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1.UvoD

1.1. Cysticka fibroza

1.1.1. Definice

Cysticka fibroza (CF; OMIM #217900; gamezi nefastjSi zavazné autozomain
recesivni onemoemi u evropskych populaci. Udaje o jejim vyskytwsak znang lisi.
Obecrt se udava incidence v evropské populaci 1:2508500 (1,2). VCeské republice
byla incidence CF stanoven#\@&jSimi epidemiologickymi (3,4,5) a nasledmolekulari

genetickymi metodami (6,7) na 1:2736 novorozenc

Jedné se o multiorgdnové onemédrprimarre postihujici plice, exokrinni funkci
pankreatu, jatra, sva a muzsky reprodaki systém. Dosud neni k dispozici kauzalni
lé¢ba, nicmén délka a kvalita Zivota paciens CF se v poslednich desetiletich vyznamn
zlepSila. Zatimco v 50. letech minulého stoleti natai &tSina dti v kojeneckém &ku,

VvV sowasnosti se ve vysfych zemich nemocni mohou dozit i 50 let. Zlep&gjé kvalita
Zivota nemocnych. \eské republice podle dat z narodniho registu (wivegistr.cz) je
median ¥ku 25,3 roki a nap. v USAcini median 36,9 let. IntenzivnidBa na jedné str&n
prodluZuje stedni délku Zivota, ale na druhou stramiiggiva k rozvoji sekundarnich
komplikaci CF (8).

1.1.2. Klinicka charakteristika cystické fibrézy; klasicka a atypicka forma
Toto multiorganové onemoeni je charakterizovano progresivnim postizenim-sino
pulmonalniho systému, postizenim vyvoje muzsképoodulkéniho traktu dané
kongenitalni bilateralni obstrukci vas deferensAUB); 9), insuficienci zevni sekrece
pankreatu a diagnosticky vysokou koncentraci ctilovipotu. Vedle &chto ¢tyiech
zakladnich giznali, které by vzdy rly upozornit na diagnézu, vSak CF postihuje &&m
vSechny systémy organismu. Jaterni oner&micrize byt prvnim projevem nemoci ve
formé protrahované novorozenecké Zloutenky nebo jasteaitozy; mize progredovat do
jaterni cirhézy, podilejici seriplizné na 3,5% mortalit Na CF vazany diabetes (CFRD;
10) se vyskytuje posmné ¢asto po 10. roceéku. Sekundarhje piitomna osteoporoza,
vyskytuji se vaskulitidy, artropatie, onemeénnledvin (nefrolitidza, onemo¢ni ledvin
vyvolané antibiotiky), amyloid6zaiada dalSich (1,2,8). Na prvnim ndig treba ale
zminit, Ze CF se né&stji projevuje chronickym, obstrikim sino-pulmonalnim



onemocgnim, které je danérftomnosti hustého hlenu v dychacich cestach. Riosai]
chronicka infekce zjsobena hlawhbakterialnimi kmenyStaphylococcus aureus,
Pseudomonas aeruginosa, Burgholderia cepadiaré vedou k tvorbbronchiektazii a
rozvoji respirgniho selhaniCasté jsou i opakované sinusitidy a tvorba nosnadiig.

V dasledku postiZzeni gastrointestinalniho systémuzsprgnatélt objevuje pankreatické
exokrinni dysfunkce, ktera #pobuje po narozeni steatoreu a poruchtebgtvani Zivin
(tzv. pankreaticka insuficience). Vlivem toho jeugen stav vyZivy,ust a vyvoj
nemocnych. Nktefi pacienti vSak mohou mit rezidualni funkci pankwezachovanou a

jsou tedy pankreaticky suficientni.

Neonatalni mekoniovy ileus se vyskytuje u cca 13%onozené s CF a j&asto
prvnim iznakem této choroby (11, 14). Z klinickyctiznaki mohou CF signalizovat
metabolické poruchy (hypoelektrolytemicky Sok, nbelecka alkaléza) nebo
hypoproteinemie s edémy, a to zejména v kojeneckdon Priibch mize byt Gzné
z&avazny a o délce Zivota rozhodujegevsim progresivnim postiZeni plic vyvolané
chronickym zastem, ktery se podili na 85% z celkové mortalityoHAoto divodu
rozliSujeme ,klasickou” a atypickou (2-10%ipadi) formu CF. PostiZeni jedinci s
klasickou formou maji vyja@ny dychaci a travici obtiZe a hladiny chléridpotu jsou
zvySeny nad 60 mmol/L (1,2,8). Pacienti s atypickanmou maji zpravidla chloridy v potu
mezi 30-60 mmo/l, jsou pankreaticky suficientnégch obtiZze jsou mik)si event.
monosymptomatické napve forne opakovanych zai vedlejSich nosnich dutin
s nosnimi polypy, postizenim pkit chronické pankreatitidy. U do&lych muz se nmiize
atypicka forma CF projevit pouze jako porucha repiae ve forms obstrukini

azoospermie vzniklé na podkla@BAVD a hranénimi hodnotami chlori@l v potu.

Vzhledem k tomu, Ze se u atypické formy CF ve \pS&ku mohou dalSi obtize
rozvinout, je teba tyto pacienty dlouhodéllispenzarizovat. Ze stmého vgtu
klinickych projevi je patrné, Ze klinicka diagnostika je komplexmi@ohdy obtizn4. |
zakladni piznaky jsoutasto nenapadné a nemusi byt vy, nebo se mohou rozvinout
v pozdjSim wku (1,2,15). Na CF se zaitime vzdy i na zakladpozitivni rodinné
anamneézy vyskytu tohoto onemeéon CF je velmi variabilni onemoéni se znénou
interfamiliarni a intrafamiliarni variabilitou. Vebilita CF se nejvice projevuje v rozdilné

zavaznosti prbéhu sino-pulmonalniho onemoani (1,12). Korelace genotyf@FTRgenu



e

v potni Zlaze a v muzském reprodokn traktu, o 8co vysSi v pankreatu a nejvyssi
v plicich (1,15). CF tedy zahrnuje relatévéiroké spektrumifiznaki, které maji navic

variabilni Wk nastupu, rozdilnou miru progrese a klinickéhooj§y8,15).

1.1.3. Patofyziologie

Patogeneza CF je orgariospecificka a projevuje se wané intenzié u jednotlivych
cilovych orgad. Pres intenzivni vyzkum v této oblasti nebylo jednoigéwtleni
distribuce a regulace CFTR exprese v postiZzenygarach dosud zcela vydleno.CFTR
je uclovekain vivo specificky exprimovan na povrchétginy epitelialnich tkani, které
koreluji s organy postizenymi cystickou fibrézduposledni dob byla také popsana i
non-epitelialniCFTRexprese napv kardiomyocytech, lymfocytech, endotelialnichnéu
cév. (16,17,18). Je jisté, ze CFTR protein fungaj@néna jako chloridovy kanal na
apikalni membranburek, zodpovida za transport elektraiyd vody epitelialnimi
membranami a s@asr¢ reguluje funkci dalSich protein Porucha jeho funkce omezuje
sekreci chlorid a podporuje resorpci natrig&imz se mini slozeni i fyzikalg-chemické
vlastnosti sekrétna epitelialnim povrchu bghk. Starsi hypotéza rozvoje patologie
piedpoklada v dychacich cestach vysoky obsah satriciparni tekutirg (PCL) v
dusledku poruchy resorpce, zpriestkované apikatlokalizovanym chloridovym kanalem
CFTR, v lumen dychacich cest - tj. podskako je tomu ve vyvodech potnich Zlaz.
Vysoky obsah soli degraduje aktivitu antimikrobialn peptidi a vede k chronické infekci
(19).

Naproti tomu druh&astji uznavana hypotézag@dpoklada nizky obsah soli v
dusledku nepkchodnosti chloridoveho kanalu a omezené sekreoricluvych ionfi z nitra
bunky (1). Vznika tak porucha sekrece chldria zvySena absorpce natria a osmotickou
silou i vody, coz vede k dehydrataci periciliarekatiny a poruse mukociliarni clearance
(viz. Schéma 1). Zahu8ty hlen mgisobi obstrukci dychacich cest, usidli s&mtakterie a
dochazi k chronické infekci — vidchéma 1Byla popsana uloha proteinu CFTR jako
internaliz&niho- fagocytarniho receptoru ppseudomonas aeruginosdurgholderia
cepacia Reakci na infekci je n&gimérena zastliva odpowd’, jejimz disledkem je
ireverzibilni poSkozeni epitelu dychacich cest gdi@abmi, prozaftlivymi cytokiny a
oxidatnim stresem. Stejny mechanismus poruchy sekreoeidiVych ionfi (CI) a



bikarbonatovych iorit (HCOz) spolu s hyperabsorbci sodnych ifo(ila’) je popisovan

v epitelidlnich tkanich pankreatu &esta.
Schéma 1Patofyziologie respitmiho onemocéni CF
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1.1.4. Geneticka podstata cystickée fibrozy

1.1.4.1. GerCFTR

Padesat let od doby prvniho popisu hemoci (Andensenl938; 20) istala biochemicka
podstata nemoci neznama. V roce 1983 byl poprvédopakladni defekt impermeability
bunéénych membran pro chloridy (21,22), ktery nastartaldSi vyzkum a péatrani po genu
zodpowdném za CF. Nejprve byl gen pro CF lokalizovan m@mmozom 7 pomoci
segregané oveiené vazby s genem pparaoxanazu (PON)ozZ je polymorfni alela u
mnoha lidskych populaci. Brzy poté byl identifikovanonymni makddOCRI-917 ktery
segregoval s lokusem CF ve vzdalenostblizng 15 cM (1 cM odpovida ~1x2@b).

Tento marker byl lokalizovan na dlouhé raménko ofopomu 7 do lokusidq31.2 (112.1
Mpb). Upesreni lokalizace genu pro CF umoznilo objev dalSichavdich SNP (single
nucleotide plymorphisms) jakanetHa D7S8 které jsou v daleko uzSi vazx< 1cM)

s lokusem CF (22,23). Objev extragenovych SNP nmank&zanych ke genu pro CRhi



vyznamny prakticky dopad. UmozZnil totiz ré@pou molekulara genetickou prenatalni
diagnostiku a odhaleni négiCF. A to zjiS¢nim segregace markeCF vySetenim
probanda a jeho ro&fi, obligatnich heterozygot(25).

V roce 1989 byl s korimou platnosti uien genCFTR (Cystic Fibrosis
Transmembrane Conductance Regulappekladano jakoregulator transmembranové
vodivosti ionfi), s kon€nou platnosti wen pozénim klonovanim kombinaci techniky
~,chromosome jumping” s fyzikalnim mapovanim, izélpotencialnich exonovych
sekvenci a genetickou analyzou segregace kanditiatgiori v rodinach s CF (26, 27,
28). CFTRgen ma 27 exanha rozprostira se v oblastiilplizné 250 kpb a vytvl CFTR
MRNA 6.5 kpb dlouhou (26, 27). Dosud vSak netlesp znamo jaké genetické a
negenetické faktory reguluji transkripci genu CFPiRotisnérna oblast KCFTRje sice
bohata na guanin a cytosin, ale neobsahuje klasickyTATA. Pozitivni a negativni
transkrigni faktory byly identifikovany v poziatis a v posledni dabi v pozicitrans. Tyto
transkrigni faktory jsou evoléné konzervované. Bylo také prokazano, Ze transkrioeu
CFTRzacina na mnoha mistech genu CETRnagiklad na methioninu v exonu 4.
Funkeni vyznam tohoto alternativniho startu transkripeai zatim znam. Transkripce je
také vyrazg tkanove specificka, protozediSina neepitelialnich iiek ma pouze minimalni
mnoZstvi CFTR-mRNA. V saiasné dob je proto snaha nalézt tkdvé specifické
transkrigni faktory, které by zodpovidaly za rozdilnou exp@FTR proteinu virznych

tkanich a tak objektivizovaly variabilnigd¢h onemocini (1,18).

1.1.4.2. Protein CFTR

Protein CFTR se sklada z 1480 aminokyselin & platskupiny tzv. ,ATP-binding
cassette” transmembranovych transportnich prot&mipiredevsim funkci kanalu fes
ktery jsou transportovany ionty (hlavchloridy, ale i bikarbonat; 29,30,31). Sasré s
tim vSak reguluje funkci resafpiho na amilorid senzitivniho epitelového sodikavéh
kanalu (ENaC-amiloride sensitive epithelial sodicimannel; 32,33) a pomoci aktivni
exkrece ATP, fes interakci s P-glykoproteinem, ovliyje i funkci dalSiho dlezitého
chloridového kanalu — ORCC (outwardly rectifiedaride channel; 34,35,36).

CFTR protein obsahujespzakladnich domén. Dva opakujici se transmembgnov
segmenty: TM1 a TM2 (Transmembrane Domains; synamyriiSD1 a MSD2 —



.,membrane spanning domain®) tfavlastni kanal v apikalni bégsné membrat V
cytoplasnd jsou lokalizované domény vazajici aktivované natitsy, tj. hlavré ATP
(adenosintrifosfat) — tzv. NBD1 a NBD2 (Nucleoti@ading Domains) a neparova
regulani doména "R" (Regulatory Domain), ktera fungujejaentil a otevira/zavira

vlastni kanalSchematicky je CFTR protein zndzémma Obrg. 1.

CFTR protein funguje hlawnjako chloridovy kandl, ktery je aktivovany cAMP
prostednictvim fosforylace "R" doména proteinkinazou Agslednou hydrolyzou ATP na
povrchu NBD1 a NBD2. Domény NBD1 a NBD2 po aktivanini konformaci a
wvertikdlnim posunem* fosforylované regdtd domény ,R" se kanal oté®. Tak mohou
CI" ionty proudit pes epitelialni membranu b&in(32,33).

Obr.¢. 1. Schéma terciarni struktury proteinu CFTR

LegendaTM1, TM2 — transmembranova doména 1,2; NBD1, NBDRicleotide binding

doména; R — regutai doména; sekrece chloridovych ibmies membranu.

1.1.4.3. Uloha ENaC kanélu

Vedle defektni sekrece chlotigztrata funkce CFTR proteinu zvySuje absorpcilaodi
aktivaci ENaC kanalu (37,38). ENaC je heteromgrichknsmembranovy protein slozeny
ze 3 podjednoteko( B, v). Tyto 3 jednotky jsou kddovaniemi tiznymi geny. SCNN1A
(sodium channel nonvoltage-gated 1, alpB&@NN1B(sodium channel nonvoltage-gated 1,



beta) aSSCNN1Gsodium channel nonvoltage-gated 2, gamma) (39140Y sogasnosti
zastdva molekularni mechanismus regulace mezi ENa@lém a CFTR kanalem stale
neobjasun. Nicmért je vSeobechprijato, Ze se podili na patofyziologii CF plicniho
onemockni (37). Funkni studie prokazaly, Ze spoieé regulace a aktivita ENaC a CFTR
proteini determinuje sloZeni periciliélni tekutiny (PCLplicich (42,43). Sekrece
chloridovych iont pomoci CFTR kanalu zvySuje objem PCL, zatimco glzsn

sodikovych ioni zprostedkovana ENaC kanalem ji redukuje. Z toho vyplyeyyvazena
sowinnost mezi kanaly ENaC a CFTR je vyznamna proemirdptimalniho objemu PCL
(42,44).

U klasické formy CF s patogennimi mutacemi na ohlelach CFTR genu dochazi
k depleci PCL, coz je vystlovano nedostatmou sekreci chloridovych ioinskrz kanal
CFTR a hyperabsorbci sodikovych ibpomoci kanalu ENaC (44).

1.1.5. Laboratorni diagnostika cystické fibrézy

Diagnostika CF se opird&grevsim o klinicky obraz. Nejjednodussi a¢asjgjSi je
diagnostika v fipact pozitivni rodinné anamnézy vyskytu CF a/anebotparho
vysledku prenatéalni diagnostiky. U cca. 13% se @eworozeneckémeku projevi

mekoniovym ileem (45).

Klinické podezeni je poteba potvrdit laboratornim flkazem poruchy proteinu
CFTR. Ten spéiva ve zjisEéni vysoké koncentrace chlotidh potu (tzv. potni test),
v prikazu gitomnosti 2 patogennich muta€FTRgenu v pozictrans piipadreé ve
snizeném transepitelialnim rozdilu nosnich potéficid cca. 15% novorozefice CF

diagnostikuje na zakl&dozitivni rodinné anamnézy a/anebo mekoniovéha ile

Dulezitym meznikem v historii CF je objev vysoké kentrace soli fedevsim
chlorida v potu u pacierits CF. Pot &i s CF obsahuje 5 x vic soli nez pot zdravyéth, d
proto se v minulosti dopo¢aval dotaz na to, jak chutna polibekdso novorozence ,kiss
your baby". Pro praktické pouZziti této skénesti se vyvinula jednoducha metoda
stanoveni koncentrace chlaiig potu podle Gibsona a Cooka (46,47). Tzv. pasi $e
provadi vyhrada stimulaci poceni pilokarpinovou iontoforézou rtadgiokti pacienta. Pot
nejmeért o objemu 100 mg se sbhira do fittrého papirku fipadré do plastikové kapilary

(v minimalnim mnoZstvi 15 ml) a n4sledse provadi kvantitativni analyza koncentrace
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chloridi. Hodnoty nad 60 mmol/L zji&hé v laboratti s obratem paciefithejmér
150/rok, s¥dci s velkou pravé&podobnosti pro CF. Za hr&nii se povaZuji hodnoty

v mezich 30-60 mmol/L. Koncentrace chldrid potu je zvySena jizipnarozeni, ale je
obtizné ji spravé stanovit u novorozerica shromazdit péébné mnozstvi potu > 75-100
mg. Z tohoto dvodu ma test dobrou vypéani hodnotu po 2. tydnusku donoSeného
novorozence (48). VyS@&ni transepitelidalniho rozdilu nosnich potenicg# provadi
vzhledem k narénosti a obtizné interpretovatelnosti pouze &kohka pracovistich

v Evrop.

U vSech pozitivnich potnich tésse nasledhprovadi molekulargenetické

vySeteni.

1.1.6. Mutace genlCFTR

Celosvtove bylo v genuCFTRdosud popsano vice nez 1700 sekwérh variaci viz
aktualni stav v Cystic Fibrosis Genetic Analysim€artium Dabatase — CFGAC,;
http://www.genet.sick-kids.on.ca/cftr/ (49). Geoktiu analyzou v rodinach nemocnych
s CF byla nalezena hlavni a #a5€jSi mutace F508del, delece 3 pb, ktera vede k&ztra
fenylalaninu (50,1). Nachéazi se v exonu 10 a pgeutsik funkci domeény NBD1 proteinu
CFTR. Tato mutace ma spoig pivod a nachazi se celaggve v praiméru v 70 %
testovanych alel gemOFTR V Evrog jeji frekvence vykazuje sestupny gradient od
severovychodu na jihozapad.

Prevazna vtSina dalSich mutaci je privatnich a pouze 30 myiatl7-1G>A,
1898+1G>A, 2184delA, 2789+5G>A, 3120+1G>A, 3659d€1849+10kbC>T,
621+1G>T, 711+1G>T, A455E, F508del, I507del, G54@%51D, G85E, N1303K,
R1162X, 1161delC, S549N, R117H, R334W, R347P, R5%560T,W1282X, 1078delT,
394delTT, CFTRdele2,3(21kb), 3272-26A>G a D1152¢1ygskytuje getnosti vice nez
0,1 %, mnohé zthto mutaci jsou poputa¢ specifické (51). V Evropv zasad nafista
heterogenita mutaci od severu na jihovychod (52fpdeneticky potencidl mutaci byl
vySeten expresnimi studiemi u necelého 1 % mutaci gk@kzalni vztah® ¥tSiny mutaci
k rozvoji CF byl stanoven pouze jejich asociacesaypem choroby u pacienta, ¢hoz
byly ptivodre identifikovany (19, 53). Z hlediska typu mutaciregastji vyskytuji

mutace vedouci k z&mé aminokyseliny (tzv. ,missense” mutace). Krémich jsou
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diagnostikovany nukleotidové substituce vedoucakezleni pedtasného
stop/terminaniho kodénu (,stop/nonsense” mutace), posttegiho ramce (,frameshift"
mutace) a sesShové mutace (,splicing” mutace)¢etne deleci/ inzerci jednotlivych

kodoni, které nevedou k posurteciho ramce.

V¢tSi delece nebo inzerce zahrnujici celé exonl@hté intronové sekvence se
vyskytuji v 2-3 % vSechifpadi. V naprosté #Siné piipadi se jedna o mutace germinalni,
zpravidla s ancestralni povahou (54), tj. vyskysgjiv dané populaci dlouhodgla jsou
dusledkem davnych historickych setelch proces (55). Somatické mutace se v genu
CFTRnebyly dosud nalezeny (1,49).

Z hlediska molekulamhgenetické diagnostiky je podstatné, Ze efekt niutac
jednotlivé slozky ,fenotypu® CF je tkéveé specificky, gicemz nejcitlivjSi je muzsky
reprodukni trakt (vas deferens/chamovod), pankreas, ptdnaz vedlejSi nosni dutiny
(56). Bronchialni postiZzeni je na vlivu ge@&TRzavislé nefimo, diky vyraznému vlivu
prostedi (tj. infekci) (57) a dalSich genetickych mdditiori jako napiklad TGFbetal,
MBL, a3 antitrypsinatd.,uplatiujici se nefimymi a dosud ne zcela potvrzenymi
mechanismy33, 53,58).

NaObr. ¢. 2. je uvedena distribuce jednostlivych mutaci v racetého genlCFTR
V¢étSina mutaci je rozloZzena rovnéme po celé kodujici sekvenci a postihuje tak vSechny
jednotlivé funkni domeény proteinu CFTR (mutace v exonech 3, 4a@Apostihuji funkci
prvni transmembranové domeény; v exonech 9-12 ppriisikci NBD 1; v exonu 13
postihuji funkci regukni doményy exonech 14A, 15, 16, 71A, 17B, 18 druhé
transmembranovdomény a v exonech 19-22 - NBD 2.
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Obr.¢. 2. RozloZeni mutaci v celé kddujici sekvenci g&RiTR (upraveno podle Tsui,
1995, evzato z Vavrova a kol.2006)

sO0OCIN OEE A e 0 JAO0C IO IR C JEACICE]  Exony

FUNPICME BEEOE WO (D e 11 B Missense
1 I — by [ ]| AA-delece
RILINIT) ] I iin [N I 111 | | Nonsense
LR A Al w1 | 1] | N Frameshifl
1 11 |1 B il | | B Sestrihové
| | Nl L1 | | | Samesense
(01§ LTSRS | R RE 1T | O AN 0 I | O Celkem
Domeny

CFTR
TM I NBD | R ™ I NBD Il proteinu

LegendaTM1 a TM2 - transmembranové domény, NBD1 a NBDicleotide binding*
domény, R — regutai doména, AA — delece, které neposkoZtgti ramec, jako nap
F508del (Vavrova et al 2006)

Vzhledem k tomu, Ze je velmi obtizné u jednotlivyobtaci ukit jejich molekularni
patogenezi a takipdpowdét jejich klinicky dopad, byla snaha je ratitl do trid. Jak je
znazorrno naObr. ¢. 3. CFTRmutace se roztlji do psti zakladnichitid (59), podle toho
na jakém stupni zasahnou tvorimtracelularni transport, aktivaci a funkci protei@FTR.
Tridy L.-1ll. jsou spojeny se zavaznymi formami, natd Tridy IV. a V. jsou asociovany s
mirn¢jSi formu onemoceni. Tridal. syntetizuje zkraceny proteinigdevsim ,nonsense”
mutace /G542X4a ,frameshift* mutace /2143delT/ mutacefjda Il. zpisobuje poruchu
post-translaniho zpracovani (glykosylace) a intracelularnitamsportu proteinu CFTR
v Golgiho aparatu a hladkém endoplazmatické reti¢uaF. mutace F508del),fida .
zpasobuje defektni regulaci nebo aktivaci chloridov&boalu (napp mutace G551D),
Ttida IV. sniZuje pinik ionti chloridovym kanédlem (n&pmutace R347P) afila V.

(nag. mutace 3849+10kb C->T) je spojena se shizenagsyu proteinu CFTR (1,2,18).
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Obr. ¢. 3. Zakladni patogenetickédy mutaci genCFTR
11
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Normalni P. transportu 3. vodivosti
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Priklad S542% AF508 E5510 R347P 3849+10kb C->T

LegendaP - porucha funkce, S — sniZeni funkce proteinliRGF¥evzato z Vavrova a kol.
2006.

Nicmére rozdileni alteraci sekvence gef@FTRna polymorfismy, potencidrpatogenni
varianty a patogenni mutace je spiSe arbitrarotppge mezi nimi existuje z futkiho
hlediska jakési kontinuum.dkteré polymorfismy mohou snizit funkci proteinu GFT
fadow o rekolik procent, ale pokud je jich v gel@FTRvice, nize byt jejich dinek
aditivni. Vytvai se tak ,polyvariantni haplotyp®, kteryithe fungovat jako patogenni
mutace (60, 61,62).

Populaéné geneticka charakteristika mutaci genuCFTR u ¢eské populace

Podle dostupnych informaciceského registru (www.cfregistr.cz) je k roku 2007
sledovano celkem 471 paciérf24 mui a 247 Zen). Z toho 38.2% je dékph.

Z hlediska genotyjpse jedna u 46.3% o homozygoty pro mutaci F50&%t pacient je
sloZzenych heterozygibpro mutace F508del a jinou patogenni mutaci, Si¥&mutaci
F508del a druhou mutaci neidentifikovanou a 9.386 jsombinovani heterozygoté pro
non-F508del mutace, 1.5% jsou slozeni heterozygaté@on-F508del mutaci a dosud
neidentifikovanou mutaci a pouze 2.1% padiamma nalezenou Zadnou patogenni mutaci
v genuCFTR
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V letech 1990 — 2009 bylo v CF Centru FN Motol wy8ero celkem 574 paciens
CF. Celkem u nich bylo nalezeno &&mych mutaci. Vlab.¢. 1je uveden fehled vSech
nalezenych mutaci u 1133 z celkem 1148 alel. KZkse08,7% zachytnosttippelo také
zavedeni skenovaci metody HRM, kvantitikametody MLPA a sekvenace celého genu
CFTR

Tab. ¢. 1. Prehled mutaci detekovanych v CF Centru FN Motééskych pacierit

Mutace N % Mutace N %

F508del 768 | 66.90 | 1249-1G>A (c.1117- 1 0.09

(c.1520 _1522delTCT) 1G>A)

c.CFTRdele2.3/21kb/ 67 5.84 2622+1G>A 1 0.09
(c.2490+1G>A)

G551D (c.1652G>A) 34 2.96 1811+1G>C 1 0.09
(c.1679+1G>C)

N1303K (c.3909C>G) 29 2.53 185+1G>A (c.53+1G>A) 1 .09

G542X (c.1624G>T) 23 2.00 R1158X (c.3472C>T) 1 0.09

3849+10kbC>T 20 1.74 R75X (c.223C>T) 1 0.09

(c.3717+12191C>T)

1898+1G>A 15 1.31 2184delA (c.2052delA) 1 0.09

(c.1766+1G>A)

2143delT (c.2012delT) 11 0.96 3238delA (c.31064¢elA| 1 0.09

R347P (c.1040G>C) 9 0.78 296+1G>A 1 0.09
(c.164+1G>A)

3272-26A>G (c.3140- 8 0.70 2837delG (c.2705delG) 1 0.09

26A>G)

W1282X (c.3846G>A) 7 0.61 3840delT (c.3708delT) 1 0.09

R117H (c.350G>A) 6 0.52 2919delG (c.2787delG 1 900

2789+5G>A(c.2657+5G>A) 6 0.52 2174delA (c.2042delA) 1 0.09

336K (c.1007T>A) 6 0.52 2183delAA>G 1 0.09
(c.2051_2052delAA)

R553X (c.1657C>T) 6 0.52 11366N (c.4097T>A) 1 0.09

574delA (c.442delA) 6 0.52 L1324P (c.3971T>C) 1 9.0

S945L (¢.2834C>T) 5 0.44 L1335F (c.4003C>T) 1 0.09

R1162X (c.3484C>T) 5 0.44 L1335P (c.4004T>C) 1 090.
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Mutace N % Mutace %
3141del9(c.3009_3017delA 4 0.35 1898+1G>C 0.09
GCTATAGC) (c.1766+1G>C)
Y122X (c.366T>A) 4 0.35 L558S (c.1673T>C) 1 0.09
4374+1G>T (c.4242+1G>T)4 0.35 M1101R (c.3302T>G) 1 0.09
621+1G>T (c.489+1G>T) 4 0.35 M952I (c.2856G>C) 1 090.
2184insA 4 0.35 | R1066C (c.3196C>T) 1| 0.09
(c.2052_2053insA)
1717-1G>A (c.1585-1G>A) 4 0.35 R170H (c.509G>A) 1 .09
R334W (c.1000C>T) 3 0.26 R347H (c.1040G>A) 1 0.09
3600+2insT 3 0.26 S1118F (c.3353C>T) 1 0.09
(c.3468+2_3468+3insT)
R709Q (c.2126G>A) 3 0.26 S42F (c.125C>T) 1 0.09
Delece exonu 13-14a 3 0.26 E585X (c.1753G>T) L 0.09
G85E (c.254G>A) 2 0.17 Q1476X (c.4426C>T) 1 0.09
3659delC (c.3528delC) 2 0.17 R851X (c.2551C>T) 1 .090
E92X (c.274G>T) 2 0.17 Q372X (c.1114C>T) 1 0.09
W57G (c.169T>G) 2 0.17 | 1341A+1G>A 0.09
(c.1209+1G>A)
D1152H (c.3454G>C) 2 0.17 Y301C (c.902A>G) 1 0.09
Delece exoti 1-10 2 0.17 R1066G (c.3196C>G) 1 0.09
Delece exonu 2 2 0.17 R117C (c.349C>T) 1 0.09
Delece exofi 22-23 2 0.17 R764X (c.2290C>T) 1 0.09
Duplikace exofi 19 2 0.17 Y563H (c.1687T>C) 1 0.09
711+3A>G (c.579+3A>G) | 2 0.17 E92K (c.274G>A) 1 9.0
L997F (c.2991G>C) 2 0.17 I807M (c.2421A>G) 1 0.09
G1047R (c.3139G>C) 1 0.09 Q1313X (c.3937C>T) 1 0.09
G178E (c.533G>A) 1 0.09 4259del5 0.09
(c.4127_4131delTGGAT
G27R (c.79G>A) 1 0.09 neznama mutace 15 131

N= pcet alel, % = procentualni zastoupeni jednotlivyaltani, celkem bylo vyS&tno

1092 alel

16



1.2. Novorozenecky screening

1.2.1. Historie a vyvoj novorozeneckého screeninguCR a zahranii
Novorozeneckym screeningem se rozumi aktivni cefop@ vyhledavani chorob v jejich
preklinickém stadiu pomoci stanoveni koncentraeeigipke latky (event. gikazem
mutace) v suché kapce krve. Ta je odebirana vSeromeném z patéky na filtradni

papir. V sodasnosti se zakladni ogfprovadi mezi 48. az 72. hodinou Zivota.

Za zakladatele NS je povazovan profesor Robert i@ tkiery v roce 1963 vynalezl
a nasledai zavedl do celoploSného prownd jednoduchou, levnou a spolehlivou
semikvantitativni metodu &eni koncentrace fenylalaninu (zaloZzenou na prinaipibice
rastu bakterii) pro NS fenylketonurie (63,64). V mdkljicich letech se Zal tento NS
celoswtové rychle roz&iovat. NS fenylketonurie se stal historicky prvnir8 NvCR
(65,66,67). Pravidel) celoploSi je provadn jiz od roku 1975. Hlavnim smyslem
screeningu PKU jedasny zahdjenim &y (dieta s monitoraci hladin fenylalaninu)

zabranit ireverzibilnimu poskozeni CNS.

Od roku 1985 se zal provadt NS kongenitalni hypotyredzy (68,69), ktery je
zaloZen na g¥eni koncentrace tyroxinu a/nebo tyreotropinu v sudgpce krve pomoci
radio-, fluoro-& enzymo- imunoeseje. Jakieti je vCR provaén od roku 2006 NS
kongenitalni adrenalni hyperplazie - veétgye datovan od konce 70. let minulého stoleti
(18). Tento NS je zalozen natani koncentrace 17-hydroxyprogesteronu v suchéekapc

krve (fluoro-¢i enzymo- imunoeseji).

Diky védeckému a technologickému pokroku ségia@horob, které je mozno
diagnostikovat ze suché kapky krve na filtrem papirku stale zvySuje. Vyznamnym
momentem bylo zavedeni metodiky tandemové hmotheptrktrometrie (MS/MS), ktera
provadi komplexni rozbor celého spektra anatgizcElenych dle hmotnostnihgsla
(71,72). Tato metodika se vyuziva k paralernimietrgdi ctdicnych metabolickych
poruch (DMP). Hlavnim smyslem je zachytit takovérdby, u kterych Ize terapeutickymi
postupy pedejit Zivot ohrozZujicimu energetickér@iumetabolickému rozvratu a/nebo
dlouhodobému poskozeni zdravidgevsim CNS). Vysaije se celkem 9 metabolickych
vad: leucindza, glutarova acidurie typu I, izovalex acidurie, deficit acyl-CoA
dehydrogenazy mastnych kyselin sedté dlouhym, dlouhym a velmi dlouhypetzcem,
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deficit karnitinpalmitoyltransferazy |, Il a deftdkarnitinacylkarnitintranslokazy.
Sowasny novorozenecky screening €eské republice

Dne 1.ffjna 2009 byl \CR zahajen roz&ny NS. Je vysatvano celkem 13 vrozenych
onemockni. Celkové riziko, onemoeni novorozencc ¢kterou ze 13 vyS&bvanych
chorobgini 1:1200; gkterou z endokrinnich chorob 1:290@kterou z @dicnych
metabolickych poruch 1:4000.

