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1 Uvod

1.1 Neurofibromatéza typu 1 jako model dédi¢né nadorové predispozice

Nédorova onemocnéni jsou v Ceské republice druhou nejéast&jsi pii¢inou Gimrti. Ro¢ni
umrtnost ¢ini vice nez 27 tisic osob, coz pfedstavuje 23% z celkové Umrtnosti
obyvatelstva *. Nadorova onemocnéni maji vyznamnou genetickou slozku a kazdy
jedinec nese individualni predispozici k jejich rozvoji. Hlavni pfi€inou rozvoje jednoho
z onemocnéni spojenych s nadorovou predispozici, neurofibromatozy typu 1 (NF1), je
inaktivace tumor supresorového genu NF1 (HGNC:7765; MIM 613113; RefSeq:
NM_000267.3) zarodecnymi mutacemi. Produkty tumor supresorovych gent se uplatiiuji
pii regulaci bunécného cyklu a odpovédi na poSkozeni genetické informace a vyrazeni
jejich funkce vede k abnormalni proliferaci bunék, coz v kone¢ném dusledku zptsobuje
rozvoj nadorového bujeni. Nadorova tkan je pak tvofena shlukem nové vzniklych
tkanovych utvard nebo bunéénych populaci, vznikajicich jako nefyziologickd odezva na
vnéjsi 1 vnitini podnéty organismu, ktera se vymezuje z regulacniho vlivu okolnich bunék
a jevi znamky abnormality v mnoha smérech %, U tumor supresorovych genii je vypadek
funkce jedné mutované alely zpravidla kompenzovan funkci alely nemutované. Mnoho
téchto genll tak ma na bunéfné urovni recesivni charakter a k rozvoji nadorového

v 7 ’ . ’ o« e . 3
onemocnéni je nutna dle Knudsonovy dvojzasahové teorie inaktivace obou alel ~.

1.2 Historie NF1

Neurofibromatéza (NF) neboli von Recklinghausenova choroba byla poprvé detailné
popsdna vroce 1882 némeckym patologem stejného jména jako onemocnéni
predisponujici ke vzniku tumori nervového systému a abnormalni kozni pigmentaci. Jiz
V historii vSak byla spojovana s popisem groteskniho fenotypu, napt. Morse poukazuje na
kresbu muze majiciho kozni noduly datovanou do 13. stoleti nebo na romanovou postavu
Victora Huga Quasimodo * .

Prvni ¢iselna klasifikace typti neurofibromato6z, zalozend na pfitomnosti nebo absenci tzv.
skvrn bilé kavy (café-au-lait, CAL), Lischovych noduld (LN), riznych typt tumord
periferniho nervu a dalSich specifickych rysech, byla popsana v roce 1982 °. Toto pojeti
klasifikace vyvolalo tfadu diskuzi a v roce 1988 byla béhem National Institutes of Health

(NIH) Concensus Conference nahrazena tzv. diagnostickymi kritérii podle NIH ©, dodnes
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rutinné akceptovanymi v klinické praxi. K jasnému odliseni typt NF ptispély v 90. letech
20. stoleti nalezy genti NF1 na chromozomu 17 (17g11.2) ” a NF2 na chromozomu 22
(22q12.2) ®°. Neurofibromatoza zadala byt nasledng klasifikovana jako onemocnéni typu
1 (NF1) a typu 2 (NE2), pficemz oba typy lze jasn¢ diagnostikovat na zéklad¢ klinickych

1 molekularné genetickych charakteristik 810,

1.3 Klinicka kritéria NF1

Kritéria podle NIH jsou splnéna u jedince nesouciho dva a vice nasledujicich znak:
e 6 a vice skvrn bilé¢ kavy vétsich nez 5 mm v priméru u jedincti prepubertalniho
véku a vétSich nez 15 mm v postpubertalnim véku
e dva a vice neurofibromi (Nf) nebo alespon jeden plexiformni neurofibrom
e pigmentace v podpazni a podkolenni oblasti (AF)
e gliom optického nervu (ONG)
e kostni 1éze (napft. sfenoidni dysplazie nebo pseudoartrdza tibie)

e piibuzny prvniho stupné spliujici kritéria podle NIH

Kritéria podle NIH jsou spolehliva pfedev§im u dospélych pacientl, uréeni spravné
diagndzy u déti bez pozitivni rodinné historie miZe byt problematické. Pouze polovina
postizenych déti mladsich jednoho roku spliuje diagnosticka kritéria, ale u vétSiny z nich
dojde k jejich dosaZeni do osmého roku véku .

NF1 je pfi incidenci 1:3000 Zivé narozenych déti jednim z nejcastéji se vyskytujicich
autozomalné dominantnich (AD) onemocnéni u ¢loveéka Zu pacientli nachazime Sirokou
variabilitu znakl jak mezi jednotlivymi ¢leny rodiny, tak 1 mezi rodinami navzajem.
Klinické disledky onemocnéni jsou proto velmi tézko predikovatelné. Vyskyt zavaznych
komplikaci se zvySuje s vékem. Maligni nadory pochvy periferniho nervu (MPNST) a
cévni problémy jsou nejc¢astéj$imi komplikacemi snizujicimi primérnou délku Zivota az o
15 let . Priblizné 5% rodin s klinickymi symptomy NF1 lze zafadit do n&kolika

nealelickych subtypti tohoto onemocnéni (Tab. 1 a 2).



Tabulka 1. Systém klasifikace NF1

Y Tumor
Diagnéza Jiné oznaceni kaven? e' Gen CAL . Kozni periferniho Oc¢ni nalez | Dalsi klinické znaky s vysokou frekvenci
onemocnéni pigmentace nervu
von poruchy uceni a chovani, predispozice ke
Typické NF1 Recklinghausen | 45599 NF1 6 a vice ano | Kozni noduldmi | )\ GNG iy malignit, kostni dysplézie,
a plexiformni Nf . . o .
e kardiovaskularni, pulmondrni komplikace
periferni NF
) 1:60000 mnohotetné Nf, kardpvas.k’ula}rnl komplikace, o
mikrodelece S P kraniofacialni dysmorfismus, nadprimérna
(5% NF1 NF1 velky pocet ano zvysSené riziko iy . s
NF1 , . S vyska postavy, poruchy uceni, mentalni
mutaci) vzniku malignit . g
retardace, abnormality tkani
NF1 del AAT AD CAL nezndmé NE1 6 a vice ano ne velmi zfidka | pouze .plgmenta.ce, velmi zr{dk? dals;
. exon 17 LN komplikace (vyjma pulmonarni stenozy)
alelické
subtypy svndrom velmi ziidka velmi ztidka
\X/ atson velmi nizka NF1 6 a vice ano kozni Nf v LN, ONG se | mirné poruchy uceni, pulmonarni sten6za
dospélosti nevyskytuji
segmentalni 2R somatické | segmentalni L .y
NEL 1:36-40000 mutace NE1 | lokalizace vzacné vzacné ne ne
NEL syndrom AD CAL SPRED1
nealelické ynar T neznama 6 a vice ano ne ne makrocefalie, poruchy uceni, lipomy
subtypy Legius NF1-like syndrom (chrom. 15)

Y 12
Prevzato z




NF1 je spolu se syndromy Noonanové, LEOPARD, kardio-facio-kutannim (CEC) a
Costello zahrnovana do skupiny onemocnéni nazyvanych neuro-kardio-facio-kozni
syndromy (NFNC) **. Spole¢nymi znaky pacientii s touto diagndzou jsou poruchy
uceni, srde¢ni defekty, facialni dysmorfismus, maly vzrist, makrocefalie a kozni
anomalie. S onemocnénim NENC (vyjma CFC) vznika celozZivotni riziko zvyseného

vyskytu malignit spojené s nalezy kauzalnich mutaci v evoluéné konzervované drdze

Ras-MAPK *°.

1.4 Diferencialni diagnostika

Doposud bylo popsano vice nez 100 hereditarnich syndromt a abnormalit, které jsou
charakterizovany typickymi rysy NF1. Ve vyjime¢nych ptipadech mohou i tito pacienti
spliiovat diagnosticka kritéria podle NIH. NF1 pak mize byt vylouena na zakladé
pritomnosti dalSich znakl. Pfehled nejcastéjSich onemocnéni pfipominajicich svymi

klinickymi projevy NF1 ukazuje Tab. 2.
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Tabulka 2. Onemocnéni majici podobnost s NF1 a jejich vzajemné odliSeni pomoci
klinickych a histopatologickych znak.

Onemocnéni

Klinické znaky

Legius syndrom — NF1
like

HNPCC

Schwannomatosis

Noonanové syndrom

LEOPARD syndrom

McCune-Albright
syndrom

Mnohocetna endogenni
neoplazie typu 2B

Bannayan-Riley-
Ruvalcaba syndrom

Juvenilni hyalinni
fibromatoza

Kongenitalni
generalizovana
fibromatdza

Familiarni mnohocetna
lipomatoza

Klippel-Trenaunay-Weber

syndrom
Proteus syndrom

Mnohocetné CAL

Parcialni albinismus

AD, mnohocetné CAL, AF, makrocefalie bez LN, Nf a tumori CNS ,
heterozygotni mutace v genu SPRED1

Mnohocetné CAL, AF a kozni Nf spojené svyskytem malignit
V neobvykle raném véku, homozygotni mutace v MMR genech. U rodi¢t
¢astd konsangvinita a pozitivni rodinna historie HNPCC, Zadny z nich
nemiva typické znaky NF1

Oboustranné vestibularni schwannomy kranialnich a perifernich nervi
(pomoci MRI ¢asto k nerozeznani od intraneurdlnich plexiformnich Nf),
kozni schwannomy, meningiomy, juvenilni posteriorni subkapsularni
katarakty, heterozygotni mutace v genu NF2

Mnohocetné schwannomy kranialnich, spinalnich nebo perifernich nerva
(pomoci MRI ¢&asto k nerozeznani od intraneuralnich plexiformnich Nf),
obvykle bez vestibularnich, oc¢nich nebo koznich znakd charakterizujicich
NF2 nebo NF1, kauzalni gen neni znam

Malé postava, skolidza, vrozené srdec¢ni defekty, Siroky krk s koznimi
fasami, mutace v genech PTPN11, KRAS, RAF1, SOS1

Cetné kozni pigmentace, oéni hypertelorismus, hluchota, vrozené srdeéni
defekty, maly vzrust, mutace v genu PTPN11

Rozlehl¢ CAL, polyostotickd fibrozni dysplazie, pfedcasnd puberta,
mutace v genu GNAS1

Muko6zni neuromy, spojivkové neuromy, feochromocytom, medularni
karcinom §titné Zzlazy, ganglioneuromatéza gastrointestinalniho traktu,
vzhled Marfanova syndromu, mutace v genu RET

AD, cetné lipomy a hemangiomy, makrocefalie, pigmentové skvrny na
zaludu penisu, mutace v genu PTEN

AR, mnohocetné podkozni tumory, fibromatéza dasni, pomaly rtst, kozni
¢i podkozni noduly ¢i pupinky bilé nebo pletové barvy v obliceji, kiizi
hlavy a zadech, mutace v genu CMG2

Mnohocetné kozni a podkozni tumory, tumory kosterniho svalstva, kosti a
vnitfnosti

AD, mnohocetné podkozni lipomy, translokace gent HMGIC a LLP

Kozni hamangiomy, kie¢ové Zily, arteriovendzni pistéle, hemihypertrofie

Hamartomy, matetska znaménka, hyperostdza, mutace v genech PTEN a
GPC3

AD znak bez dal$ich klinickych projevii NF1

Kozni pigmentace, depigmentace s hyperpigmentovanymi okraji, mista
s bilou kstici

" 1
Pievzato z *°
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1.5 Gen NF1

Gen NF1 se nachazi na dlouhém raménku chromozomu 17 v oblasti q11.2. Zahrnuje
280 kb genomové DNA, sklada se z 61 exond a koduje 12 kb dlouhy transkript mRNA

s9 kb dlouhym otevienym ¢tecim ramcem. Detailni struktura genu je zobrazena na
Obr. 1.

Obrazek 1. Struktura genu NF1.
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Jednotlivé exony jsou vyznaceny riznobarevnymi obdélniky, ¢iselné oznaceni nad nimi urcuje
jejich velikost v bp. Alternativni exony jsou oznaCeny modie. Introny genu jsou znaceny
Vv realném méfitku preruSovanou Carou (s vyjimkou intrond 1 a 27b, které presahuji velikost 60
kb). Promotor genu je oznacen tmavé modrou barvou. Oznaceny jsou i funkéni domény genu
NF1: CSD - Zluta, GRD — oranzova, Secl4p — ruzova. Geny v intronu 27b (OMG, EVI2B,
EVI2A) jsou znaceny Cerné. AK3 — pseudogen v intronu 39.

Y 17
Prevzato z ~'.

1.5.1 Geny v intronu 27b

V sekvenci genu NF1 se nachazeji 2 rozsahlé introny, 1 a 27b. Oba ptesahuji svoji
velikosti 60 kb. Intron 27b obsahuje 3 malé, sobé nepiibuzné geny, které jsou
transkribovany v opa¢ném sméru vuci sméru transkripce genu NF1. Geny EVI2A,

EVI2B a OMG obsahuji kazdy po 2 exonech a jejich individudlni ¢i spolecny vliv na
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expresi genu NF1 je dosud neznamy *". Jejich proteinové produkty jsou exprimovany
piedev§im v mozku (EVI2A a OMG) a v kostni dieni (EVI2A). Produkt genu OMG,
OMGP, je membranovy glykoprotein exprimovany v centrdlnim nervovém systému
béhem procesu myelinizace a ptisobi jako inhibitor proliferace neuront a fibroblastl in
vitro *®. Geny EVI2A a EVI2B jsou z velké &sti homologni s geny Evi-2A a Evi-2B
mysi a ucastni se zmén vedoucich k projeviim leukémie. Pfimé souvislost mezi geny
EVI2A, EVI2B a vyskytem leukémie u nékterych pacientt s NF1 nebyla doposud

prokéazana.

1.5.2 Promotora 3" UTR

Promotor genu NF1 se nachazi v evolu¢né vysoce konzervované oblasti nesouci znaky
CpG ostrivku. Kauzalni zarodecné ani somatické mutace nebyly doposud v této oblasti
nalezeny *°. Hypermetylace tohoto CpG ostrivku pravd&podobné neni vyznamnym
mechanismem somatické inaktivace zadné zalel genu NF1 béhem vyvoje tumori
typickych pro NF1 2,

Neptekladana 3" oblast (3" UTR) genu NF1 je také vysoce evolu¢né konzervovana a ma
velikost 3,5 kb. Hraje roli v regulaci stability mRNA a v kontrole efektivity jeji

translace.

1.5.3 Pseudogeny

Pomoci fluorescenéné zna¢ené cCDNA genu NF1 bylo na sedmi chromozomech (2q12-
013, 1211, 14p11-ql1, 15911.2, 18p11.2, 21p11-qll a 22p11-qll) identifikovano vice
nez 30 pseudogenii obsahujicich minimalng z 90% podobnou sekvenci s genem NF1 2.
Funkce téchto pseudogent je inaktivovana mutacemi vSech typli nebo pouze ¢astecnou
duplikaci genu NF1 pted interchromozomalni transpozici. Ackoliv zadny z pseudogenti
nekoduje funkéni protein, jsou tyto vysoce homologické sekvence povazovany za
mozné zdroje mutaci 22 Velmi malo mutaci nalezenych v genu NF1 vSak ma svij
ekvivalent v homolognich sekvencich pseudogent, a tak je prispévek
interchromozomalni genové konverze jako dal$siho mutacniho mechanismu u genu NF1
sporny. Transkripéni aktivita pseudogenti NF1 na chromozomech 2, 15 a 21 muze také

komplikovat muta¢ni analyzu funkéniho genu NF1 na trovni mRNA =
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1.5.4 Alternativni sestrih

Alternativni sestfih hraje kli¢ovou roli v regulaci genti a umoziuje, aby z jednoho genu
bylo odvozeno vétsi mnozstvi riznych mMRNA, které davaji vznik odlisné fungujicim
proteinim. Alternativni sestiih je nezbytny pro vytvareni tkanové specifity a béhem
vyvoje a speciace obecné. Predpoklada se, Ze az 94% lidskych gent podléhd tomuto
mechanismu . V nervové soustaveé je jeho role vyznamna ptedevsim pii formovani
synapsi a axonu ¢i ve fyziologii membran. Vysoce konzervovany gen NF1 obsahuje
nékolik exonu (napt. 9a, 10a2, 23a a 48a) podléhajicich alternativnimu sestiihu. V jejich
okoli bylo popsano vice nez sto 4 az 6 nukleotidii dlouhych, vysoce konzervovanych
UG ¢i UA bohatych sekvenci, které slouzi jako vazebna mista pro proteiny regulujici
alternativni sesttih. Napftiklad v intronové sekvenci umisténé pied alternativnim exonem
23a se nachazi série UG bohatych motivi, které slouzi jako vazebné misto proteind
CELF. CELF jsou RNA vazebné proteiny Ucastnici se hlavnich posttranskripénich
regulacnich mechanismi. Rodina proteini CELF je rozdélena podle homologie
sekvenci na dvé podrodiny. Podrodinu 1 tvoii proteiny CUG-BP1 (CELF1) a ETR-3
(CELF2). Podrodina 2 zahrnuje CELF3 az CELF6. Jejich struktura je velmi
konzervovana, tvofena tfemi RNA rozpozndvajicimi doménami, které svymi
interakcemi s MRNA genu NF1 pfispivaji k jeho alternativnimu sestfihu v mnoha
tkdnich (mozek, srdce, svaly).

Jednou z hlavnich variant vznikajicich alternativnim sestfihem genu NF1 je mRNA
s pritomnosti exonu 23a v sekvenci genu. Transkripty genu NF1 se tak objevuji ve dvou
hlavnich isoformach, typ 1 (bez exonu 23a) a typ II (s exonem 23a). Exon 23a je
soucasti GRD domény neurofibrominu, jejiz funkce byla ve srovnani s ostatnimi
doménami jiz mnohem Iépe popsana. Pfitomnost exonu 23a podporuje Ras-GAP
aktivitu produktu kédovaného timto transkriptem. Produkt kédovany isoformou I ma az
10x vysS8i schopnost regulace signalni drahy onkogenu Ras a k jeho expresi dochazi
piedev§im v neuronech centralniho nervového systému dospélych jedinct 2 Pomér
isoforem I a II je zavisly na typu tkan¢ a stadiu vyvoje organismu. Isoforma II se
naopak nachdzi v mnoha tkanich s vyjimkou neuronti.

Sestfih exonu 23a je vysoce konzervovany a je podporovany péti ze Sesti proteinil
CELF . Mysi, u kterych byla uméle poruSena rovnovaha mezi isoformami | a Il,
vykazovaly signifikantni potize s u¢enim a paméti. Rozdilna distribuce isoforem byla

také prokdzand béhem raného embryonalniho vyvoje, kde jejich pozménéné poméry
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vedly u mysi k srde¢nim anomaliim ?’. Vyvazenost obou isoforem je tedy pro spravnou
funkci organismu nezbytna.

