS®Rlox cassetteI his mutation is an oncogenic
mutation that wasot found in the germline of patients with NS ketozygous animatsve
no functional Ptpn11 allele due to the flankingBRRIox cassettes. Thage not viable and die
already during midgestation. Heterozygous animals have only one functiondttphédlil s
to flanking STOP cassettes on the second allele but sbowbvious phenotype and are
undistinguishable from WT littermategportantly, gpbal expression of the heterozygous mutant
Ptpn1P®Y using a universal Gdever strairleads to embryonic lethalityo (Chan et al. 20R9
To induce the mutatiofor our experimentsheterozygousShp2®” animals were bred to
homozygougEmx1REsceanimals (B6.129%E2nx1tm1(cre)Krj/JYGorski et al. 2002which we
obtained from Jackson Laboratories. These animals harbor a@réREESombinase coding
sequence in the 3" untranslated region dninelgene, enablirthe generation oé bicidronic
messenger RNAs encoding for both, the Emx1 and Cre proteins of the Emx1 promotor using the
Internal Ribosome Entry Site (IRES). Cre expression then starts from embryonic day 10.5 and is
restricted to areas of the forebrain and ventral pallium. Hdicezygous for Cre are
phenotypicallyindistinguishable from WT littermates. Heterozygous Cre expression is already
sufficient for proper excision of T ORIlox cassettes-or easy breeding and genotyping
reasons, animals were crossed using parensdromalzygous for Em&4>““and heterozygous
Shp2% animals, yielding offspring all heterozygous for Bitf€and either heterozygous for
Shp2¢Y expression oB8hp2'". The resulting F1 generation, which was used for exyieriiae
further on calledShp2®Y (Shp2™P% and Emx1'"REs¢9 and Control (Shp2™T and
EmxIVTRESCre or CTRL in Figure8.4A), respectivelyAll experiments were carried out in
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accordance with the European Communities Council Directive (2010/63/E&jpmoded by
the loal animal care comiteies of Sachséknhalt, Regierungsprasidium Hal®achsen
Anhalt/Germany (reference number AZ: 42562881fN and 42502-1295UniMD).

2.2.2. Genotyping

Miceweregenotyped either as newborn piR®thatwereusedfor experiments dsy standard
genotypingrocedureat the age of three weeks after weaRimgy. to genotypingnimalsvere
labelled andiopsie®f 1-5 mm tail tifrom animalsverecutwith sterile scissors. DNA from tall
cutswasisolated usingroteinase K digestion in tait bufferand 10mg/ml Proteinase K
(purchased from Sigmsee Table &. Digestionwasincubatedor 30 minfor PO animals and
overnighfor adult animalslowly shaking at 55 °C using the Thermomixer (Epperidibofyed
by 10 min heat inactivationS® °C

Genotyping fothe Emx1?=s‘allelewas performed using standard P@Rocoland primers as
provided by &kson laboratorie©ne Tag DNA Polymerase purchased from New England
BioLabs (NEByas usednd PCR performezh the Mastercycler NexG@SX1from eppendorf

A detailed description of primeFquenmastemix, PCRprograns, and solutionsan be found
below(Table A, 24, 25, and 26, respectively)

Table 2.3: Primers and PCR product sizes used for genotyping

Mouse strain Primer fwd Primer rev PCR product size
Emx1'RESCre (\WT) AAGGTGTGGTCCCAGAATCG CTCTCCACCAGAAGGCTGAG 378 bp
Emx1RESCre (K1) GCGGTCTGGCAGTAAAAACTATC | GTGAAACAGCATTGCTGTCACTT 102 bp
Shp2PetY TGGAGCTGTTACCCACATCA GCACAGTTCAGCGGGTACTT 171 bp

Table 2.4: PCR Master Mix calculated for one reaction mix

Chemicals 1x Master Mix (pl)
H.O 14.375

NEB reaction buffer (5x) 5

primer 1 (10 pmol) 0.5

primer 2 (10 pmol) 0.5

dNTPs (10 mM) 0.5

NEB OneTaq polymerase 0.125
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Table 2.5: PCR program for genotyping EMX 1" mice
EMXvIIRESCre

Process Temperature (°C) Time Cycles
Initial denaturation 94 3 min 1
Denaturation 94 30 sec
Annealing 623 45 sec ~ 35x
Elongation 68 45 sec
Final elongation 68 5min 1
Cooling 10 end 1

Per sample 21 plaster miband 4 pl of DNAare usedAfter PCRcompletionsamples are mixed
with Orange loading dye andejettrophoreticalseparated on 1% TAdfjarose geélgarose gel
containsGelRed Nucleic Acid Gel Stgiarchased fromBiotium FastRuler Low Range DNA
LadderThermoFishercentific) was used to identifyrrectPCR product sizes.

Table 2.6: Solutions for Proteinase K digestion and agarose gel electrophoresis

Solution Composition
Tailcut buffer 10 mM Tris/HCl, 100 mM NaCl, pH 8.0
Proteinase K stock 10 mg/mlin 10 mM Tris/HCI, 100 mM NadCl, pH 8.0

0,5 M EDTA, pH 7.5; 1 M TrisHCI pH7.6, glycerol, 150 mg OrangeG,

6 x DNA sample buffer 30 mg Xylene, dH20

Agarose (Bio&SELL / BIOZYM)
50 x TAE buffer 4.84 g Tris, 114.2 ml Acetic acid, 37.3 g EDTA

For genotypingShp2®Y, High Resolution Melting and Gene scanning application on the
LightCycler480 from Roche Diagnostics was used. This method detects sequence variations in the
amplified DNA due to distinct patterns in melting point and melting curve shape. DNA is amplified

by realtime PCR in the presence of a proprietary dye binding exclusively double stranded DNA.
Amplification can therefore be traced in real tkfterwards, melting curves are generated by
monitoring thedecrease iffluorescencetensity during the melg phaseMeltinganalysis of
fluorescence data was performed subsequetitigee basic steps: normalization, temperature
shifting, and difference plottinghis isfollowed bythe analysis using the automageduping

function provided by the Gene Sadagnsoftware module (www.lightcycler.com; Figure 2.1).
LightCycler480 High Resolution Melting Master purchased from Roche Diagnostics was used as
reaction mix according to manufactureros re

Melting Curve settingsan be found iffable ZZ, primers are shown in Tablg. 2.
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Figure 2.1: Workflow of High Resolution Melting Curve processing and analysis. (A) Temperature profile
of the touch-down PCR program including fluorescence intensity measurements indicated as green dots. The
PCR is followed by a short renaturation phase as indicated by the arrow to recover all PCR products with
incorporated dye. During the melting phase the temperature increases from 65°C to 95°C and the fluorescence
intensity is measured continuously. (B) Fluorescence profile of the amplifying PCR products over time. The
more PCR products are amplified the higher the fluorescence intensity measured during the elongation phase.
A plateau in fluorescence intensity is reached at the end of the PCR. The peak and drop in fluorescence intensity
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represent the melting phase as indicated by the arrows. The sample without increase in fluorescence intensity
represents the no template control. (C) Normalized fluorescence intensity profiles of all samples are plotted
against temperature during melting phase. Two groups are already evident and represent the two genotypes
analyzed. (D) Relative signal Difference of the normalized fluorescence profiles is plotted against temperature.
The analysis clearly shows two groups of samples. Internal controls are used to identify control (blue) and
Shp2P°™Y (red) animals.

In the software provided by Roche, the PCR program and subset of wells used on the 96well plate
are selected and sampdbeled. After runompletionraw data are normalized and temperature
shifted tointernal standards adéfined setting<alculation using internal genotype standards
enableshe differentiation of control an8hp2°'" animals. Plotting the relative signal difference

showsaseparatio into two groups (Figure £.,1D) and identifiethe corresponding genotypes.

Table 2.7: Touch down PCR program for genotyping Shp2°®™

Process Temperature (°C) Time Ramp Rate (°C/sec) Acquisition

Pre-incubation | 95 5 min 4.4 None
Amplification Denatu.ration 95 . 10 sec 4.4 None
Annealing 65-55; 0.5 °Cstep size | 15 sec 2.2 None
Elongation 72 25 sec 44 Single
95 1 min 44 None
. . . 40 2 min 2.2 None
High Resolution Melting 65 1 sec i None

65-95 / 0.02 Continuous 25/°C
Cooling 40 30 sec 22 None

2.2.3. Breeding statistics

Breeding statistics were obtained using the PyRAT Python Based Relational Animal Tracking
(Scionics Computer Innovation) and analyzed iBX@&.

2.2.4. SHP2-specific Protein Tyrosine Phosphatase Activity assay
For themeasurement &HP2specific protein tyrosiqpdosphatase activityforebrain8 weeks
old control andBhp2°*” mice weraised Animals were decapidtand forebrain was dissected.
The assay was performed as bogtnudleal supesantf act ur
from forebrain homogenate was prepared and subsequently used tameeaswig/of SHP2
in cell lysate$he e&ll lysate was incubated with Sidpecific antibodies coupled to agarose beads
for 3 h shaking at 4 °C. Aftevo differentwashing sips, specific phosphorylated substrate was

34



2. MATERIAL AND METHODS

addedo precipitated SHP2 bound to agarose kmatisncubated for additional 30 min at 37 °C.
Then, molybdic acid and malachite gneseadded (Figure 2.2).

A
Shake3 h4°C @ _Substrate
% C——> RoRYPOIPRS
Cell lysate
?H; ?H,
Shake 30 min 37°C |°| L O O Mo
EEENNNN) HO-Mo-OH 4 B veasure A,
Il P
o]
Molybdicacid  Malachite green
B

P Standard Row B

Ptpn1106TY cl
Ptpn11°6Y C2

Figure 2.2: Workflow of SHP2-specific Protein Tyrosine Phosphatase activity assay. (A) Typical workflow
as recommended from the manufacturer’s protocol. (B) 96well plate containing the completed PTPase activity
assay and representative colorimetric change. Note the turquois-blue color in Shp2®'Y and green in control
samples. P: Positive control containing high phosphate concentration (10 mM). Standard row (1.56 uM - 100
pM) is used to identify the magnitude of PTPase activity. B: Blank. C1: Control with only agarose beads. CTRL:
sample from control animal. CTRL C2: sample from control animal supplemented with sodium orthovanadate
as an inhibitor of PTPase activity.

Controls are C1, using only agarose beads without cell lysate, C2 using cell lysate mixed with agarost
beads and 1 mM sodium orthovana(dsiNs) as an inhibitor of protein tyrosine phosphatases
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Thestandard row esldefined concentrations ranging from 1.56 yuM to 100 uM of free phosphate
including positive and negative control (P [10 mM] and B [0 mM] in Figu@n@2netic

results wer measured at 686 wavelength on FLUOstar Omega plate reader by BMG Labtech.

