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Podékovani

Velké diky patii vSem soucasnym i byvalym kolegiim z Centra molekularni biologie a
genové terapie, kteti se podileli na diagnostice dédi¢nych nemoci a pfispéli tak

k publikovanym vysledkim, Gspé$nému feseni fady grantovych projekti a hlavné k
potvrzeni diagndzy u tisicovek pacientl s nejriiznéjSimi typy dédicnych monogennich
nemoci. Dale dékuji vedeni Centra molekularni biologie a genové terapie IHOK prof.
Sarce Pospisilové a prof. Jifimu Mayerovi za moznost pracovat na problematice dédi¢nych

nemoci a volnost pii vybéru vyzkumnych i diagnostickych témat.
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1 Abstrakt

Habilita¢ni prace nazvana “Molekularni diagnostika vybranych dédi¢nych nemoci” je
rozdélena do tii tématickych oddila. Prvni ¢ast je zamétena na molekularni podstatu a
genetickou diagnostiku dédi¢nych neuromuskularni nemoci, konkrétné na
facioskapulohumeralni svalovou dystrofii (FSHD), Duchennovu svalovou dystrofii a
pletencovou svalovou dystrofii. Je zde popsan vyvoj poznatki tykajicich se molekularni
podstaty FSHD, tj. asociace delece makrosatelitni repetice v subtelomerni oblasti a
klinického projevu FSHD. V ramci této ¢asti je prezentovano 7 praci zamétenych na
Duchennovu svalovou dystrofii, pletencovou svalovou dystrofii, kongenitalni myotonii a

spinalni svalovou atrofii.

Druha ¢ast habilita¢ni prace je vénovana dédi¢nych koznim nemocem a to epidermolysis
bullosa a ichty6zam. Jsou prezentovany dvé prace, prvni S tématikou epidermolysis bullosa
dystrophica, druha s tématikou epidermolysis bullosa simplex. Vzhledem k tomu, Ze
problematice dédi¢nych ichty6z se pracovisté Centra molekuldrni biologie a genové terapie
(CMBGT) vénuje teprve od roku 2013, publikace vztahujici k tomuto onemocnéni jsou

Vv soucasné dobé¢ pripravovany. Kromé vlastni molekularné genetické diagnostiky jsou zde
stejné jako v pfedchozi ¢asti shrnuty 1 dosavadni poznatky v oblasti molekularni patologie

jmenovanych chorob.

Tteti cast habilita¢ni prace je zaméfena na molekularni problematiku metabolickych
nemoci. V této ¢asti je po kratkém ivodu prezentovano 6 praci vztahujicich se
k problematice molekularné genetické diagnostiky familialni hypercholesterolémie,

hyperfenylalaninémie a kongenitalni adrenalni hyperplazie.

U vsech prezentovanych praci je Lenka Fajkusova korespondujici autor.



2 Dédi¢né neuromuskularni nemoci

Neuromuskularni nemoci jsou velmi rozsahlou a rtiznorodou skupinou chorob, ktera je
spojena s narusenim funkce svalti. V CMBGT se zbyvame molekularné genetickou
diagnostikou neuromuskularnich nemoci od roku 2002 a v souc¢asné dob¢ standardné
nabizime diagnostiku Duchennovy/Beckerovy svalové dystrofie (analyza genu DMD),
facioskapulohumeralni svalové dystrofie (stanoveni delece makrosatelitni repetice D424

v oblasti 4g35), pletencové svalové dystrofie (analyza genit CAPN3, FKRP, SGCA a
ANO5), myotonické dystrofie 1 (stanoveni expanze mikrosatelitni repetice v genu DMPK),
myotonické dystrofie 2 (stanoveni expanze mikrosatelitni repetice v genu ZNF9), non-
dystrofické myotonie (analyza mutaci v genech CLCN1 a SCN4A) a spinalni svalové

atrofie (analyza genu SMN1).

Molekularni diagnostika zahrnuje v zavislosti na typu hledané mutace rizné metodické
ptistupy, jednim z nich je polymerazova fetézova reakce (PCR) ve spojeni se sekvencni
analyzou, tedy metoda, ktera umoznuje identifikaci mutaci malého rozsahu. Tento
metodicky pfistup je hojné€ vyuzivan v diagnostice; dale se uplatiiuji riizné modifikace
PCR, napf. repeat-primed PCR (pro detekci expanzi kratkych repetitivnich sekvenci) nebo
multiplex ligation dependent probe amplification (MLPA, pro detekci rozsahlych
deleci/duplikaci); pro diagnostiku nemoci spojenou se zménou poctu repetitivnich sekvenci
se uziva i Southern blot a hybridizace s radioaktivné znac¢enou sondou. U fady nemoci se
genetické diagnostické pfistupy méni v Case, piikladem mlZe byt Duchennova svalova
dystrofie. Pivodné jsme vzhledem k velikosti genu DMD (79 exonti) analyzovali mRNA
pomoci reverzni transkripce, PCR a PTT (protein truncation test), pak jsme ptesli na
analyzu DNA pomoci MLPA a klasické PCR-sekvenace, v souc¢asné dobé vyuzivame

amplikonové sekvenovani nové generace (DMD MASTR assay, Multiplicom).

Klinické manifestace neuromuskularnich nemoci se ¢asto mohou ptekryvat bez ohledu na
genetickou pfi¢inu nemoci a urcit vhodny gen pro molekuldrné genetickou diagnostiku na
zaklad¢ klinického obrazu pacienta (Casto i ve spojeni s vysledkem patologické analyzy
svalové tkan€¢) mize byt problematické. Z tohoto diivodu jsme zavedli novy diagnosticky
pfistup, ktery umozni rychlou a relativné ekonomickou analyzu genll asociovanych

s neuromuskularnimi nemocemi: sequence capture and targeted resequencing (SeqCap-

TR). SeqCap je proces, ktery zachyti a obohati vybrané oblasti genomové DNA v jednom



kroku (misto nutnosti stovek az tisict jednotlivych PCR) a ve spojeni s technikami
sekvenovani nové generace umozni identifikaci kauzalni mutace/mutaci. Nami zavedeny
metodicky ptistup vyuzivajici SeqCap EZ Choice Library (Roche NimbleGene) a
sekvenovani na ptistroji GS Junior System (Roche) nebo MiSeq (Illumina) umoziuje
analyzu exonu a ptilehlych intronovych sekvenci 42 gent (1020 exont, 280 kb)
asociovanych se svalovymi dystrofiemi, kongenitadlnimi svalovymi dystrofiemi,
kongenitalnimi myopatiemi, distalnimi myopatiemi a dal$imi myopatiemi (dle

http://www.musclegenetable.org/). Seznam vybranych nemoci a genti zahrnuje

Duchennovu svalovou dystrofii (DMD), Emery-Dreifussovu svalovou dystrofii (EMD,
FHL1, LMNA), pletencové svalové dystrofie (MYOT, LMNA, CAV3, CAPN3, DYSF,
SGCG, SGCA, SGCB, SGCD, TCAP, TRIM32, FKRP, TTN, POMT1, ANO5, FKTN,
POMT2, POMGNT1); geny spojené s kongenitalnimi svalovymi dystrofiemi (LAMAZ2,
LARGE, SEPN1, COL6A1, COL6A2, COL6A3, ITGA7, DNM2); kongenitalnimi
myopatiemi, distalnimi myopatiemi a dal§imi myopatiemi (NEB, TPM3, ACTA1, TPM2,
TNNT1, CFL2, RYR, MTM1, BIN, CRYAB, DES, LAMP2, PABPN1). Uvedeny metodicky
ptistup byl jiz aplikovan u 70 pacientd a u poloviny z nich jsme identifikovali kauzalni
mutace spojené s onemocnénim. U ¢asti vzorki jsme detekovali mutace, ale jesté
ovétujeme jejich kauzalitu analyzou DNA rodinnych ptislusnikti, vyhodnocenim vlivu
mutace na strukturu proteinu pomoci in silico metod a zastoupenim zjisténé genetické

varianty v populaci.

V oblasti diagnostiky neuromuskularnich nemoci spolupracujeme nejen s klinikami

v ramci Fakultni nemocnice Brno (Klinika détské neurologie, Neurologicka klinika,
Oddéleni lekatske genetiky, Patologicko-anatomicky ustav), ale intenzivni spoluprace je i
s Fakultni nemocnici Motol, VSeobecnou fakultni nemocnici Praha, Fakultni nemocnici

Ostrava, Fakultni nemocnici Olomouc a Thomayerovou nemocnici.

2.1 Facioskapulohumeralni svalova dystrofie

V tadé¢ ptipadi vyzkumu dédi¢nych nemoci miizeme sledovat zajimavy vyvoj poznatkti a
jejich interpretaci, které se dramaticky méni v ¢ase. Tim nam poskytuji nejen moznost
nahlizet na problematiku daného onemocnéni z fady rtiznych hledisek, ale soucasné

upozorinuji na relativitu souc¢asného chapani molekularni podstaty dané choroby. Velmi


http://www.musclegenetable.org/

dobrym piikladem v tomto sméru je vyvoj poznani molekularnich pfic¢in

facioskapulohumeralni svalové dystrofie (FSHD).

FSHD je autozomalné dominantni onemocnéni a je treti nejbéznéjsi dédi¢nou svalovou
dystrofii [1]. Prvnim poznatkem sméfujicim k objasnéni molekularni podstaty FSHD byla
vazba na kontrakci (snizeni poctu) subtelomerickych tandemovych repetic D474 na
chromosomu 4q35 pod prahovou uroven 11 kopii [2]. Na tomto zjisténi bylo mozno zalozit
diagnosticky postup, v némz lze pomoci restrik¢niho sté€peni, pulsni gelové elektroforézy a
nasledné Southernovy hybridizace zméfit pocet kopii repetic D4Z4 v 4935 lokusu. Tento
pocet je 11-100 u standardni DNA a u pacientii 1-10, velikost jedné repetice D474 je 3,3
kb. Nicméné, asi u 5% FSHD pacientt (tzv. FSHD?2) se zkraceni repetic D4Z4 nevyskytuje

[3].

Pozdé¢ji bylo zjisténo, ze soucasti repetice D4Z4 je kandidatni gen, ktery by mohl kédovat
protein se dvéma homeodoménami (DUX4, double homeobox 4) [4], ale jeho souvislost s
patogenezi FSHD nebyla objasnéna. Sekvence homologni k D474 byly identifikovany
také na kratkych ramenech né€kolika dalsich, pfedevs§im akrocentrickych chromozomu [5].
FSHD je vsak spojena jediné s kontrakci repetic D4Z4 na chromozému 4, zatimco
kontrakce D474 na chromozému 10 s FSHD spojena neni. Monosomie subtelomerické
oblasti 4935, ¢ili haploinsuficience v oblasti obsahujici D4Z4, rovnéz FSHD nevyvolava
[6]. Stejné tak hybridni repetice vznikajici subtelomerickou vyménou mezi chromozomy 4
a 10 (pokud celkovy pocet repetic na chromozomu 4 neklesne pod 11), nebo repetice
translokované z chromozoému 4 na jiné chromozémy nevedou k onemocnéni [7],[8].
Zavislost delece D4Z4 na specifickém okoli chromozomu 4g35 ukazovala na
epigenetickou podstatu FSHD. Soucasné se objevily hypotézy o tom, Ze repetice D424
maji ulohu nekodujicich regulacnich sekvenci a jejich kontrakce vede k zvySeni exprese
gentl v jejich okoli az do vzdalenosti nékolika megabazi [9],[10]. Hypotéza o pficinné
uloze této tzv. pozi¢ni variability exprese (position effect variegation) v patogenezi FSHD
nebyla jednoznacné prokézana, vznikla vSak tada studii, které na tuto atraktivni
epigenetickou interpretaci navazaly. Mezi nimi je mozno uvést napt. praci [11], v niz
autofi ukazali pomoci fluorescenéni hybridizace in situ, Ze standardni subtelomericky
lokus 4q35 je v bunééném jadie béhem interfaze lokalizovan specificky do
heterochromatinovych kompartmentti na periférii jadra. Ukazalo se vSak také, Ze tato
lokalizace je velmi stabilni a ziistava zachovéna i v myoblastech pacient s FSHD. Autoii

na zakladé svych vysledka spekulovali o0 mozné izolatorové funkci repetic D4Z4, které



chrani proximalni geny v sousednim euchromatinu pred jeste silnéjsi represi
heterochromatinem distalnich p-satelitnich sekvenci [8] a tvofi hrani¢ni pAsmo mezi t€mito
epigeneticky rozdilnymi kompartmenty. Podporou pro takové spekulace byla i studie, ktera
identifikovala dv¢ alelické varianty usporadani subtelomery 4q: 4gA nesouci v sousedstvi
D474 B-satelitni sekvence, a 4qB bez téchto sekvenci [12]. Ac¢koli ob¢ varianty jsou v
populaci zastoupeny podobné, FSHD je spojena vylu¢né se zkracenim D4Z4 v alele 4qA,

zatimco stejné zkraceni u alely 49B k FSHD nevede.

Dalsi podporu epigenetickych efektl jako pri¢innych faktorti onemocnéni pfinesly studie
methylaéniho stavu sekvenci D4Z4. Ty jsou u vS§ech FSHD pacienti (jak u téch, kteti
vykazuji kontrakci repetic D4Z4, tak i u tzv. FSHD2 bez kontrakce repetic D4Z4)
hypomethylovany, tj. jevi vyznamné snizeni urovné methylace cytosini v CpG
dinukleotidech, na které jsou D4Z4 repetice pomérné bohaté [13]. Zjisténi hypomethylace,
jako faktoru obvykle spojeného s aktivaci exprese, inspirovalo analyzy dalSich
chromatinovych znacek, zejména methylaci a acetylaci histont. Tyto studie ukazaly
charakteristiky 4q35 chromatinu odpovidajici spise inaktivnimu euchromatinu (pfipadné
fakultativnimu heterochromatinu) nez konstitutivnimu heterochromatinu [14],[15].
Pozornost vyzkumniki se proto zaméfila na moznou roli ¢astecné delece D4Z4 pti aktivaci
genti DUX4 ptitomnych v elementech D4Z4, jejichz exprese se zda byt normalné omezena
na stadium ¢asné embryogeneze [16], zatimco mimo toto stadium byla zjisténa u FSHD
myoblastt, kde ma pro-apoptotické ucinky [17],[18]. Vzhledem k tomu, Ze protein DUX4
se chova jako transkrip¢ni aktivator [17], mtze hrat vyznamnou roli pfi aktivaci exprese
dalSich genti. Byly detekovany dva typy transkripti DUX4, z nichZ prvni je pfepisovan z
vnittnich repetic, zatimco druhy je pfepisovan z nejvice distalni D474 jednotky. S touto
jednotkou sousedi pLAM sekvence, ktera transkriptu poskytuje polyadenyla¢ni signal a
podili se tak na stabilité vzniklé mRNA a vzniku proteinu DUX4. Vzhledem k tomu, ze
pPLAM sekvence se vyskytuje pouze na chromozomech 4gA, tedy chromozomech

asociovanych s FSHD, je jeji ptitomnost zasadni v patofyziologii FSHD [17].

Deregulace exprese gent sousedicich s D4Z4 v 4q35 lokusu (FRG1, FRG2 a ANT1) se
svalovych buiikach FSHD pacienti se ale nepodatilo reprodukovatelné prokazat a ani
zvysena exprese navozena u mysi nevedla k projeviim svalové dystrofie
[19],[20],[21],[22],[23]. Spekulovalo se rovnéz o mozné deregulaci dal§ich gent v
patogenezi FSHD. Podkladem k tomu je fakt, Ze kazda z jednotek D4Z4 obsahuje 27 pb



dlouhy vazebny element DBE (D4Z4-binding element), k némuz se vaze komplex proteint
YY1, HMGB2 a nukleolin [10]. Vzhledem k tomu, ze se uvedené proteiny tGcastni fady
dalSich procesti a interakci (napt. remodelace struktury chromatinu, transkripcni aktivace
nebo represe), nerovnovaha vznikla ubytkem jejich vazebnych mist mize deregulovat i
geny lokalizované zcela mimo 4q35 lokus. Jakkoli je tato hypotéza zajimava, jeji testovani
ptredstavuje velmi komplexni problém a zatim neexistuji experimentalni dikazy, které by ji

podporovaly [8].