Proteiny CELF pusobi jako negativni regulatory pfitomnosti exonu 23a v transkriptu
genu NF1. Vazbou na UG bohaté oblasti intronové sekvence pfed exonem 23a blokuji
interakci faktoru U2AF s polypyrimidinovym traktem na 3" konci tohoto intronu. Brani
tak vytvofeni spliceosomu a vclenéni exonu 23a do sekvence transkriptu. VIiv zvysené
exprese proteini CELF v souvislosti s vynechanim exonu 23a popisuje ve své studii
Barron **,

Dalsimi regulatory pfitomnosti exonu 23a v transkriptu genu NF1 jsou mRNA vazajici
proteiny TIA-1, TIAR a rodina proteini Hu. Tyto proteiny se vazou na AU bohaté

oblasti RNA v intronech obklopujicich exon 23a %,

1.6 Protein neurofibromin

Neurofibromin (RefSeq: NP_000258.1, UniProtKB P21359-2) je giganticky
cytoplazmaticky protein (2818 Amk, 320 kDa) kodovany genem NF1, pfednostné
exprimovany v neuronech, Schwannovych buiikéch, oligodendrocytech, astrocytech a
leukocytech. V nizkych koncentracich se exprimuje i v mnoha jinych tkanich **!. Jeho
pritomnost v cytoplazmé byla zjisténa pomoci metod nepfimé imunofluorescence,

% Vandenbroucke et al.*®

diferencialni centrifugace a glycerolového gradientu
zaznamenali v sekvenci kodované exonem 43 funk¢ni jaderny lokalizaéni signal (NLS),
ktery slouzi jako signal k aktivnimu transportu proteinu do jadra skrze jaderné pory.
Alternativni sestfih genu NF1 bez piitomnosti exonu 43 (NFldeltaE43) se nachazi
pouze Vv cytoplazmé %% Tato isoforma je vysoce exprimovana v tkanich jako jsou fetalni
kosterni svalstvo, plice, ledviny, jatra a placena, tedy v takovych tkéanich, které nemaji
pifimou souvislost sonemocnénim NF1 a kde dochdzi ke sniZzené expresi
neurofibrominu béhem pozdniho fetalntho a raného postnatalniho vyvoje. Nizka
relativni  exprese  isoformy NFldeltaE43 v neuradlnich tkénich naznacuje
pravdépodobnou dulezitost pfitomnosti NLS a vstupu neurofibrominu do jadra )
Vyznam této isoformy vSak neni doposud detailn¢ objasnén.

Aktivita neurofibrominu je u pacienti s NF1 omezena. Protein zastava razné

biochemické funkce véetné asociace s mikrotubuly a ucastni se nékolika signalnich drah

(MAPK, cAMP) *. Neurofibromin patii mezi ¢leny velké rodiny vysoce evolutné

konzervovanych proteind, tzv. sav¢ich GTPazu aktivujicich proteini (GAP). Ras-
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specifické GTPazu aktivujici proteiny (RasGAP) reguluji biologickou aktivitu mnoha
ostatnich proteinti. Cytoplazmaticky protein p21RAS o velikosti 21 kDa je kodovan geny
H-Ras, K-Ras (Harvey a Kirsten murine sarcoma onkogeny virového ptivodu) a N-Ras
(lidsky neuroblastomovy onkogen) a hraje klicovou roli v bunééné diferenciaci a rlstu
¢i v komunikaci mezi cytoplazmatickou membranou a jadrem. Protein p21RAS je pomoci
hydrolytické aktivity GAP konvertovan ze své aktivni formy (p21°*°— GTP) do formy
inaktivni (p21°*° — GDP). Aktivovany p21™*° interaguje s Raf-MEK-ERK (MAPK)
signdlni drahou, kterd je zodpovédna za regulaci exprese genl podilejicich se na
kontrole bunééného cyklu, diferenciace a migrace bunék. Mutace genti skupiny RAS
spolu s haploinsuficienci nebo tGplnou absenci neurofibrominu jsou pfi¢inou udrzovani
p21RAS

nasledné proliferaci bunék. Snizena exprese neurofibrominu koreluje s mnozstvim
|RAS 35,36

v aktivnim stavu, ¢imz dochazi ke stalé stimulaci signdlni drahy MAPK a
aktivovaného p2 v ne¢kterych typech nadort
Katalytick4 aktivita neurofibrominu je zajiStovana jeho centralni ¢asti nazyvanou GRD,
ktera je pfi po¢tu 60 aminokyselin kodovana exony 20-27a. Mezi GAP patii také
proteiny Saccharomyces cerevisiae IRA1 a IRA2, produkt genu sarl

Schizosaccharomyces pombe, Drosophila GAP1 a sav¢i p120®4°

. VSechny tyto proteiny
vykazuji zna¢nou miru homologie s doménou GRD genu NF1. Spolu s doménami

SEC14-like (NF1-Sec, Amk 1560-1699) a PH-like (NF1-PH, Amk 1713-1818) tvofi

GRD jediné tfi funkéné objasnéné domény neurofibrominu. Ackoliv bylo popséno

n¢kolik vazebnych partneri neurofibrominu, z(stavd vyznam meziproteinovych

interakci nejasny %',

Neurofibromin také pozitivné reguluje intracelularni hladinu cAMP. V NFI1-
deficientnich bunkach je hladina CAMP vyrazné snizena, coz vede, napf. v astrocytech,

k inhibici bunééného ristu. Detailni strukturu neurofibrominu ukazuje Obr. 2.
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Obrazek. 2. Struktura neurofibrominu
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1.7 Modifikatorové geny

Modifikatorové geny jsou geny majici vliv na expresi jiného genu. Zadny gen s t&mito
vlastnostmi ve vztahu ke genu NF1 nebyl doposud jasné prokazan, ale jejich mozna
role je diskutovana v souvislosti s fenotypovou variabilitou onemocnéni.

Analyzou exprese fenotypovych projevil typickych pro NF1, od monozygotnich dvojcat
pies rizné stupné piibuznosti v rameci jedné rodiny aZ po neptibuzné pacienty z rtiznych
rodin, se zjistilo, ze exprese NF1 je do znacné miry dana genotypem. Za mozné
modifikatorové geny jsou povazovany geny, které sousedi s genem NF1 a jsou spolu
S nim inaktivovany mikrodelecemi nebo geny majici vliv na mitotickou rekombinaci, a
tim také na miru ztraty heterozygosity (LOH) *®. Vysvétlenim vysoké inter- i intra-
familiarni variability fenotypu pacientti s NF1 mohou byt kromé modifikatorovych genti

také alelicka heterogenita, mutace druhého zasahu, somaticky mozaicismus, vliv

T . ey 3940
prostiedi nebo epigenetické zmény .

1.8 Mutace a jejich vliv

Dle databaze HGMD bylo doposud v genu NF1 nalezeno 1300 kauzalnich mutaci **
Jedna se o mutace bodové (missense, nonsense), posunové (inserce, delece, duplikace),
sestiihové a velké genové piestavby. Zadna mutace regulaéniho charakteru nebyla
doposud nalezena.

Priblizn¢ 50% mutaci v genu NF1 vznika béhem embryonalniho vyvoje probanda (de

novo) a manifestuji se pak jako sporadické piipady onemocnéni NF1 v rodiné 1342
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Zpusob manifestace onemocnéni nekoreluje s pohlavim ani etnikem probandt. Mira
penetrance vSech typa zarode¢nych mutaci v genu NF1 je 100% 12

Mezi nejcCastéjsi pfic¢iny onemocnéni NF1 patfi mutace vedouci ke ztraté funkce genu
NF1. Vice nez 80% zarode¢nych mutaci zptisobuje posun ¢teciho rdmce s naslednym

4344 Tento typ mutaci je spojeny piredevsim

45-47

vznikem pied¢asného termina¢niho kodonu
s absenci nebo sniZzenou mirou exprese mRNA . Missense, tiché mutace a in-frame
varianty (delece resp. inserce jedné nebo vice Amk), které nejsou zodpovédné za vznik
predCasného terminacniho kodonu, s velkou pravdépodobnosti ovliviiuji terciarni
strukturu neurofibrominu, a tim i jeho spravnou funkci *¢°.

Mutace jsou, nezéavisle na typu, rovhomérné rozptyleny podél celé kodujici oblasti
genu. Starsi studie poukazuji na kumulaci mutaci ve funkénich doménach GRD a CSRD
#5152 " ale s piibyvajicim mnozstvim nové detekovanych mutaci tento trend nebyl
v zadné soucasné studii potvrzen. V exonech podléhajicich alternativnimu sestiihu (9b,

23a a 48a) nebyly doposud nalezeny Zadné mutace #

1.8.1 Kaorelace genotyp-fenotyp

Mnoho studii se u pacientd postizenych NF1 snazilo odhalit jasnou korelaci mezi jejich
genotypem a fenotypem '2°*°* Sirok4 intra- i inter-familiarni variabilita fenotypu
pacientil spolu se zvySujicim se poctem nové nalezenych mutaci ¢ini tuto problematiku
vysoce zadanou, avsak jeji feSeni zatim nepiineslo relevantni vysledky.

U pacientti s NF1 byly doposud popsany pouze dvé mutace, jejichz vliv se zfetelné
odrazi ve fenotypu. Prvni z nich je rozsahla delece genu NF1 a prilehlych gentd (tzv.

mikrodeleéni syndrom NF1) *°, druhou je delece 3 bp v exonu 17 **.

1.8.1.1 Mikrodele¢ni syndrom NF1

Mikrodele¢ni syndrom NF1 je zptisoben jednou ze dvou typickych germinalnich deleci
genu NF1. Mikrodelece typu I o velikosti 1,4 Mb se vyskytuje Castéji a zahrnuje gen
NF1 a 14 dalSich gent > Jeji vznik je podminén interchromozomalni nealelickou
homologni rekombinaci mezi oblastmi nizkofrekventnich repetic (low copy repeats,
LCR) NFIREPa a NFIREPc bdhem maternalni meiozy **°’. V této oblasti se nachazeji
dv¢ preferovana mista zloma, PRS1 a PRS2 >>%8 (Obr. 3).
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Mikrodelece typu II vznika postzygotickou intrachromozomalni nealelickou homologni
rekombinaci v prib&éhu mitozy, s body zlomu uvnité genu SUZ12 a jeho pseudogenu, a
vede tak ke vzniku somatického mozaicismu *°. Zahrnuje 13 genti a ma velikost 1,2 Mb.
Jeji frekvence vyskytu je nizsi nez u mikrodelece typu | a doposud byla popsdna pouze
u Zen 2.

Tyto mikrodelece maji u pacientd s NF1 pfiiblizné 5% vyskyt a kazda znich se
projevuje specifickym fenotypem. Deletované geny jSOu povazovany za mozné
modifikatory genu NF1, které ve svém hemizygotnim stavu a za soucasné ztraty genu
NF1 maji pfimy vliv na fenotyp pacientli. Vyznam jednotlivych genl zatim nebyl
pfesné objasnén. Za piicinu poruch uceni by mohla odpovidat haploinsuficience genli

OMG a CDK5R1, geny JJAZ1 a CENTA2 hraji pravdépodobné roli ve vyvoji
kardiovaskularnich abnormalit **%,

Dalsi studie prokazaly mikrodelece i jinych velikosti, jejich korelace s fenotypem vsak
kvtli malému poctu pacientli neni ziejma. K detekci mikrodeleci se jako standardni
metody vyuzivaji FISH, MLPA a array CGH o

Gen NF1 se nachazi voblasti bohat¢ na segmentdlni duplikace, coz zvySuje
pravd&podobnost vzniku genomovych piestaveb, jako jsou mikrodelece ®2. Ty obecn&
velmi Casto vznikaji nealelickou homologni rekombinaci mezi oblastmi LCR. Genom
¢loveka je z vice jak 5% tvofen LCR o obvyklé délce 10-400 kb. LCR tak poskytuji
vhodné podminky pro vznik deleci a duplikaci segmentl nachédzejicich se mezi nimi. U
pacienti s NF1 nebyla doposud zaznamenana 74dna duplikace zahrnujici gen NF1 %,

V oblasti genu NF1 se nachazeji tii LCR (NF1REPa, NFIREPb, NF1REPC), které maji
vysoky stupeit homologie a hraji roli pfi vzniku mikrodeleci této oblasti. Sekvence
NF1REPa se nachazi ve vzdalenosti pfiblizné 400 kb od genu NF1 smérem
k centromete. Jeji soucasti je nékolik duplikovanych exond, které maji pivod v genech
LRRC37B (nachazi se distalné¢ od NFIREPc) a SMURF2 (17q24). Tyto exony vytvareji
spoleény transkript DFKZp667M2411 s neznamou funkci ®. NFIREPa a NF1IREPc
také obsahuji tiseky puvodné lokalizované v oblasti chromozomu 19p13.1. Tato oblast
chromozomu 19 se nazyva REP 19 % Dalsi duplikovanou sekvenci je pseudogen
SUZ12, ktery je umistén distalné od NF1REPa. Jeho funkéni zdrojovy gen SUZ12 se
nachazi v blizkosti NFIREPc. Protein koédovany timto genem patii do skupiny
polykombnich proteint regulujicich metylaci histont a sestfih genii o,

Oblast LCR je zajimava i z evolu¢niho hlediska. U mysi nebyly v okoli genu NF1

nalezeny zadné segmentalni duplikace. Geny NF1 u orangutana (Pongo) a makaka
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rhesus (Macaca mulatta) neobsahuji homologni sekvence k sekvenci REP 19. Zda se
tak, ze transpozice paralognich sekvenci z chromozomu 19 na chromozom 17 nastala az

NSSETINY . . o wr w1 5B
po oddé¢leni linii vedoucich k orangutaniim a k modernimu ¢lovéku ™.

Obrazek 3. Oblasti s funkénim vyznamem pro vznik mikrodeleci genu NF1.
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Geny nachazejici se v oblastech NFIREPs a mezi nimi jsou znafeny Cernou barvou. Mista

s vysokou frekvenci rekombinace (PRS 1, 2) jsou zna¢ena ¢ernymi $ipkami. Pievzato z *.

1.8.1.2 Delece 3 bp v exonu 17

Druhou germinalni mutaci se znAmym vlivem na fenotyp pacientti s NF1 je delece AAT
vexonu 17 (c.2970_2972delAAT) °*. Pacienti s touto deleci maji mirn&jsi projevy
fenotypu NF1, nedochazi u nich k rozvoji koznich, podkoznich a superfacialnich
plexiformnich neurofibromti. Delece odstrani jeden ze dvou sousedicich methionint.
Nasledna chybna fosforylace treoninového zbytku nachéazejiciho se ve vysoce evolu¢né
konzervované oblasti ma funkéni vliv na vytvafeni 3D konformace a vazebnych
interakci proteinu. Tato evolucné konzervovand oblast, doména CSRD, je bohata na
mnozstvi serinovych a cysteinovych aminokyselinovych zbytkl, které tvoii vazebna
mista pro CAMP, nezbytna pro spravnou funkci bunécéné signalizace 17

Z klinického hlediska je korelace genotypu této mutace s fenotypem zésadni predevsim
z diivodu absence neurofibromtl. Neurofibromy pfinaseji pacientlim celozivotni zvySené
riziko rozvoje malignich tumor® perifernich nervii > Piedpoklada se, Ze tato varianta
neurofibrominu s chybé&jicim methioninovym zbytkem (na rozdil od jinych typt mutaci
v genu NF1) rozvoj neurofibroml nepodporuje. Neurofibromy jsou na bunééné Grovni
velice heterogenni tUtvary, obsahujici mimo bialelickymi mutacemi postizené Nf 7

Schwannovy bunky (nesouci somatické mutace inaktivujici divokou alelu) také
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perineuralni bunky, fibroblasty a zirné buniky pouze s heterozygotni Nf * zarodeenou
mutaci . Na mySich modelech NF1 bylo prokazano, ze praveé interakce mezi Nf +-
zirnymi bunkami a Nf 7 Schwannovymi bunikami je spoustécim mechanismem rozvoje
neurofibromti . Za jejich absenci u pacientd s popisovanou deleci tedy mtze odpovidat
prerudeni interakce pravé mezi témito typy bunék *’. Tento typ delece byl popsén také u
pacienti s NENS. Pfedpoklada se, ze tato mutace neni v pfipadé fenotypu NENS
kauzalni, ale méiZe k nému predisponovat *'. Protein SHP-2, produkt genu PTPN11, je
upstreamovym aktivatorem onkogenu Ras a spolu s neurofibrominem se podileji na
spravné funkci Ras-GTP signélni drahy. Mutace v genu PTPN11 jsou nalézany zhruba u
poloviny pacienti se syndromem Noonanové ®"_ Siroké variabilita hrubych rysi tvari

pacientil je pravdépodobné ovlivnéna dal$imi modifikatorovymi geny >

1.8.2 Somatické mutace

Znalosti spektra somatickych mutaci genu NF1 jsou oproti velmi dobfe popsanému
spektru zarode¢nych mutaci malé. Neexistence aktualizované databaze somatickych
mutaci tento stav dale podporuje ®®. Objasnéni spektra somatickych mutaci je nezbytné
pro porozuméni klinické variability a pro pochopeni mechanismu somatické inaktivace
genu NF1.

Somatické mutace se v genu NF1 mohou objevit v pribéhu embryonalniho vyvoje jako
mutace prvniho zasahu a podilet se tak na vytvotfeni mozaicismu nebo mohou vzniknout
jako mutace druhého zasahu a inaktivovat divokou alelu NF1 u heterozygotniho
pacienta. Pfehled neoplazii spojovanych se somatickymi mutacemi genu NF1 u

heterozygotnich pacientll ukazuje Tab. 3.
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Tabulka 3. Neoplazie charakteristické pro NF1 a typy somatickych mutaci

Typ tkané NF1 somaticka Typ postiZené buiiky Tkanovy Embryonalni
mutace pivod pivod
kozni Nf bodové mutace, LOH SchC PNS neuralni lista
plexiformni Nf bodové mutace, LOH SchC PNS neuralni lista
MPNST LOH SchC PNS neuralni lista
GIST bodové mutace, LOH Cajalovy intersticialnib ~ GIT neuralni lista
JMML LOH prekurzorové myeloidni b kostni dferi mesoderm
astrocytomy LOH astrocyty CNS ektoderm
feochromocytom LOH chromafinni b 7l4za nadledvin neuralni lista
pseudoartroza tibie LOH osteoblasty, osteocklasty  kost mesoderm
CAL bodové mutace melanocyty kize neuralni lista

Pievzato z %°.