Novorozenecky screening v zahragi

Z pohledu Evropy je pro systémy NS v jednotlivytitach charakteristicka zérea
roztriStnost a nejednotnost ve vsatstech logistiky systéin(72-75). Ricinou je, Ze se
systéemy NS vyvijely na z&kladonkrétnich historickych, geografickych, mediciydk i
socio-ekonomickych podminek daného statu / regipfitem?z tyto vlivy i nadale
rozhoduji o fungovani celého systému. Neexistujereuniverzalni, nejlepsi systém NS.
Evropskou nejednotnost je mozné dokumentovat ogiSspektrem screenovanych chorob
v jednotlivych statech nebdanym p@&tem screeningovych labordtoV poslednich letech
je pozorovan trend roz®ivani spektra testovanych nemoci a zaméddovych forem
novorozeneckého screeningu. V USA segh@ravidel® celoploSi vySetovanych
onemocgni v jednotlivych statech pohybuje od 13 v Pensyiivdo 53 v Jizni Karoli#, ve
vétSing stati je mezi 30-45.

V souwasné dob se zdinaji uplatiovat nove technologie typu multiplexnich
»microarrays” pro rozbor analytu a/nebo DNA. Vel#t@ jednoduchost pouzitichto
nastrofi naznéuje dalSi mozny sim vyvoje NS — diagnostikuipmo u izka novorozence
(76-80).

1.2.2. Principy a etika novorozeneckého screeningu

Zahajeni celoploSného screeningu si vyzadalo favm@ni obecnych pravidel pro jeho
provadni, coz inili na zadani Sétove zdravotnické organizace Wilson a Junger jiz
v roce 1968. Redpoklady pro zahajeni celoploSného screeningsHm@out

do nasledujicich bdd(81):

1. Pribeh nemoci a jeji mechanismy musi byt znamé.

2. Choroba pedstavuje vyznamny zdravésocialni problém.
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3. Choroba jecasta, ma v dané populaciditou incidenci.(Frekvence nemoci je
relativni a je ovliviena gredevsim klinickou zavaznosti choroby, moznostmi
Ié¢by. Hranici pro NS Ize nyni sgatvat v incidenci mezi 1:50 000 az 1:200 000).

4. Onemoceni ma latentni fazi. Zachyceni choroby v jejasném,
presymptomatickém stadiu umaje takova terapeutickd opani, ktera
zasadnim zpsobem pozitiviovlivni pribéh chorobyci dokonce snizZi jeji
mortalitu. Terapeuticka opaeni musi byt dostupna a zajistitelna pro vsechny
zachycené jedinc€P&e o pacienty je &tSinou sousedina do specializovanych

center).

5. Existuje spolehlivy screeningovy tegtchoroba je v preklinickém stadiu
detekovatelna obeé&ruznanym laboratornim testem v suché kapce krve
s dostaténou senzitivitou a specifitou. Hlavnimigtitky vérohodnosti

screenigového testu jsou:
» obecr prijata hranice negativity (,cut off* limit)

* vybalancovani hodnoty faleSné negativity na jedrensa hodnoty
faleSné pozitivity tedy z&te zdrav&asti novorozenecké populace
na strag druhé (tyto hodnoty jsou vyjéehy jako negativni
prediktivni hodnota (NPV) resp. pozitivni prediktivhodnota
(PPV).

6. Spolenost je schopna zajistit provéai laboratorniho testu u vSech svych
novorozeng po strance organizami a ekonomické

7. Prinos NS m4 byt pozitivnidi jeho nakladm (pozitivni pongr ,benefit/costs"”).

8. Zavedeny NS je kontinualni proces, jeBimkiodnost a dinnost— tj. efektivita

musi byt trvale sledovana a vyhodnocovana.

Na tato klasicka kritéria navazuji z pohledu dnefmil&€nosti nové nazory. Ve vysjych
zemich se &nuje velké usili prosazeni prava pacienta postii@nagacnou chorobou byt
diagnostikovan a tien zgisobem odpovidajicim séasnym moznostem mediciny.

Z pohledu rodiny je tlak na pravo znat diagnézunepkive. Je vSak otdzkou nazoru, zda je

indikovan NS nelé&telné choroby pouze ziglodu znalosti diagndzy a informované

19



reprodukce. Tyto fakta vedou k etické diskuzi naufddbornych spotaosti o event. revizi
zékladnich pedpokladi NS. Rozhodovani o zavederkiterych novych NS je
komplikované a musi byt¢inéno az po probhlé pilotni studii v podminkach konkrétniho

statuci regionu.

S nafistajici praktickou zkuSenosti s NS nabyva na stém vyznamu hranice
akceptovatelné z&te zdrav&asti populace faleSnou pozitivitou. Jedna geSeni etického
dilematu, tj. do jaké miry jsme opr&im zatizit zdravé novorozence a jejich rodiny narik
zachytu skuténé¢ nemocného jedince. Cilem je pochopeni situadéstupu k problému,

k tomu aby se minimalizovala stigmatizace rodinglrii napomocna jeipdchazejici

adekvatni informovanost ragli v rdmci ziskavani informovaného souhlasu s NS. (82)

1.2.3. Novorozenecky screening cystické fibrozy
1.2.3.1. Hlavni argumenty pro provadni NSCF
Argumenty Ize shrnout do nasledujicich bod

* Pribéh nemaoci a jeji mechanismy jsou zname

* Choroba je vyznamnym celosp&mskym socio-ekonomickym problémem (z

duvodu finargné narané I&by).
o Je relativi ¢asta.

» V¢asna diagnostika zkvalitje a Ize pedpokladat, Ze i prodluzuje Zivot pacigrj.
zlepSeni stavu nutrice, zlepSefstu, méw agresivni terapienavic nedavné studie
dokazuji, Zze pacienti s CF diagnostikovani docgiot maji dlouhodob lepSi
Klinicky stav a pizniwjSi prizbeh choroby s vyhlidkou delSihogiiti (83, 84).

Klinicky je vSak v tomto ¥ku obtizné CF diagnostikovat (2).

» Vc¢asna diagnostika je prevenci umrti z nediagnoséikéchoroby — nap

v metabolickém solném rozvratu kojénéi rychlou progresi plicniho postizeni.

» Predpokladané naklady NS jsou nizsi nez nakladlyyl&omplikaci choroby
Z pozdni diagnostiky (83).
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» V¢asna diagnostika redukuje stres rodiny s chrommekyiocnym dittem s nejasnou
piicinou obtizi @i pozdni diagnostice, a tim i obecrvySuje divéru ve

zdravotnicky systém.

* V¢asna diagnostika pomaha optimalizovat genetickademstvi a informovanou
reprodukci v rodinach s prvorozenymeti#m s CFP7i absenci NS CF neni
ojedirela situace, kdy je CF diagnostikovana u starSiharepence az na zaklad

prizkazu choroby u mladsiho sourozence.

» P¥i celoplosném provaahi NS CF |zeefektivreji soustedit pacienty do klinickych
center, které maji s nemoci zkuSenosti a kde jimjjéena komplexni p&. Tim

|ze odstranit nerovno#nnost v péi mezi pacienty.

1.2.3.2 Protokoly novorozeneckého screeningu CF

Snahy o zavedeni NSCF jsou znamy od 50. let miowétieti. Byla vyzkouSena ceaiada
metod od otiskovych tesiprokazujicich vysoky obsah soli v potu pékaz albuminu

v mekoniu fiznymi metodami, které vSak nebyly spolehlivé. Verd®79 (85) se
prokazalo, Ze v krvi novorozetns CF je zvySena koncentrace imunoreaktivniho
trypsinogenu/trypsinu (IRT). Tento analyt se dahstvit i ze zaschlé kapky krve na
filtracnim papiru, ktery se vyuZzival pro jiné NS. Trypgv rovhovazném stavu se svym
prekurzorem — trypsynogenem &8ina metodik & koncentrace obou latek. Rre IRT

v krvi novorozenté s CF zvySeny? Je znamo, Ze pankreas p#acseGF je jiz prenatatn
poSkozen blokadou acinarnich diuktaizkym hlenem. Ty produkuji trypsinogen a blokada
zpisobi, Zze prostoupi do krve ve vy3Si koncentradi. @fostupujicimékem a atrofizaci
pankreatu produkce enzymu postéfiesa (87-90), a tak se pro péii diagnostiku
nehodi. IRT je dostate¢ stabilnim a specifickym markerem, ale ma horscsipe.
Vysokou koncentraci IRT m&ast zdravé populace — zejména tiosiutace genlCFTR
vliv m& etnicky @ivod (91, 92). Dale se uvadi, Zéhe byt zvySen nasledkem perinatalni
hypoxie, u chromozomalnich aberaci (Ddwrsyndrom), gkterych vrozenych vyvojovych
vad ledvin, srdce a neuralni trubice (87-90). 6 ®uvislosti se uvadi, Ze cca. 25%

novorozené s CF a mekoniovym ileem méa normalni (nizsi ne gftf) hodnotu IRT.

Zatim jedinym moznym vychodiskem jak zvySit spebi§CF je zavathi

dvoustugovych event. vicestiapvych protokal. V prvnim stupni jsou vyselektovani
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rizikovi novorozenci se zvySenou koncentraci IR€@ve az ve druhém stupni jsou

vyhledavni pacienti s CF pomoci dalSiho testovani.

Pouzité protokoly se daji roZiit do nekolika skupin: IRT/IRT, IRT/DNA,
IRT/DNA/IRT a IRT/PAP.

ProtokolIRT/IRT spaiva v novém odéru opakovani rreni koncentrace IRT
s odstupem 2-8 tydnu vyselektovanychdti. Takto se snizi mnoZstvi falé§mozitivnich
(FP) vysledk na 0,03%. Nevyhodou je nedme vysoky p@et ,recallr” (tj. opakovanych
odkerda podle nastaveného ,cut off* asi 0,5-2%) a tak ayehi rodiny nadbyt®ému
stresu. Tento fakt znehodnocuje tento model NS@RBedvSak pouzit iipadech, kdy
legislativa neumaiuje DNA analyzu u novorozeficnebo je v dané populaci nizka
zachytnost mutaci ger@FTRdiky zn&né popul&ni heterogené (nagiklad diky
prist¢thovalectvi). U dti s hypertrypsinogenémii i ve druhém stupni séeats provadi
potni test. PPV hodnota se po druhéméodibRT zvySuje az na 78% (93).

ProtokolIRT/DNA — u novorozengcse jako druhy stupeprovadi molekulard
genetické vyséeni mutace/mutaci gef@FTR Pokud se prokaze mutace na obou alelach
je pacient s rodi pozvan k eduk&nimu a diagnosticko-terapeutickému pobytu v CF
Centru. V gipadt nalezu jedné mutace, nasleduje potni test. Seitaitohoto postupu
zAavisi na pétu testovanych mutaci a popédm spektru (94).

ProtokolIRT/DNA/IRT je alternativou k modelu IRT/DNA. U novorozenc
s inicialni extréma zvySenou hodnotou IRT, i kdyz nebyla prokadzanalgich stupni
Zadna mutace, se provadi ,recall”. ¥gadc, Ze IRT i v tomto ideni gresahne ,cut off"
hodnotu, pozve se k potnimu testu. Problémem j8i\pdet recal a nastaveni hranice
.cut off* IRT (95).

ProtokolIRT/PAP je zatim novou perspektivou a alternativnim modelgonatokolu
s DNA analyzou. U novorozetis vysokym IRT v prvnim kroku se stanovuje ze stelin
vzorki koncentrace proteinu PAP (pancreatitis associatetein). PAP je sekiai protein,
ktery je indukovany stresem pankreatu, je zvySapy.u akutni pankreatitidy. Moduluje
pribéh zargtu v pankreatu, stimuluje aktivitu makrotgguvadi se, Ze ma protektivni
acinek na tizi pankreatitidy. (96,97). Z dosud dostggh informaci je dale senzitivni a

mére specificky, odob#jako IRT. Pokud ovSem je pouZit ve druhém stupBj Bpecifita
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se zvySuje. V fipac, Ze je koncentrace PAP zvy3ena, je proband pozydtnimu testu.
Vyhodou by nglo byt udrzeni dobré senzitivity i specifity, niZionomické naklady a
odpadne problém s legislativou DNA testovani (98,8@&vyhodou je proti IRT/DNA
vySSi faleSna pozitivita. Co se tyka faleSné neggfinejsou zatim dostateé dikazy a
zawry (98,99).(Pozn. odijna roku 2009 probih& &eskych regionech pilotni studie,
testujici efektivitu tohoto protokolu@R v ramci projektu IGA MZR).

Je teba poznamenat, Ze Zadny z novorozeneckych scgdamdma 100% senzitivitu
a specifitu a nulovou faleSnou negativitu, takZzzgdibzu CF nelze na zaktadegativniho

screeningu jednoziaé zamitnout. To vSak plati obecpro vSechny typy screenifg
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Case report

Pilot newborn screening project for cystic fibrosis in the Czech Republic:
Defining role of the delay in its symptomatic diagnosis and influence of
ultrasound-based prenatal diagnosis on the incidence of the disease
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Abstract

The objective need for cystic fibrosis (CF) newborn screening (NBS) in the Czech Republic has recently been substantiated by a significant
delay of its symptomatic diagnosis. This trend most likely resulted from the process of decentralisation of health care which led to the deterioration
of care for patients who need specialised approaches. Applied newborn screening model (IRT/DNA/IRT) was efficacious enough to detect CF
cases with median age at diagnosis of 37 days. The incidence of CF (1 in 6946 live births) ascertained in this project was lower than that
established previously by epidemiological studies (1 in 2700—1 in 3300). However, adjustment for broadly applied ultrasound-based prenatal
diagnosis (PND) in the 2nd trimester of pregnancy, that was performed within the period of the project (1/2/2005-2/11/2006), rendered an
incidence estimate of 1 in 4023. This value is closer to that observed in other CF NBS programmes and reflects influence of PND on the incidence
of CF.
© 2009 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.

Keywords: CF carriers; CFTR gene; Cystic fibrosis (OMIM 219700); Decentralisation of health care; DNA testing; Incidence; Immunoreactive trypsinogen;
Newborn screening; Prenatal diagnosis

1. Delayed symptomatic diagnosis of CF

Early diagnosis of cystic fibrosis (CF; MIM 219700), i.e.
during first 2 months of life, is considered a favourable
prognostic factor for its overall course and significantly

Abbreviations: ADG, age at diagnosis; CF, cystic fibrosis; CFTR, gene for decreases parental anxie ty due to delaye d diagnosis of the

the cystic fibrosis transmembrane conductance regulator protein; CZ, Czech

Republic; IE, incidence estimate; IRT, immunoreactive trypsinogen; NBS,
newborn screening; NBSR, newborn screening referral region; PND, prenatal
diagnosis.

* Corresponding author. Department of Biology and Medical Genetics, 2nd
Medical School and Faculty Hospital Motol, V Uvalu 84; Prague 5, CZ 15606,
Czech Republic. Tel.: +420 224433501; fax: +420 224433520.

E-mail address: Milan.Macek.Jr@LFmotol.cuni.cz (M. Macek).
! Both senior authors contributed equally to the oversight of this project.

disease [1,2]. Unfortunately, a significant delay in symptomatic
diagnosis of CF in the period 1999-2004 has been observed in
the Czech Republic (CZ). This evidence is based on registry data
drawn from the Prague CF Centre. We compared data from the
“Ist period” (1993 to 1998; n=90), when paediatric care for
children with specific needs (e.g. congenital heart disease,
metabolic diseases or CF) still had been centrally organised

1569-1993/$ - see front matter © 2009 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.jc£.2009.01.002
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[3.,4], against the subsequent “2nd period” (1999 to 2004; n=_89)
when effects of health care decentralisation, a process that has
been gradually implemented from mid-nineties [5], became
apparent. Within the “Ist period” the median age at diagnosis
(ADG) was 0.45 years and 59/90 (65.6%) of patients were
diagnosed by first year of age. Interestingly, ADG in our country
during that period was similar to that reported in the developed
world [2] and was not significantly different from the median
ADG of 0.67 years in the period 1970—1992. However, during
the “2nd period” the median of ADG increased significantly to
1.2 years in a cohort of 89 patients (chi-square; p=0.0001).
Moreover, the percentage of patients diagnosed before
12 months of age decreased to 43/89 (48.3%). This negative
trend has been accompanied by a simultaneous increase in the
proportion of CF patients with their ADG being between 1 to
6 years. In the “1st period” this category accounted for 21/90
(23.3%), while in the “2nd period” it increased to 32/89 (36.0%)
of all newly diagnosed cases. Observed higher ADG could not
be attributed only to improved symptomatic diagnosis of “mildly
presenting” pancreatic sufficient forms of CF between the ages
of 1 and 6 years within the “2nd period”. In the “1st period” 3/80
cases diagnosed before 6 years of age were pancreatic sufficient
(PS), while in the “2nd period” this proportion was 6/75.
Similarly, after 6 years of age 10 patients were diagnosed in “1st
period”, 5 of them were PS, while in the “2nd period” 14 patients
were diagnosed and 6 of them were PS (all differences were not
statistically significant).

Furthermore, 46 patients clinically diagnosed after their first
year of life had at the time of diagnosis median body weight —0.8
(in SD-score; range —2.5; 1.2) and 11/46 of these patients had
their weight below the 10th percentile using population specific
standards [6]. Pulmonary effects of delayed diagnosis were
assessed predominantly radiologically and clinically, since due
to lower age of studied subjects lung function was examined
only in 17 cases older than 5 years. The median FEV| in these
patients was 74.0 (% predicted; range 32—112), while in 7/17
cases severe peripheral airways obstruction was detected (data
not shown). One female with CF, who was diagnosed at the age
of 5.9 years, died 1.6 years later despite intensive care.

We presume that during the time of centralised system of
health care, presence of regional health authorities, annual
provision of diagnostic/therapeutic guidelines to primary care
paediatricians, including their regular training, had a positive
effect in that they were knowledgeable of early CF clinical
features [3,7]. However, regional devolution of health care
together with strengthening of independent primary care [5],
had an opposite effect leading to deterioration of care for
patients who require specialised, expensive and thus centralised
care [8], as we have observed in CF.

2. Newborn screening pilot project

This fact led us to initiate a pilot CF newborn screening
(NBS) project (1/2/2005—1/11/2006) in order to assess the
feasibility of achieving an unified and early diagnosis of CF in
CZ [1,2,9]. The project was designed as an “IRT/DNA/IRT”
scheme [9]. IRT was examined using Delphia Neonatal IRT kits

(Wallac Oy™, Turku, Finland) on the Delfia™1232 fluori-
meter. The biochemical laboratory successfully participates
within the French external quality assessment (EQA) scheme
for IRT (data not shown). An “opt-out concept” for individual
participation [10] has been adopted by 92 collaborating district
neonatal wards covering the Western part of CZ and accounting
for approximately 62% of all live-births nationwide. However,
due to irregular funding from the grant agency the course of the
NBS pilot scheme was discontinuous and comprised in total
16 months. We screened 76,438 from the total of 119,028
(64.1%) newborns born within the CF NBS referral region
(NBSR). For further analyses we only used data from within the
period during which CF NBS was carried out. Concentrations of
immunoreactive trypsinogen (IRT), with an arbitrarily fixed cut-
off value of > 75 ng/ml (IRT 99th percentile), were examined in
dried blood spots (Guthrie cards) sampled within the 72nd—96th
hour after birth. 799 (1.05% of all newborns) had IRT > 75 ng/ml
and were subjected to DNA testing. When the IRT was within
the range of 75-150 ng/ml respective Guthrie cards were
tested for the 5 most common CF-causing mutations occurring in
Czech patients with the “classical form” of CF [p.F508del, c.
CFTRdele2,3(21kb), p.N1303K, p.G551D, p.R553X] and com-
prising approximately 84% of all population specific CFTR
alleles [11]. When IRT concentration was over 150 ng/ml or
one of the initially tested mutations was detected in blood spots
with IRT within the range 75—150 ng/ml, the “initial” panel was
extended to 38 CF-causing mutations by the “CF38 Research
Prototype Assay” (Roche Molecular Systems, Alameda, USA)
accounting for 90.8% of population specific alleles (data not
shown). The second sampling of a blood spot (“recall”) was
requested at the age 3—10 weeks when the initial IRT level was
>200 ng/ml and no CF-causing mutations were detected.
Newborns/infants were referred to a sweat test, performed by
standard “Gibson-Cook” pilocarpine iontophoresis at our CF
Centre facility, if the recall IRT value was not lower than the recall
cut off level or in cases where we detected one or two CF-causing
alleles in #rans (i.e. in both homologous CFTR genes). A standard
informed consent procedure was performed both prior to sweat
testing (due to the pilot nature of this project) and as required prior
to DNA testing [10]. Furthermore, all families with a newly
diagnosed CF patient or with a detected CF carrier underwent
genetic counselling and were offered “cascade” CFTR mutation
screening to their direct relatives. We also offered sweat testing to
the apparently healthy siblings of patients in order to detect
potentially undiagnosed cases of CF.

Two CFTR mutations in trans were found in 11 cases, while
only in 10 instances CF-causing alleles substantiated the
diagnosis of CF. The diagnosis of CF could not be
unambiguously established in one patient bearing the complex
allele p.F508del/p.R117H-IVS8 T(7), who had mean sweat
chloride concentration of 20.4 mM/L [12]. This patient was
enlisted into the long-term monitoring at our CF centre and was
not used for the calculation of observed incidence of the
classical form of the disease. In 4/11 cases the diagnosis of CF
was established clinically prior to completion of the NBS
scheme: 1 case had meconium ileus (IRT was higher than the cut
off value), 2 cases had bronchopneumonia, whilepge case
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presented with failure to thrive, bronchopneumonia and
hypochromic anaemia and all were homozygous for the p.
F508del mutation.

A single CF allele was found in a total of 52 newborns, but
we have not found couples where both parents were carriers by
subsequent “cascade” DNA testing in their families. Sweat
testing was finalised in all but 6 infants where their parents
declined further examination. Sweat chloride concentration
was positive (75 mM/L) in one newborn with the p.F508del
mutation, where subsequent direct sequencing detected the p.
1336K mutation [13], absent in the extended panel. Remaining
45 infants had a negative sweat test (<30 mM/L). In total, 11 CF
infants (11/799; 1.38%) were diagnosed by NBS and the
median ADG was 37 days (range 26—54 days). Interestingly, we
also diagnosed previously unrecognized CF in 3 older siblings
who had clinical signs of the disease (data not shown).

The frequency of unaffected CF carriers in the population of
newborns with elevated IRT was 1 in 15.4 (6.5%), which is 1.66
times higher than the number of CF carriers in the random
population—1 in 25.5 (3.9%) [14]. Diagnosed CF carriers have
created an extra burden on genetic counselling and reflect
ascertainment bias related to the testing of IRT “positives”
[9,15]. Nevertheless, the majority of expected CF carriers (an
estimate of 2990 cases), who were born during the time of the
project, remained undetected.

In summary, we conclude that in CZ there is an objective
need for CF NBS and that the applied algorithm is an
efficacious tool for early, uniform and broad-based diagnosis
of CF in our conditions.

3. Influence of ultrasound-based prenatal diagnosis on the
incidence of CF

If NBS data were considered alone, the extrapolated
incidence estimate (IE) of CF (1 in 6949 live births) would be
substantially lower than the previously reported epidemiologi-
cal IEs that range from 1 in 2700 to 1 in 3300 live births. These
higher IEs resulted from long-term studies (performed during
1953-1963 and 1960-1967) of CF cases diagnosed either
symptomatically (minority of patients) or by compulsory
autopsy of all deceased newborns / infants from regions
encompassed within the current NBSR [3,7]. However, we are
aware of all limitations of these historic studies and present
them only for general orientation.

Since the proportion of non-European immigrant births is not
reported due to antidiscrimination laws, but its estimates are
thus far marginal [16], the CF NBS IE of 1 in 6949 live births
could be explained either by an ascertainment bias due to a
smaller number of examined newborns or by false negativity of
the applied algorithm. In order to rule out the latter bias we
searched for “missed cases” of CF by contacting regional CF
Centres, primary care physician associations or by examining
the centralised “Birth Defects” registry. Thus, we are confident
that no case of clinical diagnosed CF was reported in NBSR
from within the period of our CF NBS pilot project.

Although population-based CF carrier screening [17] is non-
existent in CZ, we were able to account for the influence of

broadly applied ultrasound-based prenatal diagnosis (PND)
screening for prenatal abnormalities, which is carried out in the
2nd trimester of pregnancy, on the IE of CF. In this “cascade”
scheme mothers with foetuses with abdominal hyperechogenity
are referred to DNA testing and in “positive” instances the father
is examined as well in order to avoid unnecessary amniocentesis
[18]. National “Birth Defects” registry provided evidence of eight
additional new cases of “prenatal CF” from within NBSR and
corresponding to the project timeline. All detected pregnancies
were terminated according to the informed decision of parents
[10] and in accordance with local legal provisions, but respective
CFTR genotypes were not available. Thus, the adjusted CF NBS
IE of 1 in 4023 live births is closer to IEs which were reported
recently from other CF NBS programmes [15,17]. Our adjusted
IE also reflects the effect of broad based provision of PND on the
“final” IE of the disease [19]. Based on the above mentioned facts
and accounting for the discontinuous character of our study,
whereby seasonal birth distribution in CF is still a controversial
subject [20], we believe that the only remaining bias could be due
to the overall lower number of newborns screened. We hope to
clarify this issue in future since the results of this project serve as a
basis for the implementation of a nationwide CF NBS scheme.
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Souhrn

Véasna diagnoza cystické fibrozy (CF) je jednoznaéné povazovana za prognosticky
priznivy faktor i za prikaz dobie fungujici zdravotni péée. Zjisténi o zhoréujici se kli-
nické diagnostice CF v poslednim desetileti nis vedla k tomu, #e jsme zahajili pilotni
studii novorozeneckého screeningu (NS) CF jako potencialniho nastroje zlepseni dia-
gnostiky. V obdobi mezi 1. 2. 2005 aZ 2. 11. 2006 byl zméfen imunoreaktivni trypsin
(IRT) v suchych kapkich krve (na tzv. ,Guthricho® screeningovych kartiékach)
u 76 438 novorozencn z oblasti pokryvajici 62 % populace v CR. U 799 novorozencii
(1,05 %) byla zjisténa koncetrace IRT 75 ng/ml a vy#si, Tato skupina novorozenet byla
povaZioviana za vysoce rizikovou z hlediska CF, a proto u nich byla provedena moleku-
larné-geneticka analyza genu CFTR. Suché kapky s koncentraci IRT 75-150 ng/ml byly
analyzovany na 5 nejéastéjSich mutaci zahrnujicich 83,8 % patologickych alel v CR.
Suché kapky s koncentraci IRT >150 ng/ml a kapky s jednou nalezenou mutaci ze sku-
piny s koncentraci TRT 75-150 ng/ml byly analyzovany na 38 mutaci pokryvajicich
90,8 % patologickych alel genu CFTR v CR. Dvé mutace v obou homolognich genech
CFTR byly nalezeny u 11 novorozencii Jedna mutace byla nalezena u 53 novorozenci.
U jednoho novorozence s 1 mutaci byl potni test pozitivni (C1” >60 mmol/l1); u 45 byl pot-
ni test negativni (C1° <30 mmol/), u jednoho hraniéni (Cl° 30-40 mmol/l; toto dité je dile
sledovano) a u 6 nebyl potni test proveden. Pomoci NS bylo v uvedeném obdobi dia-
gnostikovano 12 déti s cystickou fibrézou a zachyceno 52 heterozygotl - pirenasedéi,
Medidn véku pii stanoveni diagniézy pomoci NS byl 37 dni. U 4 déti byla CF diagnos-
tikovana klinicky pired vysledkem NS. Zjisténa incidence CF 1:6369 je pirekvapivé niz-
&i, neZ by odpovidalo dosud popisované incidenci v CR (1:2736). Pfid¢inou této diskre-
pance muze hyt:

1. zatim stale relativné maly pocet vySetienych novorozencii vedouei k chyhbé
malych &isel;

2, faleind negativita pouzitého modelu screeningu, coZ je velmi malo pravdépodob-
ne;

3. vliv prenatalni diagnostiky a rozhodnuti rodiny provést selektivni pieruseni
téhotenstvi pfi prikazu CF u plodu.

Je ziejmé, e novorozenecky screening CF v podminkach CR je proveditelny a efek-
tivni nastroj z hlediska jednotné a véasné diagnostiky CF. Otevicenou otazkou zistava,
zda byly skuteéné zachycoviny viechny postifené déti, v tomto ohledu jsou nezbytné
dalzi studie.

Kli¢ova slova: cysticka fibriza (McKusick, OMIM 219700), novorozenecky screening,
imunoreaktivni trypsin/trypsinogen, gen CFTR

“uvedené autorky prispély stejnym dilem k realizaeci projektu
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Summary
Newborn Screening for Cystic Fibrosis in the Czech Republic: Results of
a Pilot Study

Early diagnosis of cystie fibrosis (CF) is considered as a favorable prognostic factor
and as a hallmark of a properly functioning health care system. During the last deca-
de evidence for deterioration of early clinical diagnosis of CF in the Czech Republic
became evident. This alarming fact led us to commence a CF newborn sereening (NBS)
pilot project in order to assess its feasibility as an efficient tool for uniform and early
diagnosis of CF in our country. Concentrations of immunoreactive trypsin (IRT) in
dried bleood spois (Guthrie cards) were examined in 76438 newborns born between
1. 2. 2005 and 2. 11. 2006 within a region comprising 62% of the entire Czech populati-
on. IRT concentration of 75 ng/ml and higher was found in 799 newhorns, i.e. 1.05% of
the total. Since these newborns were considered at high risk of CF and panels of popu-
lation specific mutations of the gene CFTR were analysed from respective blood spots.
The five most common mutations of gene CFTR (comprising 83.8% of alleles in CF pa-
tients in CR) were investigated if the concentration of IRT was within the range of
75-150 ng/ml. In addition, 38 CFTR gene mutations (comprising 90.8% of CF alleles in
CR) were examined in blood spots where the concentration of IRT was more than
150 ng/ml and/or if one CFTR gene mutation was found in a dried blood spot with
a lower IRT concentration.

Two CFTR gene mutations were found in 11 newborns, confirming the diagnosis of
CF. A single CFTR mutation was found in 53 newborns. All such cases were subjected
to sweat testing, which was finished in all but 6 newborns. The sweat test was positi-
ve (C1” level =60 mmol/l) in one newborn with one CFTE gene mutation, in one newborn
bhorderline levels were detected (C17 level 30—40 mmol/l, which indicated his long-term
follow-up) and in other 45 newhorns the sweat test was negative (Cl” level <30 mmol/1)
- unaffected carries.

Over the course of our project 12 infants were diagnosed as having CF. The median
of age at diagnosis was 37 days. Interestingly, 4 of these cases were diagnosed clinieal-
lv prior the results of NBS. If data of NBS would have been used alone the extrapola-
ted incidence of the disease (1:6369 newborns) was surprisingly lower than that estab-
lished epidemiologically (1:2736 newborns). This discrepancy could be explained by:

1. a relatively small number of examined newborns, i.e. error due to a small number
of studied subjects;

2. false negativity of utilised screening algorithm, which is however unlikely;

3. impact of prenatal diagnosis where parents have opted for selected termination
of pregnancy.

Authors eonclude that the NBS for CF in conditions of the Czech Republic is an -

effective tool for early and broad based diagnosis of CF. It also complements the cur-
rent deterioration of early clinical diagnosis of the disease. Nevertheless, an unanswe-
red question remains if really all eases of incident CF were ascertained, which neces-
sitates further studies.

Key words: cystic fibrosis (OMIM 219700), newhborn screening, immunoreactive tryp-
sinftrypsinogen, CFTR gene, molecular genetic testing
H.

Uvod

Cysticka fibroza (CF; registraéni &islo OMIM
219700) je autozomalné recesivné dédifné one-
mocnéni postihujici primarné plice, slinivku bfis-
ni, stfeva, jitra, potni #lazy a reprodukéni
systém. Rada dalgich organti byva postiZena
sekundarné, narusen je i stav vyZivy, rist a vivoj
nemocnych. Incidence CF v éfeské populaci byla
stanovena na 1:2736 novorozencn [1, 2, 3, 4]. Kli-
nicky prabéh miuze byt razné zavainy a o délce
#ivota rozhoduje pfedeviim postiZeni plie chro-
nickym zanétem a stav vyzivy. PrestoZe dosud
neni k dispozici kauzalni lécha, délka a kvalita
zivota pacient s CF se v poslednich desetiletich

vyznamné zlepdila a je umérna celkové drov
zdravotni péfe v daném staté [5]. V souéasno:
se nemoeni béiné doZivaji 4. 1 5. dekady #ivo
a napf. v USA, podle aktualni zpriavy Americl
nadace pro CF (www.cfforg), ¢ini stiedni déll
#ivota pacientll 36,8 let. Rozhodujicim faktore
progndzy a adekvatni péée o pacienty s CF
véasnost diagndzy [B, 7). JiZ v roee 1970 by
popsano [8], Ze véasna lécha presymptomaticl
diagnostikovanych pacienta vyznamné prodluz
je jejich dobu pieziti a kvalitu Zivota. Nedawn
studie dokazuje, Ze pacienti s CF diagnostikov
ni do 2 mésicn véku maji dlouhodobé lepéi kling

Pro véasnou diagnostiku choroby se nabi
vyuzit metody novorozeneckého screeningu (Nf
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Hlavni argumenty pro provadéni NS CF lze shr-

nout do nasledujicich bod [9, 10, 11, 12, 13]:

— Choroba je vyznamnym celospoletenskym pro-
blémem.

— Je relativné éasta.

— Véasna diagnostika zkvalithuje a lze predpo-
kladat, ze i prodluzuje Zivot pacientt (zlepseni
stavu nutrice, zlepSeni ristu, prevence plicni-
ho postizeni).

— Viasna diagnostika je prevenci tmrti = nedia-
gnostikované choroby — nap#, v metabolickém
solném rozvratu kojenct.

— Predpoklidané naklady NS jsou mensi nei
naklady lééby komplikaci choroby z pozdni dia-
gnostiky,

— Viasnid diagnostika redukuje stres rodiny
s chronicky nemocnym ditétem s nejasnou pii-
éinou obtiZi pfi pozdni diagnostice a tim i obee-
né zvysuje divéru ve zdravotnicky systém.