The more free phosphate is available for malachitengobdatiate binding reaction the more the

color shifts to from green to blue. All components were purchased as a kil©D<Se2809

from R&D Systems Inc. and solutions prepared
is based on the malachite gremtybdate binding reaction and is a sensitive method tdréetect
phosphate

2.2.5. Antibodies and chemicals

The followng antibodies and chemicals were usedse antibodiesagainst Bassoon (mAb7f,

| HC: 1: 1000 ; -IAtlsuinyWebBterrshlog h:E000; SigMdrich), GIuA2 (ICC

1:500; Chemicon/Merck Millipore), panGIuA Oysterl&B&led (ICC: 1:500; Synaptic Systems),
Homerl (ICC: 1:500; Synaptic Systems), MIABRRQ; Sigrraldrich), and pERK (Western blot:

1:1000 Sigmaldrich), Taul (1:1000; Millipongbbit antibodies against phosphorylated ERK

(ICC 1:200; Cell Signaling), ERK (Western blot: 1:500; Cell Signaling), GFP (ICC 1:1000;
Invitrogen), GIuN1 (ICC1:500, alomone labs) GIuN2A (ICC: 1:200; alomone labs), GIuN2B
(ICC: 1:500; alomone labs), Homerl (ICC: 1:500; Synaptic Systems), Synaptotagmind Oyster 550
labeled (ICC: 1:100; Synaptic Systems), VGAT (ICC and IHC: 1:500; Synaptic Systems), VGLUT1
(IHC 1:100; Synaptic Systenm)jnea pig antibodiesagainst Bassoon (ICC 1:500; Synaptic
Systems), GAD65 (ICC 1:500; Synaptic Systems), GIuAl (ICC 1:100; alomone labs), and MAP2
(ICC 1:1000; Synaptic Systems).

The followingsecondary antibodiesraised in goat eve used: Alexa 488CC: 1:2000; IHC:
1:500) and 68QWestern blot 1:20000) coupled secondary antibodies from InvitrogéGCy3
1:2000; IHC: 1:500), Gy8CC: 1:2000) coupled antibodies from Jackson ImmunoResearch
Laboratories, and CFZ{Westerrblot 1:20000) coupled secondary antibody from Biotium.

4" 6Diamidin2-phenylindolAPI) for thestaining of nuclei {(ig/ml) was obtained from Sigma
Aldrich.

For the treatmentsf acute hippocampal slices and dissociated hippocampal tiétdiodisving
pharmaceuticswere used: )-2-amine5-phosphonopentanoic acid (APV, 40 uM; TocHs), 6

cyane/-nitroquinoxaling,3dione disodium (CNQX, 1QMM; Tocris), 4aminopyridine (4AP,
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2.5 mM; SigmaAldrich), bicuculline (Bic, 50 uM; Sigihdrich)Brainderived neurotrophic factor
(BDNF, 100 ng/ml; PEPROTECH)

2.2.6. Primary hippocampal culture

Dissociated hippocampal cultures from newl{BfHiP1) mice were prepardshsed on the
protocols for Banker cultur@&aech and Banker 200 at were adapted to our [@avydova et

al. 2013 Primary neurons cells were cultured in 5%a@7°C and a humidity of 95%. All
suppemented cell culture media were filtrated agnigg filtration bottles with a pore size of 0.22
pm and kept at 4C until usage. Media and reagentsted in Tale2.8 All mediavere prheated

to 37°C before addition to celfSells werelptedin densities of either @@0cells for 5 DIV old
neurons, W00 cells per coverslip for 14 DIV c8islow density cultures, orBm cells per
coverslip for 14 DIV cells for high density cultures.

2.2.6.1.  Preparation of glass coverslips

Glass coverslig® 18mm, VWR  for dissociated cetlilture werg@laced into 50 ml tubes with

65% HNO; (Carl Rothiand incubated on a small rotation inculk@ternight. Nxt day, pH was
neutralized by wasig with cell culturevater(Millipore water in sterile flask€pversps were
thenboiledthree timedn cell culture water using a microwave oven with exchanging the water in
betweenThen, clean coverslipgre separately dried on precision wipes and baked for 4 h at 200
°C for sterilzation.

Prior to culture preparatimoverslips were transferred into @ 10p&tridistesand three dots
per coverslipvere attachedith paraffin heated to 18C. Then, coverslips were coated with 100
pl of polyL-lysne working solution of 500 mg/mpér coverslip and incubated overnigtthe
cell culture incubator. On the next,gayy-L-lysine was removed asell culture water was added
to each plate. Before usage of the covefsiipguronal culturethey were washed three times

with cell culture water and dried completely wriplating of the cells.

2.2.6.2. Glial cells

For glial feeder laye@57BL/6 pups (P®2) weredecapitated and brain hemispheres were
dissectedwashed twice with HBS@&ibco) and incubated in.3ml HBSS with 05 ml 10x
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Trypsin(Gibco)for 20min at 37C.Hemispheres are washath HBSS twice andnedium was
exchanged fat ml DMEM (10% FCS), followed tituraion of the hemispheresing aglass
Pasteur pipettt® obtain a homogeneous cell solufidrs cell suspension is then filled up to a
volume ofl0 ml with DMEM (10% FC%)d transferred t65 cni cell culture flask. Cells were
cultured for 5 to 7 days and every second day cells were washed with ldB®%e cell debris
and supplemented with fresh DMEM (10% FE&&9r reachingonfluencegliacellsare split 1:4
and cultured for further-B days until cells reacbnfluenceThen glia cells are trypsinized and
the cell suspension transferred to 50 ml t@wds are pelleted by centrifugato® min at 1000

x g and resuspendeddEM (10%FCS) containing 10% DMSO. Slow freezing afdlisvas
performedusingMr. Frosty Cryo freezirmpntainefNalgeneyvith isopropanol a80°C. On the

next dayaliquots were transferred-10°C and stored until usage.

For plating of glia cells pritr culture preparatid4 frozen glial ceilibes are quickly thawaid
37°Cand transferred inttD0 ml ofprewarmed DMEM (10% FC&)dplated on @ 6 cm plates
with a final volume of 5 ml ea@ells are cultured forR2days until ready to be usEke cells
are the used as glial feeder layer.

2.2.6.3. Dissociated mouse hippocampal neurons

Mouse hippocampal cultures were prepioad genotypedPO (in exceptional case frori)
mouse pupgfor genotypingseesection2.2) Animals weralecapitatedhippocampi \ere
dissected, meninges removed caliected irHBSS. 1 trypsin vasadded and incubated fids

min at 37°C. Hippocampi were washed once with HB88 the medium was replaced by 1 ml
plating mediaDMEM + 10% FCS+ 1% P/S + 0.5%glutaming Triturdion of the tissue was
performedising Pasteur pipets with big and small dian@édisswere counted using Trypan blue
(Gibco) in Neubauer hemocytomefsiter counting the cellhe cellsuspension waliluted to
3000 cells/mlfor experimentdonewith cells of an age @#fand 21 DIV 350000 cells/nfbr
pHIlourineexperimentperformedwith cells of an age 718 DIV, and 100000 cells/ml fte
morphological characterizatiwith cells ofin age db DIV . 100ul of cell suspension were plated
on eachwashed and dried coverslips and incubated for 1 h in the cell culture inouthegor.
meantimemedia of petri dishes wihalfeeder layavas exchanged to neuronal media containing
Neurobasal A supplemented w2t B27, 1% P/Sand 2mM Glutamax(Gibco).Then, 45
coverslipsvere turned into each plate with neurons araff; dots facing down. Oday and
threedaysafter platin@ pl AraC (10&, Sigmpdiluted in 100 pl neuronal mediare addegder
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plateto inhibit glial cell proliferationh@& cells were fezhchweek by replacing 1 ml of old media

with fresh one.

2.2.7. Immunocytochemistry

For quantitative assessnseall coverslips compared in one experiment were processed in parallel

usirg identical antibodies, solutions, and other reagents.

Cells were fixed in 4@araformaldehydd@FA)in phosphate buffered saliri@Bg for 4 min,
washed three times in PBS, permeabilized withT@it2¥ X-100(Carl Rothin PBS for 10 min,
washedagairwith PBSand blocke in blockindpuffer (see Table @.for one hourParaffin dots
were removed and coverslips were transfereadlebchambePrimary antibodies diluted in the
blocking buler were applied overnight at@. Cells were washeith PBSand incubated with
an appropriate secondary antibodyetiin theblocking solution for 1.5 h at RToverslips were
subsequentigtained with DAPI diluted in PBS or washed in RBSd in water and mounted
usingMowiol. Mounted coverslips were stored &€ 4intil usage

2.2.7.1.  Synaptotagmin1 uptake

To determie the relative amount of synaptic vesicles (SVs) undergoing transmitter release under
physiologicakonditions (representing theeady releasable pool of SVs) and hyperpolarized
conditions (total recycling pool of SVs) we used an Oystabsi Synapgtgminl antibody

(Sytl Synaptic Systemsrognizing its luminal, iMvasiculadomain(see Figurg.7.1). Neurons

agedL4 DIV were wshed twice with Tyrodes buféerd then incubated withtSgntibodydiluted

in either the same physiologicalo@gs liffer for 20 min or for 4nin in Tyrodes buffer
containing 5M KCI to hyperpolarize the cell membranes. ,Tiemrons were washed again

twice with physiological Tyrodes buffer to remove unbound antibodies, fixed with 4% PFA,
permeabilized and stainedhwitntiltbdies against Bassoon and Hdmier label excitatory

synapses.

2.2.7.2. ERK activation and deactivation

To investigate activilependent changes of RASMAPK cascade 14 DIV old neurons were
treated fothe indicated time pointgth either2.5 mM 4AP rad 50 uM Bior 100 n{ul BDNF
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to induce network activity or 100 pM APV andMOCNQX for 30 minto blockthe glutamate
receptormediatechetworkactivty. DMSO and dkD were added as vehideontrok Neurons
were fixed witl4% PFA, and stained withtébodies against MAP2, phosphoERK, and GADG65,

and counterstained with DAPI.

2.2.7.3.  CtBP1 nuclear export

Fortheinvestigation of nuclear CtBP1 export 14 Bltddheurons were treated with 2.5 mM 4AP
and 50 uM Bic for 2 hours, fixed with 4% PFA, permeabilizedizamed wittantibodiesgainst
MAP2, CtBP1, and GAD6B5luclei were stained with DAPI.