1.9 Terapie

Projevy NF1 se tykaji mnoha klinickych smért: onkologickych, neurologickych,
ortopedickych, oftalmologickych, koznich i psychiatrickych. Nékteré znaky jako
neprogresivni plexiformni neurofibromy a gliomy, asymptomatické gliomy, hypertenze
¢1 skolidza mohou ptetrvavat bez klinickych obtizi nebo plsobit pacientiim jen drobné
zdravotni obtiZze. Chirurgickd 1écba je zaméfena piedevSim na feSeni problémi
spojenych s lokalizaci a rozvojem rozsahlych, rychle rostoucich ¢i bolestivych
neurofibromi. Riziko recidivy plexiformnich neurofibromii je 75% . U progresivnich
nadord CNS je vzdy dle typu a rozvoje ndlezu zvazovana krom¢ chirurgické terapie i
chemoterapie. Pouziti radioterapie neni vhodné vzhledem k riziku malignizace
benignich tumort a potlaceni ristu déti mladsich 5 let 071

Soucasny vyzkum je zamétfen predev§Sim na léky zpomalujici ¢i zastavujici rust
neurofibroml prostiednictvim stimulace signalni drahy MAPK. Farensyl transferazy
podavané v kombinaci s inhibitory rustovych faktort (Lovastatin, Sorafenib,
Rapamycin, Erlotinib) maji pozitivni vliv na inhibici ristu MPNST in vitro ™.
V hippocampu mysi se v disledku ovlivnéni neurotransmiterd neurofibrominem

objevuje vyssi hladina GABA. Tento efekt mize vést k vysvétleni problému s u¢enim u

pacientti s NF1 g
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2 Cile prace

Do roku 2004 probihala na nasem pracovisti diagnostika NF1 u vybranych pacienti
pouze na zaklad¢ nepfimého genotypovani pomoci intragenovych markert et
S rozrastajicimi se moznostmi vySetfovacich molekularné genetickych metod jsme
pfistoupili k optimalizaci metod pfimé mutani analyzy genu NF1 a vySetfovani

souboru pacientd, ptedevsim v reprodukénim véku. Diléi cile prace byly:

1. Pi#ima muta¢ni analyza genu NF1 v souboru pacienti s familiarnim a
sporadickym vyskytem NF1.

Cilem bylo provést pomoci molekularné genetickych metod mutac¢ni analyzu
zédrode¢nych mutaci v kodujici oblasti genu NF1, v ptfipadé ndlezu zarodecné
kauzalni mutace vysSetfit rodinné piislusniky probandi a potvrdit tak familiarni ¢i
sporadicky vyskyt onemocnéni v rodin€. Na zaklad¢ ziskanych dat pak popsat dosud
nepublikované kauzdlni mutace a porovnat typy a spektra mutaci v ¢eské populaci

S publikovanymi udaji.

2. Kompletni mutaéni a klinicka analyza u pacientii se vzacnymi ¢i atypickymi
projevy NF1 a studium korelace genotypu s fenotypem.

Cilem bylo uskute¢nit mutacni analyzu genu NF1 u pacienti s minoritnimi znaky
NF1, odhalit moznou souvislost mezi typem kauzalni mutace a danym fenotypovym
projevem a popsat atypické projevy a porovnat variabilitu jejich manifestace u
pacienti s NF1. Detailnim studiem atypickych ptipadt tak ptispét k obecnému

pochopeni mechanismu choroby.

3. Navrh optimalniho molekularné genetického vySetfovaciho algoritmu u
pacientli s NF1 a jeho uvedeni do rutinni praxe.

Cilem bylo optimalizovat molekularné genetické vySetfovaci metody a sestavit z
nich optimalni vySetfovaci algoritmus, ktery by umoznoval efektivni vySetfeni
velkého mnozstvi pacienti s NF1 a porovnat nékolik dostupnych vysetfovacich

metod z hlediska jejich ¢asové a ekonomické narocnosti a efektivity zachytu mutaci.
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3 Publikace

Publikace 1

Bendova S, Krepelova A, Petrak B, Kinstova L, Musova Z, Rausova E, Marikova T.
Novel mutations in the NF1 gene in Czech patients with neurofibromatosis type 1.
J Mol Neurosci. 2007; 31(3): 273-9.

IF: 2,72

V publikaci jsme zhodnotili vysledky muta¢ni analyzy genu NF1 u 22 nepiibuznych
pacientl s NF1 s familidrnim i sporadickym vyskytem onemocnéni v rodin€ a u jejich
rodinnych pfisluSniki. Soubor byl sestaven na zikladé probandi spliujicich
diagnosticka kritéria podle NIH pro NF1 . Prace predstavovala prvni uceleny vysetieny
soubor pacientd s NF1 v CR. Mutaéni analyza vyzadovala, diky znaéné velikosti
vysetfovaného genu, naro¢nou optimalizaci molekularné genetickych metod, predevsim
metody DHPLC, slouzici jako metoda preskriningu mutaci v jednotlivych exonech.

44,78 ,
. Patnact

Uspé&snost nalezeni mutace 75% byla srovnatelna s jinymi pracemi
nalezenych kauzalnich mutaci, z toho deset mutaci diive nepublikovanych, zahrnovalo
mutace vSech typl. Dvé tiché mutace nesegregovaly s onemocnénim a u jedné mutace
typu missense nebyla prokdzana jeji kauzalita (predikovano pomoci programu
Polyphen) ". Zadna z kauzalnich mutaci nebyla v najem souboru nalezena opakovang.
Metodou MLPA jsme nezachytili zadnou rozsahlou genomovou piestavbu genu NF1.
Tyto ptestavby jsou v genu NF1 podle literatury zastoupeny maximalné u 5%
postizenych ® a proto byla vzhledem k velikosti souboru pravdépodobnost detekce
takové prestavby velmi mald. Dveé rozsdhlé genové prestavby jiz diive detekované

877 jsme metodou MLPA ovéili a lokalizovali az na

pomoci intragenovych markert
uroven jednotlivych exonil. Detailné¢ jsme popsali fenotyp vSech probanddl, pficemz
jsme mezi jejich genotypem a fenotypem nezaznamenali zadnou jasnou souvislost. Toto
pozorovani také odpovidalo diive publikovanym udajim zjisténym na jinych velkych

. . L , . 52,61,80-82
souborech, stejn¢ tak jako spektrum nadmi nalezenych mutaci .
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Publikace 2

Petrak B, Bendova S, Seeman T, Klein T, Lisy J, Zatrapa T, Marikova T. Mid-aortic
syndrome with renovascular hypertension and multisystem involvement in a girl
with familiar neurofibromatosis von Recklinghausen type 1. Neuro Endocrinol Lett.
2007; 28(6): 734-8.

IF: 1.312

Publikace popisuje velmi ziidka se objevujici fenotyp doprovazejici rliznd onemocnéni,
tzv. syndrom stfedni aorty (MAS). MAS je charakterizovan segmentalnim z(zenim
abdominalni aorty a stenézou jejich hlavnich vétvi, ktera vede Kk projevim
renovaskularni hypertenze. Ptiblizné 15% téchto projevil je spojeno s NF1 8 Nase
devitileta pacientka se narodila z fyziologické gravidity bez zjevnych poporodnich
obtizi. Jiz ve 4 mé&sicich v€ku u ni v8ak byl pozorovan nerovnomérny psychomotoricky
vyvoj spolu s CAL. Ve 3 letech byla u pacientky zjisténa stenéza abdominalni aorty a
stendzy obou renalnich arterii. Jeji krevni tlak byl udrzovan v normé pouze pomoci
medikace. V9 letech byla u pacientky diagnostikovana NF1. V soucasné dobé
pacientka trpi asymptomatickymi bilaterdlnimi ONG, pfedcasnou pubertou, poruchou
feci, lehkou mentalni retardaci, hypotonickym syndromem a skolidozou. Ze znakl
typickych pro NF1 se manifestovaly CAL, AF a plexiformni neurofibrom. Otec
probandky mé rovnéz hypertenzi, av§ak vykazuje jen velmi mirny fenotyp NF1. Nase
prace detailné popisuje fenotyp této unikatni pacientky a komentuje variabilitu
manifestace znakil u pacientll s NF1. U probandky i jejiho otce jsme nalezli shodnou
kauzalni mutaci v genu NF1. Inserci ¢tyf bazi v exonu 34, ¢.6473_6474insGAAG,
pravdépodobné vznikd predCasny terminac¢ni kodon a zkraceny genovy produkt tak
neplni svou ptiivodni biologickou funkci. Mutace nebyla doposud popsédna v literatuie
v zadné souvislosti s MAS ani Ssonemocnénim NF1. Jeji vliv na manifestaci

konkrétnich projevi NF1 véetné MAS je tedy neznamy.
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Publikace 3

Havlovicova M, Novotna D, Kocarek E, Novotna K, Bendova S, Petrak B, Hrdlicka M,
Sedlacek Z. A girl with neurofibromatosis type 1, atypical autism and mosaic ring
chromosome 17. Am J Med Genet A. 2007; 143(1): 76-81.

IF: 2.505

Prace popisuje neobvykly mechanismus vzniku NF1 u pacientky, kterd byla postizena
také psychomotorickou a riistovou retardaci, stfedné tézkou mentalni retardaci, lehkou
facialni dysmorfii, atypickym autismem a epilepsii. Divka od narozeni vykazovala
mongoloidni rysy, CAL, depigmentaci bificha a opozdény psychomotoricky vyvoj.
V raném kojeneckém obdobi se ptidaly problémy s pfijmem potravy, neprospivani a ve
4 letech se objevila epilepsie. NF1 byla u pacientky diagnostikovana v 6,5 letech na
zakladé CAL, AF a skoliozy. U pacientky byla nalezena mozaika pro kruhovy
chromozom 17. Mozaicismus u pacientky vznikl nejspiSe kvuli mitotické nestabilité
kruhového chromozomu a sestaval z bunék s normalnim a kruhovym chromozomem 17
a bunc¢k s monosomii 17. Kruhovy chromozom patii mezi vzacné nebalancované
chromozomalni aberace. Jeho vznik je podminén deleci distalnich ¢asti obou ramének,
stocenim se do kruhu a opétovnym spojenim volnych konct. Existuji dvé hypotézy o
mechanismu puasobeni kruhového chromozomu na fenotyp pacienta. Hypotéza
kruhového chromozomu upiednostiiuje samotnou kruhovou podstatu chromozomu pted
tim, o jaky konkrétni chromozom se jedna 8 Druha hypotéza naopak podporuje
myslenku, ze fenotyp pacienta je specificky a uréovany obsahem genii konkrétniho
poskozeného chromozomu. V naSem pftipad¢ bylo otdzkou, zda je fenotyp typicky pro
NF1 disledkem syndromu kruhového chromozomu, nebo zda souvisi se ztratou jedné
alely genu NF1 v populaci monosomickych bunék. Gen NF1 se nachazi ve velké
vzdalenosti od zlomi kruhového chromozomu a nebyl tak pfi jeho vzniku deletovan ani
jinak ovlivnén. Pfesto vSak nepfitomnost jedné jeho alely v monosomické linii (12%
v souvislosti s mozaicismem monosomie chromozomu 22 u NF2 %. Ve vztahu k NF1
pacientka nemanifestovala v dobé vysetfeni zadné ptiznaky vedouci k onkologickym
zménam (kozni a plexiformni Nf, LN, ONG). Absence jedné alely geni TP53 a BRCAL
v monosomické linii u ni ale muze zvysit riziko predispozice ke vzniku nadora

spojenych se zarode¢nymi defekty v téchto genech.
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Publikace 4

Snajderova M, Riccardi V. M, Petrak B, Zemkova D, Zapletalova J, Mardesic T,
Petrakova A, Lanska V, Marikova T, Bendova S, Havlovicova M, Kaluzova M. The
Importance of Advanced Paternal Age in the Origin of Neurofibromatosis Type 1.
Am J Med Genet A. 2012 Epub ahead of print

IF: 2.505

Souvislost mezi pokrocilym paternalnim vékem pfi poceti a zvySenym rizikem vzniku
zarode¢né mutace u potomstva byla prokazana v mnoha studiich 8087 v ptipadé NF1 je
vSak tato otazka stale velmi diskutabilni a autoii praci dochézeji k rozdilnym zavérim
828889 podle Jadayel et al. ma az 90% bodovych mutaci paternalni ptvod *. Muzské
pohlavni bunky jsou v pribéhu spermatogeneze vystaveny faktorim vedoucim ke
kumulaci bodovych mutaci a jsou tak pravdépodobnym zdrojem evolu¢nich zmén
véetné téch sméiujicich od vysSich primati k modernimu c¢lovéku % Nase prace
analyzuje v€k rodich 103 sporadickych probandii v dobé jejich narozeni. VSichni
pacienti spliiovali diagnostické kritéria podle NIH °, ale nebyla u nich zaznamenana
pozitivni historie NF1 vrodingé. Téchto 103 sporadickych pacientl tvoii 35,6%
z celkového poctu vSech pacientti s NF1 evidovanych ve FN Motol. Dvacet probandt
bylo vySetfeno molekularné¢ genetickymi metodami a u 13 z nich byla v genu NF1
nalezena kauzalni mutace. Tito pacienti byli primarné vysetfeni v ramci mutacnich
analyz prezentovanych v publikacich 1 a 6. Absence mutace u rodi¢l byla u vsech
pacientl potvrzena cilenym vySetfenim piislusnych exont genu NF1. Limitovany pocet
pacientli se zndmou kauzalni mutaci neumoznil podrobnéjsi statistické zpracovani
korelace veku rodi€ii a genotypu pacientll. Primérny paternalni vék v dobé narozeni
potomka ptevySoval republikovy primér véku otcii v bézné populaci o 3,2 roky. Jini
autofi uvadéji primérné navyseni paternalniho véku oproti bézné populaci o 1,9 — 4,5
roku 328, Primérny maternalni vék v dob& porodu byl oproti pruméru bézné populace
navysen o 1,7 rokl. Studie potvrdila hypotézu, ze primérny vék otcti v dobé narozeni
potomka s NF1 je oproti priméru v bézné populaci signifikantné zvysen. Potvrzeni
sporadického vyskytu onemocnéni ve vSech rodinach ze souboru na molekularni tirovni
a nasledna identifikace maternalniho ¢i paternalniho ptivodu detekovanych mutaci by

méla byt predmétem dalSiho feSeni této problematiky.
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Frekvence vyskytu onemocnéni NF1 bez pozitivni rodinné anamnézy je uvadéna

v mnoha studiich mezi 30 - 50% %

. Studie publikované pted zavedenim rutinniho
vySetfeni genu NF1 nezohlediovaly moZnost nerozpoznani familiarnitho typu
onemocnéni u mirngj$ich fenotypt v disledku intrafamilidrni variability. Predpoklad

sporadického vyskytu onemocnéni dosahujiciho az 50% tak mohl byt nadhodnocen.

Publikace 5

Kaluzova M, Petrak B, Lisy J, Vaculik M, Bendova S.
Idiopaticka stenosa akveduktu a porucha vyvoje Fe¢i u déti s neurofibromatosis

von Recklinghausen typ 1. Piipravovany rukopis

Prace popisuje dvé kazuistiky, jejichz spoleCnym rysem je rozvoj hydrocefalu pfti
idopatické stendze akveduktu a porucha vyvoje feci u pacienti s NF1. Hydrocefalus se
u pacientt s NF1 vyviji sekundarné béhem procesu expanzivniho vyvoje mozku nebo
pii idiopatické stendze distalni Casti akveduktu. Neverbalni a verbalni poruchy vyvoje
fe¢i jsou popisovany u 30-60% déti s NF1 *2,

U pétiletého chlapce byla na zdklad¢ koznich zmén, mentalni retardace, poruch vyvoje
feCi a skoliozy diagnostikovana NF1. MRI mozku urcila bilateralni ONG. Pacient se
narodil z fyziologické gravidity, poporodni adaptace byla od pocatku poznamenana
poruchami spanku a nerovnomérnym psychomotorickym vyvojem, ktery ve 3 letech
vyustil v epileptické zachvaty. V 7 letech byl na zakladé zmén v charakteru
epileptickych zachvatii odhalen dekompenzovany supratentorialni hydrocefalus na
podkladé stendzy distalni ¢asti akveduktu. Béhem akutniho neurologického feseni stavu
byl zaveden vnitini zkrat. I nadéle pfetrvava postupné zhorSovani mentalni retardace a
kvality feci.

Osmileta divka byla hospitalizovana ve FN Motol na zakladé poruch vyvoje feci a
bolesti hlavy. Narodila se z fyziologické gravidity s normalni poporodni adaptaci. CAL
byly patrné od narozeni. Ke zhorSeni vyvoje fe¢i doslo po 4. roce zivota. MRl mozku
ukdzala nélez supratentoridlniho hydrocefalu s ndpadnym zizenim termindlni Casti
dilatovaného mokovodu. Gliomy optickych nervii ani chiasmatu nebyly rozpoznany.
Béhem nasledujicich 11 let sledovani pacientky nedoslo k dekompenzaci hydrocefalu

ani ke vzniku nadoru mozku, ale ani ke zlepSeni kvality feci.
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Srovnani téchto dvou piipadii doklada, ze tézkd porucha vyvoje feci by méla slouZit
jako indicie vzniku pozvolna se rozvijejici stendzy distalni ¢asti akveduktu s naslednym
rozvojem hydrocefalu. Souc¢asné by méla byt indikaci k provedeni MRI mozku pacienta
véetng prutoku mozkomisniho moku akveduktem.

U obou pacientii byla provedena molekularné geneticka analyza a v genu NF1 byly
nalezeny kauzalni mutace. U chlapce byla v exonu 4b identifikovana mutace typu
missense, ¢€.647T>C. Mutace je pfic¢inou vzniku nefunkéniho genového produktu.
Jedna se o mutaci dfive popsanou v literatufe, avSak bez souvislosti s nami
popisovanym fenotypem. U divky byla nalezena kauzalni mutace vexonu 29,
€.5220delT. Mutace byla prvné popsana v souvislosti s touto pacientkou. Jeji charakter
zpusobuje vznik pied¢asného terminac¢niho kodonu vedouciho k ukonceni translace.
Pokud genovy produkt vznika, je zkraceny a nezastava svoji primarni funkci. Obé
mutace jsou rozdilné povahy a nelze tak na zaklad¢ jejich nalezu urcit pivod vzniku

stenozy akveduktu u popisovanych pacienti.

Publikace 6

Bendova S, Vasovcak P, Sedlacek Z, Marikova T, Kaluzova M, Petrak B, Krepelova A.
RNA-based mutational analysis of Czech patients suspected of NF1 as an efficient

alternative for less sensitive DHPLC pre-screening. Pripravovany rukopis

V této publikaci diskutujeme panel zarodecnych mutaci v genu NF1 nalezenych za
pouziti kombinace nékolika vySetfovacich metod a srovnavame je s dostupnou
literaturou. Sledovany soubor tvotilo 44 neptibuznych pacienta spliujicich diagnosticka
kritéria podle NIH pro NF1. Tticet z nich byly sporadické ptipady.