Dalsi zajimavy posun ve zkoumani pti¢in FSHD pfineslo zjisténi, Ze repetice D4Z4 jsou
cilovym mistem pro vazbu PcG (Polycomb Group) proteint, které obecné umléuji expresi
genu a udrzuji chromatin v transkripéné inaktivnim stavu. Tim pfedstavuji vyznamnou
slozku epigenetické paméti u diferencovanych bunék. U FSHD pacientl je snizena vazba
PcG na zbylé repetice D474, stejné jako vyskyt dalSich vySe zminénych epigenetickych
znacek typickych pro umléeny chromatin (methylace cytosinu, modifikace histonli — napf.
methylace H3K9me3, deacetylace) [24],[25]. Ztrata represivni struktury chromatinu pak
aktivuje transkripci dlouhé nekodujici RNA (IncRNA), nazvané DBE-T. Pocatek
transkripce DBE-T je v proximalni oblasti pted D4Z4 usekem. Tato RNA zGstava
asociovana s chromatinem, k némuz ptitahuje protein Ash1L (protein skupiny Trithorax,
TrxQ), jehoz funkce je opacna nez u PcG. Vazba tohoto proteinu vede k aktivacni
modifikaci ve FSHD lokusu. Tim muze dojit k aktivaci nejen samotnych DUX4 geni, ale i
dalsich genti v 4935 lokusu. Zména v poctu kopii D4Z4 tak mize fungovat jako

epigeneticky ptepina¢ mezi Polycomb a Trithorax drahami.

Stale ovSem zbyvalo vytesit otazku, jak dochdazi k aktivaci exprese gentt DUX4 u FSHD?2,
kde ke kontrakci repetic nedochazi, ackoli zde podobné jako u FSHD1 dochazi k
hypomethylaci repetic D4Z4 (viz vyse). Ukazalo se, ze v téchto ptipadech s hypomethylaci
D4Z4 kosegreguje mutace v genu pro jeden z proteinit SMC komplexi (Structural
maintenance of chromosomes), SMCHD1. Snizeni hladiny SCHMD1 v kosternim svalstvu
v disledku mutace v jedné z alel SMCHD1 ma za nasledek navozeni exprese DUX4 i bez
kontrakce D4Z4 repetic. SMCHD1 tak funguje jako epigeneticky modifikator metastabilni
epialely D4Z4 a jako ptic¢inny faktor FSHD2 [26].

Lze tedy uzaviit, Ze aktivace genu DUX4 je zakladni pti¢inou patogeneze FSHD [27].
Obsah tohoto proteinu je zvySen v myoblastech a svalovych vldknech FSHD pacientii a

narusuje buné¢nou diferenciaci. Ke viem uvedenym genetickym a epigenetickym



faktortim, které se na této aktivaci podileji nebo mohou podilet, 1ze ptidat nejméné jeden
dalsi, a sice tzv. pozicni efekt telomer (telomere position effect, TPE). Podobné jak oblast
D474 plisobi jako izolator a brani aktivaci proximalnich genii 1 vlastnich DUX4 gent,
pricemz jejim zkracenim se tato izolatorova a represivni funkce ztraci, samotna oblast
D4Z4 je pod represivnim pozi¢nim vlivem svého distalniho souseda — telomer. Jejich efekt
zalezi obecné na délce telomer a na vzdalenosti od nich, jak bylo zjisténo na fad¢
modelovych organismt od kvasinek po savce. Nedavna studie ukézala, ze exprese DUX4
je skute¢né nepiimo umérna délce telomer [28]. Zkracovanim telomer se jejich uml¢ovaci
efekt zmiriiuje a exprese DUX4 vzristd az desetinasobné. Je tedy mozné, ze FSHD je
vubec prvni znamou lidskou nemoci u niz TPE pfispiva k jejimu fenotypu v zavislosti na

veéku.

V CMBGT se molekularné genetickou diagnostikou FSHD zabyvame od roku 2005.
Celkem jsme vysetfili 280 pacientti a u 132 (47%) z nich jsme pomoci restrikéniho $tépeni,
pulsni gelové elektroforézy a Southernovy hybridizace onemocnéni potvrdili. V soucasné

dobé¢ zavadime i analyzu genu SMCHD1 a stanoveni metylacniho stavu repetici D4Z4.

2.2 Duchennova svalova dystrofie, pletencové svalové dystrofie

Na rozdil od FSHD bylo stanoveni molekularni podstaty Duchennovy/Beckerovy svalové
dystrofie (DMD/BMD) relativné ptfimocarou zélezitosti. DMD a jeji mirné;si alelicka
varianta BMD jsou vysledkem mutaci genu, ktery koduje protein dytrofin (DMD).
Dystrofin je cytoplazmaticky protein, ktery je soucasti membranove vazaného
proteinového komplexu, ktery propojuje cytoskelet svalového vldkna s extrabunécnou
matrix a umoziuje tak ochranu svalové buiiky pifed mechanickym stresem béhem svalové
kontrakce a dilatace [29]. Gen DMD je lokalizovan na chromozomu Xp21. Asi 60%
mutaci genu DMD je tvofeno delecemi, 5% duplikacemi a 35% mutacemi malého rozsahu
[30].

Obecné plati, Ze mutace zplsobujici predasné ukonceni translace jsou spojeny s
fenotypem DMD a mutace majici za nasledek vznik proteinu s vnitini deleci/duplikaci (C-
konec zustava zachovan) jsou spojeny s mirn€jsim fenotypem BMD [31]. V diagnostické
praxi je vSak mozné se setkat s piipady, kdy fenotyp pacienta neodpovidéa nalezenému

genotypu a v takovém piipadé je pak nutné hledat vysvétleni zjisténé neshody. Z nasi
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laboratorni praxe, kterd zahrnuje 85 pacientt s identifikovanou mutaci malého rozsahu a
provedenymi klinicko-geneticko-patologickymi korelacemi, je mozné uvést nékolik
ptipadti demonstrujicich uvedenou neshodu. Za v8echny ptipad pacienta s identifikovanou
nonsense mutaci, kdy o¢ekavanym fenotypem byla DMD, ale pacient mél klinicky projev
odpovidajici BMD. Analyza DNA byla doplnéna analyzou mRNA a bylo zji§téno, ze ve
svalovych buiikach pacienta jsou dva typy mRNA genu DMD: mRNA nesouci
identifikovanou nonsense mutaci a mMRNA obsahujici deleci exonu, ve kterém se tato
mutace nachazi. In silico analyza ukazala, ze v misté mutace je v pfipad¢ standardni DNA
lokalizovana sekvence zvana exon splicing enhancer (misto vazby sestfihovych faktori),
mutace ma pak za nasledek zménu chovani této oblasti v prib&hu sestfihu mRNA, tj.
nezafazeni exonu do vysledné mMRNA. Vzhledem k tomu, ze delece tohoto exonu nerusi
Cteci ramec translace, vznika protein s vnitini deleci. Svalova vldkna uvedeného pacienta
obsahuji tedy dva typy DMD transkriptu (transkript s nonsense mutaci a transkript s deleci)
a teoreticky i dva typy DMD proteint (zkraceny protein bez C-konce, ten ale
pravdépodobné nevznika, protoze mRNA je rozloZena procesem nonsense mediated mRNA
decay, a protein s vnitini deleci, ktery je ¢asteéné funkéni). Dalsim ptikladem nutnosti
spojeni analyzy DNA a mRNA jsou pacienti, u nichz pomoci MLPA a sekven¢ni analyzy
exond a prilehlych intronovych oblasti nejsou zjistény mutace. Pokud ale klinické projevy

a vysledky patologické analyzy svalové tkané svéd¢i pro DMD,

provadi se analyza mRNA, ktera mliZe identifikovat inzerce intronovych ¢asti genu DMD
do vysledné mRNA. Tyto inzerce vétSinou vznikaji mutaci, ktera hluboko uvnitt intronu
vytvoii sestfihové misto a vnese ¢ast intronové sekvence tzv. pseudoexon do vysledné
MRNA [publikace Neuromuscul Disord. 2009 Nov;19(11); Neuromuscul Disord. 2001
Mar;11(2)].

Pletencové svalové dystrofie (limb girdle muscular dystrophies, LGMD) jsou spojeny s
mutacemi v nejméné 8 genech s autosomaln¢ dominantni dédi¢nosti (LGMD1A-1H) a 16
genech s autosomaln¢ recesivni dédi¢nosti (LGMD2A-Q). LGMD mohou mit podobny
klinicky obraz jako DMD nebo 1 FSHD. Zakladnim diferencidln¢ diagnostickym testem je
pohlavi, hodnota svalové kreatinkinazy, imunohistochemické vySetfeni svalovych proteint,
vyskyt onemocnéni v roding; kone¢né potvrzeni diagnézy umozinuje ale jenom
molekularné geneticka diagnostika [32],[33],[34]. Stanovit gen, ktery se bude v ramci
LGMD1 nebo LGMD?2 analyzovat, je ale obtizné, protoze klinické projevy vétSiny typu

LGMD jsou podobné a imunohistochemicka analyza se provadi jen u vybranych proteind,
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navic jejich pfitomnost nebo deficit nemusi souviset s vyskytem kauzalnich mutaci

v kédujicim genu. Casto se voli postup, kdy se na zékladg literarnich dat vyberou geny, u
kterych je vyskyt mutaci v dané populaci nejpravdépodobnéjsi. V. CMBGT se zabyvame
molekularné genetickou diagnostikou LGMD?2 od roku 2004, kdy jsme zacali analyzovat
gen CAPN3 (LGMDZ2A), a v priib¢hu ¢asu jsme pak pridali geny FKRP (LGMD2I), SGCA
(LGMD2D), ANO5 (LGMDZ2L). Analyza uvedenych genii byla aplikovana v souboru 218
nepiibuznych pacienti a ¢etnost vyskytu jednotlivych forem LGMD2 byla 32.6% (71
pacientti) pro LGMD2A, 4.1% (9 pacienttr) pro LGMD?2I, 2.8% (6 pacientt)) pro LGMD2D
a 1.4% (3 pacienttl) pro LGMD2L. V soucasné dobé¢ jsme ale jiz schopni diky
technologiim SeqCap-TR analyzovat vétSinu gent asociovanych s LGMD2 i LGMD1
[publikace Neuromuscul Disord. 2007 Feb;17(2); Neuromuscul Disord. 2004 Oct;14(10);

Autosomal recessive limb-girdle muscular dystrophies in the Czech Republic (submitted)].

V ptipadé¢ LGMD je zajimavé srovnani podobnosti klinickych projevll na jedné stran¢ a
ruznosti funkce proteintl, jejichZ geny jsou mutovany, na stran€ druhé. Jako ptiklad je
mozné uvést kalpain-3 (CAPN3), coz je svalové specificka proteaza specificky §tépici své
substraty [35]. Kalpain-3 se ve svalovych buiikkach vyskytuje volné nebo ukotven

Vv cytoskeletu sarkomery, jeho tkolem je degradovat poSkozené proteiny a pfispivat tak
k efektivnimu fungovani svalu. Dal§imi enzymy souvisejicimi LGMD jsou
glykosyltransferaza FKRP (fukutin related protein) [36] nebo ubikvitinligaza TRIM32
[37]. Naproti tomu s LGMD je spojena i fada strukturnich proteint ucastnicich se tvorby
membranové vazaného komplexu s dystrofinem (sarkoglykany alfa-delta, SGCA-SGCD)
[38], ovliviiujicich procesy souvisejici S reparaci svalové membrany (dysferlin, DYSF)
[39], podilejicich se na kontrakci a dilataci svalového vlakna (titin, TTN) [40] nebo

vytvatejicich transmembranové iontové kanaly (anoktamin 5, ANO5S) [41].

Molekularné geneticka diagnostika a korelace vysledného genotypu s klinickymi projevy
pacienta a vysledky analyzy svalové tkané je komplexni proces. Tento proces z pohledu
molekularniho biologa musi zahrnovat analyzu typt identifikovanych mutaci (missense,
nonsense, splicing, delece/duplikace aj.); u missense mutaci analyzu fyzikalnich a
chemickych vlastnosti aminokyselin ptivodnich a mutantnich a vyhodnoceni mutaci
pomoci in silico pfistupt; dulezité je rovnéz vyhodnoceni mutaci v souvislosti s lokalizaci
dané aminokyseliny ve struktute proteinu resp. v jeho funkénich doménach. Vyhodnoceni
mutace znamena soucasné i analyzu publikovanych studii a databazi souvisejicich s danym

genem. V nékterych piipadech je pro kone¢né potvrzeni kauzality mutace nutné provést
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jeji funkéni analyzu, tj. zjistit jestli protein nesouci identifikovanou mutaci plni svoji
funkci. Tento pfistup zalozeny na expresi mutantnich proteint, analyze jejich bunééné
lokalizace a funkce zavadime v sou¢asné dobé v souvislosti s genem kodujicim chloridovy
kanal typu 1 (CLCN1), jehoZz mutantni formy jsou zodpovédné za onemocnéni
Thomsenova/Beckerova kongenitalni myotonie, a v souvislosti s genem pro LDL receptor

(LDLR) a tedy familialni hypercholesterolémii.
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Autosomal recessive limb-girdle muscular dystrophies in the Czech Republic

Abstract

Introduction: Limb-girdle muscular dystrophies (LGMD) include a number of disorders
with heterogeneous etiology. In this study, we determined the frequency of LGMD
subtypes within a cohort of Czech LGMD?2 patients using mutational analysis of the
CAPN3, FKRP, SGCA, and ANOS5 genes.

Results: Mutations of the CAPN3 gene are the most common cause of LGMD2 and in the
set of 218 Czech probands with suspicion of LGMD2, mutations in this gene were
identified in 71 patients. Totally, we detected 37 different mutations of which 12 have been
described only in Czech LGMD2A patients. The mutation ¢.550delA is the most frequent
among our LGMD?2A probands and was detected in 47.1% of CAPN3 mutant alleles. The
frequency of particular forms of LGMD2 was 32.6% for LGMD2A (71 probands), 4.1%
for LGMD2I (9 probands), 2.8% for LGMD2D (6 probands), and 1.4% for LGMD2L (3
probands).

Further, we present first results of a new approach established in the Czech Republic for
diagnostics of neuromuscular diseases: sequence capture and targeted resequencing. Using
this approach, we identified patients with mutations in the DYSF and SGCB genes.
Conclusions: We characterised a cohort of Czech LGMD?2 patients on the basis of
mutation analysis of genes associated with the most common forms of LGMD?2 in the
European population and subsequently compared the occurrence of particular forms of
LGMD2 among countries on the basis of our results and published studies.
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Background

Limb-girdle muscular dystrophies (LGMD) are characterised by wide clinical and genetic
heterogeneity. Considering this, achieving a precise diagnosis can be difficult and requires
a comprehensive clinical and laboratory approach. LGMD are known to be associated with
mutation/mutations in at least 8 genes with autosomal dominant inheritance (LGMD1A-
1H) and 16 genes with autosomal recessive inheritance (LGMD2A-Q). It is helpful to take
into account the geographical and ethnic origins of patients in differential diagnosis, since
the relative local frequency of the different forms of LGMD varies considerably
[1].[2].[3].[4]. The clinical course of LGMD ranges from severe to milder forms with
different age of onset and progression even within the same family [5]. Diagnosis of
LGMD relies on a combination of clinical findings, results of histopathological
examination of muscle biopsy (including the analysis of muscle proteins using
immunohistochemistry and/or immunoblotting), followed by DNA sequencing to identify
the primary mutation, which is essential for the provision of genetic and prognostic
counselling.