2.2.74. Staining of glutamate receptors

For the surface staining of glutamate receptors coverslips with 14 DIV old neurons were washed
twice with physiological Tyrodes buffled incubated with antibodies recognizing the extracellular
domain ofGluAl, GluA2 panGIluA GluN1, GIuN2A, or GIUN2B receptors, respectivdty 30

min at 37 °C in the incubatdrhen cells were fixed, permeabilized and stained with antibodies
against Hmerl and Bassoon to label excitatory synapses.

Table 2.8: Buffers and solutions used for cell cultures

Media and reagents Ingredients (Company)

DMEM full 10% FC$ (Gibco) 1% Penicillin/Streptomycin 100x (Gibco), 2 mM L-Glutamine 100x
(Gibco) in DMEM (Gibco)

Neuronal media 2% B27 (Gibco), 2 mM Glutamax (Gibco), 1 mM Sodium pyruvate (Gibco),
Penicillin/Streptomycin 100x (Gibco) in NeurobasalA (Gibco)

Distilled Water Millipore

HBSS-- Gibco

AraC 1.5 mM Calbiochem

10x Trypsin Gibco

1x Trypsin 10% 10x Trypsin (Gibco); DMEM (10% FCS)

Paraffin Paraplast embedding medium (Fischer)

Freezing medium DMEM full, 10% DMSO

Poly-L-lysine 100 mg/l poly-L-lysin (Sigma) in 100 mM boric acid, pH 8.5, sterile filtered
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Table 2.9: Buffers for immunocytochemistry

Buffer Composition

4 % PFA 4% PFA in PBS, pH 7.4

Blocking buffer 2% glycine, 2% BSA, 0.2% gelatin, 50 mM NH4Cl in 1x PBS

1x PBS 2.7 mM KCl, 1.5 mM KH2PO4, 137 mM NadCl, 8 mM Na:HPO4, pH 7,4
9.6 g Mowiol, 24 ml H.0, 24 g Glycerol

Mowiol (for 96 ml) A 2 hstirring, 48 ml 0.2 M Tris pH 8.5

A 10 min 50 °C, 2.5 g DABCO

119 mM Nadl, 2.5 mM KCl, 25 mM HEPES pH 7.4, 30 mM glucose, 2 mM MgCl,,
2 mM CaCl,

119 mM Nadl, 50 mM KCl, 25 mM HEPES pH 7.4, 30 mM glucose, 2 mM MgCl,
2 mM CaCl,

Tyrodes buffer (physiological)

Tyrodes buffer (high KCl)

2.2.8. BDNF pl+pll-EGFP and Synapto-pHlourin lentiviruses

2.2.8.1.  Production of lentiviral particles

For the production of lentiviral particlesHEK293T cell{ATTC)the following three plasmids
were transfected usitige calcium phospdte transfectiomethod FUGW-based transfdias
backbong)pAX2 (12260, Addgeniey packagingnd pVSVG §454, Addgengseudotyping
vectors(Lois et al. 2002HEK293T cells were grown in DMEM (10% FCS) unt¥V®@%
confluency in 75 cm?2 cell culture flaBks.the tansfection of a single flask, 500 ul of 0.5 M,CaCl
(Solution A)were mixed with 183 DNA in a molar ratio oFUGW:psPAX2:pVSVG as 2:1:1.
For theSynaptepHIlourin lentivirus in total 20 ug DNA in a molar ratio of 4:2:1 wasTusd.
500 pl of140 mM of Solution B flaCl, 50 mM HEPES, and 1.5 mMJR@,, pH 7.0% were
added, incubated for 1 mamd applied to the cells in cult@ixto eighthoursafter transfection,
the media wasexchanged to neuronal mediieK293T cells were grown for 48 h and the
supernatant containing viral particles is collac@aentrifuged for 15 mi2000 rpnto pellet

cell debris. Supernatant is aliquoted and stor8d°& until use, or used immediately. ther
infection of primary hippocampal neurdnsyiral supernatant was diluted in neuronal media and
applied over night dtDIV . Neurons wereultured as indicated.

2.2.8.2.  BDNF pl+plI-EGFP reporter construct

The lentiviral construcharboring the promoter regiohandll of BDNF used for the BDNF
promoter assay waslkclonedprevioushby Dr. Daniela lvanovanto FUGW backbone vector
(schematic construste Figure B0). The aiginalconstruct was obtained frohetlab of Masaaki
Tsuda in Toyama, Japard published liyara et al. (2009)
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Cells were grown until 14 DBAANd treated for 30 min with 2x1 4AP and 50 uM Bicutink
and fixed for 4 min with 4% PERnmunostaining was done as described aboveansimgdies
against GFP and MAPahd DAPI as nuclear marker.

2.2.8.3.  Synapto-pHlourin

The SynaptepHIourin (SypHyronstruct wasulcloned by Dr. Daniela Ivanowrg#o FUGW

backbone vector and original construct was obt&iosdthe lab of Thomas Oertner in Basel,
Switzerlandpublished bfRose et al. (2018ypHYy is a fusion protein with GFP coupled to the
luminal domain of the SV protein Synaptophydie fluorescence of the pHlourin reporter is
guenched at rest with the acidic pH inside SVs (pH 5.5) and starts fluorescence after membrane
fusion and subsequent exposure to the neutral extracellular pH ({tdsedt al. 20103 he

fluoresceaoe is then quenched again after endocytosis and reacidification.

This experiment was performed by Dr. Carolina Monteh&ggomaging of cells expresdimg
SypHyconstruct waperformed witl6-18 DIV dissociated hippocampal cultures f8hp2°"
andcontrol animaloverslips were placed in an imaging chamber (Warner Instruments) that was
equipped with a pair of parallel platinum electrodesnl@part for electrical stimulation. Live
imaging was performed at RT (25 °C) in extracellular soluBomLNaCl, 2.5 mM KCI, 25

mM HEPES pH 7.4, 30 mM glucose, 2 mM Md@hM CaCJ, 10 uMCNQX (Tocris), and 50

MM APV) on an inverted microscope (Observer D1, Zeiss) equippesh @MCCD camera
(Evolve512, Photometrics) controlled by MetaMorph ImagimS(Mnalytical Technologies)
and VisiView (Visitron Systems GmbH) using 63x objective and EGFPeESetil{exciter
470/40, emitteb20/50, dichronic 495 LP) and Cy3 ET filter set (exciter 545/25, emitter 605/70,
dichronic 565 LP). By checking the RFResgion in the red channel infected neurons were
selected for analysis.

The alkaline trapping method was used for quantification of the recycling pool of vesicles. Here,
the stimulation of Sypkgxpressing neurons was performed in the presehgdiBailomycin

Al (Calbiochemas a specific inhibitor of the vesicular proton puryp& ATPase. In the
presence of Bafilomycin in the extracelddhution the vesicles that undergo exocytosis are not
guenched but remain fluorescent after endocgtuditdl to reacidify The unquenched vesicles

do not contribute to the rise of fluorescence upon triggering of another roele@sdn this

way, the net exocytosis can be estimatezl.readily releasable pool (RRP) was relegsed
delivering 40 APs at 2r using S48 stimulator (Grass Technologies) for 30cseeveal the
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total recycling pool (TRP) 900 APs at 20 Hz were delivered, following a be€seodbndsn
the recordingfter the first train of stimuli. The relative sizes of RRP and TRP teererdms as
fractions of the total Sypkexpressing pdoneasured after addition ofrl@® NH.CI pulse.

Synaptic puncta that respond to stimulation were identified by subtracting the first frame of the
baseline before stimulation from the 20 frames diadtettyonset of the stimulus. detail, the
following formula was use:=(F-Fo)/(F narFo), Whereasdfs the average from 20 frames before
stimulusF isthe GFP fluorescace intensitdivided by the mean IF of RFP fluorescent puncta
Fmaxis the fluorecence after the addition of ammamiMean IF intensities were measured in
ROls centered over each responding synapse using Time Series Analyzer V2.0 plugin in ImageJ
softwareRRP and’ RP were quantified using mean valuéd@¥alues correspanglto 15 sec

to 25 sec and Bsecto 55 secafter the first stimulus, respectiveeéxample trace Figure

3.7.1EF). Data traces were determined after background subtraction and correction for bleaching
was done. Only neurons that showed more than a 20#%séordluorescence on average after
treatment with ammonia were uséde potocol isadapted fronpublished procedures by
Burrone and colleagu@irroneet al. 2006Cells used in this experiment were provided by me.

All further procedures were perfad by Dr. Carolina Montenegro.

2.2.9. Immunohistochemistry

This experiment was done by Anil Annamne¢le frame of his PhD thesis since he was familiar

with the technique that requigespecial education and permission to perfuse aMialsvere
anesthetized with isoflurane and transcardially perfused with PBS for 20 minutes, then with 4%
PFA for another 20 minutes. Animals were decapitated and braicanetilly dissected. Post
fixation of the brains was done with 4% PFA overnight, followed lysti&rose in PBS and 1

M sucrose in PBS. Brains were frozen using Isopentane and liquid mittcgjered at80 °C

until analyzed. 3@0Qm t h i ¢ dectorsamgre tut om a Leica CM3®afyostat, collected

free floating, and washed with PBS18 fhin) followed by blocking with 10% NGS, 0.3% Triton
X-100 in PBS for 1 hour at room temperature. Primary antibodies wBassmbn and anti

VGLUT or ant-VGAT diluted in blocking solution and incubated overnight at 4° C. Then sections
were washed in PBS and blocked again with 0.4% BSA/0.3% TF1i@@ixX PBS for 60 min
followed by overnight incubation with secondary antibodies diluted in blocking. Saations

were washed three times with PBS and mounted on glass slides and covered with coverslips using
fluoromount g DAPI (Southern bioteclenotyped animals were provided by me. The
subsequent acquisition and processing of images was done by me.
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2.2.10. Image analysis

Images of stainings were acquired on a Zeiss Axio Imager A2 microscope with Cool Snap EZ
camera (Visitron Systems) controlled by VisiView (Visitron Systems GmbH) software. In general,
single coverslips were acquired using camera settitigaligapplied to all samples quantified in

one experiment. Unspecific background was renfiyveteasuring small regions in acquired
images that clearly contained no specific staining in all pictures of the same channel. The average
of the maximum IF iensity was calculated and this value was subtracted from all pictures of the
same channgl ImageJ software (NIHitp://rsb.info.nih.gov/ij/).

Overview pictures of single sagittal brain sections were obtain@® i&ialgjective. All blocks

of singlesagittal section were rearranged using Adobe InDesign CS3. Brightness and contrast levels
of the presented images were minimally adjusted using either ImageJ software or Adobe Photoshop
CS3.

For morphological analysis images were taken with high exposyeel0objectiveconverted
to 8bit binary images, processed in Adobe Photoshop CS3, and analyzed using the Sholl analysis

Plugin in ImageJ software. Longest outgrowing dendrite was measured with the same software.