Vysetfovaci schéma zalozené vyluéné na kombinaci metod DHPLC a MLPA (publikace

1), vedlo k odhaleni zarode¢né mutace u 37,9% pfipadu. Nizka mira detekce (ve

srovnani s literaturou 789293

) nas vedla k implementaci vySetiovaci metody zalozené
na mutacni analyze RNA. Navzdory v literatufe popisované 95% detekéni Gspésnosti
této metodiky 94,95 jsme dosahli 81,5% uspésnosti. Tento vysledek muize byt ovlivnén
skladbou vySetfovaného souboru, provoznimi podminkami sbéru a zpracovanim
krevnich vzorkii, zfidka se vyskytujicimi balancovanymi translokacemi %
epigenetickymi mechanismy nebo hypermetylaci promotoru genu NF1 . Soubor ale

predevsim zahrnuje pacienty jiz bez ndlezu, vySetiené metodou DHPLC, ktefi nemusi
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byt nosici kauzalnich mutaci v genu NF1 nebo se u nich jednd o mutace zvlasté obtizné
odhalitelné. PredevSim u pacientii se somatickym mozaicismem muze byt uspéSnost
nalezeni mutace rovnéz ovlivnéna &asovou prodlevou ve zpracovani vzorka **%.
Celkem bylo u 44 pacientl nalezeno 33 kauzalnich zarodecnych mutaci vSech typa,
Z nich 18 doposud nepopsanych. Nezaznamenali jsme zadnou jasnou souvislost mezi
fenotypem a genotypem pacientll. Patogenita missense mutaci byla predikovdna pomoci
programu Polyphen . Ve srovnani s literaturou * jsme v souboru zaznamenali vyssi
zastoupeni posunovych mutaci (52% vs. 26%) a nizsi zastoupeni missense mutaci (3%
vs. 18%). Relativné nizky pocet pacientli ndm neumoznuje piesnéjsi objasnéni tohoto
jevu. Ve dvou ptipadech jsme zaznamenali somaticky mozaicismus. Tito dva pacienti
byli postizeni klasickou formou NF1, lisili se pouze v pozdé€jsi manifestaci CAL.
Predpokladame, ze vétSina nalezenych zéarodecnych mutaci v tomto souboru je
paterndlniho ptivodu. S pokroCilym paterndlnim veékem pii poceti potomka
pravdépodobn& roste riziko vzniku zérodeéné mutace ®2. Primérny vek otcii v dobg
narozeni potomka pievySoval republikovy prumér bézné populace 0 1,7 roku a
primérny vék matek o 2,3 roky. Tato data jsou také soucasti souboru 103 pacientt
potvrzujicich tento trend (publikace 4).

Preskrinigovou metodu DHPLC jsme nahradili mutacni analyzou na trovni RNA, na
kterou v pfipadé negativniho vysledku navazuje metoda MLPA. RNA analyza také
umoziuje sledovani vlivu mutaci zachycenych na trovni genomové DNA a hodnoceni
jejich funkéniho vyznamu tam, kde neni jasny (missense a tiché mutace). Vypracované
vySetiovaci schéma je ve vSech smérech efektivnéj$i nez pouziti kombinace metod

DHPLC a MLPA.
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4 Zavéry

V praci piedkladame rozbor muta¢ni analyzy genu NF1, ktera byla provedena u 67
pacientti spliujicich diagnostickd kritéria tohoto onemocnéni. Zachytili jsme 51
kauzalnich zarode¢nych mutaci vSech typt, z toho 33 mutaci bylo novych, V literatute
dosud nepopsanych. Mezi nalezenymi mutacemi nebyla zadna rekurentni. Dvé tiché
mutace nesegregovaly sonemocnénim a u jedné mutace typu missense nebyla
prokazana jeji kauzalita. V rodinach s nalezenou kauzalni mutaci u probanda jsme
vySetiili 1 dal§i rodinné pfislusniky a potvrdili tak sporadicky ¢i familiarni vyskyt
onemocnéni NF1 vrodingé. Ve shod¢ s literaturou, kterd poukazuje na absenci jasné
korelace genotyp-fenotyp u NF1, nemtze byt Zadna z nalezenych kauzalnich mutaci
dana do piimé souvislosti s konkrétnim fenotypem onemocnéni U nosice dané¢ mutace.
Pro tcely efektivni mutacni analyzy jsme optimalizovali fadu molekularné genetickych
metod a porovnali jejich ucinnost z hlediska vytéznosti dat. Nejlepsi vysledky jsme
zaznamenali pomoci metody zaloZené na izolaci MRNA a piimé sekvenaci CDNA.
Zabyvali jsme se také hypotetickou souvislosti mezi pokro¢ilym vékem otcl a
zvySenym rizikem vzniku zdrode¢né mutace u potomku se sporadickym vyskytem NF1
v rodin€. Analyzou véku rodi¢i v dob€ narozeni potomka jsme u 103 probandu zjistili,
ze vek otcl I matek je oproti véku v bézné populaci signifikantné zvysen. Sporadické
pfipady onemocnéni tvotily 35,6% vSech pacienti s NF1 evidovanych ve FN Motol.
Toto zastoupeni je v souladu se spodni hranici frekvence vyskytu sporadickych piipadi
uvadénych v literatute.

Popsali jsme n¢kolik zajimavych fenotypli manifestovanych v ramci NF1. U devitileté
pacientky jsme zaznamenali velmi ziidka se vyskytujici syndrom stfedni aorty. U
probandky 1 jejiho otce jsme nalezli kauzalni mutaci v genu NF1, popsali jsme detailné
fenotyp pacientky a diskutovali variabilitu manifestace znakd ve srovnani se Sirokou
populaci pacientt s NF1.

Dalsi popisovand pacientka byla mozaikou buné€k sjednim normalnim a jednim
kruhovym chromozomem 17 a bun¢k s monosomii 17. Pravé tato monosomicka linie
mohla u pacientky vést k projevim NF1. Ackoliv v dobé vySetieni probandka
nemanifestovala zadné klinické znaky vedouci k onkologickym zméndm, absence jedné
alely gentt TP53 a BRCAL v mozaice muze u pacientky zvysit i riziko nadort spojenych

se zarode¢nymi defekty v téchto genech.
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U dvou nepiibuznych pacientti s NF1 jsme popsali rozvoj hydrocefalu pii idiopatické
stenoze akveduktu a poruchu vyvoje feci. Na ptikladu téchto pacientli uvadime, Ze t€zka
porucha vyvoje feci by méla slouzit jako indicie pozvolna se rozvijejici stenozy distalni
casti akveduktu s naslednym rozvojem hydrocefalu. U obou pacientl jsme nalezli

kauzalni mutaci v genu NF1.
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Abstract

Neurofibromatosis type 1 (NF1) is one of the most common inherited human disorders, with an estimated
incidence of 1 per 3500 births. In most cases, the disease is caused either by mutation in the NF1 gene, or by a
particular or complete deletion of the NF1 gene. The NF1 gene exhibits one of the highest mutation rates of any
human disorder. In this experimental study of the NF1 gene, we screened the mutational spectrum of 22 un-
related patients from the Czech Republic using the denaturing high-performance liquid chromatography
(DHPLC) and multiplex ligation-dependent probe amplification (MLPA) methods. We found NF1 mutations in
17 patients: 15 causal mutations were detected with the use of the DHPLC method (15/20, 75%). With the MPLA
method, we also confirmed and specified two large deletions that were previously genotyped by micro-
satellite markers. Twelve of the above-mentioned mutations werenewly found: c.1_2delATinsCC, ¢.1185+1G>C,
¢.1757_1760delCTAG, c.1642-7A>G, ¢.2329 T>G, c.2816delA, ¢.3738_3741delGTTT, c.4733 C>T, c.5220delT,
€.6473_6474insGAAG, ex14_49del, ex28_49del. We present this study as a first effectual step in the routine
diagnosis of the NF1 in patients from the Czech Republic.

DOI 10.1385/JMN/31:03:273

Index Entries: Neurofibromatosis type 1; NF1; DHPLC; MLPA; mutation detection.

Introduction

Neurofibromatosis type 1 (NF1; MIM# 162200) is
one of the most common autosomal dominant dis-
orders with an incidence of 1 per 3500 births. NF1 is
caused by defects in the NF1 gene on chromosome
17q11.2, which consists of 60 exons and encodes a
GTPase activating protein (GAP), neurofibromin.
Two functional regions of neurofibromin have been
identified, a central GAP related domain (GRD)
encoded by exons 20-27 (Ahmadian, 2003; Scheffzek K,
1998) and several cAMP-dependent protein-kinase

recognition sites encoded by exons 11-17 (Mattocks,
2004). To date, more than 800 different NF1 mutations
have been identified and registered in the Human
Gene Mutation Database (HGMD). The NF1 gene
exhibits one of the highest mutation rates of any
humanhereditary. Agenotype-phenotype correlation
analysis suggests that there is no clear relationship
between specific NF1 mutations and the clinical fea-
tures of the patients suffering from the disease. The
cardinal features of the disease are café-au-lait
(CAL) spots, neurofibromas, freckling of the axil-
lary or inguinal regions, Lisch nodules, optic nerve
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glioma, and bone dysplasias (NIH, 1998). The clinical
symptomatology includes many systems with symp-
tomatology dermatological, neurologocical, and
ophthalmological, also with typical osteological and
vascular changes (Gutmann, 1997).

In this paper, we describe our current experi-
mental study of the NF1 gene analysis performed
22 unrelated patients from the Czech Republic and
describe our results.

Patients and Methods

We investigated 22 unrelated patients from the
Czech Republic (15 femalesand 7 males) whohad NF1
within this study. The NF1 diagnosis was confirmed
according to the National Institutes of Health (NIH)
criteria identified at the NIH Consensus Develop-
ment Conferencein 1988 (NIH, 1998). All the patients
subscribed to the study and gave their informed
consent. The clinical data relating to the mutations
of carriers that was collected is summarized in
Table 1. Genomic DNAwas extracted using standard
procedures from peripheral blood leucocytes.

PCR

Genomic DNAwasamplified in 60 PCR fragments
(172-517 bp) corresponding to 60 exons of the NF1
gene. All primers and the PCR reaction conditions
were designed according to the process of (Han,
2001). The PCR cycling regime consisted of an ini-
tial denaturation step at 94°C for 60 s, followed by
33 cycles of denaturation at 94°C for 60 s, annealing
at a specific temperature for each fragment for 60 s,
extension at 72°C for 60 s, and a final extension step
at 72°C for 7 min. All thermal cycles were run on an
Applied Biosystems 2720 thermal cycler.

DHPLC

The denaturation and re-annealing step was
required after the standard PCR amplification for
heteroduplexes formation to occur and so obtain
improved DHPLC analysis. Samples were denatured
at 95°C for 5 min and then allowed to reanneal at
room temperature over 30 min (Kuklin, 1997).
DHPLC was performed on a WAVE DNA fragment
analysis system by using a DNASep column and
commercially available WAVE Optimized™ Buffers
and Syringe Solution were used (provided by
Transgenomic, UK). The PCR products were separated
througha5%linear acetonitrile gradient (using buffers
A,B,C,D, ataflow rate 0.90 mL/min). Temperatures
for optimal heteroduplex separation and the melting
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domains for DHPLC were designed according to
Han, 2001 and checked using the WAVEMAKER
Software version 4.1. Twenty NF1 patients were
screened in 60 exons and splice sites of the NF1 gene
by DHPLC analysis. Each of amplicons comprised
exon and marginal intronic splice sites. Abnormal
elution patterns were identified in many cases
(Tables 2 and 3) (Fig. 1).

Sequencing

All of the PCR fragments displaying abnormal
elution patterns were re-amplified, purified, and
directly sequenced inboth directions using standard
procedures. The BigDye Terminator v3.1 Cycle
Sequencing Kit and the ABI 3100 Avant Genetic
Analyser were used (available from Applied Bio-
systems). Forward and reverse sequences were
compared with the reference sequence (Gene Bank
accession no. AY796305). All detected mutations
were verified by repeat a PCR re-amplification and
sequencing in both directions. Relatives of the
patients who met NIH criteria were investigated only
by sequencing of the mutant exons.

MLPA

The MLPA analysis detects whole-exon deletions
or duplications (Schouten,2002). MLPA analysis was
carried out using the standard SALSA MLPA KIT
P081/P082 for all applications and for the MLPA
protocol (MRC-Holland). The MLPA PCR products
were analyzed in the ABIPRISM Avant 3100 genetic
analyser and the data was analyzed using the Gene-
maper software. All 22 patients were screened by
this method. With this analysis of the patient’s data,
two families were genotyped by using microsatel-
lite markers located in intron 27 (IVS27AC28.4A,
IVS27AC28.4B, IVS27TG24.8A, IVS27TG24.8B)
(Lazaro, 1994) and inintron 38 (53.0A,53.0B) (Lazaro,
1993). In these cases MLPA analysis was used for
results specification. The NF1 gene mutation analy-
sis of these two families was not comprised of
DHPLC analysis and sequencing methods.

Results

In this study, 22 unrelated NF1 families were
investigated for NF1 mutations by a combination of
methods including DHPLC, MLPA, and direct
sequencing.

Description of Mutations

In total, we identified, by applying the DHPLC
method, 15 causal mutations comprising 5 frameshift

Volume 31, 2007
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276 Bendova et al.
Table 2
Summary of Mutations Detected in the NF1 Gene
No. Genomic Aminoacid
Fragment  patient mutation mutation Type Method  References
exon 1 5a,b,c c.1_2delATinsCC p-Met1? Insdels DHPLC  This report
exon 4b 4a c.499_502delTGTT p-Cys167GIn £sX10 Deletion, frameshift DHPLC Lee, 2006
exon 4b 9a c.528 T>A p-Glul76Asp Missense, DHPLC  This report
unknown
impact
exon 4c 8a c.647 T>C p-Leu216Pro Missense DHPLC Fahsold, 2002
intron 8 16 ¢.1185+1G>C Splice site DHPLC This report
intron 10c lab c.1642-2A>G Splice site DHPLC Ars, 2003
intron 10c ~ 17a,b  ¢.1642-7A>G Splice site DHPLC  This report
exon 12a 14 ¢.1757_1760delCTAG  p.Thr586lle fsX18  Deletion, frameshift DHPLC This report
exon 12a 13 c.1748 A>G p-Lys583Arg Missense DHPLC Fahsold, 2000
exon 15 7a c.2329 T>G p-Trp777Ser Missense DHPLC This report
exon 16 9a c.2816delA p-Asn936lle £sX15  Deletion, frameshift DHPLC This report
exon 22 10a,b,c ¢.3738_3741delGTTT  p.Phel247Ile fsX18 Deletion, frameshift DHPLC This report
exon 27b 15 c.4733 C>T p-Ser1578Phe Missense DHPLC  This report
exon 29 6a ¢.5220delT p-Val1740Ser fsX3  Delecion, frameshift DHPLC This report
exon 34 3a c.6473_6474ins GAAG p.Ser2159Lys fsX15 Insertion, frameshift DHPLC This report
exon 45 12a,b  ¢.7846 C>T p-Arg2616X Nonsense DHPLC Upadhyaya,
1995
exon 14-49  2ab  ex14_49del skipping exons Deletion MLPA  This report
14-49
exon 28-49 1la,b ex28_49del skipping exons Deletion MLPA This report
28-49
DHPLC, denaturing high-performance liquid chromatography; MLPA, multiplex ligation-dependent probe
amplification.
Table 3
Summary of Mutations Detected in the NFI Gene—Not Segregated With Diseases
Fragment Pac.no. Genomic mutation Aminoacid mutation Type  Method
exon 6 la c.847 G>A p-GIn282GIn Silent DHPLC
exon 10b 14a c.1458 A>C p-Thr486Thr Silent DHPLC

DHPLC, denaturing high-performance liquid chromatography; MLPA, multiplex

ligation-dependent probe amplification.

deletions, 1 insertion, 1 indel mutation, 3 splice site
mutations, 4 missense mutations, and 1 nonsense
mutation. We identified through the analysis that,
15 pathogenic mutations were found, 5 of which
were previously reported, and the remaining 10
mutations were found to representnovel pathogenic
mutations. It was also identified that two silent
mutations did not segregate with disease and that
one missense mutation with unknown impact
occurred (Tables 2 and 3). Any recurrent mutations
were found.

Using the MLPA method two large genomic
rearrangements were confirmed and found to be

Journal of Molecular Neuroscience

novel (Table 2) (Figs. 2 and 3). All the detected poly-
morphisms were reported previously in the Gene
Bank.

Discussion

The mutation detection rate of 75% (15/20), which
was determined by using the DHPLC method in this
experimental study, is comparable with most previ-
ous studies (Fahsold, 2000; Han, 2001; Kluwe, 2003;
De Luca, 2004). This result might have been biased
by a number of factors including: the small group
size, the fact that only small, marginal intronic parts

Volume 31, 2007
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Fig. 2. Multiplex ligation-dependent probe amplification (MLPA)

Bendova et al.
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—Salsa MLPA P081 NF1 probemix. A, control; B,

Patient 2a; C, Patient 11a (for the mutations, seeTable 2 and for Salsa MLPAP081 NF1 probemix details, see http://www.mrc-

holland.com).
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Fig. 3. Multiplex ligation-dependent probe amplification (MLPA) chromatographs—Salsa MLPA P082 NF1 probemix.
A, control; B, Patient 2a; C, Patient 11a (for mutations, see Table 2, and for Salsa MLPA P082 NF1 probemix details, see

http://www.mrc-holland.com).

of NF1 gene were screened, and the fact that the
DHPLC technique is not 100% sensitive.

Patient Number 9a (Tables 1 and 2) is a carrier of
two NFI mutations in the cis-type position. Muta-
tion (c.2816delA, p.Asn936lle fsX15) is clearly pato-
genic, but the other one (c.528 T>A, p.Glul76Asp)
is a missense mutation with unknown impact. Any
of these mutations has been reported yet elsewere.
Patients 13a and 13b (Tables 1 and 2) carry the muta-
tionin the splice site of the intron 10c (c.1642-7A>G).
In this position, this type of mutation has not been
previously described in the literature but the splice
site mutation was reported by Side (1997) in the next
nucleotide.

For detections of large duplications or inversions,
the MLPAmethod was used. Any genomicrearrange-
ments were found by using this method separately.
Genomic rearrangements represent only approx 2%

Journal of Molecular Neuroscience

of all NF1 mutations (Wimmer, 2006). With respect
to the group size, the probability of detection would
be very low. The MLPA method confirmed this
hypothesisand specified thattwolarge deletions were
genotyped by microsatellite markers previously.

In this experimental study, we did not observe
any clear correlation between NF1 mutations and
distinct clinical features. NF1 is known by a highly
variable expression even within families (Tonsgard,
2006). For our investigation (see Table 1), the carriers
of the NF1 mutations have shown a very wide spec-
trum of distinct clinical features (Table 1, in particular
patients 5a—c).