LGMD2A, caused by mutations in the calpain-3 gene (CAPN3), is probably the most
frequent form of LGMD2 in Europe. The CAPN3 gene encodes a muscle-specific member
of the family of Ca®*-activated neutral proteases that is important for muscle remodelling
[6],[7].[8]. In calpainopathy, a marked clinical heterogeneity has been observed. While null
type gene mutations are usually associated with absence of calpain-3 protein in muscle and
a severe phenotype, missense-type mutations are associated with an unpredictability of
their effect at both the protein and the phenotype levels [9],[10],[11].

Mutations in the fukutin-related protein gene (FKRP) result in two distinct allelic diseases:
severe congenital muscular dystrophy and LGMD?2I [12]. The missense mutation
€.826C>A, p. Leu276lle is particularly common in LGMD?2I patients and has been
reported to confer a relatively mild phenotype when present in the homozygous state
[13],[14],[15]. The FKRP gene encodes a putative Golgi-resident glycosyltransferase that
is involved in posttranslational glycosylation of the a-dystroglycan.

LGMD2C-2F are due to mutations in the genes encoding the components of the
sarcoglycan (SG) complex. The SG complex, composed of 5 glycoproteins (a-, -, y-, 5-,
€-SG), is a member of the dystrophin-associated glycoprotein (DAG) complex localised to

the sarcolemma of muscle fibres, which acts as a link between the extracellular matrix and
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the cytoskeleton, confers structural stability, and protects the sarcolemma from mechanical
stress developed during muscle contraction. The clinical phenotype of sarcoglycanopathies
ranges from a severe Duchenne-like dystrophy to a relatively mild LGMD [16]. Although
the relative frequency of mutations in the different sarcoglycan genes varies from
population to population, a-sarcoglycanopathy (LGMD2D) appears to be the most frequent
[17].

Recently, recessive mutations in the anoctamin 5 gene (ANO5) were identified as a cause
of LGMD2L and non-dysferlin Miyoshi myopathy [18],[19]. ANO5 encodes a member of
the anoctamin family of proteins which contains eight transmembrane domains. Dominant
mutations in the ANO5 gene are associated with the skeletal disorder gnathodiaphyseal
dysplasia [20]. While the role of ANOS5 is unknown, ANO1 and ANO2, which share
significant sequence homology with ANO5, are known to be calcium-activated chloride
channels [21],[22],[23]. In the study by [24], analysis of ANO5 was performed in a group
of 59 British and German probands, and the mutation ¢.191dupA was found in 15 patients,
homozygously in 11 and in compound heterozygosity with another ANO5 variant in the
rest. An intragenic SNP and an extragenic microsatellite marker were in linkage
disequilibrium with the mutation, suggesting a founder effect in the populations analysed.
In this study, we determined the frequency of LGMD subtypes within a cohort of Czech
LGMD2 patients using mutation analysis of the CAPN3, FKRP, SGCA, and ANO5 genes.
We present also two patients with mutations in the gene encoding dysferlin (DYSF) and a
patient with mutations in the gene encoding B-sarcoglycan (SGCB). These mutations were
identified using Sequence capture and targeted resequencing (SeqCap-TR). SeqCap is a
process for the capture and enrichment of selected genomic regions from full genomic
DNA in a single step which, in association with targeted resequencing, allows to focus on

genomic regions of interest to discover causative mutations.

Patients and methods

Patients

For analysis of genes associated with LGMD?2, patients” blood or DNA were sent to the

Centre of Molecular Biology and Gene Therapy, University Hospital Brno (as the only one

laboratory performing LGMD genetic testing in the Czech Republic) from Departments of
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Neurology and Medical Genetics of University Hospitals located in Brno, Prague, Ostrava,
Hradec Kralové. Patients were included into the study on the basis of fulfilment of the
following criteria: 1) a clinical phenotype characterized by progressive muscle weakness
affecting primarily or predominantly pelvic and/or shoulder girdle muscles and 2)
dystrophic or myopathic features at muscle biopsy (if performed). Pathological analyses of
muscle tissues were performed at the Institute of Pathology, University Hospital Brno,
Brno and the Department of Pathology and Molecular Medicine, University Hospital
Motol, Prague. Detailed clinical information was requested retrospectively on the basis of
positive results of DNA analysis. Diagnoses as Duchenne muscular dystrophy, spinal
muscular atrophy type I11, facioscapulohumeral muscular dystrophy were excluded using
DNA analysis, late-onset Pompe disease using the enzyme assay. All analyses were done
in accord with the standards of the Committee on Human Experimentation of the

University Hospital Brno.

Analysis of muscle tissue

Muscle tissues were routinely examined by conventional histopathological methods.
Muscle protein analyses were performed using immunohistochemistry and immunoblotting

as described in our previous studies [25],[26],[27].

DNA analysis

Genomic DNA was extracted from peripheral blood leukocytes by the standard salting-out
method and amplified. Primers for amplification of all exons and adjacent intron sequences
are available on request, as well as the conditions of particular PCRs. PCR products were
sequenced directly using the BigDye Terminator Cycle Sequencing Kit (Applied
Biosystems) and analysed on the ABI PRISM 310 or ABI 3130xI Genetic Analyzer
(Applied Biosystems). The resulting sequences were compared with the reference
sequences of CAPN3 (NCBI NG_008660.1), FKRP (NCBI NG_008898.1), SGCA (NCBI
NG_008889.1), ANO5 (NCBI NG_015844.1), DYSF (NCBI NG_008694.1), and SGCB
(NCBI NG_008891.1). To find out whether the detected sequence variations were
described previously, we used the literature and the Leiden Muscular Dystrophy Pages

(LMDP, http://www.dmd.nl/nmdb/home.php?action=switch_db). All novel missense

mutations were screened in a control panel consisting of DNA from 150 healthy Czech
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individuals. In silico approaches, PolyPhen
(http://genetics.bwh.harvard.edu/pph2/index.shtml), SIFT
(http://sift.jcvi.org/www/SIFT_BLink submit.html), and PON-P (http://bioinf.uta.fi/PON-

P/), were used for predicting effects of novel missense mutations on the function and the

structure of proteins. For prediction of effects of mutations on splicing of pre-mRNA, the

in silico tools NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/) and SpliceView

(http://zeus2.itb.cnr.it/~webgene/wwwspliceview.html) were used. The nomenclature of

mutations was implemented according to the current HGVS recommendations
(http://www.hgvs.org/mutnomen/). In patients with one mutation in the CAPN3 gene,
detection of deletions/duplications was performed using multiplex ligation-dependent
probe amplification (MLPA). We used the SALSA MLPA P176 CAPN3 probemix kit
(MRC Holland) according to the manufacturer’s guidelines. Some CAPN3 mutations were
described also on the mRNA level in our previous studies [25],[26],[27].

We started with LGMD2 DNA analysis in 2002 when sequencing analysis of the CAPN3
gene was introduced and subsequently, other genes were integrated. Patients were analysed
step by step for mutations in the CAPN3, FKRP, SGCA, and ANO5 genes. In CAPN3 and
SGCA, all exons and adjacent intron regions were sequenced. In FKRP and ANO5, we
analysed only exons with the occurrence of the most common mutations p.Leu276lle and
¢.191dupA, respectively. In case of patients heterozygous for mentioned mutations,
analysis of all exons of a relevant gene was performed. The mentioned genes were selected
on the basis of published results related to higher percentage representation of patients with
these types of LGMD?2 in European populations [28],[29],[30].

Sequence capture and targeted resequencing (SeqCap-RT)

For identification of mutations associated with neuromuscular disorders, we introduced a
solution-based capture method SeqCap EZ Choice Library (Roche NimbleGene) and
targeted resequencing on the GS Junior System (Roche) in 2013. A custom capture array
was designed to capture exons and adjacent intron sequences of 42 genes (1020 exons, 280
kb) known to be associated with muscular dystrophies (Group 1), congenital muscular
dystrophies (Group 2), congenital myopathies (Group 3), distal myopathies (Group 4), and

other myopathies (Group 5), according to http://www.musclegenetable.org/ . The list of
selected diseases and genes includes Duchenne muscular dystrophy (DMD), Emery-

Dreifuss muscular dystrophy (EMD, FHL1, LMNA), limb-girdle muscular dystrophy
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(MYOT, LMNA, CAV3, CAPN3, DYSF, SGCG, SGCA, SGCB, SGCD, TCAP, TRIM32,
FKRP, TTN, POMT1, ANO5, FKTN, POMT2, POMGNT1); and additionally genes
associated with congenital muscular dystrophies (LAMA2, LARGE, SEPN1, COL6A1,
COLG6A2, COL6A3, ITGA7, DNM2); congenital myopathies, distal myopathies, and other
myopathies (NEB, TPM3, ACTAL, TPM2, TNNT1, CFL2, RYR, MTML1, BIN, CRYAB, DES,
LAMP2, PABPNL1). Probes for the target regions were designed by Roche NimbleGen
according to the protocol NimbleGen Sequence Capture Custom Designs. Sequence
capture was performed according to the manufacturer’s instructions (NimbleGen SeqCap
EZ Choice Library LR User’s Guide) with modifications of DNA fragmentation and
hybridisation. We replaced nebulization by shearing using the S220 Focused
Ultrasonicator (Covaris) (3ug DNA, peak incident power 140 W, duty factor 10 %, 200
cycles per burst and treatment time 80 s) and replaced three days hybridization by
hybridization according to the NimbleGen technical note Double Capture: High Efficiency
Sequence Capture of Small Targets for use in SeqCap EZ Library Applications on 454
Sequencing Systems. Emulsion PCR and sequencing on the GS Junior System (Roche)
were performed according to the emPCR Amplification Method Manual - Lib-L and the
Sequencing Method Manual. Sequencing data were evaluated using the software Sequence
Pilot (JSI Medical Systems).

In this study, we present only results in relation to patients in who mutations in genes
associated with LGMD2 were identified. Overall results and results related to other genes

are a subject of another study.

Results and discussion

Considering the wide clinical and genetic variability of LGMD, determination of particular
types of LGMD is a comprehensive process. The muscle biopsy still represents an
important and economical step in diagnosis, however, protein changes documented by
immunohistochemistry can be secondary or not pronounced and so a definite diagnosis
requires genetic analysis. Mutations of the CAPN3 gene are the most common cause of
LGMD2 and in the set of 218 Czech probands with suspicion of LGMD2, two mutations in
this gene were identified in 67 patients. In 4 patients, only one CAPN3 mutation was
determined, and sequence analysis was completed by MLPA but no gene

deletions/duplications were found (Table 1). Totally, we identified 37 different mutations

21



of which 12 have been described only in Czech LGMD2A patients. The most frequent
mutation among our LGMD2A probands is ¢.550del A which was detected in 65 mutant
alleles from the total number of 138 (47.1 %). Patients” clinical and pathological findings
(when available) are presented in Table 1S (Additional file 1).

Probands negative for CAPN3 mutations (151) were analysed for the most common
mutation p. Leu276lle in the FKRP gene. The homozygous occurrence of this mutation
was identified in 7 patients. In two patients heterozygous for p.(Leu276lle), we were able
to identify a second mutation — patient 79 carries the mutation p.(Pro316Arg) described in
the study of [12], and patient 80 has the new mutation p.(Trp359Ser) (Table 2).

In 142 probands without mutations in the CAPN3 or FKRP genes, we performed analysis
of the SGCA gene. Mutations were detected in 6 patients (Table 2). The most common
mutation among our LGMD2D patients is p.(Arg77Cys), which was present in 4 mutant
alleles. We identified also one new SGCA mutation, ¢.303dupA (patient 85).

Probands negative for CAPN3, FKRP, and SGCA mutations (136) were screened for the
most common mutation ¢.191dupA in the ANO5 gene. This mutation was found
heterozygously in 3 patients, and subsequent sequencing analysis of all exons and adjacent
intron regions detected the mutation p.(Arg758Lys) in two of them (Table 2). The mutation
p.(Arg758Lys) was described in combination with ¢.191dupA in other studies [24],[31]
and associated phenotypes corresponded to distal non-dysferlin Miyoshi myopathy, unlike
our patient 88 whose phenotype matches rather LGMD2L (a detailed description of the
phenotype of patient 89 was not available). Analysis of the mutation p.(Arg758Lys) was
subsequently performed in all LGMD?2 patients with unconfirmed diagnosis at the DNA
level but this mutation was not detected. In patient 87 carrying c.191dupA on one allele,
we did not identify a second mutation, only the polymorphism p.(Leu322Phe) described in
LMDP. Patients” clinical and pathological findings are presented in Table 2S (Additional
file 2).

The aim of the study was to evaluate the relative proportion of the most frequent types of
LGMD?2 identified in European countries in Czech probands with the suspicion of
LGMD2. The results show that the frequency of the forms of LGMD2 analysed is 32.6%
for LGMD2A (71 probands), 4.1% for LGMD?2I (9 probands), 2.8% for LGMD2D (6
probands), and 1.4% for LGMD2L (3 probands). These results indicate that there is good
agreement between the frequency of particular forms of LGMD2 in the Czech Republic
and in Italy (LGMD2A 31.1%, LGMD21 7.4%, LGMD2D 8.4%, LGMD2L 2.1% [28]; and
LGMD2A 28.4%, LGMD2I 6.4%, LGMD2D 8.3% [2]), in contrast to studies from
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Denmark where the frequency of LGMD2A is significantly lower (12.1%) and that of
LGMD2I significantly higher (38.4%) [29] (Table 3).

In 2013, we introduced the SeqCap-TR method for genetic diagnostics of neuromuscular
disorders, and using this approach we identified two patients with LGMD2B (mutations in
the DYSF gene) and a patient with LGMD2E (mutations in the SGCB gene). Patient 90 is
the compound heterozygote for two DYSF mutations (genotype
p.[GIn1278*];[Asp1837Tyr]). Compound heterozygous and homozygous occurrence of
p.(GIn1278*) was described in the study of [32], in the case of a homozygous patient an
initial phenotype corresponded to Miyoshi myopathy. The mutation ¢.5509G>T,
p.(Asp1837Tyr) was not identified so far, but the mutation ¢.5509G>A, p.(Asp1837Asn)
was described in several studies. In the study of [33], a patient carried the genotype
p.[Asp1837Asn];[Trp1968*] and the phenotype of LGMD2B, and in the study of [34] and
[35] patients with the genotype p.[Asp1837Asn];[Tyr522*] had Miyoshi myopathy. In
cases of homozygous occurrence of the mutation, phenotypes of Miyoshi myopathy
[36],[37],[38] and also of LGMD2B [38] were observed. The phenotype of our patient 90
corresponded rather with LGMD2B. Patient 91 carries 4 mutations in the DYSF gene —
p.(Alal70Glu), p.(Arg204*), p.(Val374Leu), and a novel mutation p.(Trp1969Cys). The
mutation p.(Alal70Glu) is described in the LMDP as unknown pathogenic, probably
pathogenic, and pathogenic; and the mutation p.(Val374Leu) as probably not pathogenic
and pathogenic. The evaluation of these missense mutations using in silico tools is
described in Table S3 (Additional file 3) together with the evaluation of selected missense
mutations identified in the genes analysed. DNA analysis was performed in patient’s
parents; her father carries p.(Arg204*) and p.(Val374Leu), her mother carries
p.(Alal70Glu) and p.(Trp1969Cys). On the basis of in silico tools and inheritance in the
patient’s family, we suppose that p.(Arg204*) and p.(Trp1969Cys) are causal mutations.
Patient 92 is homozygous for the SGCB mutation p.(Ser114Phe) described in the LMDP in
association with LGMD?2E. The patients” clinical and pathological findings are shown in
Table 2S (Additional file 2). All novel missense mutations were tested on 150 control

DNAs and none of them were detected.