For the quantification of surfacedatotal staining of glutamate receptmguired using a 63x

objective Bassoon and Homerl stainings served as synaptic markers and stainings were analyzed
in proximal dendritic segments3um away from the soma. Synaptic puncta were defined semi
autonatically by setting rectangular regions of interest (ROI) with dimensions of alfo8Q0ns

around local intensity maxima in the channel with staining for Bassoon. In ROIs positive for
staining of Homerl and glutamate receptor subamgsponding antibody mean IF intensities

were measured using OpenView software (written by N.@sznel et al. 2006

To quantify the number of excitatory and inhibitory synapses Bassoon puncta were matched with
either Homerl or VGAT staining. The numberctive synapses is determined by matching
Bassoon puncta with Homerl and Synaptotagabeled puncta in neurons hyperpolarized with

50 mM KCI in Tyrodes BuffeFherelativeratio of SVs in the ready releasable pool and in the
total recycling poaisingSyt1 live stainingas determined in the same widly antibodies against
Bassoon and Honteto label excitatory synapsegensities were measured using OpenView
software.

For the quantification of phosphorylated ERK or BDNF pl+#pGFP reporter constcti
fluorescence in the nucleus, ROIs were defined using DAPI as a mask. Integrated density was
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measured using ImageJ softw@rdy cells that were negative for the staining of GAD65 were

used for this analysis.

2.2.11. Statistical Analysis
All resultsare showmasmeant standard erroof the mean (SEMijom two or three independent
experimentsand plotted using Prism 5 software (GraphPad Saqftmarg Valuesvere
normalized d the mearof control valuesunless indicated differentBtatistical analysis was
performed usin@neway ANOVA Dunnett’s tesipnesample-testor student’ g-test Only p

values<0.05 were considered as statistically significant.
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3. Results

3.1. Clinical and molecular spectrum of NRAS mutations

After the first publication of germline mitibns iNNRAS as a cause of NSirstea et al. 20)10

we identified four individuals wHRAS mutationsn our local cohorAlong with 15 additional

cases from international collaboratweswere ald to describe the largest cohomiGe not y p e
and phenotype spectrumMRASg e r ml i n dAltmudler et al.r2Q1Bad

3.1.1. Spectrum of NRAS mutations

In this study, weadentified19 affected individuafsom a total of13 unrelated families with
mutations iNNRAS. In summary, we identifiedne different heterozygobdRAS mutations
Importantly, h changes affected highly conserved resadutepicted iRigue 3.1.In four cases

the repectiveNRAS mutationwas inherited from affected parents emdegregatewith the
phenotypeMoreover, we identifiedne sporadic cas@swhich we were able to prove deenovo
occurrence of the mutation by testing mateDNA, if availableNotabl, the amino acid
substitutiong.I24\, p.T50I and p.G@in NRASthat we found taegregatin the four families,
hadalreadypeen documented in NfseviouslyCirstea et al. 201Runtuwene et al. 2Q01We

found six novethangesffecting the residugsG1a&R/ D/S/V, p.E37dup and p.T58IThese
mutationsoccurred exclusivelysporadic casesmdwere notdescribeds germline mutations in
NSyet De novaccurrence was demonstrated for the missense changes predicting the amino acid
substitutions p.GR p.G1D, p.G12S and p.G12V. The germline nature of the mutations
resulting inthe p.G1R, p.G1D, p.G12S and p.T58I changes was further supported by their
occurrence in a heterozygous pattern inheomatopoietic tissues. Regarding tBE&7uolup
mutation, the father was unavailable for testing, and in the case of p.T58I thaddtherdio

have a mosaicism for the mutation in his peripheral blood leukeegteigufe3.2 for the
sequence electropherograms

3.1.2. Clinical presentation of patients with NRAS mutations
We identifiecheterozygouBlRAS mutationsin nine males and teenhales with eange from
three months to 50 years amdealian age of 7.1 ye&ifteenpatientof our cohorthad a clinical
diagnosis of NS. However, in tpatientsthe proposed diagnosis based on clinical assessment

was CFC3Moreovera very youngatientat the age of one yeaas initially suspectemhave
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CS One case watiagnosegrenatdy becausef a large hygroma calliring early pregnancy

The clinical data are summarized in Table

G60E
T50I
G12D/R/ISIV
124N
G13D* P34L G37dup T58I
6
NRAS 1 QVVIDGETCLLDILD
KRAS 1 QVVIDGETCLLDILD
HRAS 1 QVVIDGETCLLDILD

AA 1 25 50 75 100 125 150 175 189

Figure 3.1: NRAS mutational spectrum and protein domain structure. Upper panel: The sequences of
amino acids 1-70 of three RAS proteins are aligned. RASopathy-associated and germline mutations in NRAS are
represented above the sequence alignment. Length of bars and numerals at their basis indicate the numbers
of unrelated observations for each mutation. Novel mutations identified in this study are printed in magenta.
Black color indicate mutations described previously, which were also identified in our cohort. Cyan blue color
indicates mutations previously reported to cause NS but not found in our cohort. *Notably, the reported case
with the G13D mutation had a diagnosis of JMML. Mild NS-like features were only noted retrospectively. Black
bars and numerals below the alignment represent the numbers of somatic mutations associated with cancer
at the respective position (according to COSMIC, Forbes et al. (2015)). Lower panel: Domain structure of NRAS.
Numbers represent amino acids, blue boxes: coding exons, green boxes: functional domains, P-L = P-Loop, SW
| = Switch | region, SW Il = Switch Il region, HVR = Hypervariable region. This figure is adopted from Altmuller
etal. (2017a).

All individuals with heterozygddRAS mutationgoresented witbraniofacial features typical or
suggestive for a RASopathgditionally, & foundthe typical appearance wtiort and brod

or webbed neck in 94%, and ocular ptosgXif of the casedlotor delay and intellectual or
learning disabilities were present in 43% and 46% of the patients of our cohort resjuiggtively.
nine percendf the patients in our cohdnad cardiac anoifies hypertrophic cardiomyopathy
(HCM) was most commoim 33% whereaseptal defects and pulmonary stenosis (PST) were
reported only ii2% and 6%©f our cohort, respectiveBhort stature wagcordedn onlyfour

out of 15 casesAPno). Patient 7 showtea severe global developmental delay, but edneing
disabilitieseported in our cohokeremild. For mostof patient§69%),prenatal abnormalities

were reporteavith pol\hydramniosoccurringin 46% of the casesand michal edema and fetal
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chylothaax/hydrops inl5 and 2% of the casegespectivelyCryptorchidismvas reportedh

63% of affected malé@3ne patient had a confirmed coagulopathy (von Willebrand disease, patient
8), but eeding diathesis was reportedrily threeout of 15individuas. Two individualsvere

found to have neoplasiamepatient had a brain tumor of unclear etiology (patient 12), which is
shown in Supplementary Figure 6.1 and anptteEnt had a JMMike myeloproliferative
disorder (patient 13). Selected patweitiisnovel mutations and/or unsual phenotypic featees
presented in more detail in the following

Patient 1 (p.G12Spresented with typical physical signs of NS: facial anomalies IRigleft

ventricular hypertrophy, atriahd ventricular septalfeets that wasorrected by surgery, a
persistent ductus arteriosus, and short stature. She exhibited marked muscular hypotonia in infancy.
Her development was mildly delayed; she was able to walk freely with 2.3 years -@nda@pbke 2
sentences at thgeaof 2.5 years. Her language skills at last evaluation at the age of 5.5 years were
classified as normal for age. Intellectual development was also tested normal for age, but deficits
were noted in spatial performance and attention. She had regulapfolltve pediatric hemato

oncology during infancy, and had no signs of myeloproliferative disorder. The het&li@Afjous
mutation was found in leukocyte DNA, confirmed in DNA from buccal mucosal epithelial cells

and finger nail keratinocytes, and wasrdhn the parents (kg 3.2

Patient 2 (p.G12V)vas a fetus with a suspected RASopathy based on the finding of a very large
cystic nuchal hygroma (14.3 mm) at twelve weeks of gestation. Progressive hydrops fetalis
developed, eventually leading t@iurterine death at 22 weeks of gestation. No autopsy data were
available but hydropic appearance of the fetus was reported. No heart defect could be detected.
Fetal karyotyping was performed on a chorionic villus sample and resulted in a normal male
karyoype. The heterozygoN®AS mutation was demonstrated in DNA from cultured chorionic

villus fibroblasts. Parents were negative for the mutation.

Patient 52 (p.G6CE) is an affected child of a thhgeneration family with obvious features of NS

in her fatheand grandfather. She died on the first day of life from severe hydrepsriwst

MRI revealed bilateral pleural effusions, a small pericardial effusion and left ventricular
hypertrophy.

Patient 7 (pE37dup) came to medical attention because of dewelatal issues and an atrial

septal defect. She had a prenatal history of fetal nuchal edema, polyhydramnios, an intracerebral

arachnoid cyst, and bilateral hydronephrosis detected by antenatal ultrasound. Subcutaneous edem:

was noted at birth. She reqdigavage feeding due to severe failure to thrive. In addition, she

developed epilepsy and a sleep disorder. She had renal and urogenital abnormalities and recurren
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urinary tract infections. An MRI in the newborn period revealed thinning of the conéxteith

matter changes, consistent with hypoxic ischemic encephalopathy. At the age of 2 years and 5
months her stature was below third cenfléq SD) and she had a short webbed neck, shield
chest, widspaced nipples, while facial anomalies wergdiess tFigure 3.3). She was suspected

to have CFCS because of her severe developmental delay, hypotonia and ectodermal abnormalities
She continued to demonstrate head lag at age 4 years old and unsupported sitting was not possible
Other features includemicrocephaly (43n at 2 years and 5 month8.27 SD)), ocular
abnormalities including nystagmus and strabismus, hearing deficits and heman$lBA&. The
mutation was detected in leukocyte DNA. Additionally, she was identified to harbor a 1.24 Mb
gain from chromosome 22011.23 detected by array CGH analysis (arr[GRCh38]
22011.23(23408742_24595702)x3). This duplication was considered to have an impact on
phenotypic complexity and modification of the RASopathy phenotype, specifically the severity of
neuroevelopmental issues. Neither genetic abnormality was detected in the mother, but the father
was unavailable for testiBgcause of the complex phenotype and its probable modification by

the 22g11.23 duplication and hypoxic ischemsephalopaththis paient was excluded from the

aggregate clinical tables and statistics.