— Véasna diagnostika poméaha optimalizovat
genetické poradenstvi a informovanou repro-
dukei v rodinach s prvorozenym ditétem s CF.
Pti absenci NS CF neni ojedinéla situace, kdy
je CF diagnostikovana u stariho sourozence
az na zakladé prikazu choroby u mladgiho
souTNZence.

— P celoplofném provadéni NS CF lze efektiv-
néji soustfedovat pacienty do klinickych center
a tim odstrafnovat event. nerovnomérnosti
v péci.

Z hlediska véasnosti diagnostiky CF v Ceske
republice jsme bohuzel v poslednich letech sveéd-
ky velmi nepiiznivého vivoje [14]. Do roku 1998
byl median viéku pii diagnéze 0,58 roki. V obdo-
bi let 19992005 doslo k signifikantnimu zvyseni
medidnu véku pii stanoveni diagnézy na 1,2
roky. Navic pacienti pfichdzeli ve velmi Spatném
stavu vyZivy amebo s nevratnymi plicnimi zmé-
nami.

Uvedené skutefnosti nas vedly k zahajeni
pilotni studie NS CF jako moZného nastroje zlep-
feni diagnostiky tohoto onemoenéni v Ceské
republice.

Snahy o celoploiné vySetfovani novorozenci
s cilem presymptomatické diagnostiky CF se
datuji od zaéatku druhé poloviny 20. stoleti. Vyz-
namnéjsi pokrok nastal az ke konci 20, stoleti se
zavedenim tzv. vicestupfiového screeningu.
V prvnim stupni (kroku) je ¥ suché kapce krve na
filtra¢nim papirku (tzv. ,Guthrieho® screeningo-
vé kartifce) zméFen imunoreaktivni trypsin
(IRT). Pomoci tohoto biochemického parametru
s vysokou senzitivitou, ale bohugZel nizkou speci-
ficitou, je vyselektovdna skupina novorozenci
s vysiim rizikem CF. Teprve aZ v této skuping
novorozencit jsou ve druhém stupni vyhledani
pacienti s CF pomoci dalgiho analytického kroku.
V soufasné dobé je to predeviim piimym vydetie-

nim populaéné specifického spektra mutaci
v genu CFTR. Molekuldrné-genetické vySetieni
DNA se provadi bez potieby dalidiho odbéru krve,
piimo v té suché kapee krve na screeningové kar-
tiéce, kde byla zjisténa vysoka koncentrace IRT.
Tento model NS CF se nazyva vicestupiovy seree-
ning metodou IRT/DNA, resp. IRT/'DNA/IRT,
pokud do modelu sereeningu je zahrnuto opako-
viani odbéru suché kapky krve (tzv. ,recall®) po
nékolika tydnech Zivota u déti s extrémné vyso-
kou koneentraci IRT v prvnim odbéru a s nega-
tivnim molekularné-genetickym vySetfenim.
Podrobny prehled metod NS CF, jeho dokazanych
i pfedpokladanych pfednosti i moznych nevyhod
byl pfedmétem samostatného souborného refera-
tu [15]. Jednoznaény, odbornou vefejnosti obecné
pFijaty model NS CF dosud nebyl ustanoven
a v jednotlivich statech se screeningové modely
dosud odlizuji.

Hlavnim cilem pilotni studie bylo ovéiit prove-
ditelnost a uéinnost zvoleného modelu NS CF
v podminkach Ceské republiky, piedeviim z hle-
diska zlep#eni diagnostiky a tim i péce o pacien-
ty s CF. Vysledky by mély slouzit jako podklad
pro rozhodovani o event. zavedeni pravidelného
celoploéného provadéni tohoto sereeningu Minis-
terstvem zdravotnictvi Ceské republiky.

Soubor, metodika

V ohdobi od 1. 2. 2005 do 2. 11. 2006 bylo vyset-
feno 76 438 novorozenci ze ,spadové® oblasti
laboratofe novorozeneckého sereeningu Kliniky
déti a dorostu UK 3. LF a FN Kralovské Vinohra-
dy, Praha. Oblast pfedstavuje 100 noverozenec-
kych oddéleni v éeskych krajich a pokryva 62 %
porodnosti v Ceské republice. Z technicko-ekono-
mickych divoda pilotni studie poéet vy3etienych
novorozenca piredstavuje 71,8 % wSech naroze-
nych (107 149) v dané oblasti a obdobi (diskonti-
nuita finanénich zdroji a omezena personalni
kapacita grantového projektu zphsobila éasové
chranifené vypadky provadéni screeningu napf,
na pirelomu rokii é v dobé letni dovolené).

Primérnim vySetfovanym materidlem hyly
zaschlé kapky krve na sereeningovyeh kartickach
zaslanych do laboratofe v ramei béZného novoro-
zeneckého sereeningu. Krev se odebirala novoro-
zencum mezi 72-96. hodinou #ivota, metodou
tzv. suché kapky z patifky, bez potieby navysova-
ni ohjemu vzorku pro tfely pilotni studie. Od
rodiéd byl ziskdvian informovany souhlas rozéive-
nim informovani o bé#ném novorozeneckém scree-
ningu, zpusobem obvyklym na kaZdém jednotli-
vém novorozeneckém pracoviiti, o informaci
o této studii, s moZnosti odmitnuti Géasti.

Koncentrace TRT byla méfena pomoei fluoro-
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I RT Q IRT = 75 ng#ni
MEGATIVMI 1. KROK
1. KROK proband je bez awsengho rizka
Koncentrace |RT ; pr CF = déle navySetfovan
v suchych kapkach HODOYE GlsLD |
IRT == 75 ngmi
POZITIVNI 1. KROK
proband ma awSané riziko
pro CF = dale vysetfovan
D N A IRT 75-150 ng/ml IRT =150 ng/mil
2 KROK analyzovana & mutaci nebo IRT 75-150 ng/ml + nalaz 1 z 5 mutaci
Analyza genu GFTA (83,8 % viach mutaci u pacientl v GA analyzovano 38 mutacl
va stejné suché (90,8 % vEech mutaci u pacientd v CR)
kapce krve
z 1. kroku
Malezeny 2 mutace Malazana 1 mutaca Zadna mutace
POZITIVHI 2. KROK = heterozygot nebo 1 netestovana mutace = zdravy nebo 2 netestovans m.
proband ma dg, CF POZITIVNI Gl NEJASNY 2. KROK MEGATIVNI & NEJASNY 2. KROK
c» bidba a sledovani = u probanda je proveden patni tesl e dal¥l postup zavisi na IRT v 1. kroku
Pfi pozitivnim potnim testu potvrzena dy. CF IR T== 200 ng/ml IRT-= 200 ng/mil
= letha a sledovani NEJASNY 2. KROK NEGATIVNI 2. KROK
= proband dale vySetiovan = praband dale nevysaifovan
Pfi negativnim potnim testu potvrzen
zdravy heterozygot o> geneticke paradenstvi

|| { l IRT== 50 nginl do 42, dne Zvota IRT=< 50 ng/ml do 42 dne Zivota
naba == 30 ng/ml ve veku 42-70 dni nebo = 30 ng/ml ve waku 42-70 dni
3. KROK NEJASNY 3. KROK NEGATIVMI 3. KROK
Recall = opakovani IRT = u probanda je provaden potni test = proband dale nevySetiovan
v daléi suchd kapce
za 4-10 tydni

'

Pii pozitivhim potnim testu potvzena dg.
CF = latba a sledovani

Ffi nagativnim potnim testy
zdravy proband = dale nevysatiovan

Obr. 1. Schéma protokolu pilotni studie novorozeneckého sereeningu cystické fibrozy v Ceské repub-
lice, model IRT/DNA/IRT.
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imunoeseje komerénim kitem Delfia® Neonatal
IRT firmy Wallac Oy, Turku, Finsko. Vysledna
fluorescence byla vyhodnocena pomocei fluoromet-
ru Delfia 1232 stejného vyrobcee.

Ve stejnych suchych kapkach krve, ve kterych
byla zjisténa zvySena koncentrace IRT, byla
nésledné provedena molekularné-genetickd ana-
lyza souboru nejéastéjsich, populaéné specific-
kych mutaci v genu CFTR nasledujicimi metoda-
mi; mutace F508del pomoci PCR-fragmentaéni
analyzy za pouZiti fluorescenéné znacenych pri-
mera [16]; mutace CFTRdele2,3(21kb) byla
vysetfena pomoci PCR spojovaciho fragmentu
zlomové oblasti této delece [17] a mutace G551D,
R553X a N1303K pomocei standardni fragmento-
vé analyzy pil Stépeni amplikonl specifickymi
restrikénimi endonukledzami (RFLP) [18, 19].
Zbyvajici analyzované mutace byly vyvietieny
soupravou CF 38 (Research Prototype Assay,
Roche Molecular Systems, USA) [20, 21].

V suchych kapkach krve s koncentraci IRT
75-150 ng/ml bylo vydetieno 5 nejéastéjsich
mutaci (F508del, CFTRdele2.3(21kb), G551D,
R553X, N1303K), které zahrnuji 83,8 % patolo-
gickych alel u pacienti s CF v CR. Suché kapky
s koncentraci IRT =150 ng/ml a kapky s jednou
nalezenou mutaci ze skupiny s koncentraci IRT
76150 ng/ml byly analyzovdny na 38 mutaci
(F508del, I507del, G551D, GH42X, N1303K,
1717-1G>A, W1282X, R553X, R347P, R334W,
3849+10kbC>T, 62141G=T, A455E, ShH49N,
R560T, CFTRdele2.3(21kb), R117H, 2143delT,
175insT, EGOX, GB5E, 394delTT, Y122X, 1148T,
T11+1G>T, 1078delT, 1811+1.6kbA>G,
1898+1G=A, 2183AA=A, 2184delA, 2789+5G=4A,
3120+1G=A, 3272-26A-G, Y1092X, R1162X,
3659delC, 3905insT, S1251N, vwietné variant
1606V, 1507V, F508C a IVSA-Ti5/7/9)). Toto
spektrum pokryva 90,8 % patologickych alel
u pacienta s CF v CR.

V piipadé nidlezu dvou nebo jedinég mutace
v genu CFTR byl proband (poté, co jeho rodina
podepsala informovany souhlas) pozvan k potni-
mu testu pomoci pilokarpinové iontoforézy. Pfi
potvrzeni laboratorni diagndézy CF potnim testem
byl pacient zarazen do dlouhodobé klinické péce
a antropologického sledovani v ramei piislugného
Centra CF. Pii potvrzeni heterozygotniho stavu,
tj. nosiéstvi CF, bylo rodi¢tim probanda nabidnu-
to specializované genetické poradenstvi. Tato
sluzba byla rovnéz automaticky poskytnuta rodi-
nam, kde bylo diagnostikovano prvni dité s CF.
V pfipadé negativniho molekuliarné-genetického
vySetfeni v kapkach krve s velmi vysokym IRT
(200 ng/ml a vice) bylo vyZadano (opét po podpisu
informovaného souhlasu rodi¢i pacienta) opako-
vani nabéru suché kapky, tzv. recall. V pfipadé,
ze nedoslo k poklesu IRT, byl proband pozvan

k provedeni potniho testu. Schéma zvoleného
modelu NS CF je uvedeno na obrazku 1.

Vysledky

Vysledky pilotni studie jsou sumarizovany
v tabulee 1. Koncentrace IRT v suchych kapkach
krve 75 ng/ml a vy5&i byla zjisténa celkem u 799
novorozencl, coZ predstavuje 1,05 % viech vySet-
fenych. V téchto suchych kapkach krve byla pro-
vedena molekulirné-geneticka analyza penu
CFTR. U 683 probandi s koncentraci IRT 75-150
ng/ml bylo primarné vysetieno 5 mutaci. U 116
probandi s koncentraci IRT >150 ng/ml bylo pri-
marné vysetfeno 38 mutaci genu CFTR v té samé
suché kapce krve, kde byla gjidténa vysoka kon-
centrace IRT. 37 mutaci bylo testovano i u 43 pro-
bandii s koncentraci IRT 75-150 ng/ml a nalezem
1 mutace v genu CFTR,

Obe mutované alely genu CFTR byly nalezeny
u 11 novorozenci. Jedna mutovana alela genu
CFTR byla nalezena u 53 novorozencii.

U jednoho novorozence s nalezem jedné muta-
ce byl potni test pozitivni (ClI” >60 mmol/1).
Naslednym roziifenym molekulirné-genetickym
vyietifenim byla prokdzdna mutovana i druha
alela (mutace 336K, ktera nebyla zahrnuta ve
spektru 38 primarné vyietfovanych mutaei).

U 45 déti s 1 nalezenou mutaci byl potni test
negativoni (Cl” <30 mmol/l), rodiny podstoupily
genetické poradenstvi. U 1 probanda byl vysle-
dek potniho testu hraniéni (C1° 3040 mmol/1)
a tento je dale sledovan. U 6 nebyl potni test pro-
veden (3x odmitnut v ramei informovaného sou-
hlasu, 1 proband zemfel na vrozeny nefroticky
syndrom pied provedenim testu a 2 kojenci zatim
potni test nepodstoupili). VSechny probandy
s 1 mutaci a nepotvrzenou CF povafujeme pii
sumarizaci vysledki za zdravé heterozygoty.

U 38 novorozench s velmi vysokou koncentraci
IRT v prvnim kroku (200 ng/ml a viee), u kterych
nebyla nalezena ZAdna mutace v genech CFTR,
byl ve véku 3-10 tydni vyZidan opakovany odbér
suché kapky krve (tzv. ,recall”). Koncentrace IRT
poklesla v opakovaném odbéru do negativnich
hodnot (tj. pod 50 ng/ml ve véku do 42. dne, resp.
pod 30 ng/ml ve wéku 42-70 dni) u 18 z nich. Ve
4 piipadech nedo&lo k poklesu IRT do negativ-
nich hodnot a u 2 nebyl odbér ziskan v poZadova-
ném éase. U téchto 6 kojenct byl ,recall” povazo-
vin za pozitividi a byli pozvani k provedeni
potniho testu. Zatim byl proveden u 4 z nich,
s negativnim vysledkem. ,Recall” byl 5x v rameci
informovaného souhlasu odmitnut a v 9 piipa-
dech neni vySetfeni ukonfeno. 38 opakovanych
odbéri (,recalli”) v nasi kohorté vysetfenych
novorozenci predstavuje éetnost potfeby opako-
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Tab. 1. Vysledky pilotni studie novorozeneckého sereeningu CF v Ceské republice.

[ Potet vySetienych novorozencd (n): 76 438
Podet probandi s IRT v suché kapee == 75 ngfml (n): 799
Potet diagnostikovanych pacienta s CF (n): 12

(11x na zdakladé nalezu 2 mutaei,
1x na zakladé nalezu 1 mutace
+ potni test)

Incidence CF ve sereenované kohorté novorozenci:

1:6369

Genotypy zachyeenych pacientii:

4x Fa08del/ Fa0sdel

2x F508del/G551D

1x F508del’2143delT
1x F508delT336K

1x Fi08del N1303K

1x FE08del/{CFTRdele2,3
1x FR08del/3849+10kLC=T

1x F508del/R117TH

Vék pii diagnize (dny) median: a7
rozsah: 26-54

Poéet probandi s nalezem 1 mutace (heterozygoti)

genu CFTHR (nk 52

Incidence heterozygott (v populaci novorozenci

8 IRT == 75 ng/ml): 1:154

Vysledky potniho testu u heterozygota (ni:

Negativni (Cl v potu <30 mmaoll): 456
Hranitni (Cl v potu 30—40 mmol1): 1
Potni test zatim neproveden: 6

Poget ,recalli” — 2adna mutace + IRT =200 ng/ml (n):

38

Vysledky ,recalld” (n}:

Negativni: 18
Pozitivni: 6
Odmitnut: 5

Dosud neproveden: 9

Vysledley potniho testu u pozitivnich  recalla® in):

Negativni (Cl v potu <30 mmol1): 4
Potni test dosud neproveden: 2

Tab. 2. Koncentrace IRT v jednotlivich skupindch probandi. P-hodnota byla vypoéitana pomocei

Mannova-Whitneyova testu.

V nihodné vybrané é4sti populace novorozenci, n = 6433 (median, rozsah):

20,2 (2-389,7) ng/ml

n = 736 (medidin, rozsah):

Skupina A: probandi s IRT = = 75 ng/ml a Zédnou mutaci v CFTR genech,

95,7 (75-910) ng/ml

Skupina B: probandi & [RT > = 75 ng/m! a 1 mutaci

v OFTR genu (= heterozygolil, n = 52 (imedidn, rozsah):

90,2 (75—424) ng/ml

Skupina C: probandi s IRT > = 75 ngml a 2 mutacemi
v OFTR genech (= pacienti &8 CF), n = 12 imedian, rozsah):

149,2 (78-352,7) ng'ml

P-hodnota — skupina C versus skupina A: 0,05
P-hodnota — skupina C versus skupina B: 0,07
P-hodnota — skupina B versus skupina A: | 0,68

vani screeningu pro nejasny vysledek (tzv. recall
rate”) 0,05 %.

Celkem jsme pomoci novorozeneckého scree-
ningu ve vysetfené kohorté novorozenca diagnos-
tikovali 12 déti s cystickou fibrdzou, coi piedsta-
vije incidenci 1:6369. Medidn véku pfi stanoveni
diagndzy pomoci NS éinil 37 dnt (rozsah 26-54).
V 8 piipadech byla diagndza stanovena presymp-
tomaticky, ve 4 pripadech v dobé vysledku NS jiz
mély postifené déti diagndzun stanovenou na
zdkladd klinickych priznakil (mekoniovy ileus,
bronchopneumonie).

Budeme-li predpokladat, ze viech 52 probandua
s nalezenou 1 mutaci genu CFTR jsou zdravi
heterozygoti, tak frekvence heterozygotii v popu-
laci novorozenci s IRT 75 ng/ml a vice byla 1:15,4
(6,5 %)

V tabulee 2 jeou uvedeny mediany koncentraci
IRT v jednotlivyich skupinach probandi. Statis-
ticky vyznamny vydel rozdil mezi koncentraci
IRT pacientti s CF a ostatnich novorozenca & IRT
75 ng/ml a vysiim. Testovat vyznamnost rozdili
koncentrace IRT heterczygotu ¢ pacienta s CF
viléi béZné populaci novorozencd nema logické
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opodstatnéni, protoze primarné byli k DNA ana-
lyze vybirani probandi s koncentraci IRT nad
98,95, percentilem.

Diskuse

Méieni koncentrace IRT v prvnim kroku NS
CF slou#i k vyselektovani populace novorozenci
s vys8&im rizikem pro CF. Vysokda koncentrace
tohoto pro pankreas specifického proteinu je zpi-
sobena jeho tinikem do cirkulace z poskozenych
bunék acini pankreatu pi1 blokadé pankreatic-
kych vivodnych cest hvperviskoznim hlenem [22,
23]. 5 postupujici atrofii pankreatu koncentrace
IRT v krvi pacientt s CF klesa [24, 25]. Vysokou
koneentraci IRT ma v8ak i ¢éast zdravyeh novoro-
zencll, vliv ma etnicky piavod, IRT miiZe byt
zvyseno nasledkem hypoxie, vv&di je i u heterozy-
goth pro CF, pfi virovém onemocnénd, u chromo-
somalnich aberaci a pfi nékterych vrozenych
v¥vojovych vadach ledvin, srdee a neurilni trubi-
ce [26, 27, 28, 20]. Naopak pacienti 8 CF mohou
mit nizkou koncentraci IRT ve screeningovych
suchych kapkéich krve v pfipadé mekoniového
ileu [30] nebo pfi nezralosti (porod pred 32. tyd-
nem gestace) [24]. Zasadni otdazkou v modelu NS
CF je nastaveni hodnoty selekéni, cut-off*, kon-
centrace IRT v prvnim kroku. Jinymi slovy jde
o rozhodnuti, jaka £ast bééné populace novoro-
zencll bude povafovina za rizikovou pro CF
a bude u nich nasledné provedena analyza muta-
¢i v genu CFTR. V tomto bodé se modely NS CF
v jednotlivych statech znaéné lidi. Hodnotu kon-
centrace IRT pro .cut-off* lze nalézt mezi
90.-99,5. percentilem, tzn, Ze DNA vySetieni se
provadi u 0,5—-10 % populace novorozencii |31, 32,
33, 34]. V poslednich letech 1ze pozorovat tenden-
ci k poklesu procenta novorozenecké populace,
u kterych je DNA analyza provadéna. Jako
selekéni cut-off* koncentrace IRT pievlada
99.-99,5. percentil [35]. V nafem modelu byla
DNA vySetfena u 1,06 % novorozencii, odpovida-
Jici percentil IRT pro ,cut-off* byl tedy 98,95,
Nabizi se logicka otazka, zda takovéto nastaveni
scut-off nemiize byt zdrojem faleiné negativity
NS CF. Jednoznainou odpovéd z nadi studie ne-
lze dat, lze se pouze opirat o ¢itované zahraniéni
zkusgenosti, kde prevlada nazor, fe DNA testova-
ni probandd s IRT nad 99.-99,5. percentilem je
dostatetné senzitivni z hlediska zachytu pacien-
th. Zvétdovani poftu testovanych novorozenet
nevede k vySai senzitivité, pouze se zvyiuje podet
zachycenych zdravych heterozygott a viznamné
stoupaji ekonomické naklady na screening.

Jedendct pacientt 5 CF bylo diagnostikovano
piimo v druhém stupni screeningu na zikladé
nalezu 2 mutaci genu CFTR. Jeden pacient hyl

zachycen na zdkladé potniho testu pii prikazu
jedné patologické alely. Niaslednou rozéifenou
analyzou byla na druhé alele nalezena vzacna
mutace I336K pomoci pfimého sekvenovani genu
CFTR. Median véku pii stanoveni diagnézy jed-
noznafné svédéi pro véasnost zachytu pacienth.
Otdzkou zistava v¥znam zachytu pacienta s mir-
nou formou choroby (F508del/R11TH), jejiz pri-
béh mtze byt variabilni nebo a# prakticky
asymptomaticky, Nékteii autofi [36] povazuji
tuto mutaci spife za benigni variantu a nedopo-
rucuji ji zafazovat do panelu NS CF. Dilefité je
i provedeni takzvaného reflexniho testu u této
mutace vySetfenim konstituce potencialné pato-
genni varianty IVS8 Tin), kde nélez komplexni
alely 5T-R117H” je spojen s relativné horiim
klinickym pribéhem CF neZ u kombinace
1 T-R117TH" nebo 9T-R117H".

Neni bez zajimavosti, 1 kdy# se nejedna o pii-
my vysledek NS CF, Ze na zdakladé diagnozy CF
u 3 probandf z na&i kohorty byla nasledné dia-
gnostikovana CF i u jejich 3 star&ich sourozencii.
Ti byli zachyceni ve véku 3 aZ 13 let a meéli pii-
znaky CF!

Viichni diagnostikovani pacienti byli zafazeni
do klinickych center pro CF k léébé, klinickému
a antropologickému sledovani a rodiny podstou-
pily genetické poradenstvi.

Zjisténa incidence CF 1:6369 je prekvapivé
niz#, nei by odpovidalo dosavadni, empirické
incidenci v CR (1:2736) |1, 2, 3, 4]. Moznou piii-
nu této diskrepance lze hledat:

L. v zatim stile relativné malém poétu vySetie-
nych novorozenci, tj. v chyhé malyeh éisel;

2. ve faleiné negativité screeningu, co# je viak
velmi mélo pravdépodobné;

3. ve vliva prenatalni diagnostiky CF, kdy se
v pozitivnich p#ipadech rodiny rozhodly pro
selektivni pirerufeni téhotenstvi,

Z dostupnych informaci bylo zjigténo, ze v uve-
deném obdobi bylo ve spadové oblasti pilotni stu-
die téhotenstvi pferuseno z davoeda CF v 8 piipa-
dech. Takto korigovand incidence by pak éinila
1:3821, coZ odpovida i naleziim z posledni doby
v ostatnich evropskych zemich provadgjicich NS
CF. Zatim nebyl zjiftén pfipad klinicky diagnos-
tikované choroby, kterd by unikla zachytu seree-
ningem.

Cetnost heterozygoti ve skupiné novorozencii
s elevovanym IRT 1:15,4 (6,5 %) je téméi 2x vys-
&l neZ v béiné deské populaci (1:26, 3,8 %) [3, 4.
Vedlejgim ,produktem® NS CF je tedy 1 rozéifova-
ni genetického poradenstvi a informované repro-
dukece. Na druhé strané je ziejmé, ze 52 zachyce-
nych heterozygoti pfedstavuje jen eca 2 % viech
heterozygotil ve vyfetfované kohorté novorozen-
ci (poufijeme-li populaéné genetické zakony)
a 98 % heterozygoti (odhadem 2900 jedinch)
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uniklo zachytu, protoze jejich IRT byl pod cut-
off. Pochopitelné detekei heterozygotii nelze
povazovat za hlavni cil NS CF.

Cetnost opakovani nabéru suché kapky pro ne-
jasny vysledek screeningu (,,recall rate®) 0,05 % je
ve srovndani s jinymi screeningovymi programy
extrémné nizka (napi. u kongenitalni adrenalni
hyperplazie byva ,recall rate” 0,3-0,5 %, u konge-
nitalni hypotyredzy a fenylketonurie 0,1-0,2 %)
Tato hodnota neznehodnocuje NS CF nepiiméie-
nou zatéZi zdravé édsti populace a ani nebude pii
event. celoplofném pravidelném provadéni NS
CF vyznamnéji zvysovat kumulativni ,recall
rate” s ostatnimi screeningy.

Zavéer

Vysledky nagi studie povazujeme za dukaz pro-
veditelnosti novorozeneckého screeningu cystické
fibrézy v podminkich Ceské republiky i jeho
efektivity z hlediska viasnosti diagnostiky této
choroby. Jeho celoploiné pravidelné provadéni by
bylo zasadnim néstrojem zlepSeni péée o pacien-
ty 8 CF a zkvalitnénim zdravotniho systému
v nagem staté, Nezodpovézenou otazkou zlstava,
zda pouzity model NS CF skuteéné zachytil
viechny postiZené déti.

Price vznikla za podpory grantu IGA MZ
CR 1A/8236-3.
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Abstract

Background: Cystic fibrosis (CF) is a recessively inherited condition caused by mutation of the CFTR gene. Newborn infants with CF have
raised levels of immuno-reactive trypsinogen (IRT) in their serum. Measurement of IRT in the first week of life has enabled CF to be
incorporated into existing newborn screening (NBS) blood spot protocols. However, IRT is not a specific test for CF and NBS therefore
requires a further tier of tests to avoid unnecessary referral for diagnostic testing. Following identification of the CFTR gene, DNA analysis
for common CF-associated mutations has been increasingly used as a second tier test. The aim of this study was to survey the current practice
of CF NBS programmes in Europe.

Method: A questionnaire was sent to 26 regional and national CF NBS programmes in Europe.

Results: All programmes responded. The programmes varied in number of infants screened and in the protocols employed, ranging from
sweat testing all infants with a raised first IRT to protocols with up to four tiers of testing. Three different assays for IRT were used; in the
majority (24) this was a commercially available kit (Delfia™). A number of programmes employed a second IRT measurement in the 4th
week of life (as the IRT is more specific at this point). Nineteen programmes used DNA analysis for common CFTR mutations on samples
with a raised first IRT. Three programmes used a second IRT measurement on infants with just one recognised mutation to reduce the number
of infants referred for sweat testing. Referral to clinical services was prompt and diagnosis was confirmed by sweat testing, even in infants
with two recognised mutations in most programmes. Subsequent clinical pathways were less uniform. Multivariate analysis demonstrated a
relationship between the age of diagnosis and the timing of the first IRT. More sweat tests were undertaken if the first IRT was earlier and the
diagnosis was later.

Conclusions: Annually these programmes screen approximately 1,600,000 newborns for CF and over 400 affected infants are recognised.
The findings of this survey will guide the development of European evidence based guidelines and may help new regions or nations in the

development and implementation of NBS for cystic fibrosis.

© 2006 European Cystic Fibrosis Society. Published by Elsevier B.V. All rights reserved.

Keywords: Cystic fibrosis; Neonatal screening; Europe; IRT; Diagnosis

1. Introduction

Cystic fibrosis (CF) is caused by mutation of the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR)
gene [1]. In parts of Europe, the incidence can be as high
as 1 in every 1000 births with Caucasians affected more
frequently than other ethnic groups [2]. The heteroge-
neous nature of the condition to some extent reflects the
large number of mutations that can affect the CFTR gene
and the impact of other gene modifiers [3]. With the
“classic” severe phenotype, outlook without treatment is
poor with death frequently occurring in the first decade of
life [4]. Prognosis has improved significantly with early
and active treatment of chest infection and an holistic
approach to management with particular attention to nu-
tritional well being [5]. However, even with modern treat-
ment regimens death during childhood is still occasionally
reported [6,7].

Infants with a “severe” phenotype often have a short
asymptomatic neonatal period and recognition in the 1970s
that CF infants have high serum immunoreactive trypsino-
gen (IRT) levels, prompted the suggestion that CF may be a

suitable condition for newborn screening (NBS) [8]. A raised
IRT in the first week of life is a sensitive test for CF but not
specific and a second “tier” of testing avoids an inappropriate
number of families presenting to clinical services for
definitive diagnostic testing [9,10]. In early protocols, the
second tier involved repeating the IRT measurement at 3—
4 weeks when a raised level is more specific for the condition
[10]. A second tier by DNA analysis has become more
widely used since recognition of the CFTR gene in 1989.
Advantages of DNA analysis are that it can be undertaken on
the original blood spot sample and provides a specific result
with the recognition of two CF causing mutations [11-13]. A
potential disadvantage of DNA analysis is carrier recognition
[14,15]. Increased sweat chloride concentration remains an
important diagnostic marker of CF, particularly when
preliminary DNA analysis is negative or not fully informa-
tive, and sweat testing is an integral component of CF
newborn screening [16].

The European CF Society has established a Working
Group to examine and co-ordinate newborn screening for CF
across Europe. Objectives include mapping the current
situation, producing guidelines on critical issues and
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facilitating the implementation of CF NBS. More than 70
experts from various European countries have been invited
to take part in this project. In order to achieve a
comprehensive picture of the situation in Europe, a
questionnaire was circulated to European CF NBS pro-
grammes to survey current practice.

2. Materials and methods

The questionnaire was developed by a focus group and
divided into sections (Fig. 1): screening protocol, sample
collection (who collects and how, collection day), immuno-
reactive trypsinogen (levels, centiles, when tested, how
tested), genetic analysis (what mutations, techniques,

PROTOCOL DESCRIPTION

informed consent issues), sweat test (suggested age, positive
and borderline values, techniques), diagnosis (diagnostic
criteria, communication to the family), follow-up (clinical
protocols, segregation issues), data storing (informatics
tools, card storage), epidemiology (numbers of screened
newborns, identified CF cases, carriers, false positives, false
negatives). Aside from false negatives respondents were
asked to reflect on their current practice.

The questionnaire was sent to all established CF NBS
programmes in Europe known to the focus group. CF
physicians and societies in all European countries were
approached to achieve as complete an inclusion of
programmes as possible. Recipients were contacted and
encouraged to complete the questionnaire.

a.1 Please describe your CF neonatal screening protocol, and specify if it is an established programme or a
pilot study. The sequential steps leading from IRT to diagnosis should be briefly outlined.

SAMPLE COLLECTION

b.1 Please briefly describe how the blood samples for IRT are collected and spotted, and by whom.
b.2 Which other (routine as well as experimental) neonatal screening analyses are performed on the

collected bloood samples?

b.3 How many blood spots are collected per newborn?

b.4 What percentage of samples results inadequately smeared on the card, thus not allowing IRT

determination?

b.5 How are the parents informed about the screening procedures and aims? Do they have to give their

consent? If so, written or oral consent?

b.6 At what age (range) do you advice the maternity wards staff to collect the sample for IRT (heel prick for

the Guthrie card)?

b.7 Please give details about dried blood spots mailing to the screening laboratory (wrapping, average

delivery time, etc.)

b.8 If your screening strategy includes resampling (recalling IRT-positive neonates for a second blood spot),
at which age (range) is the second sample collected, who contacts the family, and what is told to the

parents?
b.9 Comments (if any)

IRT
c.1 What is the IRT technique you use?

c.2 What is the level (microgr/l) of your current cutoff for IRT at birth?
¢.3 What is the centile of your current cutoff for IRT at birth, and how did you calculate it?

c.4 Do you periodically adjust your IRT cutoff level?

¢.5 If your screening strategy includes resampling, what is the level (microgr/l) of your current IRT cutoff for

the second sample?

c.6 If your screening strategy includes resampling, what is the centile of your current IRT cutoff for the

second sample, and how did you calculate it?

c.7 Are there any cases where you proceed to your protocol second step even though IRT at birth was below
the cutoff? If so, in which cases (positive family history, meconium ileus, others?)

¢.8 Do you perform any internal IRT quality control?

¢.9 Do you participate in any external (national or international) IRT guality control program?

¢.10 Comments (if any)

GENETIC ANALYSIS

d.1 Do you test IRT-positive neonates for CF mutations?
d.2 How many and which mutations do you test for?

d.3 What is the frequency of these mutations in your population?

d.4 What technique do you use for genetic analysis?

d.5 Do you resample or sweat test neonates with extremely elevated IRT when no CF mutations are

identified?
d.6 Comments (if any)

SWEAT TEST
e.1 From which age do you perform sweat test?
e.2 What technique do you use?

e.3 Do you perform sweat tests in only one laboratory? If not, in how many?
e.4 How many sweat tests per year are performed per lab?
e.5 What is the minimum amount of sweat you need in order to consider the test reliable (mgs)?

e.6 What is your chloride borderline range?

e.7 Do infants have a confirmatory sweat test even if two mutations are detected?

e.8 Comments (if any)

Fig. 1. Questionnaire.
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DIAGNOSIS

f.1 What are your criteria for making a CF diagnosis in a screened newbron?

f.2 Do you perform further diagnostic procedures in case a CF diagnosis is uncertain, and if so, which
diagnostic procedures do you use?

.3 Who communicates the diagnosis to the parents?

.4 How long does it take between birth and diagnosis communication to the family?

.56 Do you communicate the diagnosis by letter, phone, personal contact, or how else?