Conclusions
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We characterised a cohort of Czech LGMD?2 patients on the basis of mutation analysis of
genes associated with the most common forms of LGMD?2 in the European population and
compared these results with published studies. This study expands our previous results
obtained in the Czech LGMD2A population [25],[26],[27] as well as the mutation
spectrum in other types of LGMD?2, and further provides information concerning clinical
and genetic correlations.
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Additional file 1: Table S1. Mutations and pathological-clinical findings identified in
Czech LGMD2A probands

Additional file 2: Table S2. Mutations and pathological-clinical findings identified in
Czech LGMD2I, 2D, 2L, 2B, and 2E probands

Additional file 3: Table S3. In silico prediction of effects of selected missense mutations
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Table 1. Mutations identified in Czech LGMD2A probands

No. Mutations (cDNA level) Mutations (protein level)

1-23 ¢.550delA/c.550delA p.(Thrl84Argfs*36)/p.(Thr184Argfs*36)
24,25 ¢.550delA/c.245C>T p.(Thrl84Argfs*36)/p.(Pro82Leu)

26 ¢€.550delA/c.328C>T p.(Thr184Argfs*36)/p.(Arg110*)

27 ¢.550delA/c.509A>G p.(Thr184Argfs*36)/p.(Tyrl170Cys)

28 ¢.550delA/c.598_612del p.Thr184Argfs*36/p.Phe200_Leu204del
29 ¢.550delA/c.1043delG p.(Thr184Argfs*36)/p.(Gly348Valfs*4)
30 ¢.550delA/c.1069C>T p.(Thrl84Argfs*36)/p.(Arg357Trp)

31 .550delA/c.1451T>C p.(Thr184Argfs*36)/p.(Leu484Pro)

32 ¢.550delA/c.1465C>T p.(Thr184Argfs*36)/p.(Arg489Trp)
33,34 ¢.550delA/c.1468C>T p.Thr184Argfs*36/p.(Arg490Trp)

35 ¢.550delA/c.1470delG p.(Thrl84Argfs*36)/p.(Arg490Argfs*6)
36, 37 ¢.550delA/c.1722delC p.Thr184Argfs*36/p.Ser575Leufs*20
38 ¢.550delA/c.1823G>A p.(Thrl84Argfs*36)/p.(Arg608Lys)

39 ¢.550delA/c.1981delA p.Thr184Argfs*36/p.1le661*

40 ¢.550delA/c.2245A>C p.(Thrl84Argfs*36)/p.(Asn749His)

41 c.1A>G/c.865C>T p.(Met1Val)/p.(Arg289Trp)

42 €.133G>A/c.133G>A p.Alad5Thr/p.Alad5Thr

43 €.146G>A/c.1069C>T p.(Arg49His)/p.(Arg357Trp)

44 €.224A>G/c.224A>G p.Tyr75Cys/p. Tyr75Cys

45 €.245C>T/c.245C>T p.Pro82Leu/p.Pro82Leu

46 €.245C>T/c.1800+1G>A p.(Pro82Leu)/splicing

47 €.245C>T/c.1855C>T p.(Pro82Leu)/p.(GIn619%*)

48 €.245C>T/c.2314_2317del p.Pro82Leu/p.Asp772Asnfs*3

49 ¢.509A>G/c.509A>G p.(Tyrl70Cys)/p.(Tyr170Cys)

50 €.598 _612del/c.598_612del p.(Phe200_Leu204del)/p.(Phe200_Leu204del)
51 ¢.598_612del/c.640G>A p.(Phe200-Leu204del)/p.(Gly214Ser)
52 ¢.598_612del/c.2245A>C p.Phe200-Leu204del/p.Asn749His

53 €.1043delG/c.1094G>A p.(Gly348Valfs*4)/p.(Trp365*)

54 €.1043delG/c.1343G>A p.(Gly348Valfs*4)/p.(Arg448His)

55 €.1194-9A>G/c.1800+1G>A  splicing/splicing

56 €.1194-9A>G/c.2393C>A splicing/p.(Ala798Glu)



57 €.1250C>T/c.1250C>T p.(Thr417Met)/p.(Thrd17Met)

58 €.1322G>A/c.1322G>A p.Gly441Asn/p.Gly441Asn

59 €.1322delG/c.2114A>G p.(Gly441Valfs*22)/p.(Asp705Gly)
60 €.1343G>A/c.2093G>A p.(Arg448His)/p.(Arg698His)

61 €.1468C>T/c.2314_2317del p.(Arg490Trp)/p.(Asp772Asnfs*3)
62 €.1788_1793del/c.2242C>T p.Lys597_Lys598del/p.Arg748*
63-66  ¢.598 612del/c.1746-20C>G  p.(Phe200_Leu204del)/splicing

67 €.614T>C/c.1746-20C>G p.(Leu205Pro)/splicing

68, 69 c.550delA/- p.(Thr184Argfs*36)/-

70,71 ¢.598_612del/- p.(Phe200_Leu204del)/-

Mutations in bold letters were detected only in Czech LGMD2A patients.

Table 2. Mutations identified in Czech LGMD2I, 2D, 2L, 2B, and 2E probands

No. Gene Mutation (cDNA level)  Mutation (protein level)

72-78 FKRP ¢.826C>A/c.826C>A p.(Leu276lle)/p.(Leu276lle)

79 FKRP  c.826C>A/c.947C>G p.(Leu2761le)/p.(Pro316Arg)

80 FKRP  826C>A/c.1076G>C p.(Leu276lle)/p.(Trp359Ser)

81 SGCA  ¢.229C>T/c.229C>T p.(Arg77Cys)/p.(Arg77Cys)

82,83 SGCA  ¢.157+1G>A/c.850C>T  splicing/p.(Arg284Cys)

84 SGCA ¢.229C>T/c.739G>A p.(Arg77Cys)/p.(Val247Met)

85 SGCA  ¢.290A>G/c.303dupA p.(Asp97Gly)/p.(GIn101GInfs*4)

86 SGCA  ¢.229C>T/c.308T>C p.(Arg77Cys)/p .(11e103Thr)

87 ANO5  ¢.191dupA/c.966A>T p.(Asn64Lysfs*15)/p.(Leu322Phe)

88, 89 ANO5  ¢.191dupA/c.2272C>T  p.(Asn64Lysfs*15)/p.(Arg758Cys)

90 DYSF  ¢.3832C>T/c.5509G>T  p.(GIn1278%)/p.(Asp1837Tyr)

91 DYSF  ¢.509C>A/c.5907G>C  p.(Alal70GIu)/p.(Trpl969Cys)
€.610C>T/c.1120G>C/  p.(Arg204*)/p.(Val374Leu)/

92 SGCB  ¢.341C>T/c.341C>T p.(Ser114Phe)/p.(Serl14Phe)

Mutations in bold letters were detected only in Czech LGMD?2 patients. The variant
€.966A>T written in italics is probably a nucleotide polymorphism (LMDP, dbSNP-

rs7481951).
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Table 3. Frequency of LGMD2A, 21, 2D, 2L in European countries

Litera- Population ~ Number of Number and Number and Number and Number and
ture patients percentage of patients  percentage of  percentage of  percentage of
analysed inthe  with LGMD2A patients with patients with patients with
study LGMD2I LGMD2D LGMD2L
This Czech 218 LGMD2 71 (67 had two 9;4.1% 6; 2.8% 3; 1.4%
study probands mutations, 4 one);
32.6%
[28] Italy 190 LGMD 59; 31.1% 14; 7.4% 16; 8.4% 4;2.1%
probands
[2] Italy 155 LGMD 44 (30 had two 10; 6.4% 13; 8.4% NI
probands mutations, 14 one);
28.4%
[39] Italy 550 patients 102; 18.5% 16; 2.8% 37;6.7% NI
with LGMD,
myopathy, or
asymptomatic
hyperCKemia
[40] Italy 519 patients 94 (76 had two NI NI NI
with LGMD, mutations, 18 one);
myopathy, or 18.1%
asymptomatic
hyperCKemia
[10] Italy 530 patients 141 (104 had two NI NI NI
with muscular mutations and 37
dytrophy one); 26.6%
[41] Italy 214 probands NI 13(Qhadtwo NI NI
with muscular mutations, 4
dystrophy or one); 6.1%
myopathy
[42] Germany 98 probands NI 7;3.5% NI NI
with LGMD2
and 102
probands with
asymptomatic
or minimally
symptomatic
hyperCKemia
[29] Denmark 99 LGMD2 12; 12.1% 38; 38.4% NI NI
patients
[4] Dutch 67 LGMD 14; 20.9% 5; 7.5% NI NI
probands
[30] Dutch 68 LGMD NI NI NI 11; 16.2%
probands

NI: no information
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Duchenne and Becker muscular dystrophies (DMD/BMD) are asscciated with mutations in the DMD gene.
We determined the mutation status of 47 patients with dystrophinopathy without deletion or duplica-
tion in the DMD gene by screening performed by reverse transcription-PCR, protein truncation test,
and DNA sequencing. We describe three patients with a mutation creating a premature termination
codon (pE55X, p.E1110X, and p.83497PfsX2) but with a mild phenotype, which present three different
ways of rescuing the DMD phenotype. In one patient we detected the insertion of a repetitive sequence

I];ﬁ"}‘]’z;‘;i S AluYa5 in intron 56, which led to skipping of exon 57. Further, using quantitative analysis of DMD mRNA
i) ystrophy carrying various mutated alleles, we examine levels of mRNA degradation due to nonsense mediated

BMD mRNA decay. The quantity of dystrophin mRNA is different depending on the presence of a mutation
leading to a premature termination codon, and position of the analysed mRNA region with respect tc
its 5" end or 3’ end. Average relative amounts of DMD mRNAs carrying a premature termination coden

Point mutation
Nonsense mediated mRNA decay

is 48% and 17%, when using primers amplifying the 5 and 3’ cDNA regions, respectively.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Dystrophin-associated muscular dystrophies range from the
severe Duchenne muscular dystrophy (DMD) to the milder Becker
muscular dystrophy (BMD). Both are the result of mutations in
the gene that encodes dystrophin, the DMD gene is located on the
X-chromosome where it occupies a region about 2.3 Mb long. The
total coding sequence of 11,058 bp is distributed over 79 exons.
Approximately 60% of DMD/BMD mutations are deletions and 5%
duplications of one or more exons. These deletions and duplications
can be detected using multiplex ligation dependent probe amplifica-
tion (MLPA) or multiplex PCRs at the DNA level, or by means of
reverse transcription-PCR (RT-PCR) at the mRNA level [1-3]. Most
deletions, as well as pathogenic point mutations associated with
the DMD phenotype, disrupt the translational reading frame. An

* Corresponding author. Address: Centre of Molecular Biclogy and Gene Therapy,
University Hospital Brne, Eemopolni 8, CZ-625 00 Brno, Czech Republic. Tel.: +420
532 234 625; fax: +420 532 234 623.

E-mail address: lfajkusova@fnbrno.cz (L. Fajkusova)

0960-8966/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
dei:10.1016/j.0md.20058.08.011

effective mutation—detection method to monitor the integrity of
the reading frame is the protein truncation test { PTT), which applies
a combination of RT-PCR, in vitro transcription and in vitro
translation [4].

Eukaryotic cells have evolved various mechanisms to recognize
and eliminate functionally aberrant RNAs. Nonsense mediated
mRNA decay {NMD) is one such type of quality-control mechanism
that selectively degrades mRNAs with premature termination
codons (PTCs), thus preventing the synthesis of potentially deleteri-
ous truncated proteins [S]. It is possible that NMD also induces
degradation of dystrophin mRNAs containing mutations generating
PTCs, but the level of this degradation hasnot been determined so far.

In this study, we apply RT-PCR, PTT, and DNA sequencing to scan
dystrophin mRNA and/or DNA of 43 DMD/BMD patients and 4
female carriers without a deletion or duplication in the DMD gene.
Further, using quantitative analysis of DMD mRNA carrying various
mutated alleles, we examine levels of mRNA degradation due to
NMD. The patients with mutations conserving the translational
reading frame had relative amount of DMD mRNA approximately
118% and 78% (using primers complementary to 5 end and 3’ end
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of DMD cDNA, respectively) and patients with PTC mutations 48%
and 17%, respectively.

2. Materials and methods
2.1. Patients

The patients presented in this study met the clinical criteria of
DMD or BMD phenotype, respectively, including results of histopa-
thological and immunohistechemical analysis of muscle tissue.

2.2. Immunohistochemical analysis, Western blots, and RNA analysis

Immunochistochemical analysis of muscle proteins, as well as
RNA isolation from muscle tissue, reverse transcription, amplifica-
tion of dystrophin mRNA, and PTT have been described in our
previous studies [6,7].

2.3. DNA analysis

Isolation of DNA was performed according to the standard
salting-out method. Primers for amplification of all exons of the
DMD gene and adjacent intron regions are given in the Supplemen-
tary file including annealing temperature and Mg®* concentration.
PCRs contained 200 ng of DNA, 1x PCR GeneAmp Gold Buffer,
0.625 U AmpliTag Gold polymerase (Applied Biosystems, Foster
City, CA, USA), 0.2mM dNTPs, 0.5 uM primers, and MgCl, at
concentrations listed in Supplementary Table 1. Amplifications
were performed under the following cycling conditions: 95 °Cf
7 min, followed by 35 cycles of 95 °C/30 s, annealing temperature
as given in the Supplementary file/30 s, and 72 °C/30s; and final
step 72 °C/10 min. The PCR products were purified and sequenced
on an ABI PRISM 310 sequencer (Applied Biosystems).

2.4. Real-time PCR

One hundred nanograms of RNA was used for RT using the
SuperScript™ First-Strand Synthesis System {Invitrogen, Carlsbad,
CA, USA). The cDNA synthesis reactions were primed by random
hexamers. RT products were amplified using FastStart SYBR Green
Master (Rox) (Roche Diagnostics, Mannheim, Germany) under the
following cycling conditions: 95 °C/10 min, followed by 40 cycles
of 95°C/15s, 60°C/30s, and 72°C/60s. Fluorescence was
monitoredat 72 °C and the specificity of amplification was evaluated
by melting curve analysis. The analysis of each RNA sample was
performed in two parallel PCRs. Amplification of the DMD mRNA
was performed using three pairs of primers that amplified three
different regions of dystrophin mRNA. These regions were chosen
to be located near the 5 end {exons 12-14), in the middle (exons
34-35), and near the 3’ end {(exons 67-68) of the dystrophin cDNA
so that thelong dystrophin transcript was probed at several different
segments. Primer sequences are shown in Supplementary Table 2.
The data obtained were analysed by the 224 method that evaluates
the target gene expression with respect to the reference gene
expression and normalizes this value relative to expression in a
calibrator sample [8]. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the reference gene and the mRNA of a patient
with the in-frame exon 48 deletion was used as the calibrator.

3. Results

3.1. Analysis of dystrophin mRNA and DNA

Analysis of dystrophin mRNA and/or DNA was performed in 47
patients with dystrophinopathy {34 DMD, 9 BMD, and 4 carrier

females). The results of these analyses together with the pheno-
type and immunchistochemical results are shown in Table 1.
Twenty-eight mutations are described in these patients for the first
time. At present, all mutations are registered at the Leiden muscu-
lar dystrophy pages (www.dmd.nl).