Patient 8 (p.T58I)presented with suggestive facial features of NS, ocular ptosis, strabismus, and
pectus excavatum, but without cardiac anomalies and short stature. She displageed muscul
hypotonia and mild motor delay. WRAS germline origin of the mutation was supported by its
identification in DNA from urine, saliva, and peripheral blood. The patient’s father was found to

have a mosaicism for the mutation in his peripheral blgodgBi.2).

Patient 11 (p.T50l)presented with typical facial features of a RASopathy, and mitral valve
prolapse. At age 11, her height was in the low normal 1BAgeSD). The suspected clinical
diagnosis was CFCS because of typical facial featusagbgti@intial supraorbital hypoplasia and
prominent ectodermal findings (curly hair, sparse eyebrows, keratosis pilaris, facial keratosis and
multiple nevi), while her motor and intellectual development was only mildly delayed (IQ 65). Her
perinatal histgrwas characterized by multiple complications that may have contributed to her
developmental problems. She had perinatal asphyxia (Apgar scores 2/5/7) and required mechanical
ventilation for 17 days. In addition, she developed sepsis and portal veosthiaiteb umbilical

vein catheter. She was discharged from the hospital at 45 days of life. Brain MRI at four months
of age revealed a nobstructive hydrocephalus requiring ventriculoperitoneal shunting at six
months. Th&NRAS mutation was demonstraieadeukocyte DNA.
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Patient 12 (p.G1R) had a RASopathypical facial phenotype, short webbed neck, macrocephaly

and HCM. She was born at 36 weeks of gestation after a pregnancy complicated by
polyhydramnios. Birth weight was increased at 4.145 g. THatgb@&triod was complicated by
prolonged hyperinsulinemic hypoglycemia, severe feeding difficulties including oral aversion and
respiratory difficulties due to upper airway collapse. She was treated with a percutaneous
gastrostomy and a tracheostomy @atitinuous positive airway pressure ventilation. A brain MRI

at 8 months of age revealed an expansive lesion of 0.8x0.7x0.6 cm in the hypothalamus proposed
to represent a hamartoma or lipo@applementary FiguBel), but neither surgery nor biopsy

have leen performed, so far. Her EEG was normal, and she has been followed by a clinical
neurologist. Her motor development was delayed (unsupported sitting at age 10 months), but no
detailed assessment of her development is available due to her young agét fgdlawip).

She had sparse, thin hair, full lips, deep palmar and plantar creases, several small newvi and one cafe
aulait spot. Based on the clinical findings, CS was suggested;iRASymutation was found.

The heterozygoUdRAS mutation wadetected by WES. It was confirmed in DNA obtained from
fingernail keratinocytes by Sanger sequencing, and was not found in DNA samples from both

parents.

A

Patient 1: c.34G>A, p.G12S

Peripheral blood Buccal cells Finger nails Father Mother
A A A

l | l N e’al

il ’ \

gl . | |
il \/ \"‘ Wl \“ f\ ) [l 1%’\{]/_\‘ VI M A
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TTGGAGCAGGTGGTGTT TTGGAGCAGGTGGTGTT TTGGAGCAGGTGGTGTT TTGGAGCAGGTGGTGTT TTGGAGCAGGTGGTGTT

B

Patient 8: ¢c.173C>T, p.T58I

Peripheral blood Saliva Urine Father Mother
T T

JM Mty

ACTGGATACAGCTGGAC ACTGGATACAGCTGGAC AbfGGAJACAGCTGGAC ACTGGATACAGCTGGAC ACTGGATACAGCTGGAC

C D

Patient 12: ¢.34G>C, p.G12R Patient 13: ¢.35G>A, p.G12D

Finger nails Peripheral blood Fibroblasts
C A

TTGGAGCAGGTGGTGTT TTGGAGCAGGTGGTGTT TTGGAGCAGGTGGTGTT

Figure 3.2: Sequence electropherograms demonstrating de novo occurrence of the mutation and
supporting its germline origin in patient 1, patient 8, patient 12, and patient 13. For better comparison
only forward sequences are shown. Arrows indicate the position of the mutation. (A) From Patient 1 DNA
specimens from peripheral blood and buccal cells were analyzed. The ¢.34G>A substitution (p.G12S) was found
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in a heterozygous non-mosaic distribution in both samples. Parents were negative for the mutation. (B)
Electropherograms of patient 8 in DNA samples from peripheral blood, saliva and urine demonstrating the
germline origin of the ¢.173C>T mutation (p.T58l). Sequencing of parental DNA revealed the father to have a
low-level mosaicism for the mutation in his peripheral leukocytes. The mutation was absent in the mother. (C)
In patient 12 the c.34G>C change (p.G12R) was identified in a heterozygous non-mosaic distribution in
leukocyte DNA using next generation sequencing (not shown). DNA extracted from fingernails was analyzed
to confirm the germline origin of the mutation. (D) From Patient 13 DNA specimens from peripheral blood and
fibroblasts were analyzed. The c.35G>A substitution (p.G12D) was found in a heterozygous non-mosaic
distribution in both samples. Parents were negative for the mutation (data not shown). This figure is adopted
from Altmuller et al. (2017a).

Figure 3.3: Clinical photographs documenting the craniofacial phenotype of patients with
heterozygous NRAS mutations. The patients’ ID numbers (according to Table 3.1) are given in the upper left

51



3. RESULTS

corner of each photograph. Written consent was obtained from the patient or his/her legal guardian for
publication of the images. P1: G125, 4 years old; P3-1, P3-2, P3-3: 124N, familial observation with affected family
members shown at age 10, 13, and 36 years, respectively; P5-1: G60E, 17 years old; P7:E37dup, 6 month old;
P10-1: G60E, 18 years old; P11: T50I, 11 years old; P13: G12D, 1 year old. This figure is adopted from (Altmuller
etal.2017a).

Patient 13 (p.G1R) is a male born after an uneventful pregnancy except for mild fetal
pyelocalyceal dilatation (7 mm) of the left kidney detected on ultrasmsn@8igl weight at

term was 960 g, body length 51 cm, and head circumference 37.5 cm. He had no feeding problems
and no lymphatic anomalies. A few-aafi@it spots were noted on neonatal examination, and he
was therefore followed up because of a sespéicignosis of neurofibromatosis. At the age of
three months, a blood cell count showed leukocytosis with 3% blast cells on a peripheral blood
smear, mildhtnemiaand thrombocytopenia. On examination, he showed fotaidafé spots

over 0.5 cm diametand three melanocytic nevi on lower limbs and buttocks, macrocephaly with
suggestive facial featuresNS (Figure 3.3, short neck but no thorax deformities, hepato
splenomegaly (4 and 3 cm, respectively), normal male genitalia with descendedhtestes, and
hands and feet. Bone marrow biopsy showed findings consistent with a myeloproliferative disorder.
A brain MRI showed subdural fluid accumulations but no brain structural anomalies. Cardiological
examination and echocardiography were normal. EnezygbublRAS mutation was identified

in leukocyte DNA and later confirmed in DNA extracted from skin fibroblasts, but was absent in
both parents. Although he met clinical and analytical/cytological criteria for the diagnosis of
JMML, in view of the stdity of the blood cell counts and absenocewiplicationst was decided

not to start treatment and follow him up closely. Until the age of 11 months, this child has remained
stable hematologically, without proliferative phenomena or infectious comgpliela was not

short in stature, and his motor development was still within the normal range. A detailed

developmental assessment was not possible yet due to his young age.
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Patient ID 1 2 3-1 3-2 3-3 41 4-2 5-1 5-2 5-3 6 7 8 9 10-1 10-2 11 12 13
Age at last 5y IUFD at 13y8mo 10y3mo 36y 6y8mo 42y 21y 1day 50 2y5mo 2y5mo 7y1mo 2y1mo 18y4mo 8y11mo 11y3mo 1yOmo 1yOmo
follow-up 22+3 weeks
Gender f m m m f f f m f m f f f m m m f f m
Genotype p.G12 p.G12V p.124A p.124A p.124A p.T501 p.T501 p-G60E p.G60E untested p.G60E p.E37dup p.T58l p.T501 p.G60E p.G60E p-T50I p.G12A p.G12A
Segregation de novo de novo Mat. Mat. ? Mat. likely de Likely Likely pat. Possibly de novo father Mosai- parents ? Pat. ? de novo de novo
Inherit. Inherit. Inherit. novo pat. Inherit. mat. untested, cismin not tested Inherit.
Inherit Inherit mother no father
3 N mutation
Mutation finger saliva, finger nails skin fibro-
confirmed in nails, urine blasts
non- buccal
hematopoetic cells
tissue
Phenotype NS ND NS NS NS NS NS NS NS NS NS CFCs NS NS NS NS CFCS cs NS
Prenatal findings = NE, HF PH = ND PH,HD ND PH, PST PE,FA ND NE, PE, NE, PH, intra- ND ND - PH = PH PH, mild
mild VM, cerebral pyelo-calyceal
congenital arachnoid dilatation left
chylothora cyst, bilateral kidney
X hydro-
nephrosis
Feeding + ND ND - ND ND ND + + - + +
difficulties
Heart defects/ VSD, ND HCM HCM HCM HCM PST,VSD HCM = ASD = AVS = MvP PDAHCM
anomalies ASD,
HCM,
PDA
Lymphedema - ND - - - - - - nLE - nLE, nCT nLE - - - - - - -
Height SDS -2.91 ND -2.60 =11 -1.41 0.13 ND 0.32 (at ND -1.81 -2.44 -2.69 0.17 -1.43 -3.60 SIES5 -1.47 -0.80 1.03
12y)
Developmental MD ND ID(m) MD, ID(m) ID(m) ID(m) ND MD, ID(s) MD MD, MD
delay ID(m)
Cryptorchidism NA ND + + NA NA NA + NA + NA NA NA + = = NA NA -
Hair and skin CH ND WH, MN WH CH, MN, SH, CH, - ML ND ML - SH, HA KP KP, HA MN - KP, MN SH, MN MN, Cals
HA SE, KP
Skeletal SN ND SN SN SN TH, SN SN TH, SN ND TH, SN TH, SN TH, SN SN SN SN SN TH, SN SN
Bleeding - ND + + - - - - ND - - VW - - - - - ND
diathesis
Ocular PT ND PT PT,RE PT PT PT PT ND PT PT RE, ST, optic PT,RE ST PT,RE - PT, RE, ST PT PT
abnormalities Rencalon
gaze
deviation
Additional died on 1stday mildly 1.24 Mb gain Right Bilateral Hydroce- upper airway minor renal
of life from dilated from clubfoot clubfoot phalus; obstruction anomalies,
severe hydrops; ventricles 22q11.23; perinatal requiring IJMML,
post mortem and extra- hydro- complicatio tracheastomy; external
MRI: left axial nephrosis ns with hyper-insulinemic hydro-
ventricular spaces with duplex asphyxia, hypoglycaemia; cephalus
hypertrophy collecting sepsis, and hypothalamic
system portal vein tumor
thrombosis