1.6 What are the main concept you convey to the parents when the diagnosis is communicated?

1.7 Do you refer parents of identified CF newborns for genetic counselling? When do you refer them?
1.8 Are parents of incidentally identified carriers notified? Are they referred for genetic counselling? How
many of them accept the offer of genetic counselling?

.9 Comments (if any)

FOLLOW UP

g.1 To what sort of clinical institution is the family referred after the diagnosis?

g.2 What is the average time span between diagnosis communication and the first clinical evaluation?
g-3 Are identified CF newborns admitted to the hospital for clinical evaluation?

g.4 Are precautions taken to prevent early acquisition of Pseudomonas aeruginosa in the hospital? If so,
please specify them.

g.5 Are identified CF newborns included in specific follow-up protocols and/or treated according to special
guidelines?

9.6 Are borderline chloride cases included in any specific follow-up protocol? Please, briefly describe it.

g.7 Comments (if any)

DATA AND CARDS STORING

h.1 Please describe briefly your database for data processing and storing.

h.2 How and for how long do you store Guthrie cards?

EPIDEMIOLOGICAL DATA

i.1 For how long has your CF neonatal screening programme been running?

i.2 How many neonates do you screen per year?

i.3 How many neonates per year have birth IRT above your chosen cutoff?

i.4 How many sweat tests related to neonatal screening do you perform per year?

i.5 How many affected neonates do you detect per year?

i.6 How many heterozygous neonates do you detect per year?

i.7 How many false negatives are you aware of since the beginning of the programme?

i.8 Are CF patients missed by neonatal screening reported to you?

i.9 What have been the causes of missed cases (IRT below cutoff in first/second sample, other mutations

than tested for, or other; please specify)
i.10 Comments (if any)

Fig. 1 (continued).

When not otherwise specified quantitative data are
reported as median, with interquartile ranges in brackets.
Univariate statistics results are not reported when less than
50% answers were obtained. Multivariate analysis takes into
account outliers.

3. Results

Twenty-six questionnaires were sent in 2004/2005 and all
were returned: 7 from the UK, 1 (nationwide) from France,
12 from Italy, 3 from Spain, 1 (nationwide) from Austria, 1
from Poland and 1 from the Czech republic (Table 1). Some
questions were not answered, either because they did not
apply to the programme or the data were not available to the
person completing the questionnaire.

3.1. Descriptive results

3.1.1. Programme size and performance

IRT measured from a blood spot sample taken during the
first week of life was the initial step of all programmes (IRT-
1). Subsequently, a wide variety of protocols were reported
ranging from moving directly to sweat testing infants with a
raised IRT-1 to protocols involving four steps (Table 1). The

number of infants screened ranged from 8000 to 800,000.
From these data, we could calculate that incidence ranges
from 1/2250 to 1/10,500 (Table 2).

These services have been working for an average of
10 years (range 9 months to 31 years), screen more than
1,600,000 newborns per year, and every year detect more
than 400 affected neonates with an overall median calculated
incidence of 1/3500 (Table 2). The median number of infants
screened each year was 30,000 (18,000—54,000), the median
number of raised IRT-1, 295 (148-825) and the median
number of sweat tests, 70 (20—129). Subsequently, the
median number of CF cases identified per year was 9 (5—14)
and carriers 17 (13-25). The median number of false neg-
atives reported was 2 (1-5), but only 15 programmes an-
wered the question. This number was dependent on both
duration of screening programme and the communication of
late diagnosis by clinical services. False negatives were
caused by IRT-1 below the cut-off in the majority of reports
(Table 3).

Median age at diagnosis was 37 days (32-50), with
significant difference between programmes (Table 2). There
were clear associations between age at diagnosis and timing
of IRT-1 and resampling IRT (IRT-2) cut-off (see multivar-
iate analysis).
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Table 1
Description of NBS programmes included in survey
Area 2nd tier 3rd tier 4th tier Details
Two-tier protocols
1 Liguria ST - -
Three-tier protocols
CZ Western Czech republic MUT ST - PS; started February 2005
UK Wales MUT ST -
UK Northern Ireland IRT-2 ST -
UK Leeds Halifax Jersey MUT IRT-2 ST -
1 Emilia Romagna IRT-2 ST -
1 Calabria IRT-2 ST MUT - PS; survey answers based on 10 months experience
1 Sardinia ST MUT - PS; survey answers based on 9 months experience
1 Lombardy MUT IRT-2 ST - IRT-2 if IRT-1>97.5° centile MUT if IRT-1>99° centile
1 Marche MUT IRT-2 ST - PS; IRT-2 if IRT-1>97.5° centile MUT if IRT-1>99.8° centile
1 Tuscany MP IRT-2 ST -
1 Piedmont MUT IRT-2 ST - PS; IRT-2 if IRT-1>98.6° centile MUT if IRT-1>99.6° centile
I Lazio 1 IRT-2 ST MUT -
1 Lazio 2, Umbria MUT IRT-2 ST -
1 Western Sicily MUT IRT-2 ST -
A Austria IRT-2 ST —
SP Catalunya IRT-2 MUT ST - PS
SP Castilla-Leon IRT-2 MUT ST
SP Galice IRT-2 MUT ST - PS
Four-tier protocols
F France MUT IRT-2 ST IRT-2 if MUT-tive
PL Poland MUT IRT-2 ST PS 1999-2003; IRT-2 if MUT-tive
UK South Yorkshire East Midlands MUT IRT-2 ST IRT-2 if 1 mutation or IRT-1>99.9th centile
UK Scotland MUT IRT-2 ST IRT-2 if 1 mutation or no mutations and non-Caucasian
UK Northamptonshire MUT IRT-2 ST IRT-2 if 1 or no mutations
UK East Anglia MUT IRT-2 ST IRT-2 if 1 mutation or IRT-1>99.9th centile
1 Veneto Trentino Alto-Adige MUT MP IRT-2 ST IRT-2 if MUT and MP-tive and IRT-1 twice the cutoff

Ist tier is always IRT (IRT-1).

Abbreviations: IRT-2=IRT resampling; MUT =genetic analysis; MP=meconium proteins; ST=sweat test; NA=not available; PS=pilot study.

More than one test per tier is considered if tests are performed at the same time.

3.1.2. Practical issues

In all but one programme, the CF NBS protocol was
integrated into the current blood spot screening programme
(median number of conditions screened, 4 (3—5)). Consent for
CF screening was reported in 11/26 programmes (written in
three). Four blood spots (4—6) were collected in most
programmes and approximately 1% of these samples were
inadequate (0.5—1.53). Blood spot samples were collected
from day 3 (3—5) to day 5 (4—7) and delivered promptly to the
screening laboratory in most cases (1-3 days) but in one
centre, this took longer than 6 days. In the majority of
programmes, nurses or midwives were responsible for ob-
taining blood spot samples. In three programmes, doctors were
responsible and in one, parents were given the opportunity to
obtain the sample themselves following simple instructions.

In programmes in which a second IRT sample (IRT-2) was
taken (programmes that did not use DNA analysis on the first
sample or IRT-2 to reduce number of sweat tests for infants
with one mutation recognised), the test was organised from
day 27 (21-28) to day 28 (27-30). Reasons given to parents
for a second heel prick blood sample were “more blood
needed to complete test” in 8 and “result unclear” in 2

centres. One centre reported an inadequate sample. Clearer
information was given from 4 centres (“CF cannot be
excluded” or “IRT-1 elevated”).

3.1.3. Laboratory issues

In the majority of programmes [24], IRT measurement
was undertaken using the Delfia™ technique (heterogeneous
time resolved fluorometric assay). In 12 of these, an
automated version was used (Autodelfia™). Two centres
used a radio-labelled immunoassay (RIA) and two, an
enzyme-linked immunospecific assay (ELISA). The national
programme in France uses both the Delfia technique (12
laboratories) and RIA (11 laboratories). The cut-off for IRT-1
was set at 70 ng ml~ ' (60—70) or above the centile of 99%
(99-99.5). In 18 programmes, the laboratory would
regularly review the IRT-1 cut-off by examining the
population mean and spread. The median cut-off for IRT-2
was 50 ng ml ' (40-56). All laboratories employed an
internal quality control process, although nine were not
involved in external quality control. Eight programmes store
the blood spot card for an unlimited time, the remaining store
them for a median of 7.5 years (3.6—18.8).
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Table 2

Number of newborns screened and case recognition

Areas Newborns CF incidence Age at
screened  (calculated)  diagnosis
per year (weeks)

Two-tier protocols
I Liguria 11,000  1/4400 8-9

Three-tier protocols

CZ Western Czech 45,500 1/9100 4-6
republic *

UK Wales 32,500  1/2700 <4

UK Northern Ireland 23,000 1/2850 4-6

UK Leeds Halifax Jersey 11,000  1/2750 3-6

1 Emilia Romagna 33,000 1/4700 8-9

1 Calabria 16,000 — 6-9

1 Sardinia 14,000 — 17

I Lombardy 92,000  1/4600 3-5

1 Marche 13,000  1/5200 8-9

1 Tuscany 30,000 1/3500 6

1 Piedmont 37,000  1/2650 6

1 Lazio 1 28,500  1/3150 NA

1 Lazio 2, Umbria 33,000 NA NA

1 Western Sicily 20,000  1/2500 6

A Austria 80,000  1/3500 5-6

SP Catalunya 62,500  1/5700 7-10

SP  Castilla-Leon 18,000  1/4000 3-12

SP  Galice 21,000  1/10,500 4-5

Four-tier protocols

F  France 800,000 1/4700 5

PL Poland 90,000  1/5000 4-6
UK South Yorkshire East Midlands 55,000 1/2450 NA

UK Scotland 54,000  1/2700 From 3

upwards

UK Northamptonshire 8000  1/2250 3-8

UK East Anglia 25,000  1/2800 3-6

I Veneto Trentino Alto-Adige 52,000  1/4150 3-6

* Figures collected after the questionnaire circulation, not included in data
analysis.

Nineteen of the 26 programmes incorporated DNA
analysis as the second tier of the CF screening protocol.
Median number of mutations examined was 31 (30-31), in
most cases by oligonucleotide ligation assay (OLA) [14],
although a range of molecular biology techniques were used
(commercially available kits, Innogenetics™ (4) and Eluci-
gene™ (3); denaturing gradient gel electrophoresis (DGGE)
(1); in-house kit (5) and sequencing in one pilot study). It
was reported that these panels covered a median of 82%
(76.8—86.3) of CFTR mutations in the screened population.

3.1.4. Processing a positive screening result

The majority of centres reported that they would not
undertake a sweat test until day 28 (14-30) of life, but in
some infants as young as 1 week were referred. Eighteen
laboratories measured sweat chloride concentration, 3 mea-
sured conductivity, 3 measured both. Generally one labora-
tory undertook these measurements for each programme (1—
3) and the median number of sweat tests at each laboratory
was 300 (150—400) per year (including sweat tests not related

to NBS). A collection of 55 mg (50-94) was the accepted
minimum weight of sweat in centres measuring chloride
concentration. A sweat chloride between 40 (30—40) and 60
(60—60) mmol 1" ! was considered a borderline sweat chlo-
ride result (7 considered 30 to be the lower limit). In 13
programmes, a sweat test was undertaken even if two CF
associated mutations were recognised (in four, never, and in
six, sometimes). In cases where a diagnosis was uncertain
following sweat test a variety of strategies were reported
including no further action [2], repeat sweat test [6], extended
DNA analysis [7], clinical investigations (stool analysis for
malabsorption [6], chest radiograph [1], respiratory cultures
[6]) and nasal potential difference measurement [1]. A
positive diagnosis was communicated in person to the parents
and in most cases by a specialist in CF (in some cases by a
General Paediatrician [6] or a Geneticist [2]). All pro-
grammes that involved DNA analysis [19] informed families
of identification of carrier status and the majority of pro-
grammes [21] referred parents of identified CF infants for
genetic counselling.

Clinical referral following a positive screen was generally
the following day (0—2) and in most cases to a specialist CF
centre [22]. In 11 centres, this would involve an admission
for clinical evaluation. Eighteen centres provided informa-
tion regarding segregation, which was undertaken in 8/18
with separate days for clinic visits. Three centres had strict
inpatient segregation with separate rooms, face masks for
consultations and no mixing of patients.

3.2. Multivariate analysis

Age at diagnosis showed a significant inverse correlation
with the timing of IRT-1 (p<0.001, Fig. 2) and with the cut-off
value for IRT-2 (p<0.01, Fig. 3). A lower age at diagnosis was
also associated with DNA analysis as a second tier test
(»<0.015, Fig. 4) and use of external quality control for the
IRT assay (p<0.015, Fig. 5). A higher incidence of CF

Table 3
Combined results (presented as median and interquartile ranges)

7 (3.6-18.8)

30,000 (18,000—54,000)
295 (148-825)

Years of screening
Screened per year
IRT +ive per year

Sweat tests per year 70 (20-129)
(as part of programme)

Number of CF cases per year 9 (5-14)

Carriers per year 17 (13-25)

False negatives since start of programme 2 (1-5)

False negatives per year 0.3

False negatives reported? Yes: 15 (57.7%)

No: 5 (19.2%)

Not always: 2 (7.7%)

First IRT low: 17 (65.4%)

No mutations recognised: 1
(3.9%)

Second IRT low: 4 (15.4%)
Negative sweat test: 1 (3.9%)
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Fig. 2. Relationship between time to diagnosis and day on which IRT-1 is
taken.

detected by the NBS programme was associated with an earlier
IRT-1 (p<0.03) and a lower cut-off for IRT-2 (p<0.02).

4. Discussion

This is the first detailed survey of NBS for CF in Europe.
The results demonstrate varied practice across the continent
with protocols ranging from a sweat test following raised
IRT-1 to those involving three or four tiers of testing. This
variability reflects a number of issues (1) the complexity of
NBS for CF, (2) geographical considerations, and (3) local
circumstances. For example, in a geographically small
region with limited molecular genetics and a good sweat
test service, there might be an argument to moving straight to
sweat test. However, in a geographically large region,
strategies to reduce the number of sweat tests (for example,
repeating the IRT on infants with one CFTR mutation
recognised) may be appropriate [17].

The aim of newborn screening is to recognise index cases
whilst causing minimal anxiety to the general public. This is
particularly pertinent to CF screening where the weight of
evidence that NBS improves long-term outcome is not as
clear as for other conditions such as phenylketonuria [18].
Early nutritional benefits from screening do not appear to be
maintained and a recent report suggested poorer chest
radiograph appearance in screened children associated with
an earlier acquisition of Pseudomonas aeruginosa lung
infection [19-21]. However, our expectations for infants
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Fig. 3. Relationship between time to diagnosis and the cut-off value set for
the resampling IRT (IRT-2).
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Fig. 4. Relationship between the time to diagnosis and the incorporation of
DNA analysis into the second tier of testing.

born with CF have changed over the past two decades and
the recent report of improved cognitive function in children
with better vitamin E levels at diagnosis is of particular
relevance [22,23]. In addition, NBS reduces the exposure of
families to what is often a long and stressful diagnostic
journey and gives couples the opportunity to make informed
reproductive decisions [24—26]. The general consensus is
that there is sufficient evidence to support NBS for CF and
following systematic review, the US Center for Disease
Control and Prevention concluded, “the health benefits to
children with CF outweigh the risk of harm and justify
screening for CF” [27]. Findings from this survey may aid
regions or countries in their development and implementa-
tion of NBS for CF.

The heterogeneous nature of CF means that there will
never be a perfect NBS protocol. Even incorporation of DNA
analysis into a protocol does not remove the often-
complicated clinical interface between the screening
programme and the eventual diagnosis. The majority of
programmes (over 70%) used DNA analysis as a second step
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Fig. 5. Relationship between time to diagnosis and the use of an IRT quality
assurance system.
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following a raised IRT-1. Sometimes, this was just for the
commonest CF causing mutation, phe508del, although in
most cases a panel of 31 mutations was employed. Evidence
from the screening programme in Massachusetts suggests
that increasing the number of mutations on the screening
panel does not necessarily improve case recognition but does
result in increased carrier recognition [15]. However, in areas
with a low frequency of phe508del (for example, South
Italy), these data may not apply. Individual areas need to
assess the implication of restricting the number of mutations
that are included in the second tier panel on case recognition.
In one programme CFTR gene sequencing was used, but
only as a pilot study. It is difficult to envisage that this could
represent a practical option for new programmes with
available technology. Carrier recognition is a potential
source of stress to families [14,28]. All centres employing
DNA analysis reported carrier status to families.

It is clear that NBS for CF can be incorporated into
ongoing NBS programmes although a significant frequency
of inadequate samples was reported (median 1%). How these
repeat samples are processed was not determined and it is not
clear from this survey what increase in inadequate samples
results from adding CF NBS to an existing programme. IRT
analysis requires a better quality of blood spot sample than
conventional NBS tests for phenylketonuria and congenital
hypothyroidism and training in this area is imperative for
regions implementing NBS for CF. In the majority of
programmes, blood spot samples were collected by mid-
wives or nurses. A second IRT sample was taken in the
fourth week of life in programmes without DNA analysis or
in some programmes with DNA analysis to reduce the
number of sweat test requests on infants with only one CFTR
mutation recognised (families of infants with one mutation
and IRT-2 below the cut-off are given information regarding
the carrier status and the low risk for CF). IRT was generally
measured using the Delfia™ or Autodelfia™ techniques,
with a median cut-off of 70 ng ml~' for IRT-1 and 50 ng
ml ™! for IRT-2. Most programmes reported using the top 1 or
0.5% of infants for the IRT-1 cut-off, adjusting this figure by
continuously monitoring the population mean for the
laboratory. All laboratories used internal quality control,
but the present lack of a robust external quality control is
highlighted by the fact that nine programmes were not
involved in any form of external quality assurance scheme
[29].

Sweat testing is a key component of the NBS protocols
for CF. In the majority of programmes, a sweat test was
undertaken even if two CF associated mutations were
recognised. The identification of a physiological abnormality
not only supports the molecular genetics but may also help
the family come to terms with this diagnosis. A sweat
chloride of 40—-60 mmol 1"' was considered equivocal in
most centres, although 30 was the lower limit in seven. There
were a variety of responses as to how these infants should be
subsequently investigated. The majority of programmes
reported that sweat tests were being undertaken in one centre

only; however, in geographically diverse regions this may
not be possible and strategies to reduce sweat test numbers
(such as a second IRT when one mutation is recognised) may
be valid. The Association of Clinical Biochemists in the UK
recently produced a consensus document recommending that
50 sweat tests was the minimum a centre should be
undertaking in a year to maintain minimal experience to
achieve adequate standards (http://www.acb.org.uk/site/
guidelines.asp). Most centres continue to measure sweat
chloride concentration (considered the “gold standard” [30])
however obsolete apparatus for the filter paper method of
sweat collection may require centres to switch to capillary
methods of sweat collection.

It is imperative that regions developing NBS for CF have
clearly defined clinical referral pathways to maximise the
positive impact of screening and minimise negative out-
comes. Clear clinical referral pathways were evident in some
programmes, most often through CF specialist services. It
was not clear from the responses to these questionnaires that
such pathways were always in place; however, this may
reflect the fact that respondents were generally based in the
screening labs and not in CF clinics. However, a key
component of NBS for CF is the interface between the
positive result and the subsequent specialist care that these
infants need. It is evident from this survey that clear
pathways are needed with respect to processing a positive
result.

The programmes recorded in this survey cover geograph-
ically distinct regions with differing gene frequencies,
making comparison of performance inappropriate. In
addition, the programmes range in size from large national
to small regional and whilst some are well established, others
are in a pilot stage of development. However, some
conclusions can be drawn regarding factors that might
impact on performance, as determined by the average age of
diagnosis. Some clear relationships are evident from
multivariate analysis, most notably that an earlier collection
of IRT-1 is associated with an older age of diagnosis. It is
difficult to ascribe cause and effect to these relationships,
which may reflect the underlying medical system and
geographical variables. However, the higher incidence of
CF in areas with earlier IRT-1 measurements merits further
investigation. This relationship is supported by the finding
that earlier IRT-1 is associated with an increased number of
sweat tests (possibly leading to some delay). This relation-
ship is maintained after removal of an outlier programme that
reported an average age at diagnosis of 4 months (Fig. 2) and
the French screening programme, which is the largest
reported and performs a high number of sweat tests. DNA
analysis as the second tier of testing was related to an earlier
age of diagnosis. Previous reports have suggested improved
screening performance with DNA analysis, but there are no
randomised controlled trial data to support this [17,31].

This survey collected data from 26 programmes screening
approximately 1,600,000 newborns each year in Europe for
CF and identifying over 400 affected infants (a median
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incidence of approximately 1 in 3500). Significant variation
in NBS protocols exists, to some degree reflecting significant
geographical differences. As the evidence for NBS for CF
increases further regional and national programmes will
become established. These data may guide the implementa-
tion of such programmes and will form the basis of
consensus guidelines from the European CF Society
Working Group on newborn screening.
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Abstract

Screening newborns for cystic fibrosis (CF) is considered to be an ethical undertaking in regions with a significant incidence of the condition.
Current screening protocols result in recognition of infants with an equivocal diagnosis. A survey of European practice suggested inconsistencies
in the evaluation and management of these infants.

We have undertaken a consensus process using a modified Delphi method. This has enabled input of CF specialists from a wide geographical
area to a rigorous process that has provided a clear pathway to a consensus statement. A core group produced 21 statements, which were modified
over a series of three rounds (including a meeting arranged at the European CF Conference). A final document of 19 statements was produced, all
of which achieved a satisfactory level of consensus. The statements cover four themes; sweat testing, further assessments and investigations,
review arrangements and database.

This consensus document will provide guidance to CF specialists with established screening programmes and those who are in the process of

implementing newborn screening in their region.

Crown Copyright © 2008 Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. All rights reserved.

Keywords: Cystic fibrosis; Neonatal screening; Management; Sweat test; Gene analysis

1. Introduction

There is a good agreement that screening newborns for cystic
fibrosis (CF) is a valid and ethical undertaking in regions such as
Europe with a significant incidence of the condition [ 1]. Protocols
for screening rely on the recognition that infants with CF have a
high level of immuno-reactive trypsinogen (IRT) in their blood
in the first week of life [2]. This test is sensitive but has poor
specificity and therefore a second tier of investigations is
necessary to identify those infants most at risk of CF [3]. In
most newborn screening (NBS) protocols, this involves examin-
ing for common mutations of the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) gene which are associated with
CF [4]. Such protocols will result in the recognition of carrier
infants and data from well-established NBS programmes suggest
that more carriers are recognised by NBS than might be expected
for the incidence of CF in that population [5]. It has been
concluded that this reflects the fact that carriers have a higher IRT
than the non-carrier population and this is supported by data from
population studies [6]. In most NBS protocols infants recognised
as putative carriers have further assessment including a sweat test
to exclude CF [4].

Another significant challenge of NBS for CF is the recognition
of infants with an equivocal diagnosis [4,7]. This reflects the
heterogeneous nature of the condition and poses a challenge to CF
teams. Infants with one recognised CFTR mutation or persistent
hypertrypsinaemia may have an intermediate sweat test result or
an infant may be recognised with two CFTR mutations, one or
both of which have unclear phenotypic consequences [7]. There
is significant variability in the evaluation and management of
these infants with an equivocal diagnosis [3,8]. We have used a

modified Delphi method to form a consensus on the evaluation
and management of these infants [9]. The Delphi method is a
recognised technique that provides a formal strategy to gather
expert opinion and form a consensus when there is a lack of high
quality evidence on which to base practice. The method facilitates
the inclusion of experts from a geographically disperse region and
establishes a framework which makes it possible to clearly trace
back how the group came to a decision.

2. Methods

Twenty-one preliminary statements were composed by a
core group of experts in the field (CC, AM and KWS), taking
into account the results of a survey of European practice [4].
The statements covered four thematic areas; sweat testing,
further assessments and investigations, review arrangements
and database. Two European Cystic Fibrosis Society (ECFS)
working groups (the Diagnostic Network (ECFDN) and the
Neonatal Screening Working Group) were approached and their
members, which include clinicians, biochemists and geneticists,
contacted by email. Additional invitations were made to in-
crease multidisciplinary input. Consensus was determined «
priori to be 80% of ratings providing agreement with the
statement (considered sufficient for this type of study) [9].

For round one, specialists were asked to rate their opinion of
each statement by choosing one of three options; 1) agree,
2) could agree if reworded or 3) disagree. Specialists choosing
options 2) or 3) were asked for comments and also suggestions
for alternative or modified statements.

After round one, statements not achieving consensus (or
achieving consensus with provisos) were modified by thg core
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group, taking into account the comments and suggestions made
by respondents. These modified statements were then circulated
in round two together with the original statements, the group
ratings from round one and a summary of comments.
Individuals who replied to round one were included in round
two.

Following round two, statements not achieving consensus
were presented and discussed in the European Cystic Fibrosis
Neonatal Screening Working Group meeting at the 30th
European Cystic Fibrosis Society Conference, Belek, Turkey
in 2007. This meeting involved members of the consensus group
(although not all) and other CF Specialists. The entire consensus
document was presented, but the focus of the meeting was on
statements that had not achieved consensus. This facilitated an
open discussion that enabled deeper reflection on the issues
around these statements. Statements were subsequently revised
by the core group taking into account the discussions at this
meeting and comments already received from round two. The
revised statements were again circulated in round three to all
respondents together with the original statements, the level of
agreement from round two and respondents’ comments (Fig. 1).
Four appendices were constructed to provide further information
and background to the statements (Table 1) and cover a) Sweat
Testing, b) Gene Testing, ¢) Clinical Features and d) Further
Physiological Testing.

3. Results
3.1. Round one

Forty-one responses from specialists in 11 European
countries were received for round one. A consensus of over
80% was achieved on twelve of 21 statements. A further five
statements were approaching consensus with greater than 60%
agreement. Four statements had poor level of agreement
(<60%).

3.2. Round two

Nine statements not achieving consensus in round one and
three that did with provisos were revised by the core group,
following analysis of respondents’ comments. Respondents were
asked to rate their agreement with both the revised and modified
statements. Thirty-eight responses were obtained following round
two. A consensus of greater than 80% was achieved on a further
ten statements. Consensus was not achieved in two.

3.3. Round three

The two statements not achieving consensus were discussed
at the ECFS Screening Working Group Meeting. Taking into
account this meeting and respondents comments, it was clear
that modification and combination of four statements were
required to obtain consensus, reducing the number of statements
from twenty one to nineteen. Thirty-four responses were ob-
tained to round three and consensus was achieved on all nineteen
statements (Table 1). An algorithm was developed from the

Core group

J

21 statements

I

Round One

41 replies
12 statements - consensus
5 statements >60% agreement
4 statements <60% agreement

0

Core group

J

21 statements
(9 revised, 3 modified)

g

Round Two
38 replies
19 statements - consensus
2 statements >60% agreement

0

ECFS Screening Working Group Meeting
Outstanding statements discussed

4
Core group

g

19 Statements
(4 statements modified and combined to 2)

J

Round Three
34 replies
19 statements - consensus

Fig. 1. The stages and outcomes of the modified Delphi method.

consensus statements (Fig. 2). Seven specialists who responded
to round one did not respond to round three (17% attrition rate).

3.4. Specific issues and comments

3.4.1. Clinic size

Original statements for round one defined specialist CF
clinic size greater than 100 patients and achieved consensus.
Despite this, several respondents discussed the size g clinics
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Table 1
Nineteen statements at the end of the consensus process

1 An infant with one or more raised IRT measurements and an equivocal sweat test (sweat CI~ >30 and <60 mmol L™ ") requires assessment

and review in a specialist CF clinic (with >50 patients).

2 An infant with two CFTR gene changes (one of which has unclear clinical significance) and a normal sweat test requires assessment and review

in a specialist CF clinic (>50 patients).

3 Inthese cases (infants from statements 1 and 2) a repeat sweat test should be undertaken in a centre with suitable experience (> 150 sweat tests pa) of a validated

technique for measuring sweat chloride ( Appendix A).

4 Infants from statement 1, who have a normal repeat sweat test in an accredited centre (sweat CI” <30 mmol I '), do not require further clinical review (negative CF

screening test).

5 Extended gene analysis must be undertaken in infants with two equivocal sweat tests and one or no CF7R mutations recognised ( Appendix B).
6 Infants with one or more raised IRT measurements, one CF7R mutation and a normal sweat test (CI~ <30) do not require extended gene analysis.
7  Infants with one or more raised IRT measurements, one CF7TR mutation and a normal sweat test (CI” <30) do not require review
in a CF clinic (negative CF screening test). Appropriate advice regarding carrier status should be given.
8 Infants with two equivocal sweat tests require detailed baseline assessment for respiratory disease (airways culture and chest radiograph).
Further investigations may be indicated as determined by the clinical situation (for example, chest CT scan, and bronchoscopy).
9 Infants with two equivocal sweat tests require detailed baseline assessment for non-respiratory disease (fecal elastase). Other investigations as clinically indicated.
10 Infants with two equivocal sweat tests and any clinical evidence supportive of a CF diagnosis should have regular follow up in a CF specialist clinic ( Appendix C).
11 Infants with two equivocal sweat tests, one or no CF causing mutations and no clinical evidence of CF should be considered for further investigation
of a physiological defect in a centre with appropriate experience ( Appendix D).
12 Infants with two equivocal sweat tests, one or no CF causing mutation, no clinical evidence of CF and evidence of ion transport defect on further testing

should be followed up in a specialist CF clinic.

13 All infants with two equivocal sweat tests, one or no CF causing mutation, no clinical evidence of CF should be reviewed in a specialist CF clinic

with a repeat sweat test at 6—12 months of age.

14 Infants with two CFTR gene changes (as statement 2) but a normal sweat test (at least one performed in a centre with adequate experience,

as per statement 3) should have detailed clinical assessment (as 8 and 9).

15 Infants with two CFTR gene changes (as statement 2), a normal sweat test and any clinical evidence of CF should have regular follow up in a CF specialist clinic.
16 Infants with two CFTR gene changes (as statement 2), a normal sweat test and no clinical evidence of CF should be considered for further

investigation of a physiological defect in a centre with appropriate experience ( Appendix D).
17 Infants with two CFTR gene changes (as statement 2), a normal sweat test, no clinical evidence of CF but evidence of abnormal ion transport

should have regular follow up in a specialist CF clinic.

18 Infants with two CFTR gene changes (as statement 2), a normal sweat test and no clinical evidence of CF should be reviewed in a specialist CF

clinic with a repeat sweat test at 6—12 months.

19 Clinical and demographic information on all infants with an equivocal diagnosis should be entered onto a database or registry

(pending consent from legal guardian).

(>50 or >100 patients) citing concerns that in some areas of
Europe specialist CF clinics are traditionally smaller. Overall
however it was felt beneficial to include a proposed number and
the statements were modified to “specialist CF clinic (with >50
patients)”, which again achieved consensus.

3.4.2. Sweat test

The sweat testing experience of the centre was suggested at
greater than 150 sweat tests performed annually and this
achieved consensus in round one (Statement 3). See also
Appendix A.

3.4.3. Equivocal sweat test result

All infants considered by the guideline will have one or more
raised IRT. When these infants subsequently have an equivocal
sweat test result they require assessment and review in a
specialist CF clinic with a repeat sweat test (Statement 1). If the
sweat test in an accredited centre remains equivocal (chloride,
30-60 mmol L") further investigation is required. This should
include extended gene analysis if one or no CFTR mutations
have been identified (Statement 5) and baseline assessment for
respiratory and non-respiratory disease (Statements 8 and 9). If
these infants show any clinical evidence supportive of the
diagnosis of CF they should have regular follow up in a
specialist CF clinic (Statement 10). If there is no clinical

evidence of CF they should be reviewed in a specialist CF clinic
with sweat test repeated between 6 and 12 months of age
(Statement 13).

3.4.4. What constitutes a negative screening result?

Infants who have equivocal sweat test (chloride 30—60 mmol/1)
that on repeat test is found to be normal (<30mmol/l) do not
require further clinical review (Statement 4). This was agreed to be
anegative screening result i.e. CF not suspected (85%, round one).

Infants who have one or more raised IRT measurements,
one CFTR mutation and a normal sweat test have a negative
screening test (Statement 7). This statement was approaching
consensus in round one (71%). Following respondents com-
ments, the statement was modified to advise discussion of
carrier status and this achieved 92% consensus in round two.

3.4.5. Extended gene analysis

Extended gene analysis is indicated when an infant has had
two equivocal sweat test results and only one or no CFTR
mutation has been identified on the local common mutation
panel (Statement 5, 85% consensus round one) (Appendix B).
Extended gene analysis should not be performed in infants with
one or more raised IRT, one CFTR mutation and a normal sweat
test. These infants have a negative screening result (Statement 6,
80% consensus round one). 50
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Fig. 2. The pathway of interventions that infants with an equivocal diagnosis may follow according to the results of this consensus process. The two distinct
presentations of these infants (equivocal sweat test or two CFTR gene mutations of unclear clinical significance) represent the starting points at the top of the figure.
The progress of the infant is then tracked following the repeat sweat test in an experienced centre. Subsequent interventions depend to some degree on the result of the
repeat sweat test. The numbers indicate the consensus statement (Table 1) that corresponds to that part of the pathway. An important point to note is that infants who
enter the pathway with an equivocal sweat test and then have a normal repeat sweat test do not require extended gene analysis or further clinical review (although some
may require advice regarding carrier status). Clinical assessment for evidence of CF is considered important with respect to determining subsequent review
arrangements (infants with any clinical evidence supporting a CF diagnosis should be seen in a specialist CF clinic). * One of which has unclear clinical significance.
T In a centre with suitable experience (Appendix A). ¥ Normal=sweat Cl <30 mmol I, equivocal=sweat C1>30 and <60 mmol ', raised=sweat C1> 60 mmol I '.

3.4.6. Baseline assessment for respiratory and non-respiratory
disease

It was agreed that infants who had two equivocal sweat test
results or who have two CFTR gene changes and a normal
sweat test should have baseline clinical assessment (Statements
8, 9 and 14). In round one, baseline assessment for respiratory
disease included CT scan and bronchoscopy and this statement
achieved a poor level of agreement (41%). The statement was
modified to include these investigations only when indicated by
the clinical situation and 89% agreement was achieved in the
second round (Statement 8). Similarly a significant number felt
that some of the proposed non-respiratory investigations
were unnecessary and this statement was changed accordingly
(to faecal elastase with other investigations as clinically in-
dicated). The statement achieved 92% agreement in round two
(Statement 9).