From 43 male patients, nine are BMD (patients 1,9, 14,15, 16,17,
22, 32, and 43). Patient 1 has the mutation ¢.163G>T (p.E55X).
Besides a transcript with this mutation, a transcript with the
frame-shift deletion of exons 3-7 (c.94_649del) was detected.
Patient 9 carries the mutation ¢.1483-8T>G, which changes splicing
and results in a transcript with the in-frame deletion of exon 13
{c.1483_1602del). Four other BMD patients have mutations
associated with a defective splicing of exon 25. Patient 14 has the
mutation ¢.3328G>T (p.E1110X) that changes an exon splicing
enhancer sequence inside exon 25 (predicted by Rescue-ESE
program, http:f/genes.mit.edu/burgelab/rescue-ese/) and causes
alternative splicing; an apparent in-frame alternative splicing
{€.3277_3432del) was also detected at the mRNA level, besides the
transcript with the nonsense mutation [6]. Patient 15 carries the
mutation ¢.3432G>A that changes the splicing of exon 25 and gener-
ates mRNA with the exon 25 deletion. A similar situation is seen in
patients 16 and 17; mRNA containing the exon 25 deletion is gener-
ated as a result of the mutation ¢.3432+1G>A or ¢.3432+2T>C,
respectively, and the standard full-length transcript is also detected
in both cases. Patient 22 has the mutation ¢.4675-11A>G, which
changes splicing and, as well as the standard mRNA, a transcript with
insertion of a part of intron 32 is present (c.4674_4675in510). In the
case of patient 32, the mutation ¢.7660+4delA causes alternative
splicing of exon 52 and both transcripts are generated
{c.]=, 7543_7660del]). Patient 43 has the mutation c.10489delT,
detected only at the DNA level (a muscle biopsy was not available).

Patient 18 has an unusual combination of two inherited neurc-
muscular disorders, DMD and Charcot-Marie-Tooth (CMT) disease
type 1A. DNA analysis detected a duplication containing the PMP22
{peripheral myelin protein 22) gene located within the region
17p11.2-p12. Besides this mutation, the mutation ¢.3609_3612del-
TAAAINSCTT (p.K1204LfsX11) was determined at the DNA and
mRNA levels in the DMD gene [9]. In patient 34, we identified the
deletion of exon 57 {c.8391_8547del) at the mRNA level. Analysis
of DNA showed the insertion of the repetitive sequence AluYa5 that
was localised in intron 56 (described in Fig. 1). The presence of two
pseudcexon insertions (c.264_265ins 265-595_265-464 and
€.9563_9564ins9564-484_9564-432) was determined in patients 2
and 39, respectively. In both cases, DNA sequencing of the appropri-
ate intron showed a point mutation creating a novel splice site. We
detected two intronic point mutations resulting in a pseudoexon
inclusion in mature mRNA: the mutation ¢.265-463A>G in intron 4
{patient 2) and ¢.9564-427T>G in intron 65 (patient 39).

3.2. Quantitative analysis of dystrophin transcripis

Quantitative analyses of DMD mRNA were performed in patients
mentioned in Table 2 using real-time PCR as described in Section 2.
Results of these analyses are shownin Fig. 2. Using primers 12Fx14R,
the patients with mutations conserving the translational reading
frame had an average relative amount of DMD mRNA 118% and
patients with a PTC mutation 48%. Using primers 34Fx35R, these
values were 83% and 40%, respectively, and using primers 67FXx68R
the corresponding values were 78% and 17%, respectively.

4. Discussion
The BMD patient 1 has the mutation ¢.163G>T (p.E55X) and

besides this mutation, a transcript with the frame-shift deletion
of exons 3-7 was detected. Winnard et al. [10] also described a
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Patient  Phenotype Localisation of Mutation detected at Mutation detected at  Mutation at protein Immunchistochemical labelling using
mutatien (exon) cDNA level DNA level level antibedies DYS1.2,3
1 BMD 3 c[163G>T, 94 649del] Not performed pJE55X, Not performed
F32_D217del]
2 DMD Intron 4 c.264_265in5265- €.265-463A>G p.V89MIsX10 Negative
595_265-464
3 DMD 7 ¢583C>T Net perfermed p-R185X Negative
4 DMD 7 ¢.583CT Not performed p-R185X Negative
5 DMD Intren 7 €531 64%del C.B4G+5G>A p.P178CfsX2 DYS2 and DYS3 negative, DYS] present at
20% of muscle fibres
6 DMD Intren 7 Not performed C.64G+5G>A p-P178CIsX2 Not performed
7 DMD 10 c.1062G>A Not perfermed p-W354X Negative
8 DMD 11 c.1324C>T Not performed p.Q442x Negative
9 BMD Intron 12 c.1483_1602del €.1483-8T>G p.v495_K534del DYS1 negative, DYS2 and DYS3
decreased intensity
10 DMD 18 c2276T>G Not performed p.L759X Negative
11 DMD 18 C.2281G>T Not perfermed p.E761X Negative
12 DMD Intron 20 c.2622_2623insAG €.2623-3C>G p.D875REsX17 Negative
13 DMD 21 .2797CT Not perfermed p.Q933X Negative
14 BMD 25 c[3328G>T, Not performed pJE1110X, Decreased intensity
3277_3432del] L1093_Q1144del]
15 BMD 25 3277 _3432del c3432G>A p.L1093_Q1144del DYS1 and DYS2 normal, DYS3 decreased
intensity
16 BMD Intren 25 C.[=, 3277 3432del] C.3432+1G>A p.[= Normal
L1053 Ql144del]
17 BMD Iniron 25 c[=, 3277 3432del] c.343242T>C pl= DYS3 negative, DYS1 and DYS2
L1093_Q1144del] decreased intensity
18 DMD+CMTIA 27 3609 _3612del Not performed pK12041fsX11 Not performed
TAAAInsCIT
19 DMD 29 Noet performed €.3982C>T p.Q1328X Not performed
20 DMD 30 c4099C>T Not performed p.Q1367X Negative
21 DMD 33 c4638delA Not performed p.A1547LfsX2 Negative
22 BMD Intron 33 c[=, 4674 4675ins10] c4675-11A>G pl= V1559FfX20] DYS1 negative, Dys2 and DYS3
decreased intensity
23 DMD 34 c4729C>T Not performed p.R1577X Negative
24 DMD 36 c5031C>A Not performed p.Y1677X Negative
25 DMD 40 c.5653C>T Not performed p.Q1885X Negative
26 DMD 40 c.5662delG Not performed D1888IfsX3 Negative
27 DMD 43 c6283C>T Not performed p.R2095X Not performed
28 DMD 44 c6292C>T Noet performed p.R2098X Not performed
29 DMD 47 c.6905G>A Not performed pW2302X Negative
30 DMD 48 Not performed c.6931dupG p.E2311GIsX7 Not performed
31 DMD 52 c7657C>T Noet performed p.R2553X Negative
32 BMD Intron 52 c[=, 7543 7660del] c.7660+4delA pl= A2515LsX22] Decreased intensity
33 DMD 56 c.8374A>T Not performed p.K2792X Negative
34 DMD Intron 56 c.8391_8547del €.8391-19_8391- pS2798PfsX6 Negative
18insAluYa5
35 DMD 58 .8608C>T Noet performed p.R2870X Negative
36 DMD 59 Not performed c.8854C>T p.Q2952X Not performed
37 DVMD 60 c.8947G>T Not performed p.G2983X Not performed
33 DMD 62 c9182G>A Not performed P.W3061X Negative
39 DMD Intron 65 c.9563_9564ins9564- c.9564-427T-G p-R3190NfsX6 Negative
484 9564-432
40 DMD 70 c.10094CA Not performed pS3365X Negative
41 DMD 70 . 10108C>T Not performed P.R3370X Negative
42 DMD 70 ¢ 10141C>T Noet performed p.R3381X Negative
43 BMD 74 Not performed c.10489delT p.S3497PfsX2 Not performed
44F Clinically 8 ¢ [721CT]+[=] Not performed p.[Q241X]+[=] Mosaic of normal and negative muscle
affected fibres
45F Not affected 12 ¢ [1465C>T]+[=] Not performed p.[Q489X]+[=] Normal
46F Clinically 32 Not performed c[4384C-T|+[=] plQ14a62X]+[=] Mosaic of normal and negative muscle
affected fibres
a7F Not affected 55 c[8198_8199del Not performed plE2733AfX11]+[=] Normal

AGH=]

The nucleotide numbering corresponds te the ¢DNA reference sequence on www.dmd.nl. The nemenclature is according te HGVS recomumendation (htep:/fwww.hgvs.org).
Mutations that were detected in this work for the first time are given in beld letters. F, female; =, normal transcript; , pretein changes are deduced theoretically.

BMD patient with the deletion of exons 3-7; antibodies directed
against the amino-terminus and the 5 end of exon 8 did not
detect dystrophin in muscles of this patient, but dystrophin
was detected with an antibody directed against the 3’ end of
exon 8. The authors supposed that dystrophin production is
initiated at a new start codon in exon 8§,

mechanism could have acted in the case of our patient.

and a similar

Patient 43 carries the mutation ¢.10489delT leading to a frame-
shift in the C-terminal region, but showed only a mild BMD
phenotype. The mRNA analysis was not performed because a
muscle biopsy was not available. The rare protein-truncating
mutations that occur near the 3’ end of the DMD gene can result
in variable phenotypes, suggesting that these truncated proteins

are capable of partially rescuing the DMD phenotype [11].
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ctttttcaatggaattgttagaatcatcaattacactt
ctagatattctgacatggtac getgetgttettttt

(T) , GAGACGGAGTCTCGCTCTGTCGCCCAGGCTGGAG
TGCAGTGGCGGGATCTCGGCTCACT GCAAGCTCCGCCT
CCCGGGTTCACGCCATTCTCCTGCCTCAGCCTCCCAAG
TAGCTGGGACTACAGGCGCCCGCCACTACGCCCGGCTA
ATTTTTTGTATTTTTAGTAGAGACGGGGTTTCACCGTT
TTAGCCGGGATGGTCTCGATCTCCTGACCTCGTGATCC
GCCCGCCTCGGCCTCCCAAAGTGCTGGGATTACAGGCG
TGAGCCACCGCGCCCGECC getgetgttettttt ca
gGTCCCATTTGGAAGCCAGTTCTGACCAGTGGAAGCGT
CTGCACCTTTCTCTGCAGGAACTTCTGGTGTGGCTACA

Fig. 1. AluYa5 inserticn into intron 56 of the DMD gene. The insertion is lecalised in
intron 56, 18 nuclectides before exen 57, and is in antisense orientation relative to
the DMD gene. The Alu element is composed of a 281 bp of Alu repeat element with
a polyA tract (the exact number of A residues was not determined) and 15 bp direct
repeats flanking the inserted element. The direct repeats were duplicated during
the AluYa5 insertion. This sequence presents the sense strand. The lower case - the
intron sequence; the upper case - the exen sequence; the italics - direct repeats;
the upper case underlined - AluYa5 insertion.

I. Sedldckova et al /Neuromuscular Disorders 19 (2009) 749-753

In patient 34, the deletion of exon 57 {c.8391-8547del) was
detected at the mRNA level, and analysis of DNA showed the inser-
tion of a repetitive sequence AluYa5 in intron 56 (18 nucleotides
before exon 57) in an antisense direction. To date, 5 other reports
have described de novo Alu insertions into introns in an antisense
orientation and in close proximity to the affected exon; these
induce full exon skipping or alternative splicing of the downstream
exon [12]. In the case of the DMD gene, one Alu-like retrotranspo-
sition has been described and was associated with X-linked dilated
cardiomyopathy; this Alu-like sequence rearrangement occurred
2.4 kb downstream from the 5’ end of intron 11 of the dystrophin
gene. This rearrangement activated one cryptic splice site in intron
11 and produced an alternative transcript containing the Alu-like
sequence and a part of the adjacent intron 11, spliced between
exons 11 and 12, which contained numerous stop codons in read-
ing frame of the Alu-like sequence. Only the mutant mRNA was
detected in the heart muscle, but in the skeletal muscle it coexisted
with the normal one [13,14].

The NMD pathway recognizes and degrades mRNAs that
confain a premature termination codon, and is one of many

Table 2
DMD/BMD patients selected for quantitative analysis of DMD transcripts.
Patient  Mutaticn detected at cDNA level Mutation at protein Localisation of mutation Impact of mutation on the  Phenotype
level (exon) ORF
deld8.1 ¢.6913 7058del pV2305 Q2366del 48 deletion Non-PTC BMD
deld82 6913 7098del p.V2305 Q2366del 48 deletion Noen-PTC BMD
del13- €.1483 4071del p.v495 E1357del 13-26 deletion Non-PTC BMD
29
deld8- 6913 7542del p.V2305 K2514del 48-51deletion Non-PTC BMD
51
patl? .[=, 3277 3432del] (DNA: 343242T>C) p.[=11093 Q1144del] Intron 25 Non-PTC BMD
del48- 7088 7308del p.E2367L1sX9 48-50 deletion (I DMD
50
delbl ¢.8085 9163del P-V3029RIsX34 61deletion PTC DMD
patll C.2281G>T pE761X 18 PTC DMD
patl3 €.2797C>T p-QE33X 21 PTC DMD
pat20 .4095C>T p-QI367X 30 PTC DMD
pat24 c.5031C>A p-Y1677X 36 PTC DMD
pat3l c.7657C>T p-R2553X 52 PTC DMD
pat33 c8374A>T pK27%2X 56 Bl DMD
pat37 ¢.8947G>T p.G2983X 60 PTC DMD
pass 5563 9564ins9564-484 §564-432 (DNA: c.9564- p.R3190NfsX6 Intron 65 PTC DMD
427T>G)
parél . 10108C>T p-R3370X 70 PTC DMD
FTC, mutation creating a premature terminatien ceden; nen-PTC, mutation net creating a premature termination codon.
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Fig. 2. Quantitative analysis of DMD transcripts in individual patients. Identification of samples is given on axis x. y-axis scale shows relative levels of mRNA transcripts with
respect to the calibrator sample. Black celumns shew relative levels of the mRNA region amplified by primers 12F and 14R (5 end region), grey celumns correspond to
products generated by 34F and 35R primers (central region) and white columns represent the levels of 5 end region obtained using 67F and 68R primers. Error bars show

standard deviations.
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quality-control processes that have evolved to ensure the
exclusive production of functional proteins. The efficiency of
NMD appears to vary depending on the gene, the position of
the PTCs, and the tissue type. We observed NMD in the case of
the CAPN3 gene whose mutated forms are associated with limb
girdle muscular dystrophy 2A. We determined that patients with
a single PTC mutation (a missense mutation or in-frame deletion
present in the second allele) have the CAPN3 mRNA level
decreased to 28-58% of the reference value, and that patients
with PTC mutations on both alleles have CAPN3 transcript levels
of only about 2% [15]. Similar studies dealing with NMD have
been performed in other genes [16-18].