NRAS mutations are described in the one-letter code according to the isoform NP_002515.1; +: present; -: absent; ASD: atrial septal defect; AVS: atrial valve stenosis; CalS: Café au lait spots;
CFCS: Cardio-Facio-Cutaneous syndrome; CH: curly hair; CS: Costello syndrome; f: female; FA: foetal ascites; HA: haemangioma; HCM: hypertrophic cardiomyopathy; HD: prenatal heart
defect; HF: hydrops fetalis; ID(m): intellectual disability (mild); ID(s): intellectual disability (severe); IUFD: intrauterine foetal death; KP: keratosis pilaris; m: male; mo: month(s); mat. inherit:
maternally inherited; MD: motor delay; ML: multiple lentigines; MN: multiple nevi; MVP: mitral valve prolapse; NA: not applicable; nCT: neonatal chylothorax; ND: no data; NE: foetal nuchal
oedema; nLE: neonatal lymphatic oedema; NS: Noonan syndrome; pat. inherit: paternally inherited; PDA: persistent ductus arteriosus; PE: fetal pleural effusions; PH: polyhydramnios; PST:
pulmonary stenosis; PT: ocular ptosis; RE: refractive error; SE: sparse eyebrows; SH: sparse hair; SN: short neck /webbed neck; ST: strabismus; TH: thorax anomaly; VM: ventriculomegaly; VSD:
ventricular septal defect; VW: von Willebrand syndrome; WH: wooly hair; y: year(s). This table is adopted from Altmuller et al. (2017a).

53



3. RESULTS

3.2. Characterization of Shp2°¢'Y animals

3.2.1. Generation of Shp2°®"Y mouse strain

To obtain viable animals expressing overaBiyg®®Y selectively in brain, we crossed
heterozygaiconditionabhp2oedPeYWT gnimalg¢Chan et al. 200@ith animals homozygous for
Emx1REsqe allele (Figure 31A). The endogenous Emx1 promoter drives expressi cre
recombinase from embryonic day 10.5 onwards selectively in excitatory neurons and astrocytes of
the forebrain and ventral pallium in mice carryingninet®=>“<allele(Gorski et al. 20020ur
breeding scheme was designed to yield offspring that are all heterozygous fr @atieli,

while 50% are wildtype for tRgpnllocus Shp2™T; from here on referred to esntrol or
CTRL) and 50% are texozygous for the mutatioBhp3>eCsYWT. referred to aShp2s*”
further on).The average breeding couple fhaditters with a mean litter sizesif pups. Data

are calculated from approximately 200 litters of 40 breeding cDuplasalysisf@48 male
offspring confirmed an equal ratio of animals surviving by the age of 5 weeks (49% control vs.
51%Shp2°'"). Female offspring were not weaned and genotypéuebubccurrence at birth
guantified as the male/female ratid-igure 3B was eqal totheir male littermate$hus, the
spatially and temporally restricted expressi@hp2® obviously circumvented embryonic
lethality reported earlier for its constitutive expre¢Simen et al. 2009The expression of a
functionally activated gene prodwets proven by measuritig protein tyrosine phosphatase
(PTP) activity ofShp2using a specific colorimetric assHyerefore forebrain lysateswere
prepared fromeightweeks oldontrol andShp2¢Y animalsUsing this lysate,emeasuredn
almostthreefold increase ithe SHPZXpecifcdPTPasectivity inShp2°Y samplegomparedo
controls (288+4% PTPase activity of control, n=3 experiments with usemper genotype;

* p OO0 . Gsample-test Eigure 34C). This findings in line with previous publicatiq@han

et al. 200QIn sagittabrain slices stainedthvantibodies against the presynaptic marker Bassoon,
the inhibitorymarker VGAT, the excitatory marker VGLUT, and DABIdi not observe any
gross morphological defectghiabrainstructurecomparing contr@ndShp2° animalgFigure

34D). Brain $ices and subsequent staining was performed by Anil Annamneedi.
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Figure 3.4: Establishment of the mouse strain Shp2P¢'Y, (A) Breeding scheme. Animals homozygous for the
knock-in allele Emx1"&< (Cre/Cre, black) and animals heterozygous for the Kl allele in Ptpn11 (WT/D61Y, light
blue) were used as parent animals. Resulting offspring are all heterozygous for the Emx1®&¢¢ knock-in allele
expression (Emx1RECeWT) and either wildtype (WT/WT, grey), further on referred to as Control (CTRL), or
heterozygous for Ptpn11 transgene expression (WT/D61Y, dark blue), now called Shp2P°", (B) Sex ratio of
progeny from breeding couples described in (A) is not affected by the transgene expression. (C) Shp2-specific
PTPase activity was 3-fold higher in Shp2°" forebrain homogenate as compared to controls. Data are shown
as normalized mean + SEM and analyzed using one sample t-test, *p<0.05. Dots indicate the values of three
Shp2P¢'Y animals. (D) The overall brain morphology is not affected in Shp2P®'™ animals. Sagittal sections of
brains from control and Shp2P'Y mice were stained with antibodies against Bsn, VGAT, and VGLUT and with
DAPI. Scale bar: 3.5 mm. Slices were prepared and stained by Anil Annamneedi. This figure is adapted from
Altmuller et al. (2017b).

3.2.2. Morphometric analyses of Shp2°®"Y neurons
Since there is evidence tBhp2is required for neuronal outgrowth (Rosario, Franke et al. 2007),
we analyzed the@n length and the dendritic arborization of hippocampal neurons derived from
Shp2° newborns and their control litermat@endrites and axons were visualized by
immunostaining withnéibodies against MAP2 and Tawheurons cultured for 5 daysvito
(DIV; Figure35A). Thecomplexity oflendritic arborization was assessed by counting the number
of intersections on the array of concentric circles centered over the cell bosig5B)gand
plotting the number of intersection as a function ohdstirom the soma (Sholl analysisrgig
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35D). No significant differences were found in this analysis usangatheder the curve as a

statistical readoutantrol vs. Shg?2', 427.5+13 vs. 404.5+13, n=137 vs. 134 cells from 3
eperi ments, p-@&Figre35D)sThellahgmof tkedongest outgrowing neurite

did also not differ between the genotypes (Control v&°Shp29+9 vs. 243+11 pm, n=187 vs.

188 cells from 3 ex p-testFigoe 83Dk This inddatesOtBat thes t u d e
Shp2°Y mutaton does not lead to profound changes in the neummmphologyin our model,

which is consistent with the unchanged gross brain morphology in these umec@4{Fg

Next,we tested whether the neuronal esgion of ShF2'" affects synaptogenesis. The number

of excitatory synapses was characterized byltteatpation of the presynaptic marker Bassoon

with the postsynaptic marker of excitatory synapses Homer1. Inhibitory synapses were identified
using atibodies directed against the vesicular GABA transporter (VGAT) and Bassoon. Both,
inhibitory and excitatogynapses were quantified ou20long segments of proximal dendrites

of 14 DIV old neuronsNeither the number of excitatory nor the number abitohy synapses

differed between neurons from control and ®hpPFigure 35E-H; control vs. Shp2Y;

excitatory: 46+2 vs. 48+2 puncta, n=183 vs. 185 cells from 11 expervhémntsry: 17+2 vs.

16+1 puncta, n=49 vs. 47 cells from 3 experimertigl, the essential basis of a balanced

excitatonyinhibitorysynaptogenessunchanged

In hippocampaleuronsa partof the existingynapses is silard does not take part in synaptic
transmissionThis can be linke either the lack afieurotransnitter release from presyniap
terminalsor to low/no expressiorof aamine3-hydroxy5-methyl4-isoxazolepropionic acid
receptors (AMPARS) at the surface of the postsynaptic e(®o@min and Cherubini 2004
Kerchner and Nicoll 20Pp8To test this hypothesis, we firssualizd active presynapses
undergoing neurotransmitter releafigingneurons at the age of 14 DiNth an antibody against
the luminal epitope of sytatagminl(Syt1AB) upon brief stimulation with 50 mM Kdlhis
antibody binds to its epitope when exposed to the synaptic cleft during synaptic vesicle fusion and
is taken up during compensatory endocyGsiszewski et al. 199%he brief hyperpolarization
facilitates the identification of active synapses. After fixation, neurons-staigedowith the
synaptic markers Bassoon and Horteeidlentify egitatory synapse®/e did not observe any
differences in the density of active excitatory presynapses betwpsrotyyees (Control vs.
Shp2¢Y, 1341 vs 12+1 puncta per 20 um dendrite, n=82 vs. 6iraall§ experimentsigure
35G, H).Based othesealatawe can exclude the lack of presynaptiotransmitter release and
alterations in the abundance of functional synapgSkp2fi'" neurons.
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Figure 3.5: Morphological analysis of Shp2°$'Y neurons. (A) DIV5 neurons were stained with antibodies
against the dendritic marker MAP2 and the axonal marker Tau1 for the assessment of dendritic arborization
and axonal outgrowth. Scale bar: 50 um. (B) Top: Example image of a neuron from (A) after binarization and
placement of the array of concentric circles used for Sholl analysis. Bottom: Sholl analysis of DIV5 neurons is
shown, where the number of ramifications is plotted against the distance from the soma. (C-D) The axonal
length (C) and the area under the curve (AUC) in Sholl analysis (D) do not differ between control and Shp2°¢'Y
neurons. (E-H) Immunostaining of excitatory (positive for Homer1; E), inhibitory (positive for VGAT; F) and
active (showing syt1AB uptake; G) synapses in DIV14 neurons from control and Shp2P®™. Data are presented
as mean + SEM and analyzed using unpaired t-test. The numbers in columns indicate the number of cells
analyzed. (H) Images show representative staining on 20 um sections of proximal dendrites used for the
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quantification of excitatory, inhibitory, and active synapses. Scale bar 5 um. This figure is adapted from
Altmuller et al. (2017b).

3.2.3. Surface expression of glutamate receptors in Shp2°®" neurons

Ras signaling has been implicatdige regulation of the delivery of AMPARS to the postsynaptic
plasma membrane (Zhu, Qin et al. 2002), which is a major determinant of the sensitivity of
postsynapses to neurotransmitters. To monitor the surface expression level of BMPARs
synapsediving cells were stained with antibodies against the extracellular epitopes of AMPAR
subunitsWe used an antibody binding to the GIuA isofon®&nGIluA) and antibodies specific

to the extracellular epitopes of GluAl @wdA2 (Figire 3.6A). There wera@o changes in the
staining density of the antibodies recognizing panGIuA and GIuAl sobuhigssurface of

control and Shp2" neurons (Figre 3.6B and Table3.2. However, inShp2%Y neurons the

surface staining intensity of the GluA2 receptor dulvasislightly but significantly decreased
(86+£4% of controls, p<0.05test Figure 3.6B).