3.4.7. Further investigation of physiological defect
A number of measurements of transepithelial salt transport
exist that may help in investigating an equivocal diagnosis

of CF. However, none have the face validity of sweat
electrolyte measurement and are essentially extensions of
research methodology. This was reflected in the variability of
responses to statements concerning further electrophysiolo-
gical investigation ranging from enthusiastic advocates to
confirmed sceptics. It was agreed with 83% consensus in
round two that infants who had two equivocal sweat tests
and no clinical evidence of CF should be considered for
further investigation of a physiological defect (Statement 11).
If there is evidence of ion transport defect even in the ab-
sence of clinical evidence of CF with only one CFTR muta-
tion these infants should be followed up in a specialist CF
clinic (Statement 12).

It proved difficult to obtain a consensus regarding the
subsequent management of infants who had no evidence of ion
transport defect. In the absence of consensus, these infants are
covered by Statement 13. This reflects a general anxiety that it
would be inappropriate to exclude a diagnosis of CF on the
basis of these measures alone, even when there is no clinical
suspicion following baseline assessment. 51
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3.4.8. Two CFTR gene mutations one or both of which have
unclear clinical significance

The term CFTR gene change was used in the statements to
highlight that these mutations have unclear phenotypic con-
sequences. Subsequently, an ECFS consensus has been achieved
on the use and interpretation of CF mutation analysis in clinical
practice and has concluded that the term “mutation” should be
used to define any molecular alteration in the DNA sequence of
the CFTR gene [10]. Therefore for the purposes of this process the
terms CFTR gene change and mutation are interchangeable. The
dilemma remains that a number of frequently recognised CFTR
gene mutations have unclear phenotypic consequence. The
situation in CF NBS is further exacerbated by the fact that some
CFTR mutations that are clearly “CF causing” can have little if
any phenotypic consequence in the first years of life, related to the
confounding impact of environment and other non-CF7R genes.

There was clear agreement that if these infants have any clinical
evidence of CF they should have regular follow up in a specialist
CF clinic, even with a normal sweat test result (Statement 15). If
there is no clinical evidence of CF they should be considered for
further investigation of ion transport defect (Statement 16) but
regardless should be reviewed in a specialist CF clinic with sweat
test repeated between 6 and 12 months of age (Statement 18). If
there is evidence of abnormal ion transport these infants should
have regular review in a specialist CF clinic (Statement 17).

4. Discussion

There is a good agreement that screening infants for CF is an
ethical undertaking in regions with a significant incidence of the
condition [1]. Unfortunately, current NBS protocols result in
recognition of infants with an equivocal diagnosis of CF. To
some degree this reflects the heterogeneity of the condition
and the sensitivity of the IRT measurement. Infants with an
equivocal diagnosis fall into two groups; those with intermediate
sweat electrolytes (above the level expected for this age group),
but no or one recognised CFTR gene mutation and those with
two CFTR gene mutations, one or both of which have unclear
long term phenotypic consequences.

Using a modified Delphi method, we have produced 19
statements that will act as a guide for CF teams in the evaluation
and management of infants with an equivocal diagnosis following
newborn screening. Strengths of this process have been the
inclusive nature across a wide geographical area and a robust
framework that enables clear identification of decision making
pathways. From the consensus guideline, we have produced an
algorithm to aid clinicians involved in CF NBS programmes. It
was not the aim of this group to provide a diagnostic framework;
rather to provide a pragmatic guideline for the management and
evaluation of these infants. The end-points in the algorithm are
therefore functional rather than categorical (Fig. 2).

Although the majority of statements attained consensus in the
early phases of the process, some areas were more challenging.
The group meeting was an essential part of the Delphi process to
identify issues around these statements and achieve a final
consensus. These guidelines can be used in established screen-
ing regions and in those with emerging programmes to guide

the evaluation and management of this challenging clinical
dilemma.

Acknowledgement

We thank Dr Phil Farrell for helpful comments on this
manuscript.

Appendix A
Notes on sweat testing

1) Sweat collection in infants is challenging [11].

2) Sweat collection and analysis should be undertaken in a
centre with adequate experience. CF physicians should be
guided by national standards. If these are not available,
consensus documents are available from the United Kingdom
(http://acb.org.uk/docs/sweat.pdf) and North America [11].
These suggest that a laboratory should be undertaking at least
50 tests per year; however for infants with an initial equivocal
result, the repeat sweat test should be done in a centre with
more experience (>150 sweat tests per year, Statement 3).

3) Two equivocal sweat test results may be available on the
same day that were undertaken in a suitably experienced
centre, in which case the infant should proceed along the
algorithm as described (Fig. 2).

4) Sweat chloride concentration remains the gold standard
analytical measure to confirm a diagnosis of CF [11].

5) Sweat sodium should not be used [11].

6) Sweat conductivity may have a role in excluding a diagnosis
of CF but does not have sufficient face validity in cases with
an initial equivocal result [11].

7) Sweat electrolyte values fall over the first 4 weeks of life
[12,13]. A sweat chloride value over 30 mmol L™ should
prompt clinical review and a repeat sweat test [11].

Appendix B
Notes on extended DNA analysis

1. Further investigation of these infants should be undertaken
with close liaison with the local molecular genetics service.
The extent of DNA analysis should reflect the clinical
suspicion. Care should be taken in avoiding the situation
where gene changes (mutations) are recognised with unclear
phenotypic characterisation, although in most circumstances
this will be unavoidable, particularly as laboratories move
more quickly to comprehensive CFTR gene sequencing.

2. CFTR gene change is equivalent to CFTR mutation.

3. Further DNA analysis should be guided by the screening pro-
tocol (i.e., protocols that initially only examine for a limited
panel of CF'TR mutations would prompt further DNA analysis).

4. Infants recognised to be compound heterozygotes for R117H
should have further characterisation of the poly T variant
region (and TG repeats if found to be on a 5T background)
[14,15]. Infants with R117H on a 7T background may have a
normal or equivocal sweat test. Long term clinical outggme is
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variable and the management of these infants requires spe-
cialist input (as per statements 2, 14, 15, 16, 17 and 18) [7,16].
5. Some CFTR mutations that are clearly “CF causing” (in
particular, 3849+ 10 kb C>T) are associated with normal or
equivocal sweat electrolyte values. Close liaison with the local
molecular genetics service is needed to determine these infants.
6. Infants with persistent intermediate sweat electrolytes and clin-
ical features (Appendix C) should have extensive DNA anal-
ysis after discussion with the local molecular genetics service.

Appendix C

Clinical features consistent with a diagnosis of CF following
newborn screening

C.1. Respiratory

1. Symptoms
a. Cough
b. Wheeze
2. Clinical findings
a. Over-expanded chest
b. Crackles
c. Wheeze
d. Tachypnoeic
e. Abnormal chest shape
3. Chest radiograph changes
a. Overinflation
b. Increased markings
c. Areas of collapse or consolidation

Appendix D

Further physiological testing.

4. Chest high resolution computerised tomogram (HRCT)

changes
a. Air trapping
b. Early evidence of airway inflammation/bronchiectasis

. Positive respiratory culture for characteristic CF pathogens

a. Cough swab/plate
b. Broncho-alveolar lavage

C.2. Non-respiratory

. Clinical evidence of malabsorption

a. Meconium ileus

b. Poor weight gain

c¢. Distended abdomen
d. Loose offensive stool
e. Poor head growth

f. Rectal prolapse

. Laboratory evidence of malabsorption

a. Low fecal elastase (or chymotrypsin)
b. Positive fat microscopy
c. Low fat soluble vitamin levels

. Radiological evidence of pancreatic disease

a. Pancreatic calcification on Abdominal radiograph
b. Pancreatic fibrosis on abdominal ultrasound scan

. Liver disease

a. Prolonged cholestatic jaundice
b. Elevated liver enzymes (ALT/AST)
c. Abnormal liver appearance on ultrasound scan

. Salt loss
. Absence of the vas deferens

A number of electrophysiological techniques are available to demonstrate the salt transport defect that characterises CF. These are
undertaken in specialist centres. None have the face validity of sweat testing or genotype analysis, but may provide useful additional
information in equivocal cases. Some of these tests are particularly challenging in infants.

Test Technical details What it involves for the infant Availability”
Nasal Potential Ion transport across airway epithelium can The exploring electrode is placed in the nose. ~ Very few centres are able to undertake
Difference (PD) be assessed by measuring the baseline PD. A reference electrode is placed either this measurement in infants although
The impact on the PD of perfusing different  subcutaneously or over abraded skin on the it is more widely available in older
solutions and drugs provides further forearm. Solutions are perfused through the children and adults.
information to differentiate CF from exploring electrode into the nose and can
non-CF recordings. be swallowed.
Intestinal Current A biopsy is mounted in the laboratory in a Biopsy of rectal mucosa. This procedure This technique requires a dedicated
Measurements (ICM)  device (Ussing chamber) that enables is painless and well tolerated by young laboratory service with highly skilled
measurement of transepithelial ion transport.  infants. Does not require general technicians. Available in limited
Various aspects of ion transport can be anaesthesia or sedation. number of centres in Europe.
examined.
Small bowel biopsy Similar measures of transepithelial Upper GI biopsy; requires general Limited (only currently
transport processes can be anaesthesia in most cases. available in Sheffield,

undertaken in the laboratory on upper
gastro-intestinal (GI) mucosal
biopsies.

UK; contact Prof Chris Taylor).

“For details of centres in Europe that undertake appropriate electrophysiological investigations on infants, contact Dr Michael Wilschanski, chair of the European

CF Society Diagnostic Network (michaelwil@hadassah.org.il).
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ABSTRACT: We investigated whether mutations in the
genes that code for the different subunits of the amiloride-
sensitive epithelial sodium channel (ENaC) might
result in cystic fibrosis (CF)-like disease. In a small
fraction of the patients, the disease could be potentially
explained by an ENaC mutation by a Mendelian
mechanism, such as p.V114I and p.F61L in SCNNI1A.
More importantly, a more than three-fold significant
increase in incidence of several rare ENaC polymorphisms
was found in the patient group (30% vs. 9% in controls),
indicating an involvement of ENaC in some patients by a
polygenetic mechanism. Specifically, a significantly
higher number of patients carried c.—55+5G>C or
p-W493R in SCNNI1A in the heterozygous state, with
odds ratios (ORs) of 13.5 and 2.7, respectively.The
p-W493R-SCNN1A polymorphism was even found to
result in a four-fold more active ENaC channel when
heterologously expressed in Xenopus laevis oocytes. About
1 in 975 individuals in the general population will be
heterozygous for the hyperactive p.W493R-SCNN1A
mutation and a cystic fibrosis transmembrane conduc-
tance regulator (CFTR) gene that results in very low
amounts (0-10%) functional CFTR. These ENaC/CFTR

Additional Supporting Information may be found in the online version of this article.
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genotypes may play a hitherto unrecognized role in lung
diseases.

Hum Mutat 30:1093-1103, 2009. © 2009 Wiley-Liss, Inc.
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Introduction

Loss-of-function mutations in both copies of the cystic fibrosis
transmembrane conductance regulator (ATP-binding cassette
subfamily C, member 7) (CFTR; MIM# 602421) gene of an
individual cause cystic fibrosis (CF; MIM# 219700) [Kerem et al.,
1989; Riordan et al., 1989]. CFTR encodes a cyclic adenosine
monophosphate (cAMP)-regulated chloride channel [Rich et al,
1990; Riordan et al., 1989]. Apart from their involvement in
classical CF, CFTR mutations also cause, or contribute to, the basic
defect in congenital absence of the vas deferens (CAVD; MIM#
277180) [Chillébn et al., 1995], disseminated bronchiectasis
[Pignatti et al., 1995], chronic pancreatitis [Sharer et al., 1998],
and so-called atypical CE The latter refers to CF-like disease in
which only one or a few organs are (mildly) affected. In the vast
majority of classical CF patients both copies of the CFTR gene are
mutated. However, in a minority of CF patients a mutation cannot
be identified on both CFTR genes, i.e., in 1 to 2% of the CF
patients of Northern Europe and in up to 8 to 10% in CF patients
of Southern Europe (www.who.int/genomics/publications/en). In
an even higher proportion of patients with CAVD, atypical CF,
chronic pancreatitis, or disseminated bronchiectasis, a mutation
cannot be identified on both CFTR genes [Claustres et al., 2000;
Groman et al., 2005]. 55
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There is substantial evidence that genes other than CFTR may
cause CF or CF-like disease. Indeed, a German family was
described with a CF patient without CFTR mutations, and with an
unaffected healthy sister who inherited the same CFTR genes from
her parents [Mekus et al., 1998]. In two American families, each
with two affected sibs, no mutations could be found on both
CFTR genes, the affected sibs inherited different parental CFTR
genes [Groman et al., 2002].

Apart from the defective chloride secretion, loss of functional
CFTR results in increased sodium absorption through the
amiloride sensitive epithelial sodium channel (ENaC) in CF
patients [Stutts et al., 1995]. The ENaC channel is a heteromeric
transmembrane protein, composed of three subunits (a, §, and 7).
These three subunits are encoded by three different genes:
SCNNIA (sodium channel nonvoltage-gated 1, alpha); SCNNIB
(sodium channel nonvoltage-gated 1, beta); and SCNNIG
(sodium channel nonvoltage-gated 1, gamma) (MIM#s 600228,
600760, and 600761, respectively) [Jasti et al., 2007]. At present,
the molecular mechanisms of the regulatory relationship of the
three subunits within ENaC, and between ENaC and CFTR, are
incompletely understood and subject of considerable controversy.
However, it is generally accepted that the coordinated regulation
and activity of CFTR and ENaC determine the composition of the
airway surface liquid (ASL) in the lungs. CFTR-mediated CI”
secretion enhances ASL volume while ENaC mediated Na*
absorption reduces it. Thus, an appropriate balance between
CFTR and ENaC activity is essential for maintaining an optimal
ASL volume; if not, disease will occur [Boucher, 2007; Knowles
and Boucher, 2002].

In classical CF patients with loss-of-function mutations in
both copies of the CFTR gene, the ASL depletion is explained
by the lack of CFTR-mediated CI” secretion and accelerated
Na™ absorption. Interestingly, transgenic mice that overexpress
SCNNIB in the lower airways have increased airway epithelial
sodium absorption and present CF-like lung disease symptoms
[Mall et al., 2004].

Mutations in ENaC are also known to be involved in two
different human genetic diseases. Either too low or too high
amounts of ENaC will thus cause disease. Activation of ENaC
by mutations in either SCNNIB or SCNNIG cause Liddle’s
syndrome (MIM# 177200) [Shimkets et al., 1994], an inherited
form of salt-sensitive arterial hypertension with enhanced renal
sodium retention. These dominant gain-of-function mutations
lead to an enhanced channel activity by increasing the number of
ENaC channels expressed at the cell surface and by increasing
the channel’s open probability [Firsov et al., 1996; Snyder et al.,
1995]. Loss-of-function mutations in SCNNIA, SCNNIB, or
SCNNIG cause autosomal recessive pseudohypoaldosteronism
type I (PHA-I; MIM# 264350) [Chang et al., 1996], characterized
by severe renal salt-wasting and arterial hypotension. Moreover,
in PHA-I patients, the reduced reabsorptive capacity of the lungs
leads to an increased ASL volume, which often results in recurrent
respiratory problems [Kerem et al., 1999]. Indeed, PHA-I patients
were found with chronic lung disease that resembles that of CF in
the absence of common CFTR mutations [Marthinsen et al., 1998;
Schaedel et al., 1999].

Given the observation that sodium hyperabsorption through
ENaC is part of the basic CF pathology, and that mice that
overexpress SCNN1B present CF-like disease, mutations in the
genes encoding ENaC may potentially explain disease in patients
with CF-like disease in whom a mutation cannot be identified on
both CFTR genes. We therefore investigated whether mutations in
any of the subunits of ENaC could be involved in the latter patients.

1094

HUMAN MUTATION, Vol. 30, No. 7, 1093-1103, 2009

Materials and Methods
Study Population

The patients originated from different CF clinics across Europe.
These included both typical CF patients and patients having a
phenotype of atypical CE. Originally these patients were studied in
three independent studies that were finally combined in one study.
In the first study, a total of 31 patients (Belgian, ten; Swedish, four;
German, six; Czech, three; and French (Montpellier), eight) were
included. Of these, 18 patients did not carry a CF-causing
mutation on either of their two CFTR genes, while 13 patients
carried a CF-causing mutation on one CFTR gene. A total of 45
French (Paris and Brest) patients were included in the two other
studies. Among the latter, 29 patients did not carry a CFTR
mutation at all, while 16 patients carried a CFTR mutation in one
CFTR gene. A total of 234 true healthy control individuals
(Belgian 85, Czech 149) without any reported disease were
included. Also, because of p.F508del homozygosity, 683 CF
patients (Danish 156, Czech 121, Belgian 104, British 101, Italian
101, and German 100) with explained CF disease were used as
controls. The studies were approved by the ethical committees of
the participating centers.

PCR and Sequencing

All coding exons and their exon/intron junctions of the
SCNNIA, SCNNIB, and SCNNIG genes were sequenced in the
31 patients of the first study. Moreover, the noncoding exon 1 of
SCNNIA and SCNNIG were also sequenced. PCR was performed
in a 50-pl solution containing 1x GeneAmp® Gold buffer (Applied
Biosystems, Foster City, CA), 0.2mM dNTPs (GE Healthcare
Europe GmbH, Munich, Germany), 2.5mM MgCl,, 2.5 U
AmpliTaq™ Gold (Applied Biosystems), 10 pmol of each primer
(see Supp. Table SI for the oligonucleotide sequences) and 100 ng
genomic DNA. The PCR conditions were as follows: initial
denaturation at 95°C for 5min; 40 cycles of denaturation at
95°C for 30 sec, annealing at 60°C for 30 sec, extension at 72°C for
1 min, and a final extension step at 72°C for 5 min. Since the region
containing exon 3 of SCNNIA could not be amplified in a single
amplicon, this region was amplified in two amplicons (3a and 3b).
The amplification mixture for amplicon 3b contained 1.5mM
MgCl, and 1M betaine (Sigma, St. Louis, MO).

PCR products were purified on Montage™ PCR centrifugal
filter devices (Millipore, Billerica, MA). Both DNA strands were
sequenced with the BigDye™ terminator cycle sequencing kit v3.1
(Applied Biosystems) according to the manufacturer’s protocol.
Most of the primers used for sequencing were identical to the
primers used for PCR, only a minority of them was nested (see
Supp. Tables SI and S2 for the oligonucleotide sequences). The
sequencing reactions were run on an ABI 3130x] genetic analyzer
(Applied Biosystems) and were analyzed with SeqScape® software
v2.5 (Applied Biosystems). All nucleotides of the exons and the
flanking intronic 30 nucleotides were analyzed.

For the sequencing of the 45 patients of the two other studies,
all the coding regions of the three ENaC genes were analyzed using
primers and conditions described by Sheridan et al. [2005].

Multiplex PCR and Single-Nucleotide Primer
Extension Assay

Four different multiplex PCR reactions (see Supp. Table S3 for
the oligonucleotide sequences) were developed for two sets of
single-nucleotide primer extension assays, which included §6he



mutations found after sequencing of the three subunits of ENaC
in the first study. The SNaPshot™ Multiplex kit (Applied
Biosystems) was used according to the manufacturer’s protocol.
The length of the primers varied between 24bp and 81bp,
allowing discrimination of the different SNPs in the SNaPshot
reactions (see Supp. Table S4 for the oligonucleotide sequences).
The reaction mixture was run on an ABI 3130xl genetic
analyzer (Applied Biosystems) and the electropherograms
were analyzed with the GeneScan® software v3.7 (Applied
Biosystems). The mutation nomenclature follows the journal
guidelines (www.hgvs.org/mutnomen) as described in the
footnote to Table 1.

Mutagenesis

Human cDNA of the SCNNIA, SCNNIB, and SCNNIG
subunits were synthesized from total RNA, extracted from
primary cultured nasal epithelial cells, and were each cloned in
pcDNA3 (Invitrogen, Carlsbad, CA). Specific mutations found
during sequencing were introduced with the QuickChange®™ XL
site-directed mutagenesis kit (Stratagene, La Jolla, CA) according
to the recommendations of the manufacturer. The mutagenesis
constructs were transformed into XL1 blue cells by electropora-
tion. Plasmid DNA was isolated with the NucleoBond® PC 500
plasmid DNA purification kit (Macherey-Nagel, Diiren, Ger-
many). The inserts and insert vector junctions of the different
expression vectors were completely verified by sequencing.

Pulse-Chase, Western Blot, and Endoglycosidase Analysis

Pulse-chase, Western blot, and endoglycosidase analysis were
performed analogously as previously described [Cuppens et al,,
1998; Jaspers et al., 1988]. For pulse-chase experiments, ENaC
expression vectors were transfected in COS-1 cells. For Western
blot analysis, human bronchial epithelial (HBE) cells (16HBE140-)
[Forbes et al, 2003] were cultured in collagen-coated tissue
cultures. Anti-a-ENaC antibody (1 mg/ml) (Calbiochem, San
Diego, CA), goat-anti-rabbit-HRP (1/2,000 dilution) (Dako,
Glostrup, Denmark) and endoglycosidase H (Endo H) (Roche
Diagnostics GmbH, Mannheim, Germany) were used.

Isolation of Oocytes and Injection of cRNA

Oocytes were obtained from adult female Xenopus laevis as
described previously [Kraus et al., 2007; Rauh et al., 2006;
Wielputz et al., 2007]. Defolliculated stage V-VI oocytes were
injected with ¢cRNA for SCNNIA, SCNNIB, and SCNNIG
(0.5-1.0 ng/subunit) dissolved in RNase-free water with a total
volume of 46 nl per oocyte. cRNA was synthesized from full-length
c¢DNA using T7 RNA polymerases (mMessage mMachine;
Ambion, Austin, TX). Since cRNA quality can differ from batch
to batch, and therefore can influence the protein expression level,
matched cRNAs were transcribed in parallel (with the exception of
the cRNAs for p.S82C-SCNNIB and p.G589S-SCNN1B), and were
stored in aliquots at —80°C until further use. Injected oocytes were
stored at 19°C in modified Barth’s solution (in mM: NaCl 85, KCI
1, NaHCOj; 2.4, Ca(NO3), 0.3, CaCl, 0.4, MgSO, 0.8, HEPES 10,
pH 7.4) for SCNN1B mutants, or in ND96 (NaCl 96, KCI 2, CaCl,
1.8, MgCl, 1, HEPES 5, pH 7.4) for SCNNIA or SCNNIG
mutants, each supplemented with penicillin (100 U/ml) and
streptomycin (100 pg/ml) (Sigma, Taufkirchen, Germany) to
prevent bacterial overgrowth.

Two-Electrode Voltage Clamp

Whole-cell currents were routinely measured 2 days after
injection using the two-electrode voltage clamp technique as
described previously [Kraus et al., 2007; Rauh et al., 2006; Wielputz
et al,, 2007]. The oocytes were superfused with ND96 (see above)
and clamped at a holding potential of -60 mV. Amiloride-sensitive
whole-cell currents (Al,,;) were obtained by washing out amiloride
(2puM) with amiloride-free ND96, and subtracting the whole-cell
currents measured in the presence of amiloride from the
corresponding whole-cell currents recorded in the absence of
amiloride. Al,,; values were normalized to the mean value of the
matched wild-type ENaC-expressing control group.

Nasal Potential Difference Measurements

Nasal PD was determined by standard criteria as described
[Knowles et al., 1995; Schuler et al., 2004]. The PD is measured
between a fluid-filled exploring bridge on the nasal mucosa and a
reference bridge on the skin of the forearm [Middleton et al., 1994].
Perfusion of nasal mucosa was performed with the following
solutions: 1) Ringer’s solution containing Na 147.5 mEq/l, K 4 mEq/],
Cl 156 mEq/], Ca 4.5mEq/l; 2) Ringer’s solution containing 100 uM
Amiloride; 3) chloride-free solution containing Na 147.5mEq/l, K
4mEq/l, Cl 0mEq/l, Ca 4.5mEq/l, and 100 uM Amiloride; 4)
chloride-free solution as in 3) plus 10 uM isoproterenol.

Statistical Analysis

Database management and statistical analysis was performed
with the SAS statistical package, release 9.1.3 (SAS Institute Inc.,
Cary, NC). Statistical tests were considered significant when their
type 1 error was <0.05. For highly relevant associations,
Bonferroni corrections were performed. Tests for Hardy-Weinberg
equilibrium were performed for each SNP, separately for the
patient and control group using a Fisher’s exact test. Differences in
genotype frequencies between patients and controls were tested
for each SNP with the use of a chi-squared test with 1 degree of
freedom, or by the Fisher exact probability test when more than
25% of the cells had a count of <5. A series of tests assuming an
additive, dominant, or recessive genetic model were performed for
each of the SNPs. Genotypic odds ratios (ORs) and 95%
confidence intervals (Cls) were estimated.

Results

Patients With CF or CF-Like Disease Without Two
CFTR Mutations

The clinical criteria for inclusion of patients in this study were
the presence of CF or CF-like lung symptoms, as well as the
presence of a positive or borderline sweat test and/or the presence
of one CF-causing CFTR mutation. Originally these were three
independent studies; in the end, all of the data from the three
studies were combined. In the first study, 31 patients were
recruited from different centers over Europe. In the two other
studies, 45 patients were recruited from two centers in France
(Paris and Brest). A CF-causing CFTR mutation in the coding
region and exon/intron junctions of both CFTR genes was
excluded in these patients; therefore, only patients truly carrying
one or no CF-causing CFTR mutations were included—either after
sequencing of the complete CFTR coding region and its exon/
intron junctions, or after mutation scanning of the complete gFiTR
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coding region and its exon/intron junctions using denaturing
gradient gel electrophoresis (DGGE) or denaturing high-perfor-
mance liquid chromatography (dHPLC). The sensitivity of these
scanning assays may not reach 100%, so a CFTR mutation might
have escaped detection. Therefore, the CFTR coding region,
including the exon/intron junctions, was completely sequenced
in a given patient of the latter group when a highly relevant ENaC
mutation was found, to rule out a CFTR mutation being missed by
the screening assays. The CFTR analysis also included the search
for large deletions or duplications by multiplex ligation-dependent
probe amplification (MLPA) or quantitative fluorescent multiplex
PCR (QFM-PCR). The overall clinical characteristics of the
patients are given in Supp. Table S5.

An Increased Proportion of ENaC Mutations in Patients
With Unexplained CF or CF-Like Disease

The coding region and exon/intron junctions of the three ENaC
subunits were sequenced in the first 31 patients. Based on the
observed CF-like lung disease in mice that overexpress SCNN1B,
we first analyzed the SCNNIB gene. This analysis identified seven
mutations in the tested SCNNIB genes in a small number of
patients. We then sequenced the other two ENaC subunits,
SCNNIA and SCNNIG, in which we identified 11 and eight
additional mutations, respectively. All 26 identified sequence
variants, and their location in the SCNNIA, SCNNIB, and
SCNNIG genes, are shown in Figure 1; their allelic frequencies in
the three combined studies are shown in Table 1. Multiplex single-
nucleotide primer extension assays were developed to screen all of
these 26 ENaC sequence variants. The prevalence of these 26
ENaC sequence variants was then determined in controls; i.e. 234
controls with no lung disease, as well as in 683 p.F508del CFTR
homozygotes, from different corners of Europe (Table 1).

SCNN1A
1 2 3 4

Of these 26 ENaC mutations, seven were not described before in
the literature or in public databases. Two of the seven mutations,
i.e. p.V114I and p.F61L in SCNNIA, were only found once in
patients and not at all in controls.

Besides the 26 sequence variants from the first study, we
identified four additional new sequence variants in the two other
studies of 45 CF patients (Fig. 1): the missense mutations p.R81C
(c.241C>T) (1s61759860) in SCNNIA, p.P368A (c.1102C>G)
(rs61759918) in SCNNIG, and the silent mutations p.S145S
(c.435C>T) (rs62639702) and p.S212S (c.636C>T) (rs16977041)
in SCNNIG. These mutations were not analyzed in detail regarding
their prevalence in controls and physiological consequences.

The prevalence of the different variations were comparable
between the different control populations, so that they could be
pooled and compared to the patient group. Except for the p.F293F
locus in SCNNIB (P<0.0001), no deviation from the Hardy-
Weinberg equilibrium was found for the different loci in controls.
It is not clear if a technical artifact or a biological mechanism
is responsible for the observed linkage disequilibrium for p.F293F
in SCNNIB.

For the combined group of mutations that have a minor allele
frequency (MAF) <2.5% in controls (in SCNNIA: ¢.-55+5G >C,
c~54-14C>T, p.P33P, p.F61L, p.L18OL-R181W, p.V114l, and
p-W493R; in SCNNIB: p.S82C, ¢.777-5T >C, p.I515], p.G589S,
and p.D629D; and p.E197K in SCNNIG), a cumulative frequency
of 30% in the studied patient group was found, which is
significantly increased compared to the cumulative frequency of
9% found in controls (P<0.0001). Specifically, for the c.—55+
5G>C locus in SCNNIA, a higher number of patients (four
patients, 5.3%) were heterozygous for the C allele compared to
controls (0.4%) (P<0.002), with an OR of 13.5 (95% CI,
3.0-61.3) (Table 2). The cumulative frequency of hyperactive
ENaC mutations p.W493R-SCNNIA, p.L180L-R181W-SCNNIA,

-93a/g -55+5g/c -54-14c/t "+ |

¢ & 4 3 'S °
P33P F61L R8IC Vi1l  L180L R181W A334T

99c/t 183c/a 241c/t 340g/a
SCNN1B

1 2 3 4

540g/t 541c/t  1000g/a

WA493R T663A
1477tc 1987a/g
5 6 7 8 910 11 12 13

— ﬁ —1

S82C P93P
245c/g 279%/c
SCNN1G
1 2 3 4 5

777-5tc ",

H

F293F 15151 G589S D629D
879c/t 1545c/t 1765g/a 1887c/t
7 89 10 " 12 13

s
2128
6360/t

Y129Y S145S 11581 G183G E197K
387t/c 435c/t 474t/c 549c/t 589g/a

UTR: [ ]| Exon: [l Protein: [

Figure 1.

___--"1']7é+14a/g 1373+29c  1432-7g/a_..-*"

L649L
1947c/g

P368A
1102c/g

Schematic diagram of the different SCNNTA, SCNN1B, and SCNN1G mutations found in this study. The coding exons and their

flanking 30 nucleotides in the introns were analyzed. Translation initiation and termination are shown by arrows. Open boxes refer to the
untranslated region (UTR), black boxes refer to coding exon, and gray boxes refer to protein.
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and p.V114I-SCNNIA, as shown below, was also significantly
increased in the patient group (14%) vs. controls (7%) (P = 0.01).
The most relevant functional variant, p.W493R-SCNNIA, was
found in six patients (8%), at a more than two-fold increased
incidence compared to controls (3.1%) (P<0.03), with an OR of
2.7 (95% CI, 1.1-6.8) (Table 2).

With regard to SNPs having a MAF > 2.5%, homozygosity for
the A allele at the ¢.1176+14A > G locus in SCNNIG was found at
a three-fold incidence in patients (11.8%) vs. controls (4.1%)
(P<0.002), with an OR of 3.2 (95% CI, 1.4-6.9), while
homozygosity for the G allele was found at a reduced incidence
in patients (54% vs. 66%, P<0.04) (Table 2). This association was
also found to a lesser extent for other loci that were in strong
linkage disequilibrium with ¢.1176+14A>G. These associations
were more pronounced in patients that did not carry a CFTR
mutation at all (P<0.0007; P<0.02 after Bonferroni correction),
compared to the CF carriers (Table 2).

From a genetic point of view, all these findings suggest an
involvement or susceptibility of ENaC mutations in disease in
some of these patients.

Hyperactive and Hypoactive ENaC Mutations

In a next step we investigated whether the different missense
mutations affect amiloride-sensitive whole-cell currents mediated
by ENaC heterologously expressed in Xenopus laevis oocytes.
For this purpose, expression vectors for each of the ENaC subunits
were generated, starting from cDNA that was converted from
RNA isolated from a primary cell line of human nasal epithelial
cells. The different missense mutations were inserted in the
corresponding expression vector. Since p.T663A-SCNNIA is a
frequent variant, each missense mutation was introduced on the
p.T663A-SCNNIA background as found in the patient. When the
cis or trans configuration of the p.T663A-SCNNIA background
could not be determined, the missense mutation was generated on
both the p.T663-SCNNIA and p.A663-SCNNIA background.
Oocytes injected with wild-type cRNA of SCNNIA, SCNNIB, and
SCNNIG were used as controls. For every tested mutant, the
mutant subunit cRNA was injected, together with the wild-type
cRNAs of the other two subunits. The p.T663A background of
SCNNIA, as observed in the patient, was also taken into
consideration for SCNNI1B or SCNNI1G mutations.

Compared to wild-type ENaC, a significantly higher amiloride-
sensitive whole-cell current (Al,,;) was found for ENaC harboring
p-W493R, p.R181W, or p.V114I in the SCNN1A subunit, with an
increase to about 450% (P<0.0001), 175% (P<0.0001), and
150% (P =0.0004), respectively. ENaC carrying p.F61L or
p.A334T in the SCNNIA subunit showed significantly lower
AL ,; values, which were decreased by about 90% (P <0.0001) and
45% (P<0.0001), respectively. p.T663A in SCNNIA (in contrast
to the findings of Samaha et al. [2004]); p.S82C and p.G589S in
SCNNI1B; and p.E197K in SCNNIG did not significantly affect
sodium transport (Fig. 2; Table 3).

The SCNNIA protein steady-state levels were studied in pulse-chase
experiments (Supp. Fig. S1). Except for p.F61L-A663-SCNNI1A, we
could not detect any significant change in the protein steady-state
levels of the SCNNI1A mutants compared to that of the controls
p-T663-SCNNIA or p.A663-SCNNI1A. The reduced protein expres-
sion of p.F61L-A663-SCNNIA in vitro is in agreement with the
reduced functional expression of p.F61L-SCNNIA in the Xenopus
laevis oocyte expression system.