We performed quantitative analysis of DMD transcripts using
real-time PCR and the 2™%% method for data evaluation. Using the
pair of primers 12Fx14R and 67Fx68R, the patients with mutations
conserving the translational reading frame had a relative amount
of DMD mRNA of 118% and 78% and those with a PTC mutation
48% and 17%, respectively. The quantity of dystrophin mRNA is
different depending on whetherit is analysed using primers comple-
mentary toits 5’ end or 3’ end. Our results indicate, that levels of the
5 end mRNA regions mostly exceed those of the 3’ end regions. These
differences can hardly be explained merely by ongoing and time-
consuming transcription of the dystrophin gene (which may
generate certain gradient of abundance of the 5’ end region over
the 3’ end region [ 19]) andjor co-transcriptional splicing [20], since
these differences are subtracted by relative evaluation using calibra-
tor sample. These differences are rather due to prevalent 3’-to-5’
exonucleolytic digestion of mRNA by cellular mechanisms that
control mRNA turnover (see [21,22], for a review). Although these
pathways generally include both 5 —» 3 and 3’ - &, as well as
endonucleolytic modes of digestion, the 3’ - 5 digestion, which is
mediated by exosome and triggered by deadenylation in non-PTC
transcripts, clearly prevails in scme of our results. In PTC-containing
mRNA molecules, even more marked decrease can be observed in
abundance of 3’ end regions, presumably due to the ongoing NMD,
which may use also deadenylation-independent pathways of
3 - 5 transcript degradation [23]. Our interpretation of the origin
of the differences is indirectly supported also by the earlier observa-
tion of equal levels of both 5" and 3’ RT-PCR products both in normal
controls, and in patients suspected for DMD without any detected
mutation|24].In conclusion, our present study illustrates the impor-
tance of NMD as a functional checkpoint in the multi-level process of
dystrophin gene expression.
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Abstract

The complete dystrophin mRNA sequence has been analyzed in 20 Duchenne muscular dystrophy and Becker muscular dystrophy
patients. In 13 cases, deletions in mRNA were detected using reverse transcription-polymerase chain reaction and in another seven cases,
point mutations were found using the protein truncation test. Sixteen patients diagnosed with Duchenne muscular dystrophy showed the
presence of deletions or of nonsense point mutations. From four patients with the Becker muscular dystrophy phenotype, three cases were
associated with deletions conserving the translational frame and one was associated with a nonsense mutation E1110X. In the case of the
E1110X mutation, an alternative splicing of dystrophin mRNA (3485-3640del) was detected in this patient which included the E1110X
mutation site (nucleotide 3536) and did not change the translation reading frame. Individual nonsense point mutations were characterized by
sequence analysis, which showed five novel mutations with respect to those reported in the Cardiff Human Gene Mutation Database
http:/fuwem.web.cf.ac.uk/uwem/mg/hgmd0.html and the Leiden muscular dystrophy pages http://www.dmd.nl/. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Duchenne and Becker muscular dystrophy (DMD and
BMD, respectively), are allelic X-linked diseases caused
by expression of defective dystrophin, a protein of mole-
cular weight 427 kDa which is bound to the cytoplasmic
membrane of smooth, heart and skeletal muscle cells [1].
The dystrophin gene is located on the X-chromosome
where it occupies a region about 2.3 Mb long. The total
dystrophin coding sequence of 11 220 bp is distributed
over 79 exons. About 60% of cases of DMD and BMD
result from gross deletions, 5% from duplications and the
remaining 35% from point mutations of the dystrophin
gene [2]. Generally, a precise correlation exists between
a patient’s clinical state and the dystrophin gene defect.
Mutations which cause a translational frameshift, and
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therefore give rise to a protein missing its C-terminal
region, are tightly correlated with a severe DMD pheno-
type. On the other hand mutations conserving the frame of
translation and, consequently, resulting in a protein with
internal deletions or duplications, are usually correlated
with a milder BMD phenotype [3]. Large deletions and
duplications can be detected using multiplex polymerase
chain reaction (PCR) at the DNA level or by means of
reverse transcription-PCR (RT-PCR) at the mRNA level
[4-7]. It has been shown that most pathological point muta-
tions connected with the DMD phenotype disrupt the trans-
lational reading frame, giving rise to truncated proteins. An
effective mutation-detection method to monitor the integ-
rity of the open reading frame is the protein truncation test
(PTT). This rapid and sensitive method applies a combina-
tion of RT-PCR, in vitro transcription and in vitro transla-
tion to a sample of mRNA or total RNA [8]. As a number
of tissue-specific isoforms of dystrophin, as well as variant
splicing of ectopic transcripts has been detected, results of
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Table 1
Overview of patients

Patient Phenotype Bom Year of diagnosis Family history ‘Wheelchair bound
1 DMD 1990 1995 Negative No
2 DMD 1996 1998 Negative No
3 DMD 1991 1996 Negative No
4 DMD 1991 1995 Negative No
5 DMD 1992 1996 Negative No
6 DMD 1986 1991 Negative Yes
7 DMD 1984 1988 Negative Yes
8 DMD 1990 1995 Negative No
9 DMD 1996 1998 Negative No

10 DMD 1993 1996 Negative No

11 DMD 1990 1994 Negative No

12 DMD 1991 1996 Paositive No

13 DMD 1995 1998 Negative No

14 DMD 1993 1997 Negative No

15 DMD 1989 1992 Paositive Yes

16 DMD 1988 1992 Positive Yes

17 BMD 1993 1999 Negative No

18 BMD 1983 1991 Paositive No

19 BMD 1988 1998 Positive No

20 BMD 1979 1990 Negative No

transcript analysis have to be assessed in relation to the
source material used [8]. Here we apply RT-PCR and
PTIT to scan the whole coding sequence of dystrophin in
muscle tissues of our group of DMD and BMD patients
and characterize the mutations detected, and we discuss
these in relation to the patients’ phenotypes. A case of
alternative splicing which partially suppresses the pheno-
typic effect of a nonsense mutation is described.

2. Material and methods
2.1. Patients

The patients were classified according to the standard
clinical symptoms, the level of creatine kinase, histopatho-
logical examination and immunocytochemical analysis of
muscle sections. A brief description of patients is given in
Table 1. All patients are unrelated.

2.2. Immunohistochemical analysis

Analysis of dystrophin mRNA was performed in muscle
tissues of patients diagnosed with DMD or BMD by
previous immunodetection of dystrophin in sections of
muscle tissue. Muscle biopsies were snap frozen in a
propane-butane mixture cooled by liquid nitrogen. Cryosec-
tions were examined by conventional histological, histo-
chemical and immunchistochemical methods [9]. Four
monoclonal antibodies were used during this study: one to
{3-spectrin and three to dystrophin. The monoclonal antibo-
dies to dystrophin are specific for epitopes in the N-terminal
domain (amino acids 308-351, corresponding to exons 10—
12, DYS3), for the rod domain (amino acids 1181-1388,
corresponding to exons 26-30, DYS1) and for the C-term-

inal domain (amino acids 3669-3685, corresponding to
exon 79, DYS2). The avidin-DH biotinylated horseradish
peroxidase method was used for immunostaining. Spectrin
is localized at the periphery of muscle fibres like dystrophin
and labeling of this protein is thus an excellent control for
muscle membrane integrity in fibres which appear negative
for dystrophin labeling. All four antibodies were from
Novocastra Laboratories, UK.

2.3. RNA isolation and RT-PCR

Muscle tissues stored in liquid nitrogen or on dry ice were
homogenized in a mortar and pestle under liquid nitrogen
and the resulting powder was used for total RNA prepara-
tion by the RNeasy Total RNA kit (Qiagen). RT-PCR was
performed with the Titan™ One Tube RT-PCR System
(Boehringer—Mannheim). The total dystrophin mRNA was
divided into ten regions which were amplified in ten RT-
PCR reactions (Table 2). The products of primary PCRs of
each region were amplified in ten secondary PCRs using the
Expand High Fidelity PCR System (Boehringer—
Mannheim). Products of individual PCRs were electrophor-
etically separated in agarose gels and visualized in UV light
after ethidium bromide staining. Primer sequences were
taken from the literature [7,10]. In cases where a deletion
overlapped a boundary between adjoining regions (which
resulted in lack of product in secondary PCR), it was neces-
sary to carry out RT-PCR and secondary PCR with a proper
combination of primers so that the deletion was located
between the primer sequences (a ‘through-amplification’).

In some cases, deletions were characterized by DNA
sequencing of purified PCR products on an ABI PRISM
310 sequencer (Perkin—Elmer).
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Table 2
Partitioning of dystrophin mRNA for RT-PCR and PTT examination

Amplified Position of amplified Corresponding
region of region on dystrophin exons or exon
mRNA cDNA parts

1 212-1194 1-10

2 1133-2396 9-18

3 2342-3594 17-25

4 3527-4810 25-33

5 4766-5897 3340

6 5844-6583 40-44

7 6431-7657 43-51

8 7616-8869 51-58

9 8786-10046 58-68
10 9974-11296 67-79

2.4. Protein truncation test

For performing PTT, one of the primers for secondary
PCR has to contain 5'-terminal 40 nt sequence with a bacter-
iophage T7 promoter and an eukaryotic translation initiation
signal [10]. In vitro transcription and in vitro translation
were performed by the TNT T7 Coupled Reticulocyte
Lysate System (Promega). [355] Methionine (Amersham)
was added to the reaction for autoradiographic detection

(a) (c)

i ——

of translation products after separation by 15% discontinu-
ous sodium dodeeyl sulfate-polyacrylamide gel electrophor-
esis (SDS-PAGE).

Regions producing truncated or no proteins were
sequenced. DNA sequencing of purified PCR products
was performed on an ABI PRISM 310 sequencer (Perkin—
Elmer).

3. Results
3.1. Immunohistochemical analysis

Muscle tissues of 20 DMD and BMD patients were exam-
ined. Biopsy findings were characterized in all cases as a
typical myogenic pattern characterized by profound struc-
tural alterations of muscle fibres, presence of regenerating
fibres and degrees of both endomysial and perimysial fibro-
sis.

Neither necrotic with negative reactivity for spectrin nor
regenerating muscle fibres were classified. The immunohis-
tochemical labeling patterns obtained using antibodies
DYS1 and DYS2 were divided into six categories according
to the most prominent features observed: (1): no labeling on
any muscle fibres or labeling on occasional muscle fibres

(e)

Fig. 1. Immunohistochemical localization of dystrophin in the muscles of DMD/BMD patients using C-terminal antibody (original magnification 200, scale
bars = 50 pm). DMD patient 2 (a), DMD patient 6 (b), BMD patient 20 (c), BMD patient 18 (d) and control muscle (e).
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Table 3
Results of analyses of dystrophin mRNA

Patient Phenotype Mutation detected by Characterization of mutation by Exon(s) affected
analysis of dystrophin DNA sequencing
mRNA
1 DMD Deletion in region 7 6647-6822del 45
2 DMD Deletion in region 7 and § 6647-8235del 45-54
3 DMD Deletion in region 7 and 8 6647-7868del 45-52
4 DMD Deletion in region 7 and 8 6823-7750del 46-51
5 DMD Deletion in region 7 and 8 6647-7868del 45-52
6 DMD Deletion in region 7 and § Not performed
7 DMD Deletion in region 7 and 8 Not performed
8 DMD Deletion in region 8 and 9 7869-9145del 53-59
9 DMD Deletion in region 1 Not performed
10 DMD Deletion in region 10 Not performed
11 DMD Point mutation in region 1 791C—T 7
Arg (CGA) — STOP (TGA)
R195X
12 DMD Point mutation in region 1 791 C—T 7
Arg (CGA)— STOP (TGA)
R195X
13 DMD Point mutation in region 2 1532 C—T 10
Gln (CAA) — STOP (TAA)
Q442X
14 DMD Point mutation in region 3 2484 T—G 18
Leu (TTA) — STOP (TGA)
L759X
15 DMD Point mutation in region 10 10302 C— A 70
Ser (TCA) — STOP (TAA)
53365X
16 DMD Point mutation in region 10 10349 C—T 70
Arg (CGA)— STOP (TGA)
R3381X
17 BMD Deletion in region 7 7121-7306del 48
18 BMD Deletion in region 7 6647-7120del 4547
19 BMD Deletion in regions 7 and 8 6647-8425del 45-55
20 BMD Point mutation in region 3 3536 G—T 25
associated with alfernative Glu (GAA) — STOP (TAA)
splicing E1110X
Alt. splic. 3485-3640del 25

(generally <<5% of fibres) (patients 1-5, 7-10 and 12-16)
(Fig. la); (2): sectional labeling of decreased intensity on
<20% of muscle fibres (patients 6 and 11) (Fig. 1b); (3):
labeling of decreased intensity on approximately 50% of
muscle fibres (patient 17); (4): labeling of decreased inten-
sity on approximately 80% of muscle fibres (patient 20)
(Fig. 1c); (5): labeling is uniform, but a few muscle fibres
are labeled at decreased intensity (patients 18 and 19) (Fig.
1d); (6): labeling at normal intensity (control muscle) (Fig.
le).

The immunohistochemical labeling patterns obtained
using DYS3 antibody were very heterogeneous in patients
with a DMD diagnosis (from 0 to 90% of positive fibres). In
BMD patients, the pattern obtained using DYS3 was similar
to immunodetection patterns of DYS1 and DYS2.

3.2. Analysis of dystrophin mRNA

The results of the corresponding mRNA analyses are
given in Table 3.

In 13 patients, deletions were found by means of RT-
PCR. Ten of them were diagnosed as DMD (six deletions
were characterized by DNA sequencing confirming a trans-
lational frameshift), and in the other three patients diag-
nosed as BMD, DNA sequencing showed deletions

A B
1 2 1 2
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T — |

R i
g
T

Fig. 2. Example PTTs of dystrophin mRNA: (A) region 3. Lane 1, control
PTT; lane 2, PTT of patient 20; (B) region 1. Lane 1, control PTT; lane 2,
PTT of patient 12. Control (C) and truncated (T) products are marked.
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Fig.3. Fragments of DNA detected after amplification of dystrophin mRNA
region 3-4. Lane 1, PCR product of patient 20; lane 2, control PCR product;
lane 3, size marker.

keeping the translation frame. Nonsense point mutations
were detected in seven patients. Six of these were diagnosed
as DMD and one as BMD.

The results of PTT in patients 11-16 and 20 showed the
presence of point mutations which resulted in termination of
translation (see Fig. 2 for example). Their exact location
was determined by sequence analysis.

Notably, in patient 20 diagnosed as BMD, molecular
genetic analysis revealed the presence of the nonsense muta-
tion E1110X, corresponding rather to a DMD phenotype.
Further analysis showed the presence of an alternative
mRNA splicing: amplification of dystrophin mRNA region
3—4 (positions 23424810 on dystrophin cDNA, see Table
2) resulted in two RT-PCR products, while a single product
was amplified from a control sample (Fig. 3). Both PCR
products were excised from the agarose gel after electro-
phoretic separation and the purified DNAs were directly
sequenced. The sequence analysis of the longer PCR
product revealed the presence of peint mutation E1110X
compared to control mRNA, while the shorter PCR product
showed a deletion (3485-3640del) including the point
mutation E1110X {nucleotide position 3536) and keeping
the translation reading frame.

4. Discussion

In this work we used a combination of RT-PCR, PTT and
DNA sequencing to detect and characterize mutations of
dystrophin mRNA in our DMD and BMD patients. Molecu-
lar changes corresponding to DMD or BMD diagnosis were
found in all 20 mRNA samples isolated from muscle tissues —
13 cases of deletions (two unrelated patients had an identical
deletion) and seven cases of point mutations (two unrelated
patients had an identical point mutation) were detected.

We also describe four novel mutations in the dystrophin
gene (R195X, Q442X, L759X and E1110X). The mutation
S§3365X was described by our group previously [11].

Theresults of these molecular genetic analyses were corre-
lated with the clinical state of individual patients: 16 patients
with a more severe form of disease, DMD, displayed dele-
tions (patients no. 1-10; in patients 1-5 and 8, DNA sequen-
cing was performed which confirmed the change in
translation reading frame) or nonsense point mutations
(patients no. 11-16) giving rise to a STOP codon and thus
causing premature termination of translation.

Analysis of mRNA in the four patients diagnosed with
BMD, the milder form of the disease, showed the following
results. Patients 17-19 showed deletions of different sizes
which do not affect the translation frame. Patient 20 showed
a nonsense point mutation which would normally result in a
DMD phenotype. The BMD phenotype of this patient was
explained by the presence of an alternatively spliced
mRNA, in which the deletion (3485-3640del) bridges the
non-sense mutation and thus partially suppresses its effect.
Immunohistochemical analysis was performed in the
patient’s age of 18 and it was his first immunochistochemical
testing. A generalized low level of dystrophin, a mild
decrease of dystrophin associated proteins (DAPs) and a
strong staining for utrophin have been observed. Exon skip-
ping has been observed in a number of human genetic
disease mutations and attributed to the disruption of exonic
splicing enhancers (see [12] for review). Mechanism of
induction of partial skipping of the dystrophin exon 27
harbouring a nonsense mutation E1211X (G3839T) has
been studied using in vitro splicing system [13]. The authors
showed that the introduction of a T nucleotide to the purine-
rich splicing enhancer suppresses its activity. We therefore
presume a similar mechanism in case of nonsense mutation
E1110X (G33536T transversion) found in patient 20, which
occurs at the beginning of purine-rich tract of exon 25.