In a parallel experiment the total expression levels of synaptic AMPARSs in 14 DIV hippocampal
neurons was quantifietbo. After fixation and permeabilizationtbé cellshe total synaptic
expression of AMPAR subunits was assessed as immunofluorescence intensuigl¢g)idest

with synaptic markers. The staining with GIuA1 antibodies showed a significantrdéerdBse

in Shp2% neurons (74+5% of exrgssion in control, p<0.00}esst), but was unchanged for
panGIluA and GIuA2 antibodies (#ig3.6A, C). In addition, the number of synapses showing
GluA1l staining was significantly decredse@48+2 in control vs. 37+2 in SH?, p<0.01, ¢

test, fao all numerical valusse Tabl82 and 3.3 which points to a lower total expression level

of synapticGIuAl in Shp?'Y neurons.

Synaptic trafficking and removal@tN2-containingNMDA receptors igightly regulatecand
controlledoy multiple pathwe including RASIAPK signalingBarria and Malinow 20@2hung

et al. 2004 To investigate the effect of dygulated RASIAPK signaling on NMDA receptor
abundance ipostsynapses of SRPZ neuronswe made use afitibodies binding specifically the
extracellular epitopes of GIuN1, GluNaAd GIuN2B receptorg/e again quantified the surface
abundancas welkls the total level of NMDA receptanssynapseas IF that colocalizes with
synaptic markerg/e found thaboth, the total expression levels #meltotal rumber of stained
synapsesvere unchanged for GluN1, GluN2#nd GluN2BreceptorsRegarding theugface

staining we could detect significant alterations neither in the surface density nor IF intensity of
GIuN1 and GIuN2A receptor subunittoweverthe surface IF intensity of GIuUN2B receptors
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was markedly reduced3hp2® neurons (72+5% of contrglp<0.001,-test Table3.2,Figure

3.6A-C), although the surface density was not affected

The calculation of the relative change in the surface/total ratio (Table 3.2) of the single receptor

subunits confirmdthe observed alterations in their syin@xpression. ¥Mind a relative decrease

in the ratio of GIUN2B receptor subunits on the surface as well as a relative increase in the level of
GluAl receptor subunits. The surface/total ratio of panGIuA receptors staining also points to a

relative incr@se in GIUA receptor levdis.summary, these data reveal striking changes in the

trafficking of AMPA and NMDAR in spines of SP2neurons.

Table 3.2: Synaptic expression of glutamate receptors

Surface staining Total staining Relative
Receptor
antibody Shp2Ps'Y Statistical n (CTRL vs. Shp2Ps'Y Statistical n (CTRL vs. Change:
% of CTRL Result Shp2°™) % of CTRL Result Shp2°s™Y) Surface/Total
GluA1 95+4 ns 26 vs. 24 74 £5 p<0.001 32vs.30 1,29
GluA2 86+t4 p<0.05 26 vs. 27 90+5 ns 29vs. 28 0,95
panGluA 116x7 ns 31vs.30 91+6 ns 45 vs. 41 1,28
GluN1 116+ 10 ns 32vs.29 83+ 13 ns 29 vs. 31 1,41
GIuN2A 1056 ns 27 vs. 32 914 ns 39vs. 39 1,15
GIuN2B 725 p<0.001 41 vs. 42 95+4 ns 48 vs. 44 0,76
This table is adopted from Altmuller et al. (2017b).
Table 3.3: Glutamate receptor density
Surface puncta Total puncta

Receptor
antibody CTRL vs. Shp2PeY Statistical n (CTRL vs. CTRL vs. Shp2Pe™ Statistical n (CTRL vs.

Mean + SEM Result Shp2PeT) Mean + SEM Result Shp2PeT)
GluA1 9+1vs. 101 ns 26 vs. 24 48 £ 2vs.37 £2 p<0.01 32vs.30
GluA2 11+2vs. 1242 ns 26 vs. 27 27 £3vs.20+3 ns 29vs. 28
panGIuA 15+ 1vs. 1712 ns 31 vs. 30 17 £2vs. 1412 ns 45 vs. 41
GluN1 46 +3vs.43+£3 ns 32vs.29 34+3vs.30+3 ns 29 vs. 31
GIuN2A 36 +4vs. 40+ 3 ns 27 vs. 32 41+2vs. 4212 ns 39vs. 39
GIuN2B 29+3vs. 2914 ns 41 vs. 42 55+3vs.52+3 ns 48 vs. 44

This table is adopted from Altmuller et al. (2017b).
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Figure 3.6: Synaptic expression level of glutamate receptors is affected in Shp2°$'Y neurons. (A)
Representative examples of the staining of synaptic surface (left) and total (right) glutamate receptors
containing GluA1, GluA2, panGIuA, GIuNT1, GIuN2A, or GIuN2B subunits, respectively, in neurons from control
and Shp2P®™ animals. Excitatory synapses were stained for Homer and Bassoon. Scale bar: 5 um. (B, C) Synaptic
IF intensity and density (puncta per 20 um of proximal dendrite) of surface (B) and total (C) staining for all
tested receptor subunits are shown. Values are normalized to the respective value in control, represented by
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the dashed line in the graphs. Note the reduced surface expression of GIuA2 and GIuN2B and the decrease of
the overall expression of GIuA1 in Shp2P®™ neurons as compared to controls. All numerical values and statistics
are listed in Table 3.2 and 3.3. Scale bar: 5 um. Data are presented as mean = SEM and analyzed using unpaired
t-test (*p<0.05, **p<0.01, ***p<0.001). Numbers in columns indicate the number of cells analyzed. This figure
is adapted from Altmuller et al. (2017b).

2D61Y

3.2.4. Reorganization of synaptic vesicle pools in Shp neurons

SV pools are involved in numerous presynaptic mechanisms regulating synaptic strength and
plastidy (Alabi and Tsien 201 Zurthermore, hyperactiRdSwas shown to modulate docking

and release probability of §8seger et al. 2Q0®shner et al. 2050 answer the question,
whether synaptic vesicle pools are altere8hp®°" neurons, we first performette
Synaptotagminantibody(Sytl ABuptake assay in &d 21 DIV old neurons. Using tlaissay,

we can monitothe recyclingate of SV This antibody is internalizedbithe lumen of synaptic
vesicles after their exand endocytosis, and the amount oékmptclosely reflects the level of
vesicle recycling as a measurement of aethdtyrelease probability at individual synapses
(Kraszewski et al. 1995eeFigure 3.1A). The SytAB uptake assay was performe@ter in
physiological solutions for 20 nfuisplaying theetworkactivitydriven release of SVs)ugon

brief application of the physiological solution contaisgM KCI for 4 min leading tdhé
depolarizatioinducedelease of all S@éthetotal recycling po¢T'RP) In both conditions, cells

were stained with antibodies against Homerl and Bassoon to identify functional excitatory
synapses after completion of the 8 Liptake assa@nly excitatory synapses were analyzed as

judged by the colocalization of the presynaptic marker Bassoon and the excitatory marker Homerl.

The quantification of th8ytl AB uptake assay itensity undephysiological conditions in
14DIV old neuronsshoweda clear increase i intensity inShp2®"Y neuronsreflectingan
increase in thieasatecyclingf SVs(Control vs. ShF2", 10045% vs. B2t 11% IF, n=70vs.72
cells front experimentdigure J.2A and B). However, hyperpolarization of the membrdne w
50 mM KCI to evoke the release of vesicles from the TRP did not show any differences in 14 DIV
Shp2° neurons Control vs. ShF2"Y, 100+6% vs. 101+10% IF, n=77 vs. 64 cells from 6
experimentg-igure 3.2A and C). Furthermore, thember of activeynapses in 14 DIV neurons
wasnot changed as shown in FiguB&3In contrast to the data obtained from 14 DIV neurons,
the spontaneous activiyivenrecyclingof SVs in 21 DIV neurons did not show significant
differences between the two genotyest(ol vs. ShpZ*, 10019% vs.96t 12% IF, n=46Vs.
46cells fromd experimentsFigure 3.2D and E). StrikinglyheKCl-inducedelease of S\Mgas
significantly reduced 21 DIV old Shp2°*Y neuronsimplyinga significant downregulationtioé

RP sizen Shp2°Y neuronsas compared to contr@ontrol vsShp2°®Y, 100+9% vs. 58+6% IF,

n=43 vs. 33 cells fromeXperiments~igure 3.2D and F)
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Figure 3.7.1: Methods for the analysis of synaptic vesicle pool sizes. (A) Principle of Syt1 AB uptake. During
neurotransmitter release the inner luminal domain of Syt1 is available for the antibodies to bind. During vesicle
recycling antibodies are incorporated into recycling vesicles and thus serve as an indirect readout for release
probability. In this way the relative sizes of readily releasable pool (RRP) released under physiological
conditions and total recycling pool (TRP), released upon stimulation with a 50 mM KCl pulse can be estimated.
(B) Schematic construct of SypHy molecule. An mRFP tag is coupled to the cytoplasmic domain of
synaptophysin and a GFP-coupled pH sensor is coupled to its luminal domain. Cells infected with SypHy-virus
can be identified by red fluorescent Synaptophysin staining at synapses. Upon vesicle fusion and neutralization
of surrounding pH GFP fluorescence is quenched and lights up during live imaging. (C) Representative image
of a neuron infected with SypHy-virus used for live imaging. Scale bar: 20 um (D) Pool sizes and exchange rates
of SVs in hippocampal neurons. Dark grey arrows indicate endocytosis and light grey arrows indicate mixing
between pools. Figure based on Rizzoli and Betz (2005) and Alabi and Tsien (2012). (E) Example trace of a
typical recording of SypHy experiment showing the three stimuli using 40 APs, 900 APs and a final ammonium
pulse to unmask all SypHy-expressing vesicles. The change in fluorescence (AF) is plotted as a function of time.
AP: Action potential; TRP: Total Recycling Pool; SypHy: Synaptophysin coupled to pH-sensor. The image in C
and the example trace shown in E were kindly provided by Dr. Carolina Montenegro.
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Figure 3.7.2: Changes in synaptic vesicle pool size in Shp2°®'Y neurons. (A and D) Representative images
of 14 (A) and 21 (D) DIV old control and Shp2°'Y neurons after Syt1 AB uptake assay under basal (physiological)
and evoked conditions using 50 mM KCl for 4 min stained with antibodies against Homer1 and Bassoon. (B)
Quantification of Syt1 IF under physiological conditions in 14 DIV old neurons. Shp2°™ neurons show a higher
network activity-driven release of synaptic vesicles compared to control. (C) Quantification of Syt1 IF under
evoked conditions using 50 mM KCl for 4 min in 14 DIV old neurons. There are no changes in the size of TRP
between control and Shp2°®'Y neurons. (E) Quantification of Syt1 IF under physiological conditions in 21 DIV
old neurons. Shp2™'Y neurons are not altered in their basal vesicle recycling. (F) Quantification of Syt1 IF under
evoked conditions using 50 mM KCl for 4 min in 21 DIV old neurons. There is a strong downregulation Syt1 IF
in Shp2P®'Y neurons, indicating a smaller TRP in mutant neurons. Scale bar: 5 um. Data are presented as mean
+ SEM and analyzed using unpaired t-test (**p<0.01, ***p<0.001). Numbers in columns indicate the number of
cells analyzed.
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Figure 3.7.3: Changes in synaptic vesicle pool size in Shp2P"Y neurons. (A) Exemplary traces of the
recording of fluorescence intensity during SypHy experiments from control (grey) and Shp2™'' neurons
(black). Shp2"Y neurons show after stimulation with 40 and 200 Aps a smaller change in fluorescence intensity
(AF) indicating a smaller RRP and TRP fraction. (B) Histogram of the responding boutons upon electrical
stimulation with 40 APs. In Shp2P" neurons, presynaptic boutons give a smaller response in comparison to
control neurons. (€) Quantification of RRP fraction, which is significantly smaller in Shp2" neurons. (D)
Quantification of the RP fraction. It is also significantly reduced in Shp2P®™ neurons. (E) Quantification of the
responding boutons upon electrical stimulation with 40 APs. In Shp2P®™ neurons, presynaptic boutons give a
smaller response in comparison to control neurons. Data are shown as mean + SEM and analyzed using either
one-way ANOVA followed by Bonferroni’s multiple comparison test or unpaired t-test (*p<0.05, ***p<0.001).
The number of cells analyzed is indicated in the columns of the graphs. Dr. Carolina Montenegro performed
this experiment.