In vivo functional studies could be performed in two patients
who carried the most hyperactive mutation p.W493R-SCNNIA
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mutation, by means of nasal potential difference (NPD)
measurements using standard methods [Knowles et al., 1995;
Schuler et al., 2004]. The ENaC channel can be blocked by
amiloride, so perfusion with amiloride provides information
about ENaC activity. The NPD of a patient with classic CF is
remarkably different from that of controls. In CF patients,
the basal PD is much higher (more negative) (values are
mean + standard deviation [SD]. CF: -31.1+16.6 mV; controls:
-152mV+6.9mV), the amiloride response is exaggerated
(CF:+19.44+11.7mV; controls: +6.5+2.6mV), and there is
little or no response to chloride free and isoproterenol solutions
(CF:+0.08 +3.7 mV; controls: —16.3+9.2mV).

One patient, who was heterozygous for p.W493R in SCNNIA
and p.F508del in CFTR (Fig. 3), had a basal PD of -25mV, an
amiloride-response of +20mV, and a response to chloride
removal of —15mV. Thus, this patient had a rather negative basal
potential, however still within the normal range, a strong
amiloride-response never seen in controls, and a chloride
secretion reflecting the heterozygous state of p.F508del-CFTR
with one unaffected CFTR gene sufficient to produce functional
CFTR channels. The second individual, who was heterozygous for
p.-W493R-SCNNIA and the milder CFTR polymorphisms p.E528E
and the TG12-T7 haplotype located in intron 8, had a basal PD of
—19mV, which is at the higher end of the normal range, a
pronounced amiloride response of +18 mV, which is well above
the control range, and a normal chloride secretion (-20mV).
These in vivo findings are consistent with our in vitro expression
studies and support our conclusion that the p.W493R-SCNNIA
mutation causes hyperactivity of ENaC.

The detailed clinical characteristics of the patients carrying the
p.-W493R-SCNNIA mutation are shown in Supp. Table S6.

Of special interest was the p.V114I-SCNNIA mutation, which was
found in the German CF patient without a CF-causing CFTR
mutation, and with a healthy sibling who inherited the same parental
CFTR genes [Mekus et al., 1998]. The clinical features of this patient
were described in detail by Mekus et al. [1998], and are summarized
in Supp. Table S6. Only the p.V114I-SCNNIA mutation was found
in this patient, while p.V114I-SCNNIA was not found in his healthy
sibling. Moreover, p.V114I-SCNNIA was not found in the healthy
parents, and nonpaternity was excluded. p.V114I-SCNNIA was thus
a de novo mutation and was not found in 1,646 control alleles.
Moreover, p.V114 was completely conserved in the orthologs and
paralogs of ENaC subunit genes (Supp. Fig. S2).

Discussion

We investigated whether ENaC mutations may contribute to the
pathophysiology of CF or CF-like disease in patients in whom only
one CFTR gene is mutated, or that carry no mutations at all in the
CF1R coding region and its exon/intron junctions. A total of 30
sequence variants in ENaC genes were found in 76 patients. Only
the hyperactive p.V114I and hypoactive p.F61L mutations in
SCNNIA were observed once in our patients, but not in controls.
These mutations thus potentially cause disease by a Mendelian
mechanism. Interestingly, the hyperactive p.V114I-SCNNIA
mutation was identified in the German patient that provided
the first evidence that mutations in other genes than CFTR may
cause CF-like disease [Mekus et al, 1998], and now provides
evidence that a mutant SCNNIA gene causes CF-like disease in
this patient.

The cumulative frequency of mutations that have a minor allele
frequency of <2.5% in controls had a more than three-fold
significantly increased cumulative frequency (30%) in the ste@'ed
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Figure 2. ENaC-mediated amiloride-sensitive Na™ currents detected

with two-electrode voltage clamp. Xenopus laevis oocytes were measured
two days after cRNA injection. Amiloride-sensitive whole-cell Na™
currents were normalized to the mean current value measured in matched
wild-type ENaC-expressing control oocytes and are given in percentage
values. The dotted line at 100% indicates the control level. Group sizes of
control and mutant ENaC-expressing groups were similar in individual
experiments. Numbers above columns indicate the individual number of
oocytes measured and the number of different batches of oocytes used.
Index on x-axis indicates p.A663-background or p.T663-background on
SCNN1A used for the mutant and the corresponding controls. In the first
column p.A663-SCNN1A was compared to p.T663-SCNNTA.

patient group. These mutations are thus potentially involved in
disease in these patients by a polygenetic mechanism. Among
these, the most relevant functional variant p.W493R-SCNN1A was
found at a more than two-fold significantly increased incidence in
patients (8%).

From a genetic point of view, all these observations thus suggest
an involvement of ENaC in disease in some of these patients.
However, based on the functional findings, it is very difficult to
develop a mechanistic explanation of the effect of the different
mutations, especially in the light that either too low or too high
amounts of ENaC can already result in two different diseases, which
will be even further complicated if the CFTR protein is implicated.

Our observations that ENaC mutations can cause CF-like
disease are in agreement with another study, in which the
SCNNIB gene was completely sequenced in 20 patients in whom
no mutation could be identified on both CFTR genes [Sheridan
et al., 2005]. Three of the four identified SCNN1B mutations were
loss-of-function mutations  (p.P267L, ¢.1670-2A>G, and
p-E539K), while only one mutation (p.G294S) resulted in a
gain-of-function.

We mainly found hyperactive mutations in the SCNNIA gene,
while transgenic mice overexpressing SCNN1A do not present with
CF-like lung disease [Mall et al., 2004]. A likely explanation is that
the amount of different ENaC subunits that is present in the cell is
likely not equal. Indeed, the amount of a given subunit depends on
many factors at the transcriptional and translational level. One
subunit will thus be the limiting factor for the generation of
functional ENaC channels. In this regard, we found a four-fold
higher amount of SCNNIA transcripts compared to SCNNIB
transcripts (our unpublished results). SCNN1B might thus be the
limiting factor in the formation of functional ENaC channels, such
that overexpression results in more ENaC activity and disease in
transgenic mice [Mall et al., 2004]. Conversely, overexpression of
SCNNI1A has no effect, since it is already present at higher levels than
stoichiometrically needed, so that further overexpression results in no
higher ENaC activity. On the other hand, gain-of-function SCNNI1A
mutations, as identified in this study, result in increased activity by a
qualitative rather than quantitative mechanism.

Of special interest were patients in whom one copy of the CFTR
gene was found to be mutated, with the other CFTR gene being
unaffected. Indeed, CFTR is part of a CFTR network, which is
(almost) completely nonfunctional when a disease-causing muta-
tion is found on both CFTR genes. However, in patients in whom

Table 3. Electrophysiological Characterization of Mutant ENaC Expressed in Xenopus laevis Oocytes™

Variant Background SCNNIA Aami (%) SE Number of oocytes Number of frogs Number of cRNA batches P value
SCNNIA

p.-T663A 105.4 15.0 40 2 2 0.7736
p.E6IL p-A663 10.1 13 77 3 2 <0.0001
p.V1141 p.A663 147.7 11 95 5 2 0.0004
p.L180L-R181W p-A663 177.9 15.5 71 4 2 <0.0001
p.A334T p-A663 56 5.4 73 4 2 <0.0001
p.W493R p.A663 459.1 50.4 46 2 2 <0.0001
p.-W493R p.T663 377.7 337 60 4 2 <0.0001
SCNNIB

p.S82C p.A663 88.9 6.8 115 8 02138
p.G5895 p.T663 123.6 13.7 67 5 2 0.1196
SCNNIG

p.E197K p.T663 97.3 6.4 187 8 4 0.6983

*The ENaC-mediated amiloride-sensitive whole-cell Na™ current (A, ;) was normalized to the mean A,; of wild-type ENaC-expressing (same background) control oocytes.
Numbers of control and mutant expressing oocytes were similar in all experiments. Batches of oocytes were derived from different donors (frogs). With the exception of

p-S82C-SCNNI1B, at least two batches of cRNA were transcribed in parallel to avoid artifacts due to different cRNA quality.

SE, standard error.
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Figure 3. NPD measurements. The NPD was measured between a Ringer's solution—filled exploring bridge on the nasal mucosa of the floor
of the nasal cavity, and a reference bridge on the abraded skin of the forearm in a CF patient compound heterozygous for p.F508del and p.G542X
in CFTR, a patient heterozygous for p.W493R-SCNNTA and p.F508del-CFTR, and a normal subject. Arrows indicate the time points where
perfused solutions were switched, in the following sequence: solution 1, Ringer’s solution; solution 2, Ringer’s solution + amiloride; solution 3,
chloride-free solution + amiloride; solution 4, chloride-free solution + amiloride + isoproterenol.

a mutation is only found on one CFTR gene, about 50% of the
CFTR network is still functional. While the majority of these
individuals are healthy CF carriers, we hypothesize that in some of
these individuals the remainder of the CFTR network may be
rendered nonfunctional by a mutation in at least one other
member of the CFTR network, such as ENaC.

In the Xenopus laevis oocyte expression system, p.W493R-
SCNNIA was found to result in a more than four-fold higher
ENaC activity. In individuals that are heterozygous for p.W493R-
SCNNI1A, this mutation is therefore predicted to translate in a
two-fold higher ENaC activity. The magnitude of this gain-of-
function effect is similar to that observed for Liddle’s syndrome
mutations in the same expression system [Firsov et al., 1996]. In
our study, the gain-of-function effect of the p.W493R-SCNNIA
mutation could be confirmed in vivo using nasal PD measure-
ments in two patients carrying this mutation. Indeed, an increased
amiloride response never seen in controls, but only in CF patients,
was observed in these two patients. The basal nasal potential
difference in these two patients, however, only partially reflected
the hyperactive effect of the p.W493R-SCNNIA mutation.
Possibly, the p.W493R-SCNNIA mutation might only have its
deleterious consequences in nonbasal conditions. The effect was
also only partially reflected in the sweat test values of the six
patients that were found to carry the p.W493R-SCNNIA mutation
(Supp. Table S6). It is known that sweat test values, especially
borderline values in milder patients, may change to more
pathological sweat values at older ages. For some of these patients,
the limited numbers of sweat tests were obtained at older ages.
The hyperactive effect of the p.W493R-SCNNIA mutation might
thus not be representatively reflected in the obtained sweat tests.
This would especially apply if the overall effect of the hyperactive
ENaC mutations might have tissue-specific presentations.

Given the CF carrier incidence of about 3.3% (1/30), and the
fact that about 3.1% of the individuals in the general population
carry the hyperactive p.W493R-SCNNIA mutation, about 1 in
3,900 individuals is expected to be heterozygous for both a
CF-causing CFTR mutation and p.W493R-SCNNIA. This is
higher than the incidence of p.F508del homozygous CF newborns
(1/7,350). Moreover, the T5 polymorphism in the CFTR gene has
an allelic frequency of about 5% in the general population

[Cuppens et al., 1994] and only results in about 10% functional
CFTR [Chu et al., 1993]. Therefore, about 1 out of 975 individuals
will be heterozygous for a CF-causing mutation or T5 in CFTR
and p.W493R-SCNNIA. In these individuals, CFTR function will
thus be reduced by about 50% and ENaC function will be
doubled. No disease will occur when these mutations are found
alone in a heterozygous state. It is tempting to speculate that the
p-W493R-SCNNIA mutation in combination with a loss-of-
function mutation in one copy of the CFTR gene may cause or
predispose to CF or CF-like disease. These genotypes might
possibly cause disease by a not fully-penetrant mechanism.
Indeed, other modulating genes and environmental factors may
determine the penetrance of a given genotype [Vanscoy et al,
2007]. In fact, CFTR and the three ENaC subunits form an
oligogenetic system. The presentation of a functional mutation in
one of these genes might therefore even depend on an epistatic
effect of another mutation/polymorphism in the other ENaC
subunit genes or the CFTR gene. Possibly, p.W493R-SCNNIA
might thus be an important risk factor in development of other
lung diseases, which should be investigated further.

Our findings will be also clinically relevant for nasal PD
measurements in patients, since functional ENaC polymorphisms
are expected to affect the nasal PD results. More and more atypical
patients are referred to the clinic for nasal PD analysis, but often
nasal PD traces are found that are neither normal nor typical for
CE. Our functional studies provide a likely explanation for these
findings, and knowledge of the presence of functional poly-
morphisms as found in this study may be helpful for the correct
interpretation of these assays.

The actual mechanism by which ENaC functions is still unclear.
The functional mutations found in this study might provide insight.
Recently, the structure of the chicken acid-sensing ion channel 1
(ASIC1) has been determined [Jasti et al., 2007]. ASICs are voltage-
independent, proton-activated receptors, which are in amino acid
sequence related to the epithelial sodium channels. Based on the
finding that ASICI is a homotrimer, ENaC is now believed to be a
heterotrimeric protein, in which the SCNN1A, SCNNI1B, and
SCNNIG subunits are each found once [Jasti et al., 2007]. All found
functional ENaC mutations very likely contact a twisted B-sheet,
which is connected to the second transmembrane helix (ébéz)
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(Supp. Fig. S3). This suggests a crucial function for this twisted -
sheet for sodium transport through the ENaC channel.

It should be noted that in a considerable number of our patients
no involvement of ENaC was found, implicating additional genes/
proteins to be involved in disease. Potential proteins are any protein
that is part of the complex CFIR interactome [Wang et al., 2006].

In conclusion, in only a small fraction of the 76 patients
studied, in whom a mutation cannot be identified on both CFTR
genes, disease can be explained by a Mendelian model. However,
given the significantly increased incidence of several ENaC
polymorphisms in the patient group, ENaC seems to be involved
in disease in some patients, possibly in combination with CFTR,
by a polygenetic mechanism. Of special interest is the strongly
hyperactive p.W493R-SCNNIA polymorphism, which is not that
rare in the general population, that may predispose to disease,
especially in combination with the frequent CF carrier status. Such
genotypes may play a hitherto unrecognized role in lung diseases,
which will be the basis for further studies.
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Summary

Understanding the genetic structure of the European popu-
lation is important, not only from a historical perspective,
but also for the appropriate design and interpretation of ge-
netic epidemiological studies. Previous population genetic
analyses with autosomal markers in Europe either had
a wide geographic but narrow genomic coverage [1, 2], or
vice versa [3-6]. We therefore investigated Affymetrix Gene-
Chip 500K genotype data from 2,514 individuals belonging
to 23 different subpopulations, widely spread over Europe.
Although we found only a low level of genetic differentiation
between subpopulations, the existing differences were char-
acterized by a strong continent-wide correlation between
geographic and genetic distance. Furthermore, mean het-
erozygosity was larger, and mean linkage disequilibrium
smaller, in southern as compared to northern Europe. Both
parameters clearly showed a clinal distribution that provided
evidence for a spatial continuity of genetic diversity in Eu-
rope. Our comprehensive genetic data are thus compatible
with expectations based upon European population history,
including the hypotheses of a south-north expansion and/or
a larger effective population size in southern than in north-
ern Europe. By including the widely used CEPH from Utah
(CEU) samples into our analysis, we could show that these
individuals represent northern and western Europeans
reasonably well, thereby confirming their assumed regional
ancestry.

Results and Discussion

According to current theory, the autosomal gene pool of extant
human populations in Europe lacks sharp discontinuities [1, 2],
with the exception of known isolates such as the Finns [6, 7].
For classical genetic markers including, for example, erythro-
cyte antigens, changes in population genetic structure have
been observed to follow a predominantly southeast-northwest
gradient [1, 2], thereby apparently matching the Pleistocene
settlement of Europe, the Neolithic expansion from the Fertile
Crescent, and (at least in part) the postglacial resettlement of
Europe during the Mesolithic. Such gradient was also observed
with particular haplogroups derived from the nonrecombining
part of the Y chromosome (NRY), but other NRY data revealed
additional population structure in Europe that has been associ-
ated with various demographic events in prehistoric, historic,
and modern times [8-10]. In contrast, the European mitochon-
drial DNA pool has been found to be rather homogeneous [11].
Here, we investigated the genetic structure of the European
population by using 309,790 single-nucleotide polymorphisms
(SNPs) in 2,457 individuals, ascertained at 23 sampling sites
(henceforth referred to as “subpopulations”) in 20 different Eu-
ropean countries. The data emerged from the genotyping of
2,514 European samples with the GeneChip Human Mapping
500K Array, followed by stringent quality control (see Table 1
and Experimental Procedures for details) and represent the
largest Europe-wide genetic study to date.

First, we quantified the amount of information that each SNP
could potentially provide about an individual’s subpopulation
affiliation by using the ancestry informativeness index In (Fig-
ure S1 available online) [12]. The maximum /n value (0.09) was
observed for rs6730157 in the RAB3GAP1 gene located about
68 kb away from the Lactase (LCT) gene. Furthermore, nine of
the 20 (45%) most ancestry-informative SNPs, and 17 of the
top 100 (Table S1), were from the LCT region and previously

Table 1. European Subpopulation Summary Statistics

Total No. Final No.  Sex Ratio
Subpopulation Code Samples Samples* (M:F)
Norway (Ferde) NO 52 52 1.74
Sweden (Uppsala) SE 50 46 all male
Finland (Helsinki) Fl 47 47 0.74
Ireland IE 37 35 4.29
UK (London) UK 197 194 8.85
Denmark (Copenhagen) DK 60 59 1.22
Netherlands (Rotterdam) NL 292 280 all female
Germany | (Kiel) DE1 500 494 1.08
Germany Il (Augsburg) DE2 500 489 1.02
Austria (Tyrol) AT 50 50 all male
Switzerland (Lausanne) CH 134 133 0.81
France (Lyon) FR 50 50 213
Portugal PT 16 16 0.78
Spain | ES1 83 81 1.02
Spain Il (Barcelona) ES2 48 47 0.71
Italy | 1T 107 106 1.38
Italy Il (Marches) IT2 50 49 all male
Former Yugoslavia YU 58 55 1.90
Northern Greece EL 51 51 1.43
Hungary HU 17 17 0.54
Romania RO 12 12 1.00
Poland (Warsaw) PO 50 49 all male
Czech Republic (Prague) CZ 53 45 0.96
Total 2,514 2,457

Total number of samples, final number of samples after data cleaning, and
the sex ratio (male:female) of the final sample data set for each subpopula-
tion. * is after stringent quality control.

showed signatures of a selective sweep in CEU (Centre d’Etude
du Polymorphism Humain from Utah) samples [13]. The aver-
age In across markers was 0.0064 (standard deviation:
0.0032), which represents only 0.93% of the maximum possible
In of 0.69 in our study. (Note that this maximum would be at-
tained if a SNP was fixed for one allele in 12 subpopulations
and for the other allele in the remaining 11 subpopulations).

Second, we performed a principal-component analysis
(PCA) in which the first two PCs were found to account
for 31.6% and 17.3%, respectively, of the total variation, an
amount similar to that reported in previous studies [1, 5]. In
our study, the first two PCs revealed a SNP-based grouping
of European subpopulations that was strongly reminiscent of
the geographic map of Europe (Figure 1; Figure S2). The first
PC aligned subpopulations according to latitude, with the
two Italian subpopulations at one end and the Finnish subpop-
ulation at the other. The second PC tended to separate sub-
populations more according to longitude, with the Finnish
subpopulation showing the largest values and the Irish and
UK subpopulations showing the lowest values. The apparent
geographic footing of the two PCs received additional support
from an observed statistically significant positive correlation
(Pearson r? = 0.632, two-tailed p < 10~ '%) between the genetic
distance (Euclidian distance between the median first two
eigenvectors of the PCA) and the geographic (great-circle)
distance between the analyzed subpopulations.

Third, we searched for genetic barriers [14] in our dataset by
using the same genetic and geographic distance matrices.
This analysis identified two statistically significant barriers
for the 23 subpopulations. One barrier was observed between
the Finnish and all other subpopulations (first PC considering
FI against the rest: r? = 0.074, two-tailed p < 10~'%; second
PC considering Fl against the rest: r? = 0.33, two-tailed p <
107"%) and the other one between the two Italian and allejher
subpopulations (first PC considering IT1 and IT2 against the
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Figure 1. SNP-Based PCA of 2,457 European Individuals from 23 Subpopulations
(A) Kernel density plot of the first two dimensions of a SNP-based PCA using those 309,790 SNPs from the GeneChip Human Mapping 500K Array Set

(Affymetrix) that passed quality control.

(B) Geographic distribution of the 23 subpopulations; capitals were used as the respective landmark if location information was either unspecific or lacking

(see Table 1 for further sample details).

rest: r? = 0.37, two-tailed p < 10~ '%; second PC considering IT1
and IT2 against the rest: r? = 0.014, two-tailed p = 2.31 x 1079),

Fourth, we studied the geographic distribution of genetic di-
versity by computing mean heterozygosity and mean linkage
disequilibrium (LD) based upon HR? [15] between markers
at a distance < 10 kb for each subpopulation. Results from
both analyses showed that the genetic diversity tended to be
larger, and the LD smaller, in southern Europe as compared
to northern Europe (Figure 2). Moreover, both analyses
supported a genetic gradient of south-north orientation (2
adjusted for the number of data points between the mean ob-
served heterozygosity and latitude: 0.76, p = 3.80 x 1078, ad-
justed r? between HR? and latitude: 0.71, two-tailed p = 4.33 x
10~7) but not of west-east orientation (adjusted r? between
heterozygosity and longitude: 0.03, two-tailed p = 0.416;
adjusted r? between HR? and longitude: 0.099, two-tailed p =
0.078). Spatial autocorrelation analysis of both variables re-
vealed statistically significant (p < 0.05) patterns compatible
with a clinal distribution as indicated by the presence of posi-
tive and statistically significant autocorrelation values for small
pair-wise distances and negative and statistically significant
Moran’s | values for large distances (see Figure 2). Bearing
analysis [16] revealed for the heterozygosity measure the
maximal angular correlations (r = 0.69) at 87° and the minimal
(r = —0.153) at 165°, as well as for HR? the maximal at 55°
(r = 0.67) and the minimal (r = —0.167) at 160°, thus also

suggesting a south-to-north spatial distribution of both vari-
able. These results are compatible with larger effective popu-
lation sizes in the south than in the north of Europe and/or a
population expansion from southern toward northern Europe.
Hierarchical analysis of molecular variance (AMOVA) [17]
revealed that clustering the individuals according to four geo-
graphic groups—north (NO, SE, Fl), north-west/central (IE, UK,
DK, NL, DE1, DE2, AT, CH, FR), east (HU, RO, PO, CZ), and
south (PT, ES1, ES2, IT1, IT2, YU, EL)—explained an average
of 0.17% (95% coefficient interval: 0.0% to 0.91%) of the total
genetic variance, whereas individual subpopulation affiliation
explained 0.25% (95% coefficient interval: 0.0% to 1.25%).
Overall, our study showed that the autosomal gene pool in
Europe is comparatively homogeneous but at the same time
revealed that the small genetic differentiation that is present
between subpopulations is characterized by a significant
correlation between genetic and geographic distance. Further-
more, the qualitative nature of these results is in close agree-
ment with expectations based on human migration history in
Europe. The major prehistoric waves of human migration in
Europe followed south and southeastern to north and north-
western directions [1], including the first Paleolithic settlement
of the continent by anatomically modern humans [18], most of
the postglacial resettlement during the Mesolithic [19], and the
farming-related population expansion during the Neolithic{18,
20]. Thus, both the level and the change in neutral autosomal
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Figure 2. Geographic Distribution of Two Measures of Genetic Diversity across the European Population
(A and B) Isoline map (A) of Europe based on the mean observed heterozygosity in each of 23 European subpopulations with (B) corresponding spatial

autocorrelogram.

(C and D) Isoline map (C) of Europe based on the mean observed linkage disequilibrium based on HR2 in each of 23 European subpopulations with (D)
corresponding spatial autocorrelogram. Both spatial autocorrelograms showed statistically significant departures from randomness (p < 0.05). For each
distance class, the number of subpopulation pairs included and the statistical significance (*, p < 0.05; **, p < 0.01; ***, p < 0.001) are provided.

variation in Europe can be expected to roughly follow southern-
to-northern gradients as we observed, with the possible ex-
ception of population isolates as observed for the Finns. On
the other hand, migration events in more recent (i.e., historic)
times are presumed to have had a more homogenizing effect
upon the previously established genetic landscape, as a result
of their sporadic nature and haphazard geographic orientation
[2]. This implies that genetic differences between extant Euro-
pean subpopulations can be expected to be small indeed.
The genetic landscape described by the ~300,000 autosomal
SNPs analyzed here closely resembles that previously ob-
tained with 128 alleles from 49 classical markers (see Table
1.3.1 in [1]). This similarity is highlighted by a significant corre-
lation (r = 0.516; two-tailed Mantel test p = 0.0042, performed
with 10,000 Monte Carlo permutations) between the pair-wise
Fst values [21] computed for the 19 European subpopulations
that overlapped between the two datasets (Danish, Dutch,
Yugoslavian, Hungarian, Irish, Italian, Portuguese, Spanish,
Swiss, English, German, Austrian, Finnish, French, Greek, Nor-
wegian, Polish, Swedish, and Czechoslovakian). This notwith-
standing, a stronger correlation between Fst and great-circle

geographic distances was observed for the subpopulations
when the SNPs from our study were used (r = 0.661; two-tailed
Mantel test p = 0.00010, performed with 10,000 Monte Carlo
permutations) as compared to the classical markers (r =
0.503, two-tailed Mantel test p = 0.00020, performed with
10,000 Monte Carlo permutations).

Previous studies based on genome-wide SNP diversity
reported differences between individuals of southern and
northern/central European ancestry [3, 5, 6] and, to alesser ex-
tent, between those of eastern and western European ancestry
[3], which were not confirmed in our study. They mostly relied
on the analysis of European Americans whose geographic as-
signment was determined from self-reported family records.
Although genetic studies using European Americans can re-
veal important information about the genetic structure of the
European ancestry of European Americans, caution must be
exercised when drawing conclusions about the current ge-
netic structure of Europe from European Americans because
(1) European migrants may not have been representative of
their country of origin, (2) the temporal difference introﬁ ed
by sampling second- or third-generation descendants m&ans
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Figure 3. Position of CEPH-CEU Samples in a SNP-
Based PCA Kernel-Density Plot of 23 European
Subpopulations

CEU individuals (U.S. Americans of European
descent from Utah) are plotted as open circles. For
details, see Figure 1 and Table 1.

context, might now be feasible down to
the level of European subregions, at least
when a large number of genetic markers
and a reference database, such as are
applied here, are used.

Conclusions

Our comprehensive SNP genotype data
from 23 European subpopulations, provid-
ing a dense coverage at both the geo-
graphic and genomic level and represent-
ing the largest Europe-wide genetic study
to date, allowed us to describe the genetic
structure of the European population with
the highest resolution. Although the amount
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that allele-frequency estimates inevitably ignored recent
population movements (i.e., WWII-related migrations), and (3)
self-reported geographic origin is error prone [22]. Our study
avoided these potential pitfalls by using large samples of indi-
viduals of genuinely European origin, as evidenced by the doc-
umentation of their respective place of birth or residence being
in one of the named subpopulations, and with comprehensive
continent-wide coverage.

It is of general interest to place the CEU samples, widely
used in genetic epidemiological and population genetic stud-
ies as representing the European population, into the context
of our findings. The CEPH-CEU panel comprises U.S. Ameri-
cans who were collected in Utah in 1980 and who are assumed
to have descended from migrants originating from northern
and western parts of Europe [23]. The samples were also
included in the International HapMap Project and formed the
basis of selecting tagging SNPs used in current genome-
wide association studies with lllumina SNP arrays. Whereas
a previous study [3] confirmed the grouping of the CEPH-
CEU samples with other northern and western European sub-
populations, our study was capable of providing their most
precise positioning on the European genetic map (Figure 3).
It turned out that, while the CEPH-CEU panel was indeed
largely representative of northwestern and central Europeans,
parts of Scandinavia as well as southern and eastern Europe
were not well represented by these samples (Figure 3).
Estimated inflated false-positive rates for all subpopulations
were largest in the Finns, followed by the two Italian subpopu-
lations (see Table S2). This implies that researchers conduct-
ing genetic-association studies in at least these regions, using
the CEPH-CEU samples as controls, may be at increased risk
of false-positive associations. Our confirmation of the regional
European origin of the CEPH-CEU samples also indicates that
inferring the geographic origin of an unknown person from au-
tosomal DNA markers, which is highly relevant in the forensic

T of differentiation within the European auto-
somal gene pool was found to be small, the
existing genetic differences nevertheless
correlated well with geographic distances.
Furthermore, mean heterozygosity was
larger, and mean linkage disequilibrium smaller, in southern
than in northern European subpopulations, and both parame-
ters exhibited a continuous clinal distribution across Europe.
Overall, our results were compatible with expectations based
on European population history, mainly the prehistoric popula-
tion expansion from southern to northern Europe and/or a
larger effective population size in the south as compared to
the north of Europe. Our dataset also allowed placement of
the widely used CEPH-CEU samples onto the European ge-
netic landscape, essentially confirming their genetic ancestry
in northern and western Europe.

Experimental Procedures

Samples and Genotyping

The GeneChip Human Mapping 500K Array Set (Affymetrix) was used to ge-
notype 500,568 SNPs in 2,514 individuals from 23 different sampling sites
(henceforth termed “subpopulations”) located in one of 20 different Euro-
pean countries. Genotyping according to the instructions provided by
the manufacturer was carried out at one of seven specialized centers: the
Cologne Center for Genomics at the University of Cologne (Germany) for
DE1, NO, SE, FI, AT, FR, ES2, IT2, EL, PO, and CZ; the Helmholtz Zentrum
Minchen - German Research Center for Environmental Health for DE2;
the genetics laboratory of the Department of Internal Medicine, Erasmus
MC (Netherlands) for NL; and the RH Microarray Centre Rigshospitalet, Co-
penhagen University Hospital (Denmark) for DK (see Table 1 for abbreviation
explanations). Samples from the GlaxoSmithKline-sponsored POPRES pro-
ject (IE, UK, CH, PT, ES1, IT1, YU, HU, and RO) were genotyped at Expres-
sion Analysis (Durham, NC, USA) and at Gene Logic (Gaithersburg, MD,
USA) (see Table 1 for abbreviation explanations). Some samples belonged
to existing control population studies, with detailed descriptions available
elsewhere: KORA [24] for DE2, PopGen [25] for DE1, the Rotterdam Study
[26-28] for NL, and POPRES (drawn from the LOLIPOP and CoLaus studies)
for IE, UK, CH, PT, ES1, IT1, YU, HU, and RO [29-31]. Samples were drawn
randomly from these pools or, in the case of POPRES, were ascertained on
the basis of sample-size requirements. European migrants from non-Euro-
pean regions were not included in the initial analysis. For 11 of the op-
ulations (NO, SE, Fl, AT, FR, ES2, IT2, EL, PO, CZ, and DK), samples were
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obtained from healthy unrelated volunteers: Norwegian samples (NO) from
blood donors of the Forde region, Swedish samples (SE) from the Uppsala
region [32], Finnish samples (Fl) from the Helsinki area with parents and
grandparents originating from various regions in Finland, Austrian samples
(AT) from the Tyrol region with parents originating from Tyrol, French sam-
ples (FR) from blood donors of Lyon with parents originating from the Rhéne
Alpes area, Spanish samples (ES2) from Catalonia of blood donors from
rural areas who speak Catalan as their mother tongue and who had regional
Catalan ancestry for at least two generations [33], Italian samples (IT2) from
blood donors of the upland of the Marches region [34], Greek samples (EL)
from the north of the country [35], Polish samples (PO) from the Warsaw re-
gion of central Poland [36], Czech samples (CZ) from the central Bohemian
region in and around Prague, and Danish samples (DK) from the Danish
Blood Donor Corps in the Copenhagen area. In addition, GeneChip Human
Mapping 500K Array data from CEPH-CEU samples were retrieved from the
Affymetrix website (http://www.affymetrix.com).

Quality Assessment and Control Procedure

Array-based SNP genotypes were subjected to stringent quality control:
First, each individual was required to have a genotype call rate > 93%,
with the dynamic model (DM) algorithm with a confidence score of 0.26,
and a per-individual call rate > 95% for all individuals genotyped by the
same facility, with the Bayesian robust linear model with Mahalanobis dis-
tance classifier (BRLMM) algorithm with a confidence score of 0.5. The
call rate was defined here as the proportion of unambiguous genotypes
among either all SNPs (per-individual call rate) or all individuals (per-marker
call rate), respectively. Markers that were monomorphic (1.4% of the total),
that were located on the X chromosome (2.1%), or that had a per-marker call
rate < 90% in at least one genotyping facility (5.7 %) were excluded, as were
those showing a significant (p < 0.05) deviation from Hardy-Weinberg equi-
librium (HWE) in at least one subpopulation (31.3%). HWE was tested by
means of a % test, or by Fisher’s exact test when the observed or expected
number of a given genotype was less than 5. This method was preferred
over others that have been shown to be more powerful [37] because the
computational requirements of these methods increase exponentially with
sample size and were thus too resource intensive for our study. The average
proportion of heterozygous genotypes at X chromosomal markers was
estimated per individual in order to detect false gender assignments. Male
subjects can be expected to show X chromosomal heterozygosity propor-
tions < 1%, reflecting the overall genotyping error rate, and female subjects
should show proportions near the average heterozygosity (26%) of the
analyzed X chromosomal SNPs. Average identity-by-state (IBS) distances
were calculated for a given set of markers as the average genetic dissimilar-
ity between pairs of individuals. Analysis of IBS values within subpopula-
tions allowed us to detect two types of outliers: (1) cognate relatives, i.e.,
individuals that were genetically more similar than expected to another
member of the same subpopulation, and (2) “aliens,” i.e., individuals that
were far less genetically similar than expected to the rest of the subpopula-
tion. Formally, cognate relatives were defined as pairs of individuals having
a pair-wise IBS value larger than the so-called “Tukey outlier criterion” when
compared with the rest of pairs of individuals of the same subpopulation,
i.e., the median IBS plus three times the interquartile range (IQR) in that sub-
population. In this case, the partner with the lower call rate was excluded.
Aliens were defined as individuals with at least 60% of their pair-wise IBS
values below the median minus three times the IQR. These two criteria led
to the exclusion of 56 individuals from further analysis (Table 1). One individ-
ual identified as female had an average proportion of heterozygous X chro-
mosomal markers of only 0.6% and was thus excluded from further analysis.
In total, quality control left 2,457 individuals (97.6%) and 309,790 markers
(62.4%) for inclusion in subsequent analysis. AMOVA [17] was performed
to ascertain the magnitude of variation attributable to the respective geno-
typing center or subpopulation. The mean amount of genetic variance
explained among genotyping centers was 0.095% (95% confidence interval:
0% to 0.71%), whereas subpopulation affiliation explained 0.63% of the
variance (95% confidence interval: 0% to 2.86%). As expected, the largest
amount of genetic variation was explained by differences between individ-
uals (99.72%; 95% confidence interval: 98.61% to 100.00%). Data are
available on request from the authors according to the regulations of the
participating studies and sample cohorts.