The overview of our results shows that 11 of 13 deletions
detected by dystrophin mRNA analysis in BMD/DMD
patients are located within regions 7-9 (patients 1-8 and
17-19). From these, two unrelated patients (3 and 5) had
identical deletions and six started at the same nucleotide
position (6647 bp) of dystrophin cDNA (patient 1-3, 5,
18, 19). The starting point of the deletion in patient 8 coin-
cides with the endpoint of the deletion in patients 3 and 5 in
dystrophin cDNA (7869 bp). Similarly, the deletion start-
point in patient 4 coincides with the deletion endpoint in
patient 1 (6823 bp). Preferential breakpoints in the dystro-
phin gene have been observed also in the previous reports,
(e.g. [7,14]). This concentration of mutation hotspots at such
foci may reflect specific features of chromatin structure of
the dystrophin gene, possibly its arrangement in loop
domains, as described recently in the Apri gene [15].

Immunohistochemical analysis of dystrophin and several
other proteins («, B, v, S-sarkoglycans and «, p-dystrogly-
cans), which are mvolved in multiprotein complex forma-
tion with dystrophin was performed. Their strong reduction
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in the sarcolemma was observed in all cases where dystro-
phin lacking the C-terminal was present corresponding to
published results [16]. The loss of the DAPs in the sarco-
lemma causing disruption of linkage between the subsarco-
lermmal cytoskeleton and extracellular matrix is presumed to
be the cause of the severe phenotype of DMD patients. The
reduction of dystrophin and DAPs was milder or negligible
in BMD patients indicating that the dystrophin rod domain
(where deletions associated with BMD mostly occur) is not
crucial for interaction with the DAPs.
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Abstract

Limb girdle muscular dystrophy type 2A (LGMD2A) is caused by single or small nucleotide changes widespread along the
CAPN3 gene, which encodes the muscle-specific proteolytic enzyme calpain-3. About 356 unique allelic variants of CAPN3 have
been identified to date. We performed analysis of the CAPN3 gene in LGMD2A patients at both the mRNA level using reverse
transcription-PCR, and at the DNA level using PCR and denaturing high performance liquid chromatography. In four patients,
we detected homozygous occurence of a missense mutation or an in-frame deletion at the mRNA level although the DNA was het-
erozygous for this mutation in conjuction with a frame-shift mutation. The relationship observed in 12 patients between the quantity
of CAPN3 mRNA, determined using real-time PCR, and the genotype leads us to propose that CAPN3 mRNAs which contain
frame-shift mutations are degraded by nonsense-mediated mRNA decay. Our results illustrate the importance of DNA analysis
for reliable establishment of mutation status, and provide a new insight into the process of mRNA decay in cells of LGMD2A
patients.
© 2006 Elsevier B.V. All rights reserved.

Keywords: LGMD2A; CAPN3: Calpain-3; Real-time RT-PCR; Nonsense-mediated mRNA decay

1. Introduction mal limb girdle muscles. Autosomal recessive LGMDs

of type 2 include at least 10 different genetic entities.

Limb girdle muscular dystrophies (LGMDs) are a
clinically and genetically heterogeneous group of disor-
ders characterised by progressive involvement of proxi-

° Corresponding author. Tel.. +420 532234625, fax: +420
532234623,

E-mail address: Ifajkusova@fnbrno.cz (L. Fajkusova).
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LGMD?2A, the most prevalent form, is caused by muta-
tions in the CAPN3 gene which is localized at 15q15.1-
g21.1 and encodes the proteolytic enzyme calpain-3 [1].
The CAPN3 gene comprises 24 exons and covers a geno-
mic region of 50 kb. Its transcript is spliced to a 3.5 kb
muscle-specific mRNA, which is translated (o a
94 kDa protein. Calpain-3 is a member of the calpain
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superfamily, which processes enzymes involved in sig-
nalling pathways, transcription factors, and cytoskeletal
proteins thereby modulating their activities [2].

In our previous studies [3,4], we described results of
CAPN3 gene analysis and discussed the relation
between the mutations detected and the patients’ pheno-
type. In this study, we completed our analyses on DNA
{using PCR, denaturing high performance liquid chro-
matography, and sequencing) and mRNA (using reverse
transcription, PCR, and sequencing)} to have both anal-
yses in each patient. In four patients carrying the geno-
types P82L/T184RfsX36, P82L/D772delK773NfsX3,
F200_1.204del/ T184R{sX36 and R490W/T184RfsX36,
mRNA analysis detected the homeozygous occurrence
of the missense mutation or the in-frame deletion,
but DNA analysis detected heterozygous occurrence
of these together with the frame-shift mutation
{T184R{sX36 or D772delK773N{sX3} which was not
detected by mRINA analysis. It is probable that the pro-
cess termed nonsense mediated mRNA decay (NMD)
induced degradation of mRNA carrying these frame-
shift mutations [5-8]. Further, we performed quantita-
tive analysis of CAPN3 mRNA in 12 LGMD2A
patients: 2 patients had a genotype missense/missense
mutation; 1 in-frame deletion/missense mutation; 3 mis-
sense/frame-shift mutation, 1 in-frame deletion/frame
shift mutation, 1 in-frame deletion/nonsense mutation,
3 frame-shift/frame-shift mutation and 1 patient had
the genotype in-frame deletion/intron mutation. We
evaluated the relationship between the amount of
CAPN3 mRNA and the genotype.

2. Patients and methods
2.1, Parients

Clinical findings for patients 2, 3, 4, 6-12 were pre-
sented in our previous works [3.4]. Patients 1 and 5
are newly described here. Age of discase onset was §
and 5 years, respectively. At present, patient 1 is 33 years
old and is wheel-chair bound since the age of 30. Patient
5 is 7 years old, and suffers from mild proximal muscle
weakness in the upper and lower extremities. In both
patients, immunchistochemical analysis of calpain-3
using Western blot showed 94 kDa band of a low
intensity.

Table 1
Primers used for real-time PCR
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2.2, Immunohistochemical analysis, Western blot, RNA
analysis, and DN A analysis

Immunohistochemical analysis of muscle proteins in
tissue sections, Western blot of calpain-3 as well as
RNA isolation from muscle tissue, reverse transcription,
and amplification of calpain-3 mRNA, DNA isolation,
amplification of all CAPN3 exons and DHPLC analysis
have been described in our previous studies [3.4].

2.3. Real-time PCR

100 ng of RNA were used for reverse transcription
(RT) using the SuperScript™ First-Strand Synthesis Sys-
tem (Invitrogen). The cDNA synthesis reactions were
primed by random hexamers. RT products were ampli-
fied using SybrGreen PCR Core Reagents (Applied Bio-
systems) under the following cycling conditions: initial
denaturation: 95°C/10 min; followed by 40 cycles:
95°C/10s, 55°Cf15s, 72°C/30s. Fluorescence was
monitored at 72 °C and specificity of amplification was
evaluated by melting curve analysis. The analysis of
each RNA sample was performed in two parallel PCRs
in two or three independent experiments. Primer
sequences are shown in Table 1. Amplification of the
CAPN3 mRNA was performed using the set of three
couples of primers that amplified three various regions
of calpain-3 mRNA. Relative amount of CAPN3
mRINA was taken as the average of the results of relative
quantifications of three different CAPN3 mRNA
regions. The data obtained were analysed by the 2744¢
method that evaluates the target gene expression with
respect to the reference gene expression and normalizes
this value relative to expression in a calibrator sample
[9]. Glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH), hypoxantine guanine phosphoribosyltransferase
1 (HPRT), and ABL1 protein tyrosine kinase (ABL}
were used as the reference genes and the RNA of patient
1 was used as the calibrator.

3. Results
3.1 Analysis of calpain3 mRNA and DNA

In 12 LGMD2A patients, mRNA analysis of the
CAPN3 gene was subsequently confirmed by DNA

Primer Sequence of forward primer (5 — 3’direction) Primer Sequence of reverse primer (5 — 3'direction) Length of PCR product
GAPDH-F cctgeaccaccaactgetta GAPDH-R gaggeaggpatgatgttctg 178
HPRT-F  geagactttgetttecttgg HPRT-R  tcaagggcatatcctacaacaa 153
ABL-F tggagataacactctaageataactaaaggt ABL-R gatgtagtigettgggaceca 123
CAPN-1F  tectacgaagcetetgaaagg CAPN-1R ttccataggteatgtiegty 183
CAPN-2F  gacgatgaccetgatgacte CAPN-2R  aggegttgtacaggaagaag 186
CAPN-3F tteatetgotgettogtiag CAPN-3R  gotttggaaatagagggtpa 193
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Fig. 1. Example of sequencing of the mRNA region with the in-frame mutation K595 K596. The sequence of the mRNA bearing standard sequence
in this region, and mutation R748X further to the 3’ end, is represented by lower peaks and is given below in bold italics.

analysis. However, in patients 3, 4, 5, and 6 the results of
mRNA and DNA analysis were not concordant. We
detected homozygous occurence of the mutations P§2L
(patients 3 and 4), F200 1.204del (patient 5) and
R490W (patient 6) by mRNA analysis, but analysis at
the DNA level did not confirm the homozygous status
of these mutations. DHPLC analysis of all CAPN3
exons and subsequent sequencing detected the mutation
T184RfsX36 in addition to the mutation P82L (patient 3),
D772delK773N{sX3 in addition to P82L (patient 4),
T184RfsX36 in addition to F200 1.204del (patient 5)
and T184RfsX36 in addition to R490W (patient 6). In
the case of patient 12 (genotype K595 _KS596del/
R748X), DNA as well as mRNA analysis gave concor-
dant results, but it is evident (Fig. 1) that the amounts
of mRINA carrying K595 K596del and R748X are not
similar. In the case of patient 11, we detected heterozy-
gous occurence of the in-frame deletion F200_1.204del
by mRNA analysis but no second mutation. DNA anal-
ysis detected the mutation in intron 13 (1746-20C > G}
but this CAPN3 variant probably has no noticeable phe-
notypic effect (Leiden muscular dystrophy pages,
www.dmd.nl). The mutation Y75C detected in case of
patient 1 was not described so far. The tyrosine in the
position 75 is the second amino acid of the calpain-3

catalytic domain. Sequence alignment of this region of
several species (human, macaca, pig, mouse, rat, and
chicken) confirmed the conservation of tyrosine in this
position. Some species like sheep and bovine have
another aromatic amino acid, phenylalanine, in this
position. The phenotype of patient 1 is rather similar
to phenotype of patients carrying mutations affecting
translational reading frame. The results of mRNA and
DNA analyses are shown in Table 2.

3.2. Real-time PCR

Quantitative analyses of CAPN3 mRNA using real-
time PCR and the 272" method were evaluated in
relation to the mRNAs of three housekeeping genes
GAPDH, HPRT, and ABL. Results of these analyses
are shown in Table 3. Relative to GAPDH, the patients
with genotypes missense/missense or in-frame deletion/
missense had an average amout of CAPN3 mRNA
1.07; the patients with genotype missense/frame-shift,
in-frame deletion/frame-shift or in-frame deletion/non-
sense had an average amount 0.39; and the patients with
genotypes frame-shift/frame-shift had an average
amount 0.03. Relative to HPRT, these values were
0.69; 0.41; and 0.01, respectively, and relative to ABL,

Table 2
Mutations detected in the set of LGMD2A patients
Patient Mutation detected Position Mutation detected Position Age of disease
in allele 1 of mutation in allele 2 of mutation onset
1 ¢ 224A>G; pYT5C Exon 1 c2MA > G pYT75C Exon 1 8
2 c.133G>A; p.A45T Exon 1 c.133G > A; p.A45T Exon 1 15
3 ¢.245C>T, p.P82L Exon 1 ¢.550delA; p. T184RfSX36 Exon 4 12
4 ¢.245C>T; p.P82L Exon 1 ¢.2314-2317del; p.D772del K773NfsX3 Exon 22 13
5 ¢.550del A; p. T184RE5X36 Exon 4 ¢.598-612del; p.F200_L204del Exon 4 5
6 ¢.550delA; p.TI84RFX36 Exon 4 ¢.1468C > T; p.R490OW Exon 11 12
7 ¢.550delA; p.TI84RfsX36 Exon 4 ¢.550delA; p. TI184RfsX36 Exon 4 10
8 ¢.550delA; p. T184RE5X36 Exon 4 ¢.1981delA; p.I661X Exon 17 7
9 ¢.550delA; p. T184RE5X36 Exon 4 ¢.1722delC; p.F574Ff:X21 Exon 13 10
10 ¢.598-612del; p.F200_1204del Exon 4 ¢.2245A > C; p.NT49H Exon 21 17
11 ¢.598-612del; p.F200_L204del Exon 4 ¢ 1746-20C > G Intron 13 25
12 ¢.1783-1788del; p. K595 _K596del Exon 15 ¢.2242C > T, p.R748X Exon 21 20
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Table 3
Results of real-time PCR: Relative amount of CAPN3 transcripts relative to three housekeeping genes using CAPN3 mRNA of patient 1 as
calibrator
Patient Relative amount of CAPN3 mRNA with respect to Average value
GAPDH HPRT ABL
1 1.00 1.00 1.00 1.00
2 1.2047 &+ 0.0084 0.6462 + 0.0045 0.5804 + 0.0040 0.810 £ 0.010
3 0.285 + 0.075 0.354 + 0.082 0.257 + 0.059 0.304+0.13
4 0.313 £ 0.044 Not evaluated 0.238 + 0.035 0276 + 0.056
5 0.435 £ 0.014 0.405 £ 0.012 0374+ 0.011 0405+ 0.022
6 0.604 £ 0.053 0.415 £ 0.037 0.732 £0.071 0.584 £ 0.087
7 0.0139 £ 0.0093 0.0066 + 0.0044 0.0187 £ 0.0058 0.013 £0.012
8 0.0231 + 0.0039 0.0097 + 0.0038 0.0287 + 0.0035 0.0205 + 0.0067
9 0.0412 + 0.0072 0.0118 £ 0.0021 0.0176 £ 0.0031 0.0235 £ 0.0081
10 0.995 £+ 0.037 0417 £ 0.015 0.569 + 0.021 0.660 £ 0.045
11 0.795 £ 0.044 0.876 £ 0.049 1.092 + 0.061 0.921 £ 0.089
12 0.295 £+ 0.018 0.483 + 0.035 0.638 + 0.046 0472 +0.061

0.72; 0.45; 0.02, respectively. When the results of all ref-
erence genes were taken into account, these values were
0.82; 0.41; and 0.02, respectively.

4, Discussion

The relative abundance and lifetime of any RNA
molecule is governed by the balance between the rates
of its synthesis and degradation. Increasing the destruc-
tion rate is perhaps the fastest means of modulating
RNA level. Therefore, although the field of RNA decay
is relatively young [10], its importance for regulation of
RINA metabolism has become swiftly recognized as an
apparent equivalent to proteasome-mediated degrada-
tion of proteins. NMD is a post-transcriptional process
that rapidly degrades mRNA with premature transla-
tion termination codons. This limits the production of
potentially toxic truncated proteins. The NMD pathway
is initiated during translation when the responsible pro-
teins discriminate premature from normal translation
termination and mark the transcript for rapid decay.
The distinction between a normal and a premature
translation stop codon is made on the basis of its loca-
tion with respect to the last exon-exon junction: If the
termination codon is positioned >50-55 nucleotides
upstream it is considered premature, and the mRNA is
targeted for rapid decay [11]. NMD is an evolutionarily
selected response because it reduces the severity of some
genetic diseases caused by truncating dominant-negative
mutations [12,13]. However NMD can also increase the
severity of genetic diseases when truncating mutation
does not destroy completely normal function. Thus, evi-
dence suggests that NMD worsens the phenotype of
many genetic diseases including e.g. Duchenne muscular
dystrophy [14] and Ullrich’s congenital muscular dystro-
phy [15,16]. Here we examined for the first time poten-
tial involvement of NMD in pathology of LGMD
using a set of patients carrying various combinations

of mutated alleles. To do this, we complemented our
previous work [3,4] by performing DNA and mRNA
analyses in all the patients presented and, especially,
by quantitative analysis of their CAPN3 transcripts.