In conclusion, we have performed molecular diag-
nosis of the NF1 gene by using the DHPLC method
toscreen the whole coding region with marginal splice
sites and by using the MLPA method to detect exons
that change. We present this experimental study as

Volume 31, 2007



Novel NF1 Gene Mutations

a first effectual step in the routine diagnosis proce-
dure for patients NF1 from the Czech Republic.
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Abstract OBJECTIVES: Neurofibromatosis von Recklinghausen type 1 (NF1) is an autosomal
dominant neurocutaneous disorder affecting one in 3000-4 000 individuals. Mid-
aortic syndrome (MAS) is a rare condition characterized by segmental narrowing of
abdominal aorta and stenosis of its major branches — mainly renal arteries, includ-
ing manifestation of renovascular hypertension. MAS can be caused by different
diseases, including NF1. MAIN FINDINGS: A 9 years old girl with primary diagnosis
of NF1 combined with renovascular hypertension due to MAS, suffered of bilateral
optic and chiasm glioma, pubertas praecox, speech disorder, light mental retarda-
tion and scoliosis. We have found a mutation in exone 34 of the NF1 gene (17q11.2).
Her father has been also diagnosed with NF1 and hypertension developed at early
age. He has the same mutation in exone 34 of NF1 gene. The girl is currently treated
with conservative antihypertensive medication with positive effect. Bilateral optic
and chiasm glioma are asymptomatic at the time and they had been without progress
over period of time. Any vascular surgery, neurosurgical and oncological therapy
are not indicated at the present time. CONCLUSION: This article is a summary of
clinical findings in patient with NF1 due to NF1 gene mutation in exone 34. It
confirms the importance of complex multidisciplinar approach to examination and
taking care of NF1 patients and their families.

..................................................................................................
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Abbreviations

NF1 - Neurofibromatosis von Recklinghausen type 1
T2-TSE - T2-weighted turbo spin echo
T2-TSE.F/S - T2- weighted turbo spin echo/fat saturation image)

MAS - Mid-aortic syndrome
FASI - Hypersignal foci in T2-weighted images
DHPLC - Denaturing high performance liquid chromatography
DNA - Deoxyribonucleic acid
PCR - Polymerase chain reaction
MLPA - Multiplex ligation-dependent probe amplification
MAG3 - Mercaptoacetyltriglycine
BP - Blood pressure
MRI - Magnetic resonance imaging
FLAIR - Fluid attenuated inversion recovery
EEG - Electroencephalography
ECHO - Echocardiography
INTRODUCTION

The incidence of hypertension in children is reported
(in the US) to be 1-5%. Renovascular disease is a fre-
quent cause of severe arterial hypertension in childhood.
The most common cause of renovascular hypertension
in children is fibromuscular dysplasia involving the
renal arteries (Bartosh & Aronson, 1999). About 15% of
these cases are associated with neurofibromatosis von
Recklinghausen type 1 (NF1). Arterial hypertension in
paediatric patients with NF1 is usually due to renal artery
stenosis (Estepa ef al., 2001). A rare condition in chil-
dren with renovascular hypertension is the mid-aortic
syndrome (MAS) characterized by segmental stenosis of
proximal abdominal aorta or distal descendent abdomi-
nal aorta combined with stenoses of its main branches
- mainly renal arteries (Delis & Gloviczki, 2005). MAS
can be acquired, caused by some conditions, including
NF1, or congenital (Criado et al., 2002).

NF1 is an autosomal dominant disorder affecting
one in 3000-4 000 individuals; 40-50% of all cases are
sporadic. Symptoms are highly variable. Diagnostic cri-
teria for NF1 includes café au lait spots, axillary and/or
inguinally freckling, neurofibromas and/or plexiform
neurofibromas, Lisch nodules, optic glioma, distinct
osseous lesions and first-degree relative with NF1. To
make diagnose of NF1, it is necessary to fulfil at least two
diagnostic criteria (Goldstein & Gutmann, 2004).

NF1 is caused by mutations of the gene on chromo-
some 17ql11.2. This tumor suppressor gene encodes
neurofibromin. Neoplastic processes are usually ham-
artomas or low grade tumours, however malignant
transformation is also described (Goldstein & Gutmann,
2004). The most common tumours associated with NF1
are neurofibromas and optic gliomas (pilocytic astro-
cytoma grade I). Optic gliomas in NF1 occur in many
(2/3) asymptomatic cases, only long-term surveillance is
recommended (Listernick et al., 1999).

MRI of the brain also reveals multilocular hypersignal
foci in T2-weighted images (FASI) localized in basal gan-
glia, brain stem and cerebellar white matter. These foci
were present in 43%-89% children with NF1 and have

Hypertension in neurofibromatosis type 1

non-neoplastic character. They appear to correspond
with pathologic findings of areas of the myelin vacuolar
change (Osborn & Salzman 2004, diPaolo et al., 1995).

We have introduced reliable indirect and direct NF1
molecular genetic (DNA) analysis.

Direct DNA diagnostics of NF1 with purpose of de-
tecting specific mutations and polymorphisms is being
introduced at the present time. Genomic DNA was am-
plified in 60 PCR fragments corresponding to 60 exons
of the NF1 gene. All primers, PCR reaction conditions,
temperatures for optimal heteroduplex separation and the
melting domains for DHPLC were designed (Han et al.,
2001). All detected mutations were verified by repeated
PCR re-amplification and sequencing in both directions.
Forward and reverse sequences were compared with the
reference sequence. For detections of large duplications
or inversions, the MLPA method was used. Genomic
rearrangements represent only approximately 2% of all
NF1 mutations (Wimmer et al., 2006).

This article is a summary of clinical findings in patient
with NF1 due to determined NF1 gene mutation.

CASE REPORT

The girl was born in 1998 from first physiological
gravidity, birthweight 4090 g/birthlenght 53 cm, normal
adaptation. There was uneven mental and motoric de-
velopment since approx. 4th month. She began to walk at
15th month of age. Speech development retardation was
observed, she pronounced her first word when she was
18 month old; she has speech development disorder. Her
intellectual abilities were evaluated significantly below
average. Café au lait spots observed from approx. 6th
month of age.

During a regular medical check-up at 3 years of
age an elevated blood pressure (BP) was revealed (BP
150/90 mm Hg). Blood pressure on the legs was much
lower then on the arms. Echocardiography (ECHO)
revealed hypertrophy of the left ventricle and hypoplasy
(stenosis) of the abdominal aorta. Stenosis of abdominal
aorta and stenosis of both renal arteries corresponding
to MAS was proved by angiography. Stenosis was located
near truncus coeliacus with stricture up to 3.6 mm and
38 torr gradient. Below the stenosis the diameter is 4.7 mm
(Figure 1). Stenosis involved the origin of the right renal
artery (100/84 torr), on the left side stenoses on the middle
part of the renal artery were noted. Dynamic renal scin-
tigraphy with MAG3 without and after captopril revealed
bilateral pathology with signs of significant stenosis of
arteries supplying upper and middle part of left kidney.
Her plasma creatinine level and estimated glomerular
filtration rate were normal. Basal plasma renin activity in
supine position was 3.596 pg/1/hr. (normal range 0.5-1.5),
stimulated level was 15.064 ug/l/hr. (normal 0.7-2.6) and
basal aldosteron level was 738 ng/1 (normal 25-130). She
had mild proteinuria and normal level of vanilmandelic
acid in her urine. Her hypertension was controlled by
quadruple antihypertensive medication (atenolol, amlo-
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dipine, prazosin and minoxidil). BP gradually decreased
(110-120/60-75mm Hg). Similar results were obtained
during ambulatory 24-hr BP monitoring at daytime.

She had no headache or abdominal pain and her renal
function was normal during this therapy. Surgical treat-
ment such as bypass between thoracic and abdominal
aorta and bypass of right renal artery has been considered,
however it haven’t been performed yet due to satisfactory
results of antihypertensive therapy.

The girl has positive family history. Her father had
been diagnosed, according to dermal findings, with NF1
when he was 20 years old and he developed hypertension
when he was 35. Our patient has no siblings.

During initial hospitalization (in 2001) the girl had
been diagnosed as NF1 patient. NF1 diagnosis was con-
firmed by MRI examination of the brain, which showed
gliomas of both optic nerves and optic chiasm (Figure 2).
Multiple FASI on T2-weighted turbo spin echo (T2-TSE)
and fluid attenuation inversion recovery (FLAIR) images
in characteristic localisation in white matter of temporal
lobes, basal ganglia and thalamus bilaterally, pons and
white matter of cerebellum were observed (Figure 3).

During the last neurological examination a light
mental retardation, speech development disorder,
central hypotonic syndrome, dysmorphic facial traits,
macrocephaly, scoliosis and abnormal shape of thorax
were noted. She had skin picture characteristic for NF1
- multiple café au lait spots, axillary and inguinally
freckling and probably plexiform neurofibromas.

Follow up MRI of brain at the end of 2005 showed
no significant progress of the pathological changes,
including gliomas of optic nerves and chiasm. Gliomas

are asymptomatic. Slight papillary atrophy on the eye-
ground is probably consequence of I.grade hypertensive
retinal angiopathy. The girl is also under surveillance of
oncologist because of gliomas, but no oncotherapy and
no neurosurgical treatment have been indicated. She has
signs of the pubertas praecox. Ophthalmologic examina-
tion revealed iridial hamartomas - Lisch nodules.

Evoked potentials showed abnormal findings on
electroretinography, normal response latency on visual
evoked potentials and abnormal finding on brainstem
auditory evoked potentials. There are no epileptiform
graphoelements on EEG, sleep EEG is without pathology.

The girl and her family underwent genetic ex-
amination. Direct molecular genetic analysis of NF1
with purpose of detecting specific mutations and
polymorphisms was used. We used the PCR, DHPLC
and MLPA methods. In our patient a mutation in exone
34 (c.6473_6474insGAAG), was detected. The mutation
€.6473_6474insGAAG causes translation of the mRNA to
stop prematurely and a truncated protein to be produced
(Figure 4). The same mutation in exone 34 of NF1 gene
was found in her father.

DISCUSSION

A very rare reason of secondary arterial hypertension
in NF1 is the MAS (Criado et al., 2002). Our patient has
characteristic signs of MAS, confirmed by angiography,
ultrasonography and scintigraphy.

Renovascular hypertension is now controlled by an-
tihypertensive medication, therefore surgical treatment
was not necessary. However, this conservative therapy is

Figure 1. Stenosis of abdominal aorta is
located near truncus coeliacus with stric-
ture up to 3.6mm. This narrow hypoplas-
tic part is approximately 60 mm long (black
arrow). Stenosis involvement of origin of
the right renal artery, on the left side ste-
nosis on the middle part (mid-portion) of
the renal artery was noted (white arrows).

arrow), coronal T2-TSE.F/S (T2-weighted
turbo spin echo/fat saturation image).

Figure 2. Glioma of optic chiasm (white Figure 3. Characteristic foci of vacuolised

myelin in basal ganglia (black arrow) and
thalami (white arrows), axial FLAIR (Fluid
attenuation inversion recovery) image.

Copyright © 2007 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu
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Figure 4. Sequencing chromatograms for NF1 mutation c.6473_6474ins GAAG (wild type and muta-
tion). DHPLC chromatogram for novel pathogenic NF1 mutation (wild type versus mutation). This
mutation was detected as change in the number of peaks.

not sufficient in many cases. Usually arterial reconstruc-
tion with introduction of bypasses and angioplasty is
performed (Estepa et al., 2001).

Children with NF1 have neurological and onco-
logical risks. Glioma of optic nerve is a common finding
(15-20%) in patients with NF1, it is asymptomatic in
2/3 of patients. There is a long-term surveillance recom-
mended (Listernick ef al., 1999). In our patient, gliomas
are asymptomatic, repeated cerebral MRI are without
any marks of progression. Only long-term surveillance
of gliomas is necessary in this case. Pubertas praecox is
described in patients with NF1 and gliomas of chiasm
(Habiby et al., 1995). Regarding the glioma of chiasm
finding she has signs of the pubertas praecox and her
bone age is slightly accelerated. FASI on T2-weighted
MRI of the brain are typical for NF1 (Osborn & Salzman
2004). These foci are without neurological findings, but
they are probably associated with development of spe-
cific learning and behaviour disabilities (at the 30-65%
of children with NF1), including language development
(Billingsley et al., 2003; Moore et al 1996). In our patient,
there are findings of many FASI, including images in
characteristic localisations. Light mental retardation
and severe speech development disorder had also been
found. School education is possible at the special class.
Common findings in children with NF1 are scoliosis,

inadequate growth and macrocephaly (Goldstein &
Gutmann, 2004). Our patient possesses all of these
symptoms.

NF1 is an autosomal dominant neurocutaneous disor-
der, with many sporadic cases.

Mutation in exone 34 of NF1 gene is novel (Bendova
et al., in press). Also study focused on DNA analysis find-
ings in patients with NF1 and renovascular hypertension
with mid-aortic syndrome hasn’t been published yet. The
same mutation in exone 34 of NF1 gene was found in the
father.

CONCLUSION

NF1 is disease with multisystem involvement. Some
pathological findings are signal for immediate treatment,
some are just reason for a long-term surveillance.

A novel mutation in exone 34 of NF1 gene was found
in our patient with NF1 and with renovascular hyperten-
sion in MAS combined with bilateral optic and chiasm
glioma, speech development disorder, pubertas praecox,
scoliosis and light mental retardation.

We consider the fact that her father has the same
diagnosis of NF1 (including same mutation in exone 34
of NF1 gene) and that he suffered from hypertension to
be very important.
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We describe a girl with neurofibromatosis type 1 (NF1), mild
dysmorphic features, growth and mental retardation, autism,
and mosaicism of ring chromosome 17 and chromosome 17
monosomy. The extent of genetic material deleted from the
ring chromosome was determined using a combination of
classical cytogenetics, fluorescence in situ hybridization
(FISH) and multiplex ligation-dependent probe amplifica-
tion (MLPA) to be 0.6—2.5 Mb on 17p, and up to about 10 Mb
on 17q. Based on our observations and on a review of the
literature we argue that in addition to a universal “ring
syndrome” which is based on ring instability and is less
specific for the chromosome involved, various ring chromo-
somes underlie their own characteristic phenotypes. We
propose that the symptoms leading to the diagnosis of NF1 in

our patient could be attributed to mosaic hemizygosity for
the NF1 gene in some of her somatic cells. A similar
mechanism or a direct involvement of respective disease
genes in the aberration could possibly influence also the
development of autism and other symptoms. We raise a
question if the loss of one copy of chromosome 17 from a
substantial fraction of somatic cells can have specific
consequences also for future risks of the patient, for
example, due to the mosaic hemizygosity for the BRCAI
and 7P53 genes. © 2006 Wiley-Liss, Inc.

Key words: ring chromosome 17; ring syndrome; neurofi-
bromatosis; autism; mental retardation; cancer susceptibility
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INTRODUCTION

Chromosomal aberrations are found in about
10-15% patients with dysmorphic features, up to
20% patients with mild or moderate mental retarda-
tion, and up to 5% patients with autism [Raynham
et al., 1996; Nussbaum et al., 2001; Castermans et al.,
2004]. Among the aberrations, ring chromosomes are
very rare. They arise due to breaks on both arms of a
chromosome, and circular re-joining of the free ends.
Because of problems with proper segregation during
mitosis, these chromosomes are usually unstable,
and mosaics of cell lines with loss of the rings, double
rings, isochromosomes, or other marker chromo-
somes derived from the ring are often present in
carriers of this aberration [Vogel and Motulsky, 1997].

There is a debate in the literature about the
mechanism of how ring chromosomes influence
the phenotype. One possibility is that virtually all
abnormal clinical findings in the carriers are a
consequence of the ring instability. The existence
of a “ring syndrome” was proposed where most of
the phenotype is not specific for the chromosome
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involved, and where the severity of the phenotype
rather depends on the degree of ring instability,
commonly involving growth failure due to increased
mortality of the aneuploid cells [Kosztolanyi, 1987].
The other view is that the phenotype of the ring
chromosome carriers is much more dependent on
the genetic content of the chromosome involved,
and that no universal “ring syndrome” exists. Various
syndromes are described as separate clinical entities
differing substantially in the degree of mental
retardation, presence and severity of seizures,
specific dysmorphic features, and presence of
different organ defects (e.g., ring chromosome 13
syndrome, ring chromosome 20 syndrome, etc.)
[Schinzel, 2001].

In this report, we present a girl whose relatively
mild phenotype (neurofibromatosis type 1 (NF1),
mild dysmorphic features, mental retardation,
and autism) prompted us to perform a cytogenetic
examination. We found mosaicism of ring chro-
mosome 17 and chromosome 17 monosomy. As
deletions in the NF1 gene were excluded in this
patient, we suggest that the symptoms leading to the
diagnosis of NF1 could be attributed to mosaic
hemizygosity for the NF1 gene. We also raise a
question if the loss of chromosome 17 from a
substantial fraction of somatic cells of the patient
can have a specific influence on the other abnormal
clinical findings, and on her future specific risks.

MATERIALS AND METHODS

Clinical Report

The propositus was born by a spontaneous
delivery at 41 weeks of gestation as a first child to a
21-year-old woman and a 22-year-old man. The birth
weight of the girl was 2,950 g (25-50th centile), and
length was 48 cm (25th centile). The newborn had
slightly marked mongoloid slant of palpebral
fissures, cafe-au-lait spots, and depigmentation on
the belly. Early postnatal development was uncom-
plicated until 4 months of age when the girl started to
exhibit feeding difficulties and failure to thrive. Her
psychomotor development was delayed from the
beginning (sitting with support from the age of
1 year, first steps from the age of 18 months). Speech
development was slightly delayed (first words after
1 year of age, simple sentences after 3 years of age,
severe dyslalia). At the age of 4 years she developed
epilepsy. A paternal uncle of the girl’'s mother
committed suicide, the paternal grandfather of the
girl’s mother suffered from alcohol abuse, and a
maternal cousin of the girl’s mother had epilepsy.
There was no family history of NF1 or mental
retardation.

The propositus (Fig. 1) was next examined at the
age of 6.5 years. Her height was 104 cm (<3rd
centile), weight was 16.5 kg (<3rd centile), and head

a

Fic. 1. The propositus. a: Girl at the age of 9.5 years displaying mild
dysmorphic features, short stature, scoliosis and skin pigmentary changes;
(b) detailed frontal view of her face, demonstrating bitemporal narrowing, wide
nasal bridge, narrow palpebral fissures, epicanthal folds, thin upper lip, down-
turned mouth corners, and low-set dysplastic ears; (c) a detail of skin
pigmentary changes on the back of the patient. The most pronounced café-au-
lait spots and hypopigmented macules are marked by arrows pointing upwards
and downwards, respectively.

circumference was 46.5 cm (<3rd centile). She had
mild dysmorphic features with brachycephaly,
bitemporal narrowing, wide nasal bridge, narrow
palpebral fissures, epicanthal folds, thin upper lip,
widely spaced teeth, down-turned mouth corners,
and low-set dysplastic ears. She presented with mild
scoliosis, and her gait was wide-based. Multiple café-
au-lait spots on the skin increased with age, and mild
axillary and inguinal freckling was present. These
findings led to the diagnosis of NF1. No cutaneous
neurofibromas or plexiform neurofibromas were
detected. In addition, the girl had multiple depig-
mented macules (leukoderma), numerous naevi
depigmentosi, and a planary naevus spilus in the
right lumbar region. She also had fifth finger
clinodactyly and bilateral halluces valgi.