Statistical Data Analyses

The ancestry-informativeness index In was estimated for each marker as
described eslewhere [12]. Principal-component analysis was performed
with the Eigensoft program with the default settings [38]. Population-wise

kernel densities were computed from the first two PCs with the adehabitat
R package [39] and subjected to least-squares crossvalidation [40] that
used 80% of individuals per subpopulation for training. Pearson correlation
coefficients were computed for the genetic distance between the subpop-
ulations (represented by the respective median over all individuals in that
subpopulation of the first two eigenvectors) and the great-circle geographic
distance. The statistical significance of these correlation coefficients was
assessed by means of a Mantel test [41]. Barrier analysis was performed
on the basis of the Monmonier’s algorithm [14]. Locus-wise AMOVA [17]
was conducted after clustering the European subpopulations by genotyp-
ing center as well as by the use of four geographic groups. Negative per-
centages of explained variation were settled to 0. Both mean heterozygosity
and mean linkage disequilibrium computed by means of HR2 [15] were com-
puted with a subsample of ten individuals per population in order to adjust
for possible influence of sample size [42]. Spatial autocorrelation and Bear-
ing analyses were performed with the software PASSAGE 1.1 [43]. Isoline
maps were performed with the Golden Surfer 8 software [44], with the in-
verse-distance method used for interpolation points. Isoline levels were
defined to include the value of at least one of the 23 populations with inter-
vals of 0.001 in the case of heterozygosity and 0.002 in the case of HR2. For
evaluation of the extent to which the CEPH-CEU samples are representative
of the subpopulations used in the present study, marker-wise tests of asso-
ciation (Fisher’s exact test) were performed each time with the CEPH-CEU
samples as “controls” and a given subpopulation as “cases.” The false-
positive rate was defined as the percentage of markers yielding a p value
< 0.05. If the CEPH-CEU samples were representative of a subpopulation,
the false-positive rate would be around 0.05, whereas higher false-positive
rates indicate that the CEPH-CEU samples may not be representative of the
respective subpopulation.

Supplemental Data

Supplemental Data include two tables and two figures and can be found
with this article online at http://www.current-biology.com/cgi/content/full/
18/16/1241/DC1/.

Acknowledgments

All volunteers are gratefully acknowledged for sample donation. We thank
the following colleagues for their help and support: J. Kooner and J. Cham-
bers of the LOLIPOP study and D. Waterworth, V. Mooser, G. Waeber, and
P. Vollenweider of the CoLaus study for providing access to their collections
via the GlaxoSmithKline-sponsored Population Reference Sample
(POPRES) project; K. King for preparing the POPRES data; M. Simoons,
E. Sijbrands, A. van Belkum, J. Laven, J. Lindemans, E. Knipers, and B.
Stricker for their financial contribution to the generation of the Rotterdam
Study dataset; P. Arp, M. Jhamai, W. van lIJken, and R. van Schaik for gen-
erating the Rotterdam Study dataset; T. Meitinger, P. Lichtner, G. Eckstein,
and all other members of the Helmholtz Zentrum Miinchen genotyping staff
for generating the KORA Study dataset; H. von Eller-Eberstein for manage-
ment of the PopGen project; F.C. Nielsen, R. Borup, C. Schjerling, H. Ullum,
E. Haastrup, and numerous colleagues at the Copenhagen University Hos-
pital Blood Bank for assistance in making the Danish data available; and S.
Brauer for DNA sample management. We would additionally like to thank
Affymetrix for making the GeneChip Human Mapping 500K Array genotypes
of the CEPH-CEU trios publicly available and the Centre d’Etude du Poly-
morphisme Humain (CEPH) for the original sample collection. We are grate-
ful to three anonymous reviewers for their comments, which stimulated us
to improve the manuscript. This work was supported by the Netherlands Fo-
rensic Institute to M.Ka.; Affymetrix to M.Ka. and M.Kr.; the German National
Genome Research Network and the German Federal Ministry of Education
and Research to H.-E.W., S.S., M.Kr., and P.N. (01GR0416 to P.N.); the
Helmholtz Zentrum Miinchen - German Research Center for Environmental
Health, Neuherberg, and the Munich Center of Health Sciences as part of
LMUinnovativ to H.-E.W.; the Netherlands Organization for Scientific Re-
search (NWO 175.010.2005.011) to A.G.U.; the European Commission to
A.G.U. (GEFOS; 201865) and A.S. (LD Europe; QLG2-CT-2001-00916); the
Czech Ministry of Health (VZFNM 00064203 and IGA NS/9488-3) to M.M.;
Helse-Vest, Regional Health Authority Norway to L.A.B., the Swedish Na-
tional Board of Forensic Medicine (RMVFoU 99:22, 02:20) to G.H.; and the
Academy of Finland to A.S. (80578, OMLL) and J.P. (109265 and 111713).
None of the funding organizations had any influence on the '?Tign,
conduct, or conclusions of the study.



Genetic Structure of the European Population
1247

Received: May 2, 2008

Revised: July 9, 2008

Accepted: July 10, 2008
Published online: August 7, 2008

References

1

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

. Cavalli-Sforza, L.L., Menozzi, P., and Piazza, A. (1994). The History and

Geography of Human Genes (Princeton, NJ: Princeton University
Press).

. Sokal, R.R., Harding, R.M., and Oden, N.L. (1989). Spatial patterns of

human gene frequencies in Europe. Am. J. Phys. Anthropol. 80, 267-
294.

. Bauchet, M., McEvoy, B., Pearson, L.N., Quillen, E.E., Sarkisian, T.,

Hovhannesyan, K., Deka, R., Bradley, D.G., and Shriver, M.D. (2007).
Measuring European population stratification with microarray genotype
data. Am. J. Hum. Genet. 80, 948-956.

. Price, A.L., Butler, J., Patterson, N., Capelli, C., Pascali, V.L., Scarnicci,

F., Ruiz-Linares, A., Groop, L., Saetta, A.A., Korkolopoulou, P., et al.
(2008). Discerning the ancestry of European Americans in genetic
association studies. PLoS Genet 4, e236.

. Tian, C., Plenge, R.M., Ransom, M., Lee, A,, Villoslada, P., Selmi, C.,

Klareskog, L., Pulver, A.E., Qi, L., Gregersen, P.K., et al. (2008). Analysis
and application of European genetic substructure using 300 K SNP
information. PLoS Genet 4, e4.

. Seldin, M.F., Shigeta, R., Villoslada, P., Selmi, C., Tuomilehto, J., Silva,

G., Belmont, J.W., Klareskog, L., and Gregersen, P.K. (2006). European
population substructure: Clustering of northern and southern popula-
tions. PLoS Genet 2, e143.

. Sajantila, A., Salem, A.H., Savolainen, P., Bauer, K., Gierig, C., and

Paabo, S. (1996). Paternal and maternal DNA lineages reveal a bottle-
neck in the founding of the Finnish population. Proc. Natl. Acad. Sci.
USA 93, 12035-12039.

. Roewer, L., Croucher, P.J., Willuweit, S., Lu, T.T., Kayser, M., Lessig, R.,

de Knijff, P., Jobling, M.A., Tyler-Smith, C., and Krawczak, M. (2005).
Signature of recent historical events in the European Y-chromosomal
STR haplotype distribution. Hum. Genet. 116, 279-291.

. Rosser, Z.H., Zerjal, T., Hurles, M.E., Adojaan, M., Alavantic, D., Amorim,

A., Amos, W., Armenteros, M., Arroyo, E., Barbujani, G., et al. (2000).
Y-chromosomal diversity in Europe is clinal and influenced primarily
by geography, rather than by language. Am. J. Hum. Genet. 67, 1526~
1543.

Kayser, M., Lao, O., Anslinger, K., Augustin, C., Bargel, G., Edelmann, J.,
Elias, S., Heinrich, M., Henke, J., Henke, L., et al. (2005). Significant ge-
netic differentiation between Poland and Germany follows present-day
political borders, as revealed by Y-chromosome analysis. Hum. Genet.
117, 428-443.

Simoni, L., Calafell, F., Pettener, D., Bertranpetit, J., and Barbujani, G.V.
(2000). Geographic patterns of mtDNA diversity in Europe. Am. J. Hum.
Genet. 66, 262-278.

Rosenberg, N.A,, Li, L.M., Ward, R., and Pritchard, J.K. (2003). Informa-
tiveness of genetic markers for inference of ancestry. Am. J. Hum.
Genet. 73, 1402-1422.

Voight, B.F., Kudaravalli, S., Wen, X., and Pritchard, J.K. (2006). A map
of recent positive selection in the human genome. PLoS Biol. 4, e72.
Manni, F.C., Guérard, E., and Heyer, G.E. (2004). Geographic patterns
of (genetic, morphologic, linguistic) variation: How barriers can be
detected by “Monmonier’s algorithm.”. Hum. Biol. 76, 173-190.
Sabatti, C., and Risch, N. (2002). Homozygosity and linkage disequilib-
rium. Genetics 160, 1707-1719.

Falsetti, A.B., and Sokal, R.R. (1993). Genetic structure of human popu-
lations in the British Isles. Ann. Hum. Biol. 20, 215-229.

Excoffier, L., Smouse, P.E., and Quattro, J.M.V. (1992). Analysis of mo-
lecular variance inferred from metric distances among DNA haplotypes:
Application to human mitochondrial DNA restriction data. Genetics 131,
479-491.

Belle, E.M., Landry, P.A., and Barbujani, G. (2006). Origins and evolution
of the Europeans’ genome: Evidence from multiple microsatellite loci.
Proc Biol Sci 273, 1595-1602.

Torroni, A., Bandelt, H.J., Macaulay, V., Richards, M., Cruciani, F.,
Rengo, C., Martinez-Cabrera, V., Villems, R., Kivisild, T., Metspalu, E.,
et al. (2001). A signal, from human mtDNA, of postglacial recolonization
in Europe. Am. J. Hum. Genet. 69, 844-852.

20.

21.

22,

23.

24.

25,

26.

27.

28.

29,

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Chikhi, L., Nichols, R.A., Barbujani, G., and Beaumont, M.A.V. (2002). Y
genetic data support the Neolithic demic diffusion model. Proc. Natl.
Acad. Sci. USA 99, 11008-11013.

Weir, B.S., and Cockerham, C.C. (1984). Estimating F-statistics for the
analysis of population structure. Evolution Int. J. Org. Evolution 38,
1358-1370.

Burnett, M.S., Strain, K.J., Lesnick, T.G., de Andrade, M., Rocca, W.A.,
and Maraganore, D.M. (2006). Reliability of self-reported ancestry
among siblings: Implications for genetic association studies. Am. J.
Epidemiol. 163, 486-492.

Dausset, J., Cann, H., Cohen, D., Lathrop, M., Lalouel, J.M., and White,
R. (1990). Centre d’etude du polymorphisme humain (CEPH): Collabora-
tive genetic mapping of the human genome. Genomics 6, 575-577.
Lowel, H., Doring, A., Schneider, A., Heier, M., Thorand, B., Meisinger,
C., and Group, M.K.S. (2005). The MONICA Augsburg surveys-basis
for prospective cohort studies. Gesundheitswesen 67 (Suppl! 1), S13-
S18.

Krawczak, M., Nikolaus, S., von Eberstein, H., Croucher, P.J., El Mokh-
tari, N.E., and Schreiber, S. (2006). PopGen: Population-based recruit-
ment of patients and controls for the analysis of complex genotype-
phenotype relationships. Community Genet. 9, 55-61.

Hofman, A., Breteler, M.M., van Duijn, C.M., Krestin, G.P., Pols, H.A.,
Stricker, B.H., Tiemeier, H., Uitterlinden, A.G., Vingerling, J.R., and
Witteman, J.C. (2007). The Rotterdam Study: Objectives and design
update. Eur. J. Epidemiol. 22, 819-829.

Hofman, A., Grobbee, D.E., de Jong, P.T., and van den Ouweland, F.A.
(1991). Determinants of disease and disability in the elderly: The Rotter-
dam Elderly Study. Eur. J. Epidemiol. 7, 403-422.

Kayser, M., Liu, F., Janssens, A.C., Rivadeneira, F., Lao, O., van Duijn,
K., Vermeulen, M., Arp, P., Jhamai, M.M., van ljcken, W.F., et al.
(2008). Three genome-wide association studies and a linkage analysis
identify HERC2 as a human iris color gene. Am. J. Hum. Genet. 82,
411-423.

Kooner, J.S., Chambers, J.C., Aguilar-Salinas, C.A., Hinds, D.A., Hyde,
C.L., Warnes, G.R., Gomez Perez, F.J., Frazer, K.A., Elliott, P., Scott,
J., et al. (2008). Genome-wide scan identifies variation in MLXIPL asso-
ciated with plasma triglycerides. Nat. Genet. 40, 149-151.

Nelson, M.R., Bacanu, S.A., Mosteller, M., Li, L., Bowman, C.E., Roses,
A.D., Lai, E.H., and Ehm, M.G. (2008). Genome-wide approaches to
identify pharmacogenetic contributions to adverse drug reactions.
Pharmacogenomics J., in press. Published online February 26, 2008.
10.1038/tp;j.2008.4.

Sandhu, M.S., Waterworth, D.M., Debenham, S.L., Wheeler, E., Papada-
kis, K., Zhao, J.H., Song, K., Yuan, X., Johnson, T., Ashford, S., et al.
(2008). LDL-cholesterol concentrations: A genome-wide association
study. Lancet 371, 483-491.

Karlsson, A.O., Wallerstrom, T., Gotherstrom, A., and Holmlund, G.
(2006). Y-chromosome diversity in Sweden - a long-time perspective.
Eur. J. Hum. Genet. 74, 963-970.

Plaza, S., Calafell, F., Helal, A., Bouzerna, N., Lefranc, G., Bertranpetit,
J., and Comas, D. (2003). Joining the pillars of Hercules: mtDNA se-
quences show multidirectional gene flow in the western Mediterranean.
Ann. Hum. Genet. 67, 312-328.

Onofri, V., Alessandrini, F., Turchi, C., Fraternale, B., Buscemi, L., Pesar-
esi, M., and Tagliabracci, A. (2007). Y-chromosome genetic structure in
sub-Apennine populations of Central Italy by SNP and STR analysis. Int.
J. Legal Med. 121, 234-237.

Kondopoulou, H., Loftus, R., Kouvatsi, A., and Triantaphyllidis, C.
(1999). Genetic studies in 5 Greek population samples using 12 highly
polymorphic DNA loci. Hum. Biol. 71, 27-42.

Ploski, R., Wozniak, M., Pawlowski, R., Monies, D.M., Branicki, W.,
Kupiec, T., Kloosterman, A., Dobosz, T., Bosch, E., Nowak, M., et al.
(2002). Homogeneity and distinctiveness of Polish paternal lineages
revealed by Y chromosome microsatellite haplotype analysis. Hum.
Genet. 110, 592-600.

Schaid, D.J., Batzler, A.J., Jenkins, G.D., and Hildebrandt, M.A. (2006).
Exact tests of Hardy-Weinberg equilibrium and homogeneity of disequi-
librium across strata. Am. J. Hum. Genet. 79, 1071-1080.

Patterson, N., Price, A.L., and Reich, D. (2006). Population structure and
eigenanalysis. PLoS Genet 2, e190.

Calenge, C. (2006). The package “adehabitat” for the R software: A tool
for the analysis of space and habitat use by animals. Ecol. Mod7||2197,
516-519.



Current Biology Vol 18 No 16
1248

40.

41.

42,

43.

44,

Silverman, B.W. (1986). Density Estimation for Statistics and Data
Analysis (Boca Raton, Florida: Chapman & Hall / CRC Press).

Mantel, N. (1967). The detection of disease clustering and a generalized
regression approach. Cancer Res. 27, 209-220.

Jakobsson, M., Scholz, S.W., Scheet, P., Gibbs, J.R., VanLiere, J.M.,
Fung, H.C., Szpiech, Z.A., Degnan, J.H., Wang, K., Guerreiro, R., et al.
(2008). Genotype, haplotype and copy-number variation in worldwide
human populations. Nature 457, 998-1003.

Rosenberg, M.S. (2001). PASSAGE: Pattern Analysis, Spatial Statistics,
and Geographic Exegesis. 1.1 Edition, A.S.U. Department of Biology,
ed. (Tempe, AZ.).

Golden Software. (2007). Surfer Version 8.08.3267. Colorado, USA.

73



European Journal of Human Genetics (2009) 17, 967 -975
© 2009 Macmillan Publishers Limited Al rights reserved 1018-4813/09 $32.00

www.nature.com/ejhg

An evaluation of the genetic-matched pair study
design using genome-wide SNP data from the
European population

Timothy Tehua Lu"?3, Oscar Lao*?*, Michael Nothnagel®, Olaf Junge', Sandra Freitag-Wolf’,
Amke Caliebe!, Miroslava Balascakova®, Jaume Bertranpetit4, Laurence Albert Bindoff>,
David Comas*, Gunilla Holmlund®, Anastasia Kouvatsi’, Milan Macek?, Isabelle Mollet®,

Finn Nielsen’, Walther Parson', Jukka Palo'!, Rafal Ploski'?, Antti Sajantila'’,

Adriano Tagliabracci'?®, Ulrik Gether'*, Thomas Werge'®, Fernando Rivadeneira'®'”,

Albert Hofman'’, André Gerardus Uitterlinden!®!’, Christian Gieger'®,
Heinz-Erich Wichmann'®1®, Andreas Ruether?®, Stefan Schreiber?’, Christian Becker??,

Peter Niirnberg?!, Matthew Roberts Nelson®?, Manfred Kayser®?* and Michael Krawczak* >3

Unstitut fiir Medizinische Informatik und Statistik, Christian-Albrechts-Universitdt Kiel, Kiel, Germany; *Department
of Forensic Molecular Biology, Erasmus University Medical Center Rotterdam, Rotterdam, The Netherlands;
3Department of Biology and Medical Genetics, University Hospital Motol and 2nd School of Medicine, Charles
University Prague, Prague, Czech Republic; *Institute of Evolutionary Biology (UPF-CSIC), CEXS-UPF-PRBB,
Universitat Pompeu Fabra, Barcelona, Spain; *Department of Neurology, Haukeland University Hospital and
Department of Clinical Medicine, University of Bergen, Bergen, Norway; ®Department of Forensic Genetics and Forensic
Toxicology, National Board of Forensic Medicine, Linkoping, Sweden; " Department of Genetics, Development and
Molecular Biology, Aristotle University of Thessaloniki, Thessaloniki, Greece; Laboratoire d’Empreintes Génetiques,
EFS-RA site de Lyon, Lyon, France; °Department of Clinical Biochemistry and Center for Pharmacogenomics, University
of Copenhagen, Copenhagen, Denmark; Omstitute of Legal Medicine, Medical University Innsbruck, Innsbruck,
Austria; 11Department of Forensic Medicine, University of Helsinki, Helsinki, Finland; 1 Department of Medical
Genetics, Warsaw Medical University, Warsaw, Poland; BIstituto di Medicina Legale, Universita di Ancona, Ancona,
Italy; **Molecular Neuropharmacology Group and Center for Pharmacogenomics, Department of Neuroscience and
Pharmacology, University of Copenhagen, Copenhagen, Denmark; *>Research Institute of Biological Psychiatry, Mental
Health Center Sct. Hans, Copenhagen University Hospital, and Center for Pharmacogenomics, University of
Copenhagen, Copenhagen, Denmark; *°®Department of Internal Medicine, Genetics Laboratory, Erasmus University
Medical Center Rotterdam, Rotterdam, The Netherlands; 17Department of Epidemiology and Biostatistics, Erasmus
University Medical Center Rotterdam, Rotterdam, The Netherlands; *®Institute of Epidemiolong, Helmholtz Zentrum
Miinchen — German Research Center for Environmental Health (GmbH), Neuherberg, Germany; '°Institute of Medical
Informatics, Biometry and Epidemiology, Ludwig-Maximilians-Universitdat, Munich, Germany; Olnstitut fiir Medizinische
Molekularbiologie, Christian-Albrechts-Universitdt Kiel, Kiel, Germany; 21Cologne Center for Genomics and Institut fuir
Genetik, Universitidt zu Koln, Koln, Germany; **Genetics, GlaxoSmithKline, Research Triangle Park, NC, USA

Genetic matching potentially provides a means to alleviate the effects of incomplete Mendelian
randomization in population-based gene-disease association studies. We therefore evaluated the genetic-
matched pair study design on the basis of genome-wide SNP data (309 790 markers; Affymetrix GeneChip
Human Mapping 500K Array) from 2457 individuals, sampled at 23 different recruitment sites across

*Correspondence: Professor Dr M Krawczak, Institut fiir Medizinische Informatik und Statistik, Christian-Albrechts-Universitat Haus 31, Arnold-Heller-StraRRe 3,
Kiel 24105, Germany. Tel: + 49 431 597 3200; Fax: + 49 431 597 3193; E-mail: krawczak@medinfo.uni-kiel.de

2These authors contributed equally to this work.

Received 26 September 2008; revised 3 December 2008; accepted 10 December 2008; published online 21 January 2009

74



Genetic-matched pair study design in Europe
TT Lu et al

968

Europe. Using pair-wise identity-by-state (IBS) as a matching criterion, we tried to derive a subset of
markers that would allow identification of the best overall matching (BOM) partner for a given individual,
based on the IBS status for the subset alone. However, our results suggest that, by following this approach,
the prediction accuracy is only notably improved by the first 20 markers selected, and increases
proportionally to the marker number thereafter. Furthermore, in a considerable proportion of cases
(76.0%), the BOM of a given individual, based on the complete marker set, came from a different
recruitment site than the individual itself. A second marker set, specifically selected for ancestry sensitivity
using singular value decomposition, performed even more poorly and was no more capable of predicting
the BOM than randomly chosen subsets. This leads us to conclude that, at least in Europe, the utility of the
genetic-matched pair study design depends critically on the availability of comprehensive genotype

information for both cases and controls.
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Introduction

In both classical epidemiology and clinical research,
potential confounders are usually controlled for by one
of two different means, matching or randomization. In
genetic studies, however, including the large number of
genome-wide association (GWA) studies that have recently
been published,'~* only so-called ‘Mendelian’ randomiza-
tion has been employed to control for genetic confoun-
ders, whereas matching by genotype has not played an
important role.* Nevertheless, there has always been some
awareness among genetic epidemiologists that Mendelian
randomization may fail, thereby leading to false positive
reports of disease genes or to biased effect size estimates.®
One possible cause of such failure may be systematic
differences in terms of the rate at which individuals with a
particular phenotype or genotype are sampled from
genetically distinct populations. Therefore, two statistical
methods to retrospectively rectify genetic imbalances in
case-control studies were developed in the late 1990s, both
of which rely upon genotyping loci that are unrelated to
the genetic variants under study (ie unlinked and not in
linkage disequilibrium). The ‘genomic control’ approach®
uses marker genotypes to correct the employed test
statistic, whereas ‘structured association’’ infers the num-
ber of populations represented in a sample, and then
assigns each individual to one of these populations with a
certain probability.

With the possibility to effectively genotype large num-
bers of single nucleotide polymorphisms (SNPs) in large
numbers of individuals, using microarray technology,® the
effects of imperfect Mendelian randomization can, in
principle, also be alleviated by genetic matching. If
individuals from different samples such as cases and
controls were as closely matched as possible in terms of
their identity-by-state (IBS) status at a large number of
SNPs, it may be surmised that most systematic population

European Journal of Human Genetics

genetic differences would be eliminated between the
ensuing sub samples. However, genetic matching would
have to be based on markers from outside the genomic
region under study to avoid over-matching. This implies
that, in practise, repeated matching may be necessary if
multiple or even GWA assessments are due. In any case,
genetic matching could of course be accomplished effi-
ciently with the use of genome-wide microarray data, but
such a costly strategy may not be necessary if a set of ‘best
genetic match’ (BGM) markers could be established in
advance that are capable of capturing the major population
genetic characteristics of relevant extant populations.
Once a set of BGM markers has been found, it can be used
in two ways: either to retrospectively confirm whether two
samples of interest were genetically well-matched or to
select members of matched samples prospectively, before
any additional genotyping.

Recruitment of phenotypically well-characterized
control samples is one of the major bottlenecks of genetic
epidemiological and pharmacogenetic research. The use of
common controls across different association studies has
proven to be an efficient solution to this problem,
pioneered at a local level by the Wellcome Trust Case
Control Consortium (WTCCC),> and since adopted, for
example, by the US-American Genetic Association Information
Network (GAIN)! and the German National Genome
Research  Network (‘Nationales Genomforschungsnetz’,
NGFN).? However, the number and geographical distribution
of control samples required for the common controls approach
to be feasible at a broader geographical level are currently
unknown.

In the present study, we investigated three issues related
to the genetic-matched pair study design, using genome-
wide SNP data from across Europe: (1) the prospects of
identifying a small subset of SNPs that accurately predict
the ‘best’ genome-wide matching partner of a given
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individual, (2) the distribution of ‘best’ genetic-matching
partners between the European subpopulations and (3) the
inter-individual variability in terms of the uniqueness of
the ‘best’ genetic-matching partner. To this end, we
analyzed the genotypes of 309 790 markers obtained from
the GeneChip Human Mapping S00K Array Set in 2457
individuals, ascertained at one of 23 recruitment sites. The
European population is important in this context, not only
because of the historical interest in these people and their
descendants in the Americas, Australia and elsewhere, but
also because they are a major focus of both genetic
epidemiological and pharmacogenetic research.'?

Material and methods
Samples, genotyping and quality control

The GeneChip Human Mapping 500K Array (Affymetrix)
was used to genotype 500568 SNPs in 2514 individuals
from 23 different sampling sites (henceforth, termed
‘subpopulations’), distributed over 20 different European
countries. Subpopulation sizes ranged from 12 to 500
individuals (Table 1). Sex ratios differed markedly between
subpopulations, with some comprising only females or
males, respectively. Genotyping was carried out at six
different facilities. For further details, see Lao et al.'°

Array-based SNP genotypes were subjected to stringent
quality control as described earlier.'® Briefly, markers,
which had a genotype call rate >93%, were monomorphic,
located on the X chromosome or had a per marker call rate
<90% in at least one genotyping facility were excluded, as
were those showing a significant (P<0.05) deviation from
Hardy-Weinberg equilibrium (HWE) in at least one
subpopulation. Individuals deemed genetic outliers to
their subpopulation of origin, based on low average IBS
to the remaining individuals, were omitted from the
respective subpopulation. In total, quality control left
2457 individuals (97.6%) and 309 790 markers (62.4%)
for inclusion in subsequent analyses. The set of quality
controlled markers will henceforth be referred to as marker
set C. Ascertainment of a marker set for genetic matching
was carried out with internal validation, using 2/3 of the
members of each subpopulation (ie, 1638 randomly chosen
individuals) as the training set, and using the remainder
(819 individuals) as the validation set (Table 1).

All data were stored as either flat files or in a customized
database with an interface to the R statistical software. All
data analysis, except for the IBS estimation, was done in R
version 2.4.1'! using customized scripts. IBS calculations
and selection of marker sets were carried out using custom
C++ programs. All software is available from the authors
on request.

Best genetic match marker set
For the ascertainment of a marker subset M of C that would
allow us to identify ‘best’ genetic-matching partners, we

Genetic-matched pair study design in Europe
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will use a set-specific criterion, A(M) that is related to the
IBS between given individuals and their matching partners,
as selected on the basis of M (see below). In this context, we
will use the term ‘best overall match’ (BOM) to denote that
individual or group of individuals who maximize
the average pair-wise IBS with the individual of interest
for the complete marker set C. Ideally, we would want to
ascertain a subset of markers that consistently lead to
the selection of matching partners with an IBS with the
reference individual that is close to the IBS between
the reference individual and its BOM.

More formally, if the genotype (g), of a given SNP is
encoded by the dose of one of its two alleles (ie, as 0, 1 or
2), then the IBS between any two individuals x and y equals
1—|g(x)—g()|/2 for that SNP. Here, g(x) and g(y) denote the
genotypes of x and y, respectively. For a marker set M, let
im(x,y) be the average IBS, taken over all markers in M, and
let ip(x) denote the maximum iy(x,y), taken over all
individuals y other than x. Finally, if M= N are two nested
marker sets, let iy n(x) be the average in(x,y) taken over all y
for which iu(x,y) =im(x). For a marker set M=C, A(M) is
defined as the average difference |ic(x)—inm,c(¥)|, taken over
all individuals x and weighted by the inverse of the size of
the subpopulation to which x belongs.

We used forward selection from marker set C to ascertain
marker sets that successively minimized the A criterion.
The ensuing marker sets will be referred to as the best
genetic match (BGM) marker sets. Upper and lower base-
lines for A were computed as follows. The upper baseline
was obtained from randomly chosen marker sets of varying
size (10-100 in steps of 10), with 1000 sets sampled for
each set size value. The lower baseline was obtained from
marker sets that theoretically should have captured most of
the genetic variation present in the individuals under
study, ie sets for which any additional marker would have
been in strong linkage disequilibrium with the markers
already included. Each chromosome was thus divided into
bins of 20kb, based on the mean swept radius of 500kb
estimated for the European population.'*!* The swept
radius is the distance at which the average association
between two markers, measured by ?, is reduced to
approximately one-third (more precisely, e~!) of its initial
value. A bin size of 20 kb therefore ensures an average r* of
e 19/500_ ) 98 between markers in the bin. Markers were
then randomly selected from bins, one at a time, and A
calculated for the resulting marker set. The described
selection process was repeated 1000 times and the mean
A value taken as the lower baseline, ie the expectation of A
at r*-based saturation.

Ancestry-sensitive marker set

To compare the BGM set, which focuses on inter-individual
genetic variation with a marker set that was ascertained
with the aim to highlight inter-population variation, we
generated an ancestry-sensitive marker (ASM) set using the
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Table 1 European subpopulation summary statistics

Subpopulation Code No. samples Final no. samples No. training
Norway (Fgrde) NO 52 52 (0.63) 35
Sweden (Uppsala) SE 50 46 (1.00) 31
Finland (Helsinki) FI 47 47 (0.43) 31
Ireland IE 37 35 (0.80) 23
UK (London) UK 197 194 (0.90) 129
Denmark (Copenhagen) DK 60 59 (0.56) 39
Netherlands (Rotterdam) NL 292 280 (0.00) 187
Germany | (Kiel) DE1 500 494 (0.52) 329
Germany Il (Augsburg) DE2 500 489 (0.51) 326
Austria (Tyrol) AT 50 50 (1.00) 33
Switzerland (Lausanne) CH 134 133 (0.44) 89
France (Lyon) FR 50 50 (0.68) 33
Portugal PT 16 16 (0.44) 11
Spain | ES1 83 81 (0.51) 54
Spain Il (Barcelona) ES2 48 47 (0.43) 31
Italy | I 107 106 (0.58) 71
Italy Il (Marche) IT2 50 49 (1.00) 33
Former Yugoslavia YU 58 55 (0.65) 37
Northern Greece EL 51 51 (0.59) 34
Hungary HU 17 17 (0.35) 11
Romania RO 12 12 (0.50) 8
Poland (Warsaw) PO 50 49 (1.00) 33
Czech Republic (Prague) Ccz 53 45 (0.51) 30
Total 2514 2457 1638

Subpopulation, site of sample origin, with more specific location details given in parentheses; No. samples, total number of samples genotyped; Final
no. samples, number of samples that passed stringent quality control, with proportion of males in parenthesis (for details, see text); No. training, size of

the training set used for marker selection.

singular value decomposition (SVD) method with redun-
dant marker reduction described by Paschou et al.'*!®
Global allele frequencies were used to interpolate missing
data as suggested by the authors. Some 228 individuals
were eliminated from the training set during PCA analysis
with Eigensoft2'® using the standard criterion of having an
ancestry coefficient > 6 standard deviations in at least one
of the eigenvector axes. SVD was carried out with SVDLIBC
(version 1.34, http://tedlab.mit.edu/~dr/SVDLIBC), a C
library based on the SVDPACK library.!” Rank-revealing
QR matrix decomposition was carried out in Octave
version 2.0.17'® to reduce the redundancy of the first
5000 markers, ordered by the first SVD eigenvector. This
resulted in a set of the same size (ie 100 markers) as the
BGM set.

Distribution of best genetic match pairs

A count matrix was generated that contains, for each pair
of subpopulations, the number of times an individual in
the first subpopulation had their BOM in the second
population. Cell counts were tested for a deviation from
the null hypothesis that BOMs were drawn randomly from
subpopulations using a two-tailed exact test as implemen-
ted in the R routine binom.test. A plot of directed graphs
representing the relationships between individuals and
their BOMs was generated using Graphviz.'?

European Journal of Human Genetics

False positive rates

Thresholds for the false positive rates of population-based
gene—disease associations in Europe were determined from
contrived case-control experiments, using PLINK version
1.03%° on all markers in set C (Fisher’s exact test on allele
frequencies). These mock studies were carried out for all
pair-wise combinations of subpopulations, each time
labeling one subpopulation as ‘cases’ and the other as
‘controls’. The percentage of markers with P-values <0.05
was reported. As the variance of the P-value is inversely
related to sample size, false positive rates were not
estimated for subpopulations with sample sizes <20 (PT,
HU and RO; see Table 1 for subpopulation abbreviations).