To verify theresults from SytAB uptake assayve performed synappiilourin (SypHy)
experiments on 16 to 18 DIV control &idp2°Y neuronsThis experimenwas done by Dr.
Carolina Montenegr@s shown in Figure B3A, the change in fluorescence intensity after
stimulation with 40 and 900 APs are smaller ifShpurons compared to control. The delivery
of 40 APs revealed that the RRP in Shfh2euronsvasreducedy 27%on averag€/3+10% of
control, n=4 vs. 6 cells from 2 experimehigure J.3A and B). The RP size, revealed by the
delivery of 900 PRs,showeda reduction of 20% in SH{52 neurons (888% of control,Figure
37.3A,C).Thus, the argsis of vesicle pool size showed that 16 to 18 DIV old*Shpurons
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have a significant reduction in the fraction of RRP arkclRRermore, the number of responding
boutons upon stimulation with 40 ARasshifted inShp2°® neurons and decreasedwtt87%
(63+2% of controlFigure 37.3D, E) The histogram of the peak of response upon stimulation
with 40 APs implies that less SVs respdatd the response itsetisveake(Figure 3.3D, E)

This result is in line with the findings from $Blptake assay in 21 DIV neurons. In summary,
we demonstrateconvincingevidenceof a reduction of S\pool size andthe subsequent
reorganization of SV pools$hp2°Y neurons.

3.2.5. Impairments of activity-induced phosphorylation of ERK in

Shp2P®™Y neurons

To understand more about the underlgathophysiology @hedysregulation of neurorRAS
MAPK signaling due to the expressioSiop2°'” allelewe investigateal downstreartarget of
this pathway Therefoe, we quantified the phosphorylation level of ERK dissociated
hippocampal cultureffom control and ShB2Y animals in basal conditions and after

pharmacological stimulation of neuronal activity.

To investigate the translocation of pERK from neurites to the soma and its nuclear import in a
time-depe&dent manner, we visualizébet nuclear pERKlevel with an antibody specifically
recognizing phosphorylated ERK1/g@on stimulationof neuronal activity in 14 DIvld high
density hippocapal neurons (800 cells per coverslip) fr@dhp25'Y animalsand tteir control
littermatedy the application of 4AP and Hihis treatmernis knowrnto enhance synaptic activity
and induce activigependent gene transcription via calcium itiftoxgh NMDA receptors and
voltagegated calcium channéigang et al. 200¥ashishta et al. 200%he cellsveretreated
with 2.5mM 4AP and 5M Bic (4AP/Bic) for 10 min, onethree, and 24 hours iocrease
network activityThe timecourseof changes ithe nuclear abundance of pERHKs investigated
Only excitatory neurons that specifically express ove&iui?é"” in our animal model and
therefore only neuromsegativedr staining against GADG65, a broad marker of inhibitory cells,
were considered for this analysis. After ten min and one hour of 4AP/Bic stimulation, a strong
increase in nuclear pERK level was evidennimnolneurons in higldensity cultures. The nuclea
PERK level returned to baseline after three hours and again increased after 24 hours of treatment
in controlcells (10 mint66+8%; 1 h: 171+15%; 3 h: 122+9%; 24 h: 16Z+@bunstimulated
control t-test, Figre 38A, B). In contrast, already the b#satl of nuclear pERK was strongly
increased iBhp2°' neurons. After ten min of 4AP/Bic treatment the nuclear pERK level in the
mutant was still strongly increased, but decreaseatitollevel after one and three hours. After
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24 hours of treatmenhd nuclear pERK level in the mutant rose agairtomparable extent as
seen in thesontrol (unstim.:179+14%;10 min:164+12%; 1 h: 98+9%; 3 h: 107+7%; 24 h:
156+1P26 of unstimulatectontrol t-test, Figre 38A, B). These results suggest a biphasic
actiation of ERK with a earlypeakup to 1 hour and a secodeélayegeak after 24 hours of
4AP/Bic treatmenin control neuronsA biphasic pattern of ERK activation is also seen in
Shp2° neuronshowever, timpointsand magnitudarealtered (Figure 3B8.

In a second approach difirme course experimente usedhe brainderived neurotrophic factor
(BDNF, 100 ng/pl, Figre3.8C) as a stimulafdr the same time points as before. B2 bind
to TrkB receptorswhich is known to be coupled to thevation of RSMAPK signalingLeal
et al. 2014 Moreover, Shp2 was shown to be important for the full activation d1RR&
signalingdEaston et al. 20Pén our experimentghestimulation of 18IV Shp2®™ andcontrol
neurons with BDNF led to a different pattefrpERK activation and nuclear translocation. All
time points analyzed showed an increase in nuclear pERK level after BDNF tre@onérma in
neurons (10 midi80x£15%; 1 h: 172+12%; 3 h: 161+10%; 24 h: 1 PAxfTinstimulatedontrol
t-test, Figre38C, D). InShp2°Y neurons the basal activity level agasnincreased. However,
upon stimulation with BDNF we could not inducaetivitydependenadditionalncrease in the
phosphorylatiorof ERK in the mutant neurons (unstiri42+10%;10 min:134+13%; 1 h:
171+12%; 3 h: 181+18%; 24 h: 161%l16f unstimutedcontrol t-test, Figre 38C, D). This

experiment was performed in collaboration with Santosh Pothula.

We further investigated the changes in neuronal activity upon 4AP/Bic treatment for 30 min in
low density cultures (20000 cells/coverslip). Heeebasalevel of nuclear pERK wasot
significantlchanged comparir®@hp2°'" to controlneurons Figure3.9 nuclear pERK: 97+5%

of contro). The stimulation of neuronal activity led to significant increase in the nuclear pERK
level incontrolneurons Kigure3.9 nucleapERK: 136+8% ofcontro). Strikingly, this increase

was fully absent in neurons fr&mp2°'" (Figure3.9 nucleapERK: 102+4% of basal levels in
Shp2°™) further implying a pronounced dysregulation in neuronal amiivitylled ERK

activation.
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Figure 3.8: Time course of nuclear pERK accumulation induced by neuronal activity or BDNF is affected
in Shp2P¢"Y neurons. (A, C) Neurons of both genotypes are stained for pERK at different time points upon
4AP/Bic (A) or BDNF (C) application. DAPI staining was used as nuclear mask. Scale bar: 10 um. (B, D)
Quantification of the nuclear pERK level as exemplified in the staining in A and C. The basal levels of nuclear
PERK significantly differ between the genotypes (unpaired t-test, ### p<0.001). The time course upon
stimulation by both stimuli differed between Shp2P¢'Y and control neurons. Data are shown as mean + SEM
and numbers in columns of graphs indicate number of analyzed cells. The stimulation-induced changes were
compared to basal pERK levels in each genotype and significance was assessed using one-way ANOVA and
Dunnett’s multiple comparison test (**p<0.01 and ***p<0.001). Data are shown as mean + SEM. Santosh
Pothula and | performed this experiment together. This figure is adopted from Altmuller et al. (2017b).

Finally controlandShp2°'Y neurons from low densitylturesvere treated with the inhibitors of

glutamate receptors-B-2-amine5-phosphonopentanoic acid (40 uM, APV) anyabo’-
nitroquinoxaline€,3dione disodium (100 uM, CNQXf30 min to decrease tnerallnetwork

activity. In contrast to the ineffective activijuced activation and translocation of ERK into

nucleus in the mutant, silencing of neuronal activity led to rapid decrease of nuclear pERK in both
controlandSh2°*'Y neuronsKigure3.9 Shp2°'": 49+4% an@®hp2°™": 44+2% of baseline levels
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in the respective genotype), suggesting that neuronal ifadiniéd dephosphorylation and

nuclear export of pERK is unaffecte®hp2°” neurons.

Figure 3.9: Activity-induced nuclear translocation of pERK is disturbed in Shp2P¢"Y neurons. (A)
Representative pictures of 14 DIV old neurons in control situation, 30 min after stimulation of network neuronal
activity using 2.5 mM 4AP and 50 uM Bic, and 30 min after silencing with 40 uM APV and 100 uM CNQX.
Neurons are stained with antibodies against MAP2 as neuronal marker, pERK, and DAPI as a nuclear marker.
Scale bar 10 um. (B) Quantification of the nuclear IF of pERK in control and Shp2P°" neurons upon stimulation
(4AP/Bic) and silencing of NMDA receptor-mediated network activity (APV/CNQX). The stimulation protocol

leads to a significant increase in the nuclear pERK level in control neurons, but fails to do so in Shp2°¢'™
De1Y

Moreover, wajuantified the phosphorylation level of ERKa seconexperimentahpproach

using aute hippocampal slices from control and Bhp@nimals in basal conditions and after
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