We followed her for 4 years. The mild facial
dysmorphism did not change during this period, but
the growth deficiency became more pronounced.
The seizures worsened significantly and were
classified as atypical absence epilepsy and/or astatic
epilepsy, becoming intractable with poor response
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to anticonvulsants. Finally, after combined antiepi-
leptic therapy she was totally free of seizures from
9.5 years of age. On neurological examination at
the age of 10 years she exhibited mental retardation,
autistic features, and cognitive and language
delay. She was awkward with a slow-paced gait.
Other parameters were normal. Ophthalmologic
examination revealed neither Lisch nodules (iris
hamartomas), nor yellow flecks in the retina.
Electroencephalography identified a right-sided
focus of epileptiform activity in the parieto-temporal
area. Magnetic resonance imaging of the brain
showed no pathology. Optic glioma and high-signal
intensity foci on T2-weighted images were absent.
The development of the behavioral phenotype of
the girl was especially remarkable. The first psychia-
tric examination was performed at the age of
6.5 years. Hyperactivity and inattentiveness were
the dominating symptoms. The clinical picture was
not typically autistic at that time. The patient was
seen by a psychiatrist at the age of 10.5 years. The
reason for the admission were pronounced changes
in her behavior (inappropriate smelling of things,
increased aggressiveness, negativism, decreased
perception of pain leading to occasional non-
intentional self-injury, and an obsessive interest in
observing animals and mimicking their sounds). The
CARS (Childhood Autism Rating Scale) score com-
bined with ADI-R (Autism Diagnostic Interview—
Revised) results confirmed the diagnosis of atypical
autism. Mental retardation was classified as moderate

IQ 45).

Cytogenetic Analysis, Fluorescence
In Situ Hybridization (FISH) and Multiplex
Ligation-Dependent Probe Amplification (MLPA)

Classical cytogenetic examination of G-banded
chromosomes from peripheral blood lymphocytes
was performed using standard protocols. FISH
analysis employed a chromosome 17 centromeric
probe (D17Z1), subtelomeric probes D1752199 and

P

D1782200, and probes detecting the Miller-Dieker
syndrome (MDLS) region (LIS1), the TP53 gene
(p53), and the Smith-Magenis syndrome region
(FL1), according to the instructions of the manufac-
turers (Cytocell or Vysis). MLPA assays [Schouten
etal., 2002] were performed to analyze the presence
of subtelomeric regions on the ring chromo-
some using kits P019/P020, and to detect deletions
in the VF1 gene using kits P081/082, according to the
instructions of the manufacturer (MRC-Holland,
Amsterdam, The Netherlands).

RESULTS

Cytogenetic examination of 100 mitoses showed a
mosaic karyotype 46,XX,r(17)(p13;q25)[83]/45,XX,-
171121/47, XX,r(17), + r(17)[11/46,XX,-17, + mar1[2]/
46,XX,-17, + mar2[1]/46,XX,-17, + mar3[1]. The break-
points on the ring chromosome were located in the
terminal light G-bands 17p13 and 17q25 (Fig. 2),
which both correspond to about 10 Mb of DNA. The
marker chromosomes differed in size, and were most
likely derived from chromosome 17 (the largest were
probably isochromosomes of 17q). The parents did
not give consent to perform skin biopsy to asses the
degree of mosaicism in another tissue of the patient.
Both parental karyotypes were normal.

FISH analysis showed that regions homologous to
the subtelometric probes used for both arms
(D17S82199 and D17S2200, located about 60 and
90 kb from the tip of 17p and 17q, respectively
[Knight et al., 2000 were deleted from the ring,
while the MDLS gene, which maps approximately
2.5 Mb from the 17p telomere, was present (Fig. 3).
Hybridization signals of all other chromosome 17
probes tested were also present on the ring chromo-
some. The results of the FISH analyses of the ring
chromosome 17 can be described as 46, XX,r(17).ish
r(17)(D1752199-,LI1S1 + , TP53 + ,FL1 +, D17Z1 +,
D1752200-).

Genomic DNA MLPA analysis of subtelomeric
regions showed the absence of one copy of both

i

Fic. 2. Classical cytogenetic analysis. Two representative pairs of the normal and ring chromosome 17 from G-banded metaphases.
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Fic. 3. FISH analysis. a, b: Two metaphases hybridized with the 17p and 17q
subtelomeric probes, respectively, showing only one signal from the normal
chromosome 17, and no signals from the ring chromosomes (arrows); (c) a
metaphase with one normal and two ring 17 chromosomes (arrows) hybridized
with the TP53 probe, showing signals on all three chromosomes; (d) a
metaphase hybridized with the Smith-Magenis region probe (green) and with

the Miller-Dieker region probe (red), showing signals of both probes both on
the normal chromosome 17 and on the ring (arrow).

chromosome 17 test genes (GEMIN4 and SECTM1).
Compared to a normal control, the peak area was
reduced to 53% and 47% for the signals from GEMIN4
and SECTM]1, respectively (Fig. 4). This analysis
excluded the breakpoints on the ring chromosome
from the most distal 640 and 700 kb of 17p and 17q,
respectively. The signals from all other subtelomeric
regions did not differ from the control by more than
35% as recommended as an indication of a copy
number change in MLPA [Schouten et al., 2002].
Similarly, the MLPA analysis of gains and losses in the
NF1 gene was negative indicating that this gene was
not affected by any gross deletions or deletions of
single exons in the patient (data not shown).

DISCUSSION

We describe a girl with mosaic non-supernumerary
ring chromosome 17. The extent of the missing
genetic material, as delineated by a combination of
cytogenetics, FISH and MLPA, was 0.6—-2.5 Mb on
17p, and up to about 10 Mb on 17q. Structural
abnormalities of chromosome 17, and ring chromo-
somes of 17 in particular, are rare. Since the first
description of a patient with ring chromosome 17
[Petit and Koulischer, 1971] only a few additional
cases have been reported in the literature (reviewed
in Shashi et al. [2003] and Endo et al. [1999D. It is
becoming evident that while patients with a deletion
involving the Miller-Dieker region of 17p13.3 have
lissencephaly, multiple dysmorphic features, severe

(=8
[
-—

Fi. 4. MLPA analysis of subtelomeric regions. A part of the results obtained
from a control DNA (a) and from DNA of the patient (b). The peaks correspond

to individual subtelomeres. Signals from both subtelomeres of chromosome 17
are significantly reduced in the patient.

mental retardation, and shortened life expectancy,
patients who retain this region have a milder
phenotype involving mild mental retardation, sei-
zures, growth retardation, mild dysmorphism, and
skin pigmentation changes [Shashi et al., 2003]. Our
patient did not have a deletion of the Miller-Dieker
region, and this finding was in accordance with her
relatively mild clinical presentation.

Spectrum and severity of symptoms in patients
with ring chromosomes can be determined by two
factors. First, the aberration itself can influence gene
expression in multiple ways. Genes distal to the
breakpoints are lost, and patients can suffer from
haploinsufficiency or from unmasking of recessive
mutations on the remaining alleles. Genes spanning
the deletion/fusion breakpoints can be interrupted
or fused, resulting in possible gain-of-function
effects. Finally, genes located in the vicinity of the
breakpoints can be separated from their regulatory
regions. The impact of chromosome circularization
on the phenotype may thus vary depending on the
size and content of the deleted segments, and on
the location and nature of the breakpoints. Second,
due to problems with chromatid separation, ring
chromosomes are mitotically unstable, and give rise
to a spectrum of secondary chromosomal defects
including monosomy, double rings, and marker
chromosomes [Vogel and Motulsky, 1997]. Various
cell lines coexist within the patient in a mosaic state,
and the phenotype can depend on the composition
and frequency of mosaicism, and its distribution in
different tissues [Nishiwaki et al., 2005]. Because of
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the instability of the ring chromosomes it was
proposed that carriers, irrespective of the chromo-
some involved, suffer from a universal “ring
syndrome” [Kosztolanyi, 1987]. The main symptom
is growth retardation due to increased mortality of
the aneuploid cells, accompanied by mild mental
retardation, dysmorphism, and pigmentation
changes.

The presence of the above symptoms in carriers of
different ring chromosomes often mistakenly lead to
the diagnosis of NF1. Our patient meets the NF1
criteria [Gutmann et al., 1997] with café-au-lait spots
and axillary and inguinal freckling. The diagnosis of
NF1 on the background of mosaicism for chromo-
some 17 monosomy raises the question if the skin
pigmentation anomalies arise as an unspecific
manifestation of the “ring syndrome,” or if this
phenotype is specifically related to the loss of one
copy of the NF1 gene (which maps to 17q11) from
the population of monosomic cells. It is conceivable
that the 12% mosaicism for chromosome 17 monos-
omy identified in blood of the patient can have
consequences similar to those described in patients
with NF2 who have 6% or even lower mosaicism for
monosomy of chromosome 22 (and of the NF2 gene
in 22q12) [Tsilchorozidou et al., 2004]. This conclu-
sion is further supported by excluding a coincidental
independent rearrangement of the NF7 gene in our
patient by MLPA analysis.

In addition to several patients with ring chromo-
some 17 and NF1 (reviewed in Shashi et al. [2003]), a
patient with this aberration and carcinoma of breast
and ovary has been described [Wiktor et al., 1993].
Similarly, several cases of ring chromosome 22 were
associated with NF2 and increased cancer suscept-
ibility [Luciani et al., 2003; Tsilchorozidou et al.,
2004]. Cancer was also associated with ring chromo-
somes 11 and 13 [Tommerup and Lothe, 1992].
Similar to the latter authors, we propose that these
findings may not be chance coincidences, and that
the phenotypes are caused by loss of one copy of the
respective disease gene (BRCAI1, NF2, SNF5 or
CHEK2, WT1, and RB1) in monosomic cells arising
due to ring instability. Resolving the question of
specific symptoms associated with specific ring
chromosomes is very important from the clinical
point of view. Our patient could, for example, be at
increased risk of cancer due to her mosaicism for
cells with loss of one allele of TP53 and BRCAI,
similar to patients with germline mutations in these
tumor suppressor genes.

Our patient was also diagnosed with atypical
autism and mental retardation. Although these
conditions may belong to non-specific symptoms
associated with many chromosomal aberrations, it is
interesting that several genome screens pointed to
various portions of chromosome 17q or 17p as to
potential regions harboring autism susceptibility
genes [Risch et al., 1999; IMGSAC (International

Molecular Genetic Study of Autism Consortium),
2001; Yonan et al., 2003], and that breakpoints in
17p13 have been observed in Asperger syndrome
[Tentler et al., 2003]. It is tempting to speculate about
a causal link here as well.

Deletions in regions with imprinted genes can also
have consequences potentially even more serious
than those associated with loss of a biparentally
expressed gene. It may be of interest in this context
that the most terminal part of 17q, which may be
deleted in our patient, was suggested to contain
maternally imprinted gene(s) [Rio et al., 2001].
Finally, as it becomes more and more recognized
for broadening spectra of genetic disorders, the
phenotypic effects of any genetic defect are likely to
be influenced by the genotype of the patient at other
loci (genetic background), and by environmental
factors. These factors can underlie a part of the inter-
individual phenotypic variability observed among
the ring chromosome carriers.

In conclusion, the clinical and laboratory findings
in our patient suggest that although some phenotypic
features observed could be a non-specific manifesta-
tion of the “ring syndrome,” her diagnosis of NF1
may be specifically related to her mosaic chromo-
some 17 monosomy and loss of one of the copies of
the NF1 gene from a significant proportion of somatic
cells. This mechanism or a direct involvement of
respective disease genes in the aberration may play a
role also in the development of other symptoms
including autism.
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Von Recklinghausen neurofibromatosis (NF1) is an autosomal
dominant disorder with a prevalence about 1/3,000 (1/2,000—1/
5,000 in various population-based studies). About 30—50% of
cases are sporadic, resulting from a new mutation. NF1 is fully
penetrant by mid-childhood, stigmata, and medical problems
(neurological, dermatological, endocrine, ophthalmological,
oncological) are highly variable. Advanced paternal age (APA)
has been known to increase the risk of new germline mutations
that contribute to the presence of a variety of genetic diseases in
the human population. The trend in developed countries has
been toward higher parental age due to various reasons. In a
cross-sectional study, in two university hospital centers, data on
parental age of 103 children (41 female) born between 1976 and
2005 with sporadic NF1 were analyzed. Parental age at birth was
compared with the Czech general population matched to birth
year. The mean NF1 sporadic case paternal age at birth was 32.0
years (95% CI 30.7—33.3 years) compared with 28.8 years (95% CI
28.6—29.1 years) in the general population (P < 0.001). The mean
maternal age at birth was 27.4 years (95% CI 26.3—28.5 years)
compared with 25.8 years (95% CI 25.5—26.0 years) in the general
population (P < 0.05). The case-control difference in the father’s
age was higher than it was for the mother’s age. Sporadic NF1
cases accounted for 35.6% of our entire NF1 cohort. We con-
firmed an association of advanced parental and particularly
paternal age with the occurrence of sporadic NF1.
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INTRODUCTION

Von Recklinghausen neurofibromatosis or neurofibromatosis type
1 (NF1), is an autosomal dominant disorder with a prevalence of
about 1/3,000 (1/2,000-1/5,000 in various population-based
studies) [Rasmussen and Friedman, 2000].

NF1is highly variable [Friedman, 1999; Goldstein and Gutmann,
2004; Williams et al., 2009]. Typical manifestations are café-au
lait skin spots, freckling, peripheral nerve sheath tumors (benign:
Neurofibromas; malignant: Neurofibrosarcomas) and other malig-
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nancies (intracranial astrocytomas, gastrointestinal stromal
tumors, pheochromocytomas, and juvenile monocytic leukemia)
[Ferner et al., 2007; Theos and Korf, 2006]. Endocrine symptoms
(abnormal thyroid functioning, growth hormone deficiency, and
pubertal disorders) are relatively frequent. Neurological and oph-
thalmological problems may manifest depending on localization of
tumors [Ferner et al., 2007].

NF1 is caused by mutations within or deletion of the NFI gene at
17q11.2. The NF1 gene encodes the protein neurofibromin, which is
a negative regulator of the Ras oncogene [Rasmussen and Fried-
man, 2000].

About 30—50% cases are sporadic and assumed to result from a
new mutation [Table I]. There are families documented with more
than one sporadic case, each having a distinct NFI mutation [Klose
et al., 1999; Upadhyaya et al., 2003]. Obviously, nonpaternity
should also be considered in such cases. In addition, parental
mosaicism for an NFI mutation involving the germline may occa-
sionally account for an “apparently” sporadic case [Detjen et al.,
2007; Kaplan et al., 2010]. About 80% of intragenic NFI mutations
are paternal in origin, and only about 20% of whole gene deletions
are paternal in origin [Lazaro et al., 1996; Upadhyaya et al., 1998].
This may be an important confounder given that about 4% of NF1
cases may be due to a whole gene deletion [Kluwe et al., 2004].

Advanced parental age increases the risk to develop genetic
diseases. Over thelast two decades, the trend in developed countries
has been toward higher parental age due to various factors (family
finances, parental education, divorce rates, and reproductive
disorders).

An age of a father at the time of conception of >40 years and that
of mother >35 years is considered as advanced parental age,
[Friedman, 1981; de la Rochebrochard and Thonneau, 2003;
Toriello and Meck, 2008]. Advanced paternal age (APA) increases
the risk of new germline mutations. The male germ line is expected
to accumulate point mutations due to replication errors and

reduced activity of repair enzymes, strand mispairing of short
tandem repeats, and longer exposure to environmental mutagens
[Thomas, 1996; Crow, 2000]. In addition, in human sperm DNA is
more methylated than oocyte DNA, which may account for the
greater number of paternally derived point mutations occurring
within a CpG dinucleotide [Driscoll and Migeon, 1990; Glaser and
Jabs, 2004]. APA has been associated with increased fetal death
[Nybo Andersen et al., 2004], and with infertility [de la Roche-
brochard and Thonneau, 2003], as evident in achondroplasia
[Toriello and Meck, 2008], the Apert, Crouzon, and Pfeiffer
syndromes [Glaser and Jabs, 2004], bipolar disorders [Frans
et al., 2008], schizophrenia [Byrne et al., 2003], and autism
[Reichenberg et al., 2006]. Risch et al. [1987] and lately Glaser
and Jabs [2004] distinguished mutations in disorders with a strong
APA effect from mutations weakly associated with APA, the latter
including NF1.

Because of more cell divisions over a prolonged period during
spermatogenesis compared to oogenesis the mutation rate for
single-locus mutations is higher in men than in women and
increases with paternal age [Crow, 1997]. Friedman [1981] calcu-
lated the risk for de novo autosomal dominant mutations to be
0.3-0.5% among the offspring of fathers aged >40 years.

Studies on effects of APA in sporadic NF1 have been either
inconclusive [Huson et al., 1989; Samuelsson and Akesson, 1989;
Takano et al., 1992; Bunin et al., 1997], or have confirmed an APA
effect for sporadic NF1 [Sergeyev, 1975; Riccardi et al., 1984;
Poyhonen et al., 2000]. We assessed the advanced parental age
effect and especially APA effect on the incidence of sporadic NF1 in
three decades in the Czech Republic.

MATERIALS AND METHODS

In a cross-sectional study, we assessed parental age in 103 children
(41 females) with sporadic NF1 born between 1976 and 2005. Only

TABLE I. Frequency of the Sporadic Cases of Neurofibromatosis Type 1

NF1
Author (year) patients (n)
Sergeyev [1975] 58°
Riccardi et al. [1984] 421
Samuelsson and Akesson [1989] 57
Huson et al. [1989] 135
Clementi et al. [1990] 110°
Takano et al. [1992] 26
Rodenhiser et al. [1993] 58
North [1993] 144
McGaughran et al. [1999] 459
Poyhonen et al. [2000] 197
Present study Snajderova et al. [2011] 275¢

“complete investigation.
Pcalculated from data presented in reference.
“direct method, X: Not evaluated.

Age of patients

at the time of Sporadic NF1 Sporadic case

evaluation (years) cases (n) frequency
3-70 46° 46/58 (79.3%)
X 187 187/421 (44.4%)°
X 29 29/57 (50.9%)°
X 41° 41/135 (30.4%)°°
0.2—40 54° 54/110 (49.1%)°
4-36° 13 13/26 (50.0%)
X 24 24/58 (41.4%)
0-68 66 66/144 (45.8%)
0-74 132 132/459 (28.8%)
0.2—-60 77° ?77/197 (39.1%)°
<18 98¢ 98/275 (35.6%)°

dincluded data of 98 children from Department of Child Neurology, University Hospital Motol, Prague.