Results
Best genetic match and ancestry sensitive marker sets

Two subsets of markers (BGM and ASM) were ascertained
from the complete marker set using either IBS-based
forward selection or SVD with redundant marker reduc-
tion, respectively. As the decrease in A as a function of
marker set size levelled off very rapidly (see Figure 1), BGM
marker selection was terminated at 100 SNPs (Supplemen-
tary Table 1). For the sake of comparability, the ASM set was
chosen so as to contain the same number of markers as the
BGM set (Supplementary Table 2). Interestingly, the top
5000 markers of the provisional ASM set included various
SNPs annotated to genes known to stratify the European
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Figure 1

IBS-based forward selection of best genetic match (BGM) marker sets. The upper baseline for A is illustrated by box-whisker plots, each

generated from 1000 random selections of a marker set of given size. The lower baseline for A (dotted line) is provided by a marker set for which any
additional markers could be expected to be in strong linkage disequilibrium (> 0.98) with at least one marker already included in that set (for details,
see text). Selection of the BGM marker sets is depicted by a solid line; the performance of ASM sets of various sizes is illustrated by a dashed line. All A
values were calculated from the validation set of individuals. The training set A values obtained for the BGM marker sets are included for reference

(dash-dotted line).

gene pool as a result of recent positive selection acting
differently in different geographic regions, including
HERC2*' (ranked 7), OCA2%? (ranked 33), LCT*® (ranked
262) and TYRP1?* (ranked 1138).

A graphical representation of the forward selection
process leading to the BGM set is provided in Figure 1. In
the validation set, the A criterion decreased by ~ 10% until
it levelled off at ~20 markers, and decreased only margin-
ally thereafter. Although forward selection on the training
set showed a promising reduction in A value, the validation
A for the 100 top markers comprising the BMG set was still
at 9.3x 107>, which is 14.3% lower than the upper
(random) baseline but exceeds the lower baseline of
1.5x107° by a factor of six. This implies that the
genome-wide similarity of two European individuals is
hard to predict with sufficient accuracy on the basis of a
small, specifically selected marker set, and that the little
benefit that can be gained in this respect already arises
from 100 markers or even fewer. By comparison, the
capacity of the ASM set for BOM prediction was found to
be indistinguishable from the upper (random) baseline, ie,
it performed no better than randomly drawn marker sets.

Distribution of best overall matches (BOMs)
A significant amount of genetic similarity between the
European subpopulations is revealed by an assessment of

the subpopulation of origin of BOMs (Table 2). In a
considerable proportion of cases (1868/2457 or 76.0%),
the BOM of a given individual belonged to a different
subpopulation than the individual itself. That this was
particularly so when individuals or BOMs came from
subpopulations with large sample sizes (DE1, DE2 and
NL) was presumably due to the wider range of genetic
diversity captured by these samples, but may also reflect
their concurrent geographic location in central Europe. On
the other hand, for some relatively isolated subpopulations
(FI and IT2) the source of the BOM was mostly the
subpopulation itself, reflecting their separation also seen
in genetic barrier analysis and, in the case of the Finns,
principle component analysis.'® Closer inspection at the
individual level revealed that some individuals were
disproportionately more often selected as BOMs than
others (Figure 2). Thus, of the 2457 individuals examined,
1860 (75.7%) were never deemed a BOM at all. This is
significantly higher than the expected number (1553.3,
63.2%) if BOMs were drawn at random (3*>=165.1, 1 df,
P<0.001). At the same time, 120 individuals were chosen
as BOMs at least five times, which is a significant excess
over expectation (9.0, 0.36%, ¥?>=1401.9, 1 df, P<0.001).
The subpopulation of origin of the 10 most frequently
ascertained BOMs was generally among those central
Europeans who also had the largest sample size (DE1 five,
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Table 2 Count matrix of BOM (best overall match) affiliation

NO SE F IE UK DK NL DE1 DE2 AT CH FR PT EST ES2 IT1 IT2 YU EL HU RO PO CZ Total

NO 8 2 0 0 0O 0O 3 25 7 0 0 00 0O 0 0 3 0 00 0 4 0 52
SE 6§ 1.0 0 2 2 4 2 5 0 2 00 0 0 0 2 0 00 0 0 0 46
Fl T 03 0 0 0 0 4 0 0 0 0O0 O O O O 0 0 O0 0 3 0 47
IE 1.0 0 4 12 3 3 3 3 0 0 20 0 0 0 4 0 00 0 0 0 35
UK 2 0 0 B8 27 23 40 62 15 0 1 3 0 0 0 0 10 1 0 0 0 2 0 194
Dk 1 0 0 0 ©0 T 13 22 7 0 0 00 0 0 0 2 0 00 0 3 0 59
NL 4 1 0 1 14 45 94 79 16 0 3 1 0 0 0 O 8 0 1 0 0 11 2 280
DET 19 1 0 4 21 74 6 230 54 0 4 1 0 0 0 0 10 0 0 0 0 T6 0 494
DE2 9 0 0 5 24 68 8 179 9 3 10 1 0 0 O O 8 0 0 0O 0 9 0 48
AT 0 0 0 0 3 8 7 15 13 0 0 00 0 0 0 3 0 0 0O 0 1 0 50
CH 2 1 0 1 18 15 2 3 2 2 8 1 0 0 0 0 1 0 0 0 0 2 0 133
FR 0 0 01 3 4 1 16 8 0 1 20 0 0 0 1 1 00 0 2 0 50
PT 1 00 0 0 2 3 3 201 10 1 0 0 0 000 0 00 16
ST 1 1 0 1 9 6 16 21 8 1 5 8 0 0 0 1 1 0 0 0 0 2 0 81
2 1 1 0 0 4 3 8 6 6 0 3 30 0 9 2 0 0 10 0 0 0 47
IT1 1 2 0 1 6 3 19 28 15 210 50 0 2 5 0 2 2 0 0 1 2 106
m 2 o0 0 0 o0 1 3 9 1 0 0 00 0 0 033 0 00 0 0 0 49
YU 3 1.0 0 4 0 8 2 7 0 1 00 0 0 0 T 10 00 0 0 0 55
EL 2 200 2 1 7 17 8 3 1 00 0 0 1 00 7 0 0 0 0 51
HU 1 0 0 O 1 2 4 8 0 0 0 10 0 0 0 0 0 OC O O 0 0 17
RO 0 0 0 0 1 2 1 2 2 0 2 10 0 0 1 0 0 00 0 0 0 12
PO 3 0 0 0O 1 13 2 16 5 0 0 00 0O O O 0O 0 0 0 0 8 1 49
cZ o o0 0 2 2 3 11 175 3 1 1 10 1 0 0 1 0 0 0 0 0 4 45
Total 68 13 39 28 154 288 426 84T 295 12 53 31 0 2 11 10 8 14 11 0 0 64 9

Row, subpopulation of origin of reference individual; Column, subpopulation of origin of BOM of reference individual.
Underlined values are significantly higher than random expectation (P-value <0.05), bold values are statistically significant after Bonferroni correction
(FWER<0.05).
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Figure 2 Distribution of the number of times an individual was deemed a BOM. The observed distribution is marked by circles. Also included is a
Poisson distribution with the same mean as the sample mean (marked by squares), which approximately corresponds to the theoretical expectation if
best overall matching (BOM) were selected at random. The codes of the subpopulation of origin of the 10 most frequently selected BOMs are given at
the upper right edge of the plot.

DE2 two and NL one), with the notable exception of DK chosen BOMs left the number of times the BOM was
(59 individuals, yet holding two of the top 10 positions; found outside the subpopulation of origin of the individual
Figure 2). Interestingly, barring of the 10 most frequently of interest virtually unchanged (1862/2457 or 75.8%,
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Figure 3 Directed graph illustrating the best overall matching (BOM) relationships between individuals. Circles represent individuals (2457 total)
and arrows point towards the respective BOM. The most frequently selected BOM (centre of the plot) was selected for 187 individuals.

Supplementary Table 4). A graphical representation of the
BOM relationships between individuals is provided in a
directed graph illustrating the complexity of networks of
matches (Figure 3).

False positive rates

Although it is admittedly unlikely that a researcher would
actually carry out a population-based gene—disease associa-
tion study in which cases and controls were sampled from
different countries, without adjusting for population origin
in one way or another, measurement of the false positive
rates expected from such undertaking is of general interest
as a gauge of the magnitude of stratification pertaining in
the European population. Mock false positive rates for pairs
of subpopulations (Supplementary Table 3) ranged from
0.039 (CZ and PO) to 0.208 (DE1 and IT1), with a median of
0.070. Subpopulations sampled from the same political
country often had false positive rates indicative of little or
no population stratification, although this was not always
the case (DE1-DE2: 0.089). Many neighboring countries

also had false positive rates close to those expected under
the null hypothesis, indicating the absence of major
population differences as well (eg UK-IE: 0.042, NL-DK:
0.051, EL-YU: 0.047, CH-AT: 0.039, FR-DE2: 0.051).

Discussion

This is the first study to evaluate the genetic (ie, IBS-)
matched pair study design with genome-wide SNP data of a
large number of European individuals from across the
continent. The high number of best genetic-matching
partners found in different subpopulations corroborates
earlier reports of a considerable amount of genetic similarity
between the European subpopulations,*!'%'*25-27 parti-
cularly those in close geographic proximity. The surprising
inter-individual variability observed in terms of the number
of times a person was chosen as the best genetic-matching
partner of others does not necessarily imply that the
relationship between genetic and geographic distance in a
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given sample hinges on a small number of people. Thus,
when the most frequently chosen matching partners were
barred in our analysis, the proportion of best matches found
outside the subpopulation of origin of the respective index
person remained virtually unchanged.

We observed that the best genetic-matching partner for a
genome-wide marker set such as the Affymetrix GeneChip
Human Mapping 500K Array cannot be predicted from a
small, specifically selected subset of markers alone, but that
the information required to make such predictions is
distributed evenly across all markers. This leads us to
conclude that, at least in Europe, the utility of the genetic-
matched pair study design depends critically on the
availability of comprehensive genotype information for
both cases and controls. In practise, this would mean that
shared controls should ideally be genotyped for all relevant
genome-wide marker sets, thereby allowing the chromo-
some-specific choice of best matching partners for given
case individuals on the basis of the remainder of the
genome.

A distinction must obviously be made between ASM,
collections of which have been described in recent
papers,'#25-28 and the BGM marker set that we attempted
to generate. As the genetic within-subpopulation variation
in Europe is much greater than the between-subpopulation
variation, it is not unlikely for any two individuals from
different subpopulations to be genetically more similar to
each other than any two individuals from the same
subpopulation. In this sense, an ASM marker set consists
of markers that differentiate subpopulations, whereas a
BGM marker set should contain variants that highlight
genetic similarity at the individual level. Although the two
concepts are complimentary, the marker sets fit to each
task need not be the same, and the existence of one set
does not necessitate the existence of the other. Obviously,
markers that arose on early branches of the corresponding,
region-specific coalescence tree of the extant Europeans
would provide good ASM, but they cannot at the same time
identify nearest neighbors at the tips of the tree. Such
identification requires a much higher resolution of the tree
topology, and therefore many more markers. Conse-
quently, no adequately sized BGM set could be constructed
in our study and the ASM set selected with established
methodology was no more capable of identifying the best
genetic-matching partner of an individual than a randomly
chosen marker set.

Recently, two independent applications of genetic
matching have been reported in the context of GWA
studies,*?° both of which relied on information derived
from PCA of genotypes to match individuals. In the first
study, using US-American type 1 diabetes patients and
German controls, Luca et al* carried out ‘full’ matching
wherein matches consist of clusters of individuals that
contain at least one case and one control. Matching was
based upon a distance measure with the top eigenvectors as
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coordinates, weighted by the eigenvalues to exaggerate
differences in dimensions of greater importance. In the
second study, Heath et al*® undertook a PCA on a large pan-
European group of individuals and proposed a method to
predict the population affiliation of a sample of unknown
origin from the eigenvector matrix of its genotypes. As
both methods are likely to reduce spurious genetic
differences between cases and controls in disease associa-
tion studies, basing their matching criteria on eigenvectors
from PCA is strongly reminiscent of selecting ASM.
However, as we have shown above, matching with ASM is
less efficient than best overall genetic matching particu-
larly in Europe, where the within-subpopulation genetic
variation is known to be much greater than the between-
subpopulation variation. Indeed, the conclusion by Luca
et al* that some individuals remain ‘unmatchable’ by their
approach is not surprising bearing in mind that ASM can
only capture a miniscule proportion of the actual inter-
individual genetic differences in a given population.

The false positive rates derived in our study from mock
genetic case-control experiments represent an upper limit
to the likely consequences of sharing samples in continent-
wide scientific collaborations. In this respect, the rate
estimates also rationalize collaborative genetic epidemio-
logical and pharmacogenetic research in Europe; from the
data we have compiled, it seems as if research projects
combining cases from neighboring subpopulations and
matching them against common control samples, such as
those provided by the WTCCC,* GAIN' and NGFN,’ may
indeed be valid.

In conclusion, we found that the pattern of pair-wise
genetic matching in the European population was more
complex than anticipated. Best genetic matches occurred
frequently across the continent in our study, and dispro-
portionately often involved a small group of individuals.
Ascertainment of a subset of markers that accurately
predicts best overall genetic matches turned out to be
infeasible.
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3. DISKUSE K PRILOZENYM PUBLIKACIM

Ve své préci jsem se zdiila na studium cystické fibrézy z hlediska:
1/ zavedeni celoploSného novorozeneckého screenirsgehodnoceni jeho dopadu
2/ stanoveni evropskych dopor&eni pro sledovani pacieni s atypickymi
formami onemocréni
3/ studia dalSich gei podilejicich se na atypickych formach onemocmi

4/ populaéni genomiky ¢eské populace z hlediska novorozeneckého screeningu

1/ V Ceské republice doslo v letech 1999-2004 k vyraznghorseni klinické diagnostiky
(100), které se vymykalo urovni zdravotntpé&e vysglych zemich. Mediandku pri
diagndze se zdvojnasobil, podil pacierachycenych do 1 roku Zivota poklesl. Pacienti
diagnostikovani mezi 1.-10. rokem Ziv@tsto ichazeli ve velmi Spatném nutnim

stavu a/anebo s ireverzibilnimi Zmami plic.

PrestoZe stale postradame kauzalwblg délka a kvalita Zivota paciéng CF se
v poslednich letech vyznamalepSila a je urrna celkové urovni zdravotni g&v daném
stat (101). Rozhodujicim faktorem prognézy a adekva@é jevcasnost diagnozylyto
skute&nosti vedly k zahdjeni pilotni studie novorozenéckécreeningu (NSCF) s hlavnim
cilem -zlepSitcasnou diagnostiku a odstranit nerovngnost pee. Na rozdil od klasicky
provadgnych NS, jako naip fenylketonurie nebo kongenitalni hypothyre6za\CF
specificky tim, Ze vyZaduje vicestigvé testovani a jako druhy kréksto DNA analyzu

mutaci genlCFTR Ta vyZaduje dobrou znalost spektra popaéespecifickych mutaci

V pilotni studiiprovadné na tzemieskych kraj v letech 2005-2006 jsme zvolili
schéma IRT/DNA/IRT &nazili se prokazatdinnost a proveditelnost tohoto protokolu
v podminkaciCeské republikyOd rodia byl ziskavan informovany souhlas raegiim
informovani o kZném novorozeneckém screeninguisgbem obvyklym na kazdém
jednotlivém novorozeneckém pracovisti, o informaééto studii, s moznosti odmitnuti
Gcasti. Primarnim vzorkem byla zaschla kapka krvéltra¢nim papirku, ze které se
nejdiive (v prvnim stupni) itila koncentrace IRT pomoci fluoroimunoeseje ¢klié bylo

nastaveni sel€ki ,cut off* hodnoty IRT, ktera se viznych statecki studiich pondrné
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liSi. V sowasnosti se nejvice pouziva hodnota mezi 98.-9@yseptilem, ktera by dle
zahranénich zkuSenosti &ta byt dostaténé senzitivni a sotasré nezvySovat ekonomickée
naklady dané naslednou DNA analyzou. Schéma, vgjiZziwe druhém stupni u
selektovanych vzoikse zvySenou koncentraci IRT, molekutagenetické vyséeni
vybranych mutaci gen@FTR,jsme zvolili zejména proto, Ze spektrum a frekwenutaci
jsou uceské populace detaizmapovany . Nejdve bylo nutné zajistit a optimalizovat
izolaci dostateného mnozstvi DNA ze zaschlé kapky krve. DalSi dasatazkou byl

vybér spektra mutaci.

Dosud neexistuji koméme vyrakené kity ueené pro novorozenecky screening, tzn.
s castymi mutacemi spojenymi s klasickou formou CEexistuje Zadny dopaofeny
konsenzusZvolili jsme ekonomicky vyhod¥jSi a logicky postup, kdy vzorky s IRT
koncentraci 75-150 ng/ml byly analyzovany na ZasjSich mutaci se zachytnosti 83,8%
patologickych alel *R; a vzorky s IRT >150 ng/ml nebo jiZ jednou nateau mutaci
byly vySeteny kometnim diagnostickym kitem na 38 mutaci pokryvajicja3e alel vCR.
Celkem bylo v uvedeném obdobi zachyceno 12 pacefi. Median &ku pri stanoveni
diagndzy pomoci N8inil 37 dni (rozsah 26-54), coz jednozmg swdci pro Wasnost
z&chytu pacierit U jednoho pacienta s normalnim potnim testem atgpam
F508del/R117H —IVS-7T/7T), ktery je zpravidla spogvelmi mirnym a v étstvi i
asymptomatickym gibéhem, je vSak sporné, zda je v tomtgppE NSCF rjakym
piinosem (102).

Nepimym vysledkem aitkazem horsi klinické diagnostiky je, Ze(z celkem ti)
starSi sourozenci zachycenych novoroaemnéli ptiznaky CFale na diagn6zu se u nich
pomyslelo az na zakladysledku z novorozeneckeho screenmggjich nasledného
vySeteni v CF Centru. VSichni detekovani pacienti bgtezeni k I€b¢ a komplexni

dispenzarizaci do CF center a jejich rodiny podgiigugenetické poradenstvi.

Nami zjiS&na incidence pacieintv souboru 1: 6,369, pokud githme i pacienta
s velmi mirnym genotypenfe v rozporu s pedchozimi epidemiologickymi a molekulérn
genetickymi studiemi ze Sedesatych let minuléhetistee kterych byla stanovena

incidence na 1: 2736. Domnivame se, Ze #sdim by mohlo byt:
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1. relativné maly pd@et vySetenych jedind narozenych pouze na Uzeteskych kraj
a také diskontinuita testovani (z ficaich divodi danych grantovou agenturou
IGA MZCR)

2. faleSné negativitvysledku — toto se jevi jako malo prapddobné, protoze dosud

nebyl zaznamenan ze sledované kohorty Zadny pacidasickou formou CF
3. podil prenatalni diagnostiky a uk&emi gravidity i postizeni plodu CF

Posledni bod jistvyznamr prispel ke snizeni incidence a takto korigovany vysle¢iak
1: 3821, coz odpovida nalem zahraninich studii. DalSim vyslenim by mohlo byt, Ze
v evropskych zemich je v stasnosti pozorovan trend klesajici incidence vysk3fu
(103) z ne zcela jasnychinbdi zahrnujicich mimo jiné mimoevropské&gihovalectvi a
s tim souvisejici zvySena porodnost oproti ,domagopulacim a/nebo Siroce provmbu
prenatalni diagnostiku na zaktadltrazvukoveého screeningu fetalni hyperechogenity
v dutirg brisni (105). Je tedy mozné, Ze vlivem NS a ri@&ho molekuldmgenetického
vySeteni u dalSich pokrevnychipuznych, jakoZ i prenatalni diagnostiky, nebudeaa

desetileti screening v novorozeneckém obdoliepat

Dale jsme se zabyvali otazkou, zda paciéagie zachyceni pomoci NS klinicky
profituji z ¢asné diagndzy a zda vyZaduji mémenzivni a/nebo nakladnou terapii. Pro
zodpow¥zeni jsme porovnali kohortu paciértachycenych NS s kontrolni skupinou CF
pacienti stejné ¥kové kategorie klinicky diagnostikovanych (medi&n®veni diagnozy 1
rok). Z antropometrickych dat u (8/16Jtdv batolecim ¥ku jsme zjistili, Ze &ti ze
screeningu jsou v lepSim nuinim stavu (BMI, &élesnd hmotnost) a famérné i celkové
naklady na l&bu jsou u kontrolni skupiny signifikartivySsi. V Gvahu jereba brat i to, Ze
se na tizi onemoeni i u klasické formy onemoéni mohou podilet modifikujici faktory.
Podrobné vysledky byly prezentovany formou posterumezinarodni konferenci ISNS

(International Society of Newborn Screening) v ra6@9.

VedlejSim nalezem byl z&chyt zdravych R@SCF mutaci ve skupénovorozent se
zvySenym IRT. Z genetického hlediska se domniv&meé tento nalez a informace dana
rodiné jsou @Finosné v souvislosti s relatigwysokou frekvenci no&i v populaci (1:26
v CR) a tedy moznosti informované reprodukceipadech, kdy napoba rodie nebo

budouci partner probanda budou &b3f souladu s evropskymi studiemi jsme také
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potvrdili, Ze pomoci NS je nachazeno vice dipsnezZ je pedpokladanéetnost v dané
populaci To vypovida o faktu, Ze n@siCF mutaci s normalnim potnim testem mohou mit
zvySenou koncentraci IRT aniz by byla prokazanapeaticka dysfunkce (104 etnost
opakovani natru suché kapky pro nejasny vysledek screeningedlreate”) 0,05% je
V Srovnani s jinymi screeningovym programy extrémizka (nap. u kongenitalni
adrenalni hyperplazie byva ,recall rate* 0,3-0,5940ngenitalni hypotyreozy a
fenylketonurie 0,1-0,2%)lato hodnota neznehodnocuje NS CFime@-enou zatzi
zdravécasti populace a ani nebudeivent. celoploSném pravidelném pro#didNS CF
vyznamgji zvySovat kumulativni ,recall rate” s ostatnimrseningy.Zawry nasi studie
jsme publikovali v gvodnichélancich vCesko-slovenské pediat@D07; 62(4):187 a
Journal of Cystic Fibrosi2009; 8:224.

2/ Analyza NSCF v poslednich letech v Ew®e zanifuje nejen na vlastni technologii a
analyzu vysledk, ale také na management a vyerd jednotnych evropskych dopoeuni.
S naifistajicim mnoZzstvim zavédi riznych protokal NSCF na Sirokém Uzemi Evropy
vyvstavarada nejasnosti zejména v oblasti htafih vysledk a nejednoznmé diagndzy.
Predmétem diskuse jsou zachyty probdrgljednou prokdzanou mutaci a hiaffrin potnim
testem nebo dma mutacemi, z nichZ jedna neba ¢dou spojeny s velmi mirnym
fenotypem, jako je n&fklad R117H. V tomto ohledu spolupracujeme na vigné
konsenz s pracovni skupinou evropské spolesti pro cystickou fibrozu (Neonatal
Screening Group of ECFS -

www.ecfs.eu/ecfs_supported_initiatives/ecfs_nednstaeening_working_group).

Je Zejmé, Ze vzhledem k odliSné legisl@ta popul@nimu spektru je obtizné vytiib
univerzalni NSCF — jako nazavedeni jednotného ,cut off* pro IRT a/nebo jethého
spektra testovanych mutaci v gebETR Nicmére technologicky pokrok v oblasti DNA
testovani — v podabzavaani sekvenovani celého ge@kTR vede k obtizné interpretaci
klinického dopadu pro pacienta. V souladu s pozangdto skupiny se domnivame, Ze

v protokolech IRT/DNA je roz&na DNA analyz&F TRgenu indikovana vijpad
probanda, ktery ma nalezenou jednu jednéz®ipatogenni mutaci, event. je bez nalezené
mutace ze zéakladniho panelu a&m® se u 8ho opakova# prokdze hrarni potni test,

ktery je proveden v referéni laboratdi. Dale je samazjmeé vhodna pi klinickém
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podezeni na CF. Rehled zavra je publikovan v pvodnichélancich, na kterych jsme se
podileliJournal of Cystic Fibrosis 2007; 6: 57 a Journal@ystic Fibrosis 2009; 1

(spoluautorka v ramci mezinarodniho konsorcia).

3/'V diagnostické praxi dochazi k zachytu nejen Gkasickymi patologickymi symptomy
zpiusobené mutacemi v obou alelach, ale i k zachytpiekych forem onemodami. Tyto
klinické jednotky jsou z hlediska Kklinické prezerggpodobné CF (v mezinarodni odborné
literature nazyvaneé také CF-like phenoty@d TRrelated disorders). Tito pacienti nesou
mutaci pouze v jedné alele ge@&TRnebo dokonce ani po extenzivni molekuéarn
genetické analyze ge@FTRnejsou patogenni mutace nalezeny. Studitghtod pacient

je dilezité z hlediska novorozeneckéeho screeningu, peojsou zde fevazre
diagnostikovani pacienti v preklinickém stadiu ropvonemoc#éni — a to na zaklad
laboratorniho nélezu, kde molekularni diagnostikdawni v gentCFTRhraje zasadni roli.

Z tohoto divodu je nutné studovat genetickou heterogenitu {&fieh gibuznych forem,

které maji jinou prognézu quoad vitam a vyZaduditné terapeutické modality.

V motolském Centru CF jsou dlouhodotledovani pacienti s klasicky vyjéhymi
respir&nimi piiznaky CF a opakovérzvysenym nebo hratnim potnim testem, u kterych
byla nalezena pouze jedna patogenni mut&iagvpdnim testovani s vice nez 90%
popula&ni zachytnosti mutaci. Druha mutdCETRgenu u tkterych pacierit dokonce ani
pomoci sekvence celé kddujici sekvence a nasledi®\Mnalyzy intragenovych
piestaveb nebyla nalezena. Vyvstava tedy otgekeetické heterogenitychto pacient.

K mozZznému objasini genetické podstaty jejich oneménnjsme se ztastnili
mezinarodni studie, ve které byly zkoumany mutapelgmorfismy v ENaC proteinu (na
amilorid senzitivni epitelovy sodikovy kandl). Hyppa vychazela z poznatku, Ze sodikova
hyperabsorbce zprastlkovana ENaC kanalem v dychacich cestach u nerogay
soudsti patogeneze CF. Nabizi se tedy otazka, zdaurwft mutace v genech kodujicich

protein ENaC zodpadné za rozvoj ,,CF-like* onemogni.

Vysledky této mezinarodni studie sice neprokazadyy patogenni potencial mutaci
v kanalu ENaC na rozvoj respirdho onemocni u €chto pacient. Nicmére byl
dokumentovan jejich népy efekt dany oligogennintinkem variant v subjednotce
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SCNNI1A - proteinu ENaC, které byly nachazeny praypacieni s ,,CF-like"
onemocgni, a to v kombinaci s nasitvim jedné mutace v gel@FTR Fiblizné 1 z 975
jedinai v obecné populaci je n@sim tzv. hyperaktivni alely - p.W493R-SCNN1A (z
hlediska sodikové resorpce) a &asre i jedné patogenni mutace v ge@ETR coz

v disledku transheterozygosity vytvg@odklad dosud nevy&lenych ,,CF-like*
onemoce#ni. Vliv této ,hyperresporgni alely“ bylo mozno prokézat i pomociteni
nosnich potenciéalu studovanych pacieint v heterolognich expresnich studiich ve

vajiccich Xenopus laevis

Je Zejmé, Ze k dosazeni statisticky signifikantnichlegtkl je poteba studovat u
takto vzacného fenoméntigluSné pacienty z celé Evropy a autorka této pségeodilela
na jejich vykéru, genetické analyze a dlouhodobé klinicko-gekeétitispensarizaci.
Podrobné vysledky této studie jsou publikovanyivqanimélankuHuman Mutation
2009; 30:1093.

4/ Dosud se fedpokladalo, Zze CF populace jsou relatimomogenni z poputaé
genetického hlediska &gvazre evropského jpvodu. V souvislosti s vysSi incidenci CF
zjisténou pomoci pilotni studie NSCF, Wriem optimalniho spektra mutaci ge@ETRpro
IRT/DNA protokoly novorozeneckého screeningu (Wiad 1/) a souvislosti se stasnymi
demografickymi trendy Ceské republice vyvstala otazka, zda jgeské a moravské

populace stale dosté&t®@ homogenni z poputaé¢ genetickeho hlediska?

Z tohoto divodu jsme se ziastnili multicentrického evropského projektu, ktery
analyzoval genetickou a geografickou homogenitogskych populaci. Popuai analyza,
za uziti ,Affymetrix GeneChip 500K" genotypickyclat(tvarenych 309790 SNP
polymorfismy) od 2,514 nahodivybranych jedintg ze 23 evropskych popula@ 20
raznych zemi) na Sirokém Uuzemi Evropy, potvrdila kaariemezi geografickou a
genetickou vzdalenosti. Jedinou vyjimkou byla fiaglopulace, ktera se signifikatn

odliSovala od ostatnich evropskych populaci.

Vysledky této mezinarodni kolaborativni studie pdily pavodni hypotézu
vychazejici z poznatkpopul&ni historie o migraci a expanzipodnich evropskych
(paleolitickych a neolitickych) populaci. Jednaeexz o dosud nejtSi evropskou

genetickou studii, ktera potvrdila v ranteiské a moravské populace pogala
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homogenitu a minimalni intra-poputa rozdily. Tento vysledek vyragrzvySuje Sanci, Ze
vybér mutaci v gentlCFTRs vysokou populani zachytnosti je optimalizovan pé€eskou
republiku z hlediska IRT/DNA panelu novorozeneckéhmeenigu, a Ze nedochazi

k potencialni faleSné negati&it divodu ,nedostatné Sirokého* vykEru mutaci v genu
CFTR Autorka této praceifspela vybérem anonymizovanych nahodnych jedirecjejich
presnou popukiné genetickou charakteristikou. Vysledky této stuaéy publikovany v
puvodnim¢élanku vCurrent Biology 2008; 18:124kpol€n¢ s naslednou komplexni
statistickou analyzou Eur J Hum Genet 2009; 17:967
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4.ZAVER

Diagnostika a l&ba CF od roku 1938, kdy byla CFdlgnéna jako samostatna klinicka
jednotka, velmi pokréla. Primérné eziti pacieni s CF se kazdym rokem prodluzuje, na
coz ma nesporny vliv tak&asné stanoveni diagnozy.debpacient, ktei zenfou dive,

nez se stanovi diagnéza CF se cealtsxt odhaduje na cca. 5%. NSCF otevira moznost
zahajeni vasné pankreatické a nétri suplementacé presymptomatickou terapii
dychacich cesg to ped rozvojem ireverzibilnich zm Prokazali jsme, Ze pacienti
zachyceni v ramci NS veku 1-2 roky profituji, co se tyka jejich nutriiho stavu a
vyZaduji mén agresivni a nakladnoudéu. Vzhledem k paebné ¥kové kompliance ve
vySetovani plicnich funkci, jsme vysledk§chto parametr zatim nehodnotili z/odu

kratkého obdobi sledovani.

Dosud neexistuje idealni test pro NSCF, ktery biyhbgmadr pouzitelny a
souwasre by nikdy nezachytil ipady s nejasnou diagn6zou CEefloze je NSCF
problematicky z hlediska popuiai heterogenity danou nastavenim specifického qéftit
koncentrace IRT a vy@iorem spektra mutaci, dosud nebyl v naSi studii prékdalesa
negativni pipad i udrzeni racionalnich ekonomickych nakiadysledky nasi pilotni
studie NSCF dokazuiji, Ze takto nastaveny novorazgngcreening je proveditelny a
efektivni jak z hlediska ptgbnosti, tak ¥asnosti a uniformity diagnostiky. Vystupy nasi
pilotni byly podkladem pro odborné spé&esti (Spolénost I€ékaéské genetiky, Pediatricka
spole&nostCLS JEP) a Ministerstvo Zdravotnictvi (MR), které rozhodly o zavedeni
celoplo3dného pravidelného novorozeneckého screer@iig(\Vestnik MZCR ze 12. srpna
2009,¢astka 6; http://ldmp.upol.cz/ns/vestnik.pdf), ktggme z&ali provadt od 1.fijna
2009. Od ledna 2010 se pro moravskeé kréjeofila i spolupracujici pracovi§z FN Brno

z Odctleni Iékaskeé genetiky a Odtkeni klinické biochemie a hematologie.

Nasi praci jsme rowi prispeli k zavedeni cinného managementu a diagnostiky
CF. W&time, Ze pomoci novorozeneckého screeningu jstieeds CF vyrazhipozitivrg
ovlivnili jejich start do Zivota a u&éti jejich rodice, jejich slovy ,diagnostického
martyria®“, v disledku pozd ¢i chybrg stanovené klinické diagnézy onemeéon To
otevira pacieritm s CF vCeské republice n&, Ze se doziji zavedeni kauzalnété

tohoto onemoaini v optimalnim klinickém stavu.
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6. SEZNAM POUZITYCH ZKRATEK

ADG.............. age at diagnosiskwpri stanoveni diagnézy
O cysticka fibroza
CFTR............. cystic fibrosis transmembrane caaiuce protein, transmembranovy

regulator vodivosti
ENaC............. amiloride sensitive epithelialrnah channel, na amiloridu senzitivni

epitelialni sodikovy kanal

IRT o, imunoreaktivni trypsinogen;

PAP............... pancreatitis associated prog@iotein asociovany s pankreatitidou

DNA......ccc.... DNA analyza, molekul&fgenetické vySéeni genlCFTR

NSCF ............ novorozenecky screening cystickeofly

NS.......ccoeee novorozenecky screening

CFRD............ CF-related diabetaes, na CF vadatyetes mellitus

CBAVD ........ kongenitalni bilaterélni absence vagedens

PCL...ovvrnnns pericilial liquid, pericilialnekutina

HRM............. hight resolution melting curve ayss$, vysokorozliSovaci analyzaiwkky
tani

MLPA ........... multiplex ligation-dependent probagalification

ADG.............. ¥k diagndzy

PPV............... pozitivni prediktivni hodnota

NPV ..o, negativni prediktivni hodnota

MBL.............. manose binding lecitin, lektin yéZmandzu

NBD.............. nukleotide binding domain, domédaajici nukleotid

GIT..oooeee gastriontestinalni trakt
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