SNAJDEROVA ET AL.

patients with sporadic NF1 younger than 18 years at the time of first
examination, who fulfilled NIH criteria for NF1 [NIH Consensus
Development Conference, 1988], were enrolled. For all patients the
family history was negative. Parents and siblings were examined by
NFI specialists (neurologist, geneticist, endocrinologist, ophthal-
mologist, and/or dermatologist) and showed no signs of NF1.

All children were Caucasians and born in the Czech Republic.
Most were seen in the Clinic for Children with Neurocutaneous
Disorders in Prague which provides care to the majority of NF1
children since 1990. Data on maternal and paternal ages were
compared with the general age of parents in the Czech population
matched to year of birth of each NF1 child (Registry of the National
Institute of Healthcare Information and Statistics). Molecular
analysis was performed in 20 of the 103 patients [Bendova et al.,
2007].

Statistical Analysis

Data are expressed as mean =+ SD, P < 0.05 was considered to be
significant. Means and their 95% confidence intervals were used for
description of age and a one-sample t-test was used for testing the
null hypothesis. Hotelling’s #-test was used for simultaneous testing
of equality between groups. A % goodness of fit test was used for
comparison of empirical distribution of the appearance of NF1 in
time course to the theoretical uniform distribution.

RESULTS

The proportion of sporadic cases among the NF1 group was 35.6%
(98/275). Whereas the paternal age in the Czech population
increased significantly since 1990 (P < 0.001), such a trend was
not observed in fathers (Fig. 1) and mothers (Fig. 2) of NF1 sporadic
cases. The mean paternal age at birth of NF1 sporadic cases was 32.0
years (range 19.2—48.3 years; 95% confidence interval (CI)
30.7-33.3 years), while in the general population (matched to
birth years) the mean paternal age was 28.8 years (95% CI
28.6—29.1 years) (P<0.001). Fourteen out of 103 fathers
(13.6%) were >40 years old (Fig. 3).

Paternal age of Czech NF1 patients
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FIG. 1. Paternal age of Czech patients with sporadic
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FIG. 2. Maternal age of Czech patients with sporadic
neurofibromatosis type 1 compared to the general population.

Mean maternal age at time of birth was 27.4 years (range
17.3-43.1; 95% CI 26.3—28.5 years). In the general population
(matched to birth years) the mean maternal age was 25.8 years (95%
CI 25.5-26.0 years). Eight out of 103 mothers (7.8%) were
>35 years old (Fig. 3). In four out of 103 sets of parents (3.9%),
the maternal age at birth was >35 years while the paternal age
was >40 years.

Simultaneous testing of parents’ ages (maternal and paternal) for
NF1 and the general population using Hotelling’s #-test rejects the
null hypotheses of equivalence on the significance level (P < 0.001).

DISCUSSION

The frequency of sporadic NF1 cases in our group was 35.6%. In
literature the frequency varies from 30% to 50% (Table I). Familial

77 86

O Maternal age
B Paternal age

[n]

30-34.9
Parental age [vears]

35-399

FIG. 3. Age distribution of parents among 103 children with sporadic
neurofibromatosis type 1
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TABLE Il. Parental Age in Previous Studies on Children With Sporadic Neurofibromatosis Type 1

Sporadic  Structure

NF1 of NF1
Author (year) cases group Controls

(n) (method)
Sergeyev [1975] 46 CH+A pop
Riccardi et al. [1984] 187 X pop
Samuelsson and 29° CH+A pop

Akesson [1989]

Huson et al. [1989] 21° X pop
Jadayel et al. [1990] 14 CH+A pop
Takano et al. [1992] 13 CH+A pop
Bunin et al. [1997] 89 CH case-control
Poyhonen et al. [2000] 77e CH+A pop
Present study 103 CH pop

Snajderova et al. [2011]

pop: General population data, ns: Not significant, X: Not evaluated, CH: Children, A: Adults

“calculated from data presented in reference.
bonlg in 21 of 41 new NF1 mutations data were available and used in analysis.

cases may be more common than expected because mildly affected
family members might have been overlooked without a systematic
and experienced clinical examination [Poyhonen et al., 2000].

We analyzed the influence of parental age on incidence of the
NF1 in the period 1976—2005. During the last two decades an
increasing parental age in the Czech population was observed.
Whereas the paternal and maternal age in the general Czech
population has been significantly increasing since 1990, an overall
similar trend was not apparent in fathers (Fig. 1) and mothers
(Fig. 2) of sporadic NF1 children. The number of sporadic NF1
cases born during 1976—1985 compared to the number of those
born in 1986—2005 is consistent with an increased incidence. It is
also possible that in the earlier period mildly affected patients may
have been missed.

The mean age of mothers of sporadic NF1 patients was higher
than in the general population (difference 1.7 years; P < 0.05), as
reported previously [Riccardi et al., 1984; Poyhonen et al., 2000].
The paternal age case-control difference was 3.2 years (P < 0.001).
The majority of other authors present age difference of 1.5—4.5 years
(Table II). Still, only 13.6% of fathers and 7.8% of mothers in our
cohort fulfilled criteria of advanced parental age.

Risch et al. [1987] and Glaser and Jabs [2004] distinguished
disorders with a strong and weak APA effect: In disorders with a
strong APA effect, the fathers of affected children were 57 years
older compared to the general population, in the disorders with a
weak association the fathers were 2—5 years older. In the present
study the paternal age difference was 3.2 years. Our results confirm
the advanced parental age effect in sporadic NF1, particularly of
paternal age.
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Abstrakt

Neurofibromatosis von Recklinghausen typ 1 (NF1l)ajgozomald dominant@ dédicné
onemocgni z okruhu neurokutannich syndrdms incidenci 1:2500 - 3000 a vysokym
vyskytem novych mutaci. Jedna se o oneroice multisystémovym postizenim organismu
s castym vyskytem nador Hydrocefalus se w¢hto pacient vyskytuje bd’ sekundaré pri
expanzivnim procesu mozku nebd fiopatické stenose akveduktu. Wtidse velmicasto
vyskytuji vyvojové poruchy &eni, chovani a poruchy vyvojeci. Predkladame kazuistiku
dvou dti s NF1 se saiasnym vyskytemefké poruchy vyvojeieti a hydrocefalu p
idiopatické stenose akveduktu. U jednohoéti doSlo k rozvoji stenosyéhem sledovani.
Souwasny vyskyt &Zké poruchyreci a hydrocefalu p idiopatické stenose akveduktu nebyl
zatim popsén.

Neurofibromatosis von Recklinghausen type 1 (NF¥) an autosomal dominant
neurocutaneous disorder, with incidence 1: 2500003and a high rate of new mutations. It is
multisystem disorder with frequent tumour incidenBeain expansive lesions or idiopathic
aqueductal stenosis could lead to hydrocephaluNki patients. Learning disability,
behaviour problems and speech development disardezommon problems in NF1 children.
We are presenting two case reports of NF1 childveéh speech development disorder and
hydrocephalus according to idiopathic aqueducta@nagis. One children developed
hydrocephalus during follow up. Coincidence of laiphalus due to idiopathic aqueductal
stenosis and severe speech development disorderavdsscribed yet.



Kli ¢ova slova

Neurofibromatosis von Recklinghausen typ 1, hydiaos, stenosa akveduktu, porucha vyuee

Zkratky

NF1 = Neurofibromatosis von Recklinghausen typ 1

FASI = foci of altered signal intensity

KDN FN Motol = Klinika dstské neurologie UK 2. LF a FN Motol

n = nerv

Uvod

Neurofibromatosis von Recklinghausen typ 1 (NF1l)ajgozomald dominant@ dédi¢né
neurokutanni onemoeni, s incidenci 1:2500 — 3000 a vysokym vyskytemayeb mutaci —
30 az 50% [1,2,3,4]. Diagnosa NF1 je definovanaaldad 7 diagnostickych kritérii: 1) 6 a
vice skvrn café au lait nauki, 2) freckling v inguinalni nebo axilarni oblast3) 2
neurofioromy a/nebo 1 plexiformni neurofibrom, 4isdhovy noduly, 5) gliom optiku, 6)
kostni zngny, 7) gibuzny prvniho stuph Ke stanoveni diagnosy je peba nalézt alespd?

Z &chto diagnostickych kritérii [5]. GeNF1 se nachazi na dlouhém raménku chromozomu
17 voblasti 11.2 (17ql11.2), patmezi tumor-supresorové geny a jeho genovy produkt
neurofibromin se podili na regulaci Ras-MAPK signdrahy [4].

NF1 je onemoctni s multisystétmovym postizenim organismuastym vyskytem nador
zejmeéna centralniho i periferniho nervového systému

NejcastjSimi patologickyminalezy na MRI mozku jsou gliomy optikgliomy lokalizované
mimo zrakovou drédhu a hypersignélni loZiska v T2ewdch obrazech na MRI mozku (FASI
= focal areas of signal intensity, nazyvané takéOdB- unidentified bright objectsi
hamartomy). Dle saiasnych znalosti jsou FASI loziskai®obena aberatni myelinizaci,
nemaji nadorovy charakter a négpbuji loziskovou symptomatiku [4,6,7].

Hydrocefalus se u NF1 paciénbbjevuje bd’ sekundar#é pii expanzivnim procesu mozku
(nador, arachnoidalni cysta atd.) nebf fliopatické stenose distalnfasti akveduktu
[1,2,7,8].

Kognitivni deficity pati mezi nefasgjSi komplikace NF1. Vyvojové poruchyeni a/nebo
chovani se vyskytuji u 50-60%tfls NF1 [9]. Neverbalni a verbalni poruchy vyvigsi jsou
popisovany u 30-60%:ti s NF1,¢asté jsou poruchy jemné i hrubé motoriky [4].



Pacienté. 1

Chlapec je z neuplné rodiny (otec neznamy), matkaAmamek NF1. Ditz 1. fyziologické
gravidity, porod ve 42. tydnu, indukovany, porodmhotnost, délka a poporodni adaptace
byly v norng, pro ikterus nil kratce fototerapii. Skvrny café au lait byly patrasi od 1 roku
véku, psychomotoricky vyvoj byl od gatku nerovnorérny a od batoleciho éku byly
pozorovany poruchy spanku. Ve 3 letech se objevihipepilepticky zachvat s adverzi hlavy
a i doprava, hypersalivaci, poruchoédemi a naslednym zvracenim. V ndisydliS& byl
nasazen fenytoin, ktery byl pro nedplnou kompenzachvat vyménén za karbamazepin.

Ve wku piti let byl pro mentalni retardaci a epilepsii dog@n k prvni hospitalizaci na
KDN FN Motol. V objektivnim neurologickém nalezu lbyyrazny psychomotoricky neklid,
mentélni retardace, porucha vyvaji, konvergentni strabismus vlevo, hyperreflexie na
pravostrannych katetinach a skoliosa. Naudki byly nalezeny skvrny café au lait (v
diagnostickém p&iu a velikosti pro NF1), nevyrazny inguinalni fréolg a 2 neurofibromy.
Jiz dle kozniho nélezu byla stanovena diagnosa NfyEeteni aniho pozadi bylo bez
meéstnani, pedni segment s ndlezem Lischovych nadila MRI mozku byl popsany gliom
prechiasmatické&tasti levého optiku, suspektni gliom pravého optkuvic&etné FASI
v typickych lokalizacich. Komorovy systém byii pomto prvnim MRI mozku Stihly (obr.1).
MRI michy bylo v nornd, bez nalezu paravertebralnich neurofibiioth duralnich ektazii.
VySeteni evokovanych potencialbylo s normalnim nalezem latendfi pySeteni VEP i
BAEP, ale amplituda odpé&di VEP, byla velmi vysoka (az 50uV). EEG bylo vSoh
mezich normy — jen s lehce abnormalni zakladnvidti a episodami rytmickych pomalych
vin s pravostrannouipvahou. Psycholog hodnotil PMV jako nerovriony, opozény do
pasma sedre t¢Zké mentélni retardace, s nejrozvifjsit slozkou hrubé motoriky.

V 7 letech ¥ku se zminil charakter epileptickych z&chwatv neurologickém nélezu byla
now popsana (f porovnani s prvni hospitalizaci) bilateralni léhbaresa n.VI. vice vlevo a
pyramidova iritace na levostrannych Ketinach. Petrvavala porucha vyvoj&ci, mentalni
retardace a skoliosa. Chlapec byl bézmaki nitrolebni hypertense. Na kontrolnim MRI
mozku byl nalez dekompenzovaného supratentorialhyarocefalu na podkla&dstenosy
distalni ¢asti akveduktu, bez loziskovych Zmv okoli stenosy (obr.2). Loziska FASI byly
v typické lokalizaci a také gliomy obou opiilbyly stacionarni. # akutni neurochirurgické
operaci byl zaveden VP zkrat. Naslédmodstupem 9 #siai dosSlo k akutnimu zhorSeni
neurologického nalezucetrg zhorseni poruchyeci. Na MRI mozku byla dekompenzace

supratentorialnino hydrocefalu, ostatni nalezy Isyhcionarni.



Od neurochirurgické revize VP zkratu jsou opakovimdgtrolni MRI mozku se stacionarnim
nalezem (obr. 3) a loziskovy neurologicky nalezdjeuhodold beze zmny. Stale vSak
dochazi k pomalému zhorSovani z hlediska mentalnilpi kontrolnim psychologickém
vySeteni ve ¥ku 12 let byl patrny regres, rozumové schopnostineceny v pasmu igdre
téZké mentalni retardace s nejvyr&&im postizenim mnestickych funkci, vyvojova dysaz
a dysarthrie s dalSim zhorSenim kvaiiyi. Chlapec je i nadale v naSem sledovani.

Byla provedena ifma DNA analyza genu NF1 s nalezem kauzalni mutaegonu 4c.
Mutace typu missense c.647T>Cugpbuje zarmnu aminokyselinovych zbytk v fetézci
genomové DNA, p.Leu2l16Pro, a je prgwddobnou ficinnou vzniku nefunéniho
genového produktu. Mutace byla pé&vpopsana Fasholdem [10], nikoliv vSak v souvislosti

s podobnym fenotypem pacienta.

Pacienté. 2

Divka z 1. fyziologické gravidity, porod v terminbez komplikaci, porodni vaha, délka i
poporodni adaptace byly v nokmRodinna anamnesa je nevyznamna, biéznpki NF1.
Skvrny café au lait byly patrné od narozeni, psyebiricky vyvoj byl az do 3 letdku

v norme, véetrg vyvoje reci. Od 4 let zhorSovani kvalitieci, nejprve balbuties, postupraz
rozvoj fatické poruchy se sloZzkami expresivni aazi

Prvni hospitalizace na KDN FN Motol préida v 8 letech ¥ku pro poruchu vyvojéeci a
bolesti hlavy. V neurologickém nalezu byla makradief centralni paresa n.VII vpravo, lehka
pravostranna zanikova hemiparesa, vyrazna neolstanmoruchaeci. Na kizi byly nalezeny
skvrny café au lait (v diagnostickém g a velikosti pro NF1), dale pmajici axilarni
freckling a plexiformni neurofiorom na pravénteglokti. Jiz dle koZniho nélezu byla
stanovena diagnosa NF1.¢ pozadi bylo uz ip piijeti s ndlezem ®stnani vpravo a
incipientnim n&stnanim vlevo. Na prvnimMRI mozku byl nalez supratentorialniho
hydrocefalu s nazanym grestupem moku do parenchymu, s napadnym zGZeninmédnn
¢asti dilatovaného mokovodu, bez loZiskovychémmv okoli stenosy (obr. 4). Na MRI byly
také popsany FASI supra i infratentori@bnrozSfeni obal optickych neni oboustran#, bez
znamek gliond optiku ¢i chiasmatu. Stav byeSen zavedenim interventrikulostomie. Dale
byla divka ve stabilizovaném staviephodi doSlo i ke zlepSerreci.

V 10 letech ¥ku doSlo opt ke zhorSeni kvalityeci a zvyrazgni Unavnosti. Dale se &aly
objevovat stavy s bolesti hlavy, nauzeou a zvracegdasto s vegetativnim doprovodem

v obli¢eji (zarudnuti, poceni), které ustupovaly po vys$pah aktualnim neurologickém



nalezu byla makrocefalie, blokdda C péateporucha statiky a dynamiky Th-L pée
skoliosa, pyramidova iritace na dolnich ketinach vice vpravo a porucheti. O¢ni pozadi
bylo bez ngstnani, kontrolni MRI mozku bez znamek dekompenbgdeocefalu, bez nalezu
expansivniho procesu (obr. 5). EEG bylo lehce ababri pro znamky ospalosti &imés
pomalych vin bitemporaths pevahou vlevo, s negativni fotostimulaci. Psychdiognotil
divku v padsmu lehké mentalni retardace. ObtiZe jgmaateli jako migrenosni bolesti hlavy
s podilem vertebrogennim.

Béhem dalSiho sledovani (do 19 l&ku) nedoslo k dekompenzaci hydrocefalu ani ke wznik
nadoru mozku. | f&s intenzivni logopedickou giénedoslo ke zlepSeni kvalitgci. Béhem
dispenzarizace byla zji&ta hranini hypertense, byl vylaen feochomocytom i cévni zimy
renalnich artérii, medikace prozatim nebyla nasazeBlektrofyziologicka vySéeni
(evokované potencialy — VEP, BAEP) byly opakayamornt.

Mutacni analyza genu NF1 odhalila v exonu 29 pgpadiobrg kauzalni mutaci typu delece,
c.5220delT. Mutace vede k posuniteciho ramce s naslednym vznikem terndimbo
kodonu, c.Serl741Valfs3X. i€@kasné ukodteni translace proteinu shuje Kk vytvaeni
zkraceného genového produktu, jehoz funkce je timezena. Mutace byla pré¥mopsana

v souvislosti s naSim pacientem [11].

Diskuse

Prvni zminky o hydrocefalu na podkéastenosy akveduktu jsou jiz z roku 1927 a 1940][7,8
Frekvence vyskytu idiopatické stenosy akveduktiacignfi s NF1 je 1.2 - 2% a vetsine
piipadi je zjiS€na Ehem prvni, pipadré druhé dekady Zivota [1,2,7,9,12]. U naSich padient
byla stenosa distalrésti akveduktu s rozvojem hydrocefalu nalezenawipdekad Zivota.

U pacienta. 1 doSlo k rozvoji stenosy akveduktu a nasledrigftvocefalu v pikbéhu naseho
sledovani. Podobné pozorovani jsme v litesanenalezli.

Hydrocefalus se u pacignts NF1 vyskytuje v 1-4% [1,7]. Créange et al. [Idpjsuje
hydrocefalus u 7/158 (4%) NF1 pacieril38 dosplych, 20 dti), pticemz u @ti byl vyskyt
hydrocefalucasgjSi (6/20) nez v dosgosti (1/138). Hydrocefalus ip stenose akveduktu
popisuje Créange et al.[1] u &tdze sledované skupiny, z toho u jednoho pacidyla
hydrocefalus asymptomaticky- bezizmaki nitrolebni hypertense. U obou presentovanych
pacientt byl syndrom nitrolebni hypertense neuplivyjadten a rozvoj hydrocefalu
dlouhodolg unikal pozornosti. fedpokladame, Ze se na tom podilela pomala progtesesy

distalni ¢asti akveduktu, s pozvolnym ri&tem nitrolebniho tlaku. Zadny z autoneuvadi



jako komplikaci rozvoje hydrocefalu u paciérg NF1 poruchu vyvojéeci nebo jeji regres.
Obecré Ize regres kvalityreci pii dekompenzovaném hydrocefalu &kterych gipadech
ocekavat. U prvniho z naSich pacignityla porucha vyvojeeci patrna od peétku, tedy
prokazatel® pred rozvojem hydrocefalu. U druhé pacientky doSlatkerSenieci ve 4 letech

— predpokladame, Ze takérgul rozvojem hydrocefalu, i kdyZz z tohoto obdobi Aem

k dispozici zobrazeni CNS, ale usuzujeme tak vared dlouhémug¢tyfletému obdobi bez
dalSich obtizi, kteréfpdchazelo manifestaci dekompenzovaného hydrocefatuoperénim
feSeni hydrocefalu u prvniho pacienta nedoSlo keSels ieci, u druhé pacientky jen
k prechodnému mirnému zlepSeni éhém dalSiho sledovani kvalitaci kolisala. ®Zkou
poruchu vyvojereci proto u gchto pacient nelze hodnotit jako nasledek hydrocefalu, ale jako
dalSi Kklinickou charakteristiku pacienta s NF1 avajem stenosy distalriasti mokovodu.
Pres zn&nou podobnost klinického obrazu jsou nalezené reutdel genu odliSné.

Leisti [7] uvadi hypotézu offmé expresi genNF1 v oblasti distalntasti akveduktu. ¥Sina
autor [1-4,9,12] se k ficiné stenosy nevyjadje a vySe uvedenou hypotézu neuvattifru
rozvoje stenosy distaliasti akveduktu u NF1 tedy povaZzujeme za té&d&u neobjasmou.
Nami nalezené kauzalni mutace jsou rozdilné povdikalizace, nenachazeji se v zadné
z doposud funéné objasgnych domén neurofibrominu. Jejickggné fisobeni na rozvoj

onemocgni je neznamé.

Zavér

Hydrocefalus pedstavuje zavaznou az Zivot ohrozujici komplikacagdosy NF1 a
s vyskytem této komplikace je nutnécfiat. Sodasny vyskyt a /nebo vztah poruchy vyvoje
fe¢i a hydrocefalu p idiopatické stenose akveduktu nebyl v litefatidosud popsan. Na
predkladanych kazuistikdch doklddame, &&ké& porucha vyvojgeci mize byt jednim ze
signdli pomalu se rozvijejici stenosy distaldasti akveduktu, kter4 postupnvede
k hydrocefalu. €zka porucha vyvojereci by mela byt jednou z indikaci k provedeni
zobrazeni mozku u pacienta s NF1, nejlépe MRI mazktne MR PC (phase contrast) cine,

coz je vySaeni umoaujici zobrazit pitok moku akveduktem.

Podporovano VZ MZ02005, 6503, AVCR 1ET101210513
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Abstract

Neurofibromatosis type 1 (NF1), a multisystem disorder with a high risk of tumours, is
one of the most common autosomal dominant conditions worldwide. It is caused by
mutations in the NF1 gene, a large tumour suppressor gene encoding neurofibromin, a
protein participating in the inactivation of the Ras pathway. The NF1 gene shows one of
the highest mutation rates among known human genes. Mutational analysis of NF1 is
complicated by its large size and complexity, absence of mutation hotspots and presence of
several homologous pseudogene sequences in the genome. The implementation of RNA-
based mutation analysis as an alternative for genomic DNA analysis using DHPLC showed
to be more sensitive, specific, and time and cost effective. We report here the analysis of 44
patients suspected of NF1 from the Czech Republic using a combination of several

molecular genetic methods.



Introduction

Neurofibromatosis type 1 (NF1; MIM# 162200) is one of the most common autosomal
dominant disorders in man with incidence of 1 per 3500 births. Clinical management of
patients with NF1 is complicated because of the diversity of clinical symptoms. The cardinal
features of the disease are café-au-lait (CAL) spots, neurofibromas, freckling in the axillary or
inguinal regions, Lisch nodules, optic nerve gliomas, bone dysplasias and an increased risk of
malignant tumours (1). Approximately 50% of all NF1 cases are classified as sporadic. NF1 is
caused by defects in the NF1 gene which exhibits one of the highest mutation rates among
human genes. NF1 is a large and complex gene spanning 280 kb of genomic DNA on
chromosome 17q11.2. It comprises 61 exons, of which at least 4 are alternatively spliced. The
gene has a major transcript with an open reading frame of 8,454 nucleotides and encodes a
GTPase activating protein, neurofibromin (2). The protein acts as a negative regulator of the
Ras signalling pathway (3). Several tumours are associated with NF1, most frequently
neurofibromas, optic pathway gliomas, pheochromocytomas or malignant peripheral nerve
sheath tumours (1). A second hit in the wild type NF1 allele is essential for tumour
development (4).

Several different techniques have been applied for mutational analysis of the NF1 gene (5-
8). The large size and complexity of the gene, absence of mutation hotspots and presence of
several homologous pseudogene sequences in the human genome make the mutational
analysis difficult. Up to date, more than 1,280 different causal NF1 mutations have been
identified and listed in The Human Gene Mutation Database (HGMD) (9). To achieve a
higher detection rate of the mutation screening we implemented an RNA-based assay.
Compared to DHPLC (denaturing high-performance liquid chromatography), the assay used
in our previous study (10), the RNA-based assay was in our hands more rapid, sensitive,
specific and cost effective. This was in accord with the general notion that this approach is a
powerful and effective means to identify germinal mutations, especially in large and complex

genes expressed in easily accessible cell types such as lymphocytes (7, 8, 11, 12).



Patients and methods

In this study we analysed 44 Czech patients (14 familial and 30 sporadic) suspected of
NF1. All patients signed an informed consent before the enrolment into the study. The
diagnosis of NF1 was based on the NIH criteria and all patients fulfilled these criteria (13).
DNA was extracted from peripheral blood leukocytes using the Genomic DNA Purification
Kit (Gentra Systems, Minneapolis, MI, USA) according to manufacturer's instructions. The
analysis of genomic DNA was performed using DHPLC on the WAVE DNA Fragment
Analysis System and DNASep column with WAVE Optimized Buffers and Syringe Solution
(all Transgenomic, Omaha, NE, USA). Primers used for the genomic DNA analysis were
according to Han et al. (6). Heteroduplex formation was induced by PCR product denaturation
at 95°C for 5 min followed by reannealing of the DNA strands at room temperature for 30
min (14). Conditions for an optimal heteroduplex separation were used as described
previously (6). Samples with abnormal elution patterns were re-amplified, purified using the
SureClean PCR Purification Kit (Bioline, London, UK), and sequenced in both directions
using the BigDye Terminator v3.1 Cycle Sequencing kit and ABI 3130 Genetic Analyzer
(both Applied Biosystems, Foster City, CA, USA) according to the manufacturer's
instructions.

An RNA extraction was performed using PaxGene Blood RNA Kit (Qiagen, Hilden,
Germany) following the manufacturer's guide. A reverse transcription of mRNA was
accomplished in one step RT-PCR using SuperScript® II Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA). The entire NF1 cDNA was amplified in 20 overlapping PCR products
which were sequenced using the same protocol as the one used for the genomic DNA PCR
products. Primer sequences for cONA amplification are available on request. All mutations
detected at the cDNA level were verified in genomic DNA. The nomenclature of the
mutations was based on the NF1 mRNA reference sequence, GenBank NM_ 000267, and
exons were numbered as recommended (6).

Patients with negative results of mutation testing were further examined using the multiplex
ligation-dependent probe amplification (MLPA) method with the SALSA MLPA KIT
P081/P082 (MRC Holland, Amsterdam, The Netherlands) to identify large exonic deletions or
duplications. Array comparative genome hybridization (aCGH) was performed by Nimblegen
on the chromosome 17 specific array HG18 CHR17_FT, and the results were analysed using
SignalMap (Nimblegen, Madison, WI).



Results

Of the total of 44 NF1 patients, 29 were initially analysed using DHPLC, which revealed
10 of them to be carriers of pathogenic germline NF1 mutations. Among the 19 patients
negatively tested using DHPLC, MLPA revealed a multiexon deletion in one patient. This
aberration was shown to be the recurrent 1.4 Mb long microdeletion removing NF1 and
adjacent genes (referred to as type | deletion (15)) using aCGH. Out of the 18 DHPLC- and
MLPA-negative patients, 12 were analysed on the RNA level (in 6 patients RNA samples
were not available), and this mutational analysis yielded 8 additional germline mutations.

A cohort of 15 new patients suspected of NF1, not analysed using DHPLC, was tested
solely using the RNA-based analysis, and 14 of them were identified to carry a mutation.
MLPA analysis excluded copy number changes in the sample from the single negatively
tested patient. Overall, out of 27 patients, who underwent the RNA-based mutational analysis,
22 (78.6%) were positively tested for a NF1 mutation (Table 1).

The 33 mutations identified in total among the 44 patients included 17 frameshift mutations
(51.5% - 13 deletions, 2 duplications, 1 insertion and 1 indel), 7 nonsense mutations (20%), 7
splicing mutations (21.2%), 1 missense mutation predicted by Polyphen (16) to be pathogenic
(3%) and 1 large deletion described above (3%). All 7 splicing mutations affected the
canonical AG splice acceptor or GT splice donor sites. Three of them (c.3113+1G>T, ¢.3871-
1G>A, and c.6858+2T>C) were characterised on the RNA level as well, and all caused
skipping of the adjacent exons. To find out whether the mutations identified were novel or
recurrent they were compared with the HGMD database (9). Fifteen mutations were described
previously and 18 were novel (Table 1). The comparison of mutation spectra and clinical
symptoms of the positively tested NF1 patients did not reveal any genotype-phenotype

correlation.



Discussion

In this study, we examined a cohort of 44 NF1 patients for germline NF1 mutations using
different methods. Initially, 29 patients were screened using DHPLC and MLPA, an approach
used in our previous study (10). The mutation detection rate in this group (37.9%) was lower
compared to other reports using DNA based mutational analyses only (5, 6, 10, 17). The
implementation of the RNA-based mutational analysis, which is more sensitive and effective,
especially for large and complex genes like NF1, increased the mutation detection rate in this
cohort of 29 patients to 65.5%. However, six of the 29 patients negatively tested using
DHPLC and MLPA were not available for the RNA analysis. If we consider only patients
tested on the RNA level, i. e. 12 patients from the first cohort of 29 (of whom 8 were detected
to be mutated), and 15 patients from the second cohort analysed only on the RNA level (of
whom 14 were mutation positive), the mutation detection rate reaches 81.5%. This rate is still
lower compared to a study using a similar protocol (8) or another more extensive study (7),
both with a 95% detection rate in patients fulfilling the NIH diagnostic criteria of NF1. One
obvious explanation of the lower detection rate in the first cohort is that these patients were
negatively tested using DHPLC, and this group might thus be enriched for patients with
mutations which are difficult to identify or patients with no mutations at all. Other
explanations may include phenocopies due to mutations in other genes or technical reasons.
The preparation of cDNA included neither phytohaemaglutinin (PHA) treatment of
lymphocytes to prevent illegitimate splicing (12) nor puromycin treatment to block nonsense
mediated RNA decay (NMD) (7) which both could influence the mutation detection. The
PAXgene RNA Blood Tubes used guarantee stabilization of RNA for up to 3 days at 18-25°C
(18) and allow to skip both the PHA and puromycin treatment (8), but most of the samples
analysed were sent from various regions of the country and could not be processed
immediately. Although we did not observe any illegitimate splicing which could indicate aged
blood (12) or problems with RNA stabilization, we cannot exclude the influence of prolonged
storage of the material on the succeeding steps. The mutation detection rate can be especially
vulnerable in case of mutations in mosaic state, where lower percentage of the mutated allele
is usually present in lymphocytes (19), if ever. It could be hypothesised that such mutations,
especially those undergoing NMD, might “disappear” in aged blood. There were 30 sporadic
patients in our group (68.2%) and two of them showed somatic mosaicism that escaped
detection using DHPLC. Because of the ~ 30-80% high frequency of sporadic cases (7, 8, 20)
and somatic mosaicism (15, 21) in NF1, the analysis could be affected by this phenomenon.



Similarly, although rare or absent in NF1, balanced translocations (7) or epigenetic
mechanisms such as NF1 promoter hypermethylation (22, 23) could not be fully excluded as

alternative causes of the lower mutation detection rate.

As to the mutation spectra, we observed a higher proportion of frameshift mutations (52%
vs. 26%) and lower proportion of missense mutations (3% vs. 18%) compared to a large series
of 1770 patients with NF1 mutations (24). This difference could be explained by possible
ethnic and geographical factors (25-27) or, more likely, by random fluctuation due to the
small number of patients analysed. The rates of splicing and nonsense mutations, as well as
copy number changes, were similar to published rates (24). A tendency towards a higher
frequency of frameshift mutations was also noted in our previous study (10), even though
missense mutations were more common compared to this report. Possible specifities in the

mutational spectra need to be verified in a larger group of Czech NF1 patients.

There is an assumption that advanced parental age, especially that of the father is associated
with higher occurrence of NF1 in progeny, at least in cohorts of sporadic cases (28, 29). Initial
studies indicated that ~ 90% of sporadic NF1 mutations arose on paternally derived alleles
(30, 31), although the types of mutations were not analysed in these studies. Later on, Lazaro
et al. proposed that ~ 80% of NF1 mutations are of paternal origin, and that the mutation
spectra in these cases include predominantly point substitutions or small frameshift (insertion
or deletion) mutations (32). In contrast, large deletions involving the whole NF1 gene were
mainly of maternal origin (33). This phenomenon of sex bias in the mutational rate and
mutational spectra was explained by different mechanisms acting during the development of
germline cells in males and females (34). The mean maternal and paternal age at birth of our
NF1 patients was 2.3 and 1.7 years higher, respectively, than that in the general population,
and significantly increased parental age in a group of 103 Czech sporadic NF1 patients
(including 20 patients from this study) was also shown by Snajderova et al. (35). Therefore
we suppose that most of the mutations found in our cohort are of paternal origin and that they
arose probably because of the higher age of the fathers.

High mutation rate in the NF1 gene (33) may be responsible for the relatively high
(although still underestimated) number of patients with somatic mosaicism. It has been
presumed that early somatic mutations cause generalised disease while later mutations cause
segmental NF1 (36). Both our patients with a mosaic of the NF1 mutation had generalised

manifestation of the disease and the only difference from other patients was the later onset of



CALs, which manifested after the first year of age. Unfortunately, we were not able to analyse
the presence of somatic mutations in affected tissues of negatively tested patients, where the

presence of somatic mosaicism could be verified.

Our initial experiences with RNA-based mutational analysis, together with the experience
of others, led to the implementation of this approach as the first step in NF1 mutational
analysis and to complete omitting of the prescreening step using DHPLC. Only cases with no
mutation identified by RNA testing are subjected to MLPA analysis. This approach showed to
be more rapid, sensitive, specific and cost effective compared to any prescreening method.
The method is particularly useful also for the study of effects of variants found in genomic
DNA. The RNA-based analysis revealed that ~ 10% of mutations within NF1 exons,
classified at genomic DNA level as nonsense, missense or silent, affect correct splicing (24).
Although we did not observe any such variants, the functional evaluation of “silent” and
missense mutations of unknown significance is of crucial importance for future

presymptomatic or predictive testing in families with such mutations.
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Table 1. Summary of mutations detected in the NF1 gene.

Case Family
history

79
72
71
178
13S
86
75
87
14S
84
18S
91
2S
115
16S
81
83
17R
15R#
18R#
6R
23R
19R
16R
24R
20R
12R
22R
25R
26R
29R
30R
9R
1R
5R
11R
4R
3R
8R
13R
10R
2R
7R
21R

Legend: +, familial; -, sporadic; n.p.,

+ +

I

+ +

DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
DHPLC
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.

Method
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA, aCGH
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
MLPA
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
MLPA

n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
n.p.
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA
mRNA

Nucleotide change

c.4737delA
c.2446C>T
¢.5749+2T>G
c.147C>G
c.1185+1G>A
c.2850+1G>T
€.2902insA
C.6641+1G>A
c.7166delT
€.7192_c.7193delCT
1.4 Mb del

€.3113+1G>T

c.[=/1021_1022delGT]
c.[2/3047_3048delGT]
€.3739_3742delTTTG

c.4288A>T
¢.5060dupT
€.6291_6309dup13
€.7486C>T

c.40_41delGT
¢.1699_1710delinsC
c.1147delT
c.1318C>T

€.1756_1759delACTA

c.2218G>T
c.3871-1G>A
c.4250delG
c.5242C>T
c.5627delG
c.5867delA
€.6858+2T>C
c.7446C>A
c.8037delA

Germinal mutation

mRNA level

r.2991_3113del

r.[=/1021_1022delgu]
r.[=/3047_3048delgu]

r.3739_3742deluuug
r.4288a>u
r.5060dupu
r.6291_6309dup13
r.7486¢c>u

r.40_41delgu
r.1699_1710delinsc
r.1147delu
r.1318c>u
r.1756_1759delacua
r.2218g>u
r.3871_3974del
r.4250delg
r.5242c>u
r.5627delg
r.5867dela
r.6757_6858del
r.7446c>a
r.8037dela

Protein level
p.Ala1580Leufs*23
p.Arg816*

n.a.

p.Tyr49*

n.a.

n.a.
p.Met968Asnfs*2
n.a.

p.Val 2389Alafs*8
p.Leu2398Valfs*2

p.Tyr998_Arg1038del

p.[=/Val341Hisfs*11]

p.[=/Cys1916Serfs*4]

p.Phe1247Ilefs*18
p.Asn1430Tyr
p.lle1688Hisfs*9
p.Leu2104*
p.Arg2496*

p.Val14GInfs*23
p.Val567Leufs*4
p.Cys383Alafs*4
p.Argd40*
p.Thr586Valfs*18
p.Glu740*
p.Arg1325Valfs*8
p.Gly1417 Val fs* 2
p.Argl748*
p.Gly1876Valfs*28
p.Lys1956Serfs*2

p.Ala2253_Lys2286del

p.Tyr2482*
p.Ser2680Leufs*38

Reference
novel
Maynard 1997
Purandare 1994
Fahsold 2000
novel
novel
novel
De Luca 2004
novel
Orione 2002
DeRaedt 2004

Ars 2003

De Luca 2004
novel

novel

De Luca 2005
novel

novel
Purandare 1994

novel
novel
novel
Heim 1995
Park 1998
novel

Ars 2000
novel
Valero 1994
novel
Ayter 2006
novel
novel
novel

not performed; n.a., not analysed; #, mosaic state; ?, unknown.
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