Positions of all frame-shift and nonsense mutations
detected in our patients match the above mentioned
exon-exon-junction rule [11] and thus constitute poten-
tial targets of NMD. In patients 3, 4, 5, and 6, mRNA
analysis detected homozygous occurence of a mutation
with no effect on translation reading frame, but DNA
analysis detected a further frame-shift mutation. Degra-
dation of mRINA carrying this frame-shift mutation was
probably caused by NMD. It is interesting that in
patient 12 mRINA analysis detected both the in-frame
deletion and the nonsense mutation, but it is clear
(Fig. 1) that the level of the mRNA carrying R748X is
lower than that of the mRINA carrying K595 K596del.
Further, we performed quantitative analysis of CAPN3
transcripts using real-time PCR wusing the 2724¢t
method for data evaluation; the amount of CAPN3
mRNA was determined with respect to GAPDH,
HPRT, and ABL. mRNAs, and then relative quantifica-
tion was performed by reference to patient 1 chosen as
the calibrator (quantity of CAPN3 mRNA =1). Rela-
tive to GAPDH, a common housekeeping gene, the
patients with genotypes missense/missense or in-frame/
missense had an average amout of CAPN3 mRNA
1.07; the patients with a missense mutation or an in-
frame deletion on one allele and a frame-shift mutation
or a nonsense mutation on the second allele had an aver-
age amount 0.39; and the patients with genotypes frame-
shift/frame-shift mutation had an average amount 0.03.
Quantitative analysis of CAPN3 mRNA in 5 control
samples (mRNA from patients without suspicion of
inherited neuromuscular disease) showed relative tran-
script levels from 1.00 to 1.35.

While in the presence of a single frame-shift or a
nonsense mutation, the level of CAPN3 transcripts
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decreases to about 40%, its presence on both alleles
results in just 2% of the reference value. Accordingly,
in the case of a single frame-shift or nonsense mutated
allele, the transcript of the other allele (maintaining
the reading frame) is strongly overrepresented. These
quantitative differences in CAPN3 transcript levels,
which reflect precisely the type of mutations involved,
provide the first evidence for a role of NMD in destruc-
tion of aberrant transcripts in LGMD patients. Our
results thus illustrate the practical importance of DNA
analysis for a reliable establishment of mutation status,
and provide an interesting insight into the processes of
mRNA decay in cells of LGMDZ2A patients.
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Abstract

Calpain3 (CAPN3, p94) is a muscle-specific nonlysosomal cysteine proteinase. Loss of proteolytic function or change of other properties
of this enzyme (such as stability or ability to interact with other muscular proteins) is manifested as limb girdle muscular dystrophy type 2A
(LGMD2A, calpainopathy). These pathological changes in properties of calpain3 are caused by mutations in the calpain3 gene. The fact that
the human gene for calpain3 is quite long led us to analyse its coding sequence by reverse transcription-PCR followed by sequence analysis.
This study reports nine mutations that we found by analysing mRNA of seven unrelated LGMD patients in the Czech Republic. Three of
these mutations were novel, not described on the Leiden muscular dystrophy pages so far. Further, we observed a reduction of dysferlin in

muscle membrane in five of our seven LGMD2A patients by immunohistochemical analysis of muscle sections.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Limb girdle muscular dystrophy; LGMD2A; Calpain3; Dysferlin mRNA

1. Introduction

Limb girdle muscular dystrophies (LGMDs) represent a
heterogeneous group of genetic disorders characterised by
progressive weakness of the pelvic and shoulder girdle
muscles with a great variability in clinical course. At
present 16 forms of LGMD are known (six autosomal
dominant, 10 autosomal recessive). LGMD2A, the most
prevalent recessive form, is caused by mutations in the
CAPN3 gene which encodes the proteolytic enzyme
calpain3. The human CAPN3 gene is localized at
15q15.1-q21.1, comprises 24 exons and covers a genomic

* Corresponding author. Address: Center of Molecular Biology and Gene
Therapy, University Hospital Brno, Cernopolni 9, CZ-62500 Brno, Czech
Republic. Tel.: +420-53223-4625; fax: +420-53223-4623.

E-mail address: Ifajkusova@fnbrno.cz (L. Fajkusova).

0960-8966/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.nmd.2004.05.005

region of 50 kb. Its transcript is spliced to a 3.5 kb muscle-
specific mRNA, which is then translated to a 94 kD
protein [1].

Calpain3 is a member of the calpain superfamily, which
processes enzymes involved in signalling pathways, tran-
scription factors and cytoskeletal proteins thereby modulat-
ing their activities. Calpain3 differs from its ubiquitous
relatives (m- and p-calpain) mainly in three additional
sequences (NS, IS1 and IS2), a monomeric functional
structure, an uncertain dependence on Ca’>" activation and a
skeletal muscle-specific expression. It was shown that
calpain3 undergoes autolysis and generates a small
N-terminal fragment of 30 kDa and a large C-terminal
fragment whose size ranges from 55 to 60 kDa during self-
processing. Anderson et al. published that calpain3 is stable
in intact human muscle, there being little decrease in
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the abundance of full-size protein detected in biopsy
samples rested at room temperature for up to 8 h after the
muscle had been removed [2]. This is in contrast to early
report that showed rapid autolysis after translation of this
enzyme [3]. The association of calpain3 with conmectin
(titin) is supposed to stabilise this enzyme in muscle
tissue [4].

At present, more than 150 allelic variants are identified
which spread along the whole sequence of the CAPN3 gene
(Leiden mwuscular dystrophy pages, LMDP, http//www.
dmd.nl/).

In the present study, we describe our approach to analysis
of the CAPN3 gene of seven unrelated LGMD patients and
discuss the relation between the mutations detected and the
patients’ phenotypes.

2. Patients and methods
2.1. Patients

Patients presented in this report (two females and five
males) met the clinical criteria of a LGMD phenotype:
autosomal recessive inheritance, progression of muscle
weakness, dystrophic patterns in a muscle biopsy and an
increased level of creatine kinase. Patients 1-5 and 7 had no
confirmed family history of muscular dystrophy. Patient 6
had an affected younger brother. The age at onset varied
from 6 to 25 years. All patients had elevated serum CK
levels (437—10018 Tw/1). More detailed clinical information
is given in Table 1. Informed consent was obtained from all
patients.

2.2. Immunohistochemical analysis

Muscle tissues were snap frozen in a propane-—butane
mixture coeled in liquid nitrogen. Cryosections were
examined by conventional histological, histochemical and
immunochistochemical methods. Fifteen monoclonal anti-
bodies were used for detection of proteins in muscle sections:
three to dystrophin (NCL-DYS1, -DYS2, -DYS3), two to
utrophin {(NCL-DRP1, -DRP2) and dysferlin (NCL-Hamlet,
-Hamlet-2), one to a-sarcoglycan (NCL-a-SARC), [3-sarco-
glycan (NCL-b-SARC), vy-sarcoglycan (NCL-c-SARC),
8-sarcoglycan (NCL-g-SARC), PB-dystroglycan {NCL-b-
DG), emerin (NCL-emerin), a2-merosin (NCL-merosin} and
B-spectrin (NCL-SPEC1) (Novocastra).

Five micrometers thick tissue sections were incubated
with primary antibodies diluted in antibody diluent (DAKO,
S2022, ready to use). After repeated washes with phosphate-
buffered saline (PBS), secondary biotinylated antibody from
diagnostic kit LSAB+ (DAKO) was applied and then either
streptavidin-biotin-peroxidase complex (LSAB+, DAKO)
or streptavidin-biotin-Cy3 complex (Sigma) was used for
immunohistochemical or immumofluorescence detection,
respectively. Tissue sections were repeatedly washed in
PBS and diaminobenzidine (DAKO) was applied as
substrate in immunohistochemical samples. The slides
were counterstained with hematoxylin. Immunchistochem-
ical samples were cvaluated by light microscopy and
immunofluorescence samples by fluorescence microscopy
(Nikon Eclipse E1000).

For Western blotting, cryopreserved muscle tissues were
homogenized in lysis buffer with addition of protease
inhibitors (Complete™ Mini, Roche). Samples were

At the age of 15, a pelvic girdle muscular weakness was noted. An axial musculature weakness followed
by alumbar hyperlordosis developed later. Pectoral and pelvic girdle muscular wasting and weakness, calf
and peroneal atrophy, bilateral pes cavus deformities, Achilles tendon contractures and a waddling gait
with braces are now present. The patient has been dependent for most of his activities for about 10 years
At the age of 18, elevation of serum transaminases was found. Pelvic girdle muscular weakness, Achilles
tendon contractures and steppage gait were noted 6 years later

At the age of 6, elevation of serum transaminases was found. A mild calf pseudohypertrophy, pectoral
girdle muscular wasting, generalized hypotonia, early fatiguing and gait disorder were observed

At the age of 10, amild calf pseudohypetrophy, pelvic girdle muscular wasting, lumbar hyperlordosis and
Achilles tendon confractures developed

At the age of 25, a pelvic girdle muscular wasting was noted and a weakness of pectoral girdle muscles
followed 5 years later. The patient has been wheelchair-dependent since 1998

At the age of §, elevation of serum creatine kinase and transaminases was found. A pelvic girdle muscular
wasting and weakness with a slow progression developed, but the patient is still able to walk without

Table 1
Clinical findings
Pat. Sex  Ageat Age at CK Tul Clinical findings
onset present
1 M 13 48 438
2 F 18 28 1500
3 F 6 7 10018
4 M 10 13 7463
5 M 25 67 546
6 M 8 20 2520
braces
7 M 18 52 468

At the age of 18, a pectoral girdle muscular wasting was noted and a weakness of pelvic girdle muscles
followed several years later. A pait disorder deteriorated markedly during the last 10 years, a waddling
gait with a support of braces (10 m approximately)

F, female; M, male; CK, creatine kinase (year of analysis 2002/2003).
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Table 2
Partitioning of calpain3 mRNA for RT-PCR

Amplified Primers Position of

region amplified region

of mRNA on calpain3 cDNA

1 5 -CCAAGTCAACATTGCTTCAG-3 — 256 — 340
5 -CAATGATAAATCGGGGATTC-3

2 5 TTATGTGGACCCTGAGTTCC-% 222 — 826
5 -TTCCATAGGTCATGTTCGTG-3

3 5 -TCCTACGAAGCTCTGAAAGG-3 643 — 1243
5 - TGCAGATCTCCAACTTTGTG-%

4 5 -GTCAGAGGTCACGCCTACTC-3 991 — 1588
5'-AGGCGTTGTACAGGAAGAAG-3

5 5-GACGATGACCCTGATGACTC-3 1402 — 2001
5 -CTCCATGTCATCTCCTGCTA-3

6 5-AGGAAAGTGAGGAACAGCAA-Y 1937 — 2536

5-GCTTTGGAAATAGAGGGTGA-3

electrophoretically separated on 10% SDS-polyacrylamide
gels and Western-blotted. After blocking (Nen-Fat Dry
Milk, BIO-RAD) and washing with PBS, the membrane was
incubated with monoclonal antibody to calpain3 (NCL-
CALP-11B3 or NCL-CALP-12A2) and washed with PBS.
Then the secondary antibody labelled by peroxidase was
applied (RaMPx, DAKO) and detection by chemilumines-
cent reagent ECL {(Amersham) was performed. The
antibody NCL-CALP-11B3 reacts with calpain3 (94 kDa)
plus pre- and post-autolysed forms of the ubiquitous
calpains p- and m- which produce a group of bands
between 78 and 84 kDa on Western blots. The antibody
NCL-CALP-12A2 reacts with calpain3 but not with p- and
m-calpain.

2.3. RNA isolation and RT-PCR

Muscle tissues stored in the RNAater RNA Stabilization
Reagent (QIAGEN) were homogenized in a Pellet Pestle
homogenizer (Sigma). RNA was prepared using the RNeasy

Table 3
Results of histology and immunohistochemical analyses of muscle tissues

Fibrous Tissue Mini Kit (QIAGEN). The total calpain3
mRNA was divided into six overlapping regions in order to
analyse the whole coding region of the gene. Each region
was reverse-transcribed (RT) and amplified using the
Titan™ One Tube RT-PCR System (Roche) in individual
reactions in the following conditions: reverse transcription
of total RNA (50 °C for 30 min); cDNA amplification with
calpain3 specific primers (Table 2) using initial denaturation
(94 °C/2 min) followed by 10 PCR cycles (94 °C/30 s,
535 °C/l30 s, 68 °C/1 min) and additional 25 cycles using the
same parameters with a 5 s extension of the polymerisation
step per cycle.

The products of individual PCRs were electrophoreti-
cally separated in 1.5% agarose gels and visualised in UV
light after ethidium bromide staining. The product bands
were excised, purified by the Gel Extraction Kit {QLAGEN)
and analysed by DNA sequencing with the same primers on
an ABI PRISM 310 sequencer (Perkin—Elmer).

2.4. Restriction analysis of the mutation R490W

The regions 4—5 (Table 2, position on calpain3 cDNA:
991 — 2001) were reverse-transcribed and amplified using
the same conditions as in Section 2.3, except for the
polymerisation step which was 2 min. Restriction enzyme
digestion of the RT-PCR product was performed by the
restriction endenuclease Acil (NEB), analysed on 2%
NuSieve agarose {FMC) and visualised in UV light after
ethidium bromide staining.

3. Results

3.1. Immunohistochemical analysis

Muscle tissue samples were examined using imimuno-
histochemistry and Western blot. The findings are summar-
ized in Table 3. The level of calpain3 was assessed in six of

Pat. Histology of muscle tissue

Immunodetection of calpain3

Immunodetection of dysferlin
in muscle sections

94 kDa 60 kDa 30 kDa
1 Mryopathic; lobulation of type I fibres, size variability; Absence Absence Absence Normal
endomysial and perimysial fibrosis
2 Myopathic; angular atrophic fibres, regression and Absence Moderate labelling Absence Not performed
regeneration
3 Myopathic; size variability, regression and necrosis Absence Absence Absence Sporadic failure of expression on
muscle fibres
4 Myopathic; size variability, regression and necrosis Absence Absence Absence 80% Fibres with failure of expression
5 Myopathic; lobulation of type I fibres, size variability, Absence Moderate labelling  Absence 30% Fibres with failure of expression
angular atrophic fibres; endomysial fibrosis
6 Myopathic; size variability Not performed  Not performed Not performed  30% Fibres with failure of expression
7 Myopathic; lobulation of type I fibres, size variability;  Absence Strong labelling Absence 80% Fibres with failure of expression

endomysial and perimysial fibrosis
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Fig. 1. The detection of calpain3 by Western blot (using monoclonal
antibody NCL-CALP-11B3): lane 1, control; lane 2, patient 3; lane 3,
patient 4: lane 4, patient 2; lane 5, patient 1: lane 6, control.

seven patients, showing the absence of 94 kDa protein in all
cases (Figs. 1 and 2). Deficient expression of dysferlin in
muscle sections was revealed in five patients by light
microscopy and fluorescence microscopy (Fig. 3). Imuno-
histochemical analysis of other proteins (dystrophin,
utrophin, «, B, vy, 8-sarcoglycans, B-dystroglycan, emerin,
«2-merosin and B-spectrin) displayed normal results.

3.2. Analysis of calpain3 mRNA

We detected nine non-standard variants of the CAPN3
gene including three missense and four null mutations and
two in-frame deletions. Three of these variants were novel
with respect to the Leiden muscular dystrophy pages http://
www.dmd.nl/; the first was missense (A45T), the second
was an in-frame deletion (K595-K596del) and the third
was a frameshift deletion (1722delC, F574fsX21). The
localization of these mutations in individual exons of the
gene and in domains of the calpain3 protein is specified in
Table 4.

Some details about these three cases are worth noting:

In case no. 1, to demonstrate that the homozygous
mutation A45T in the CAPN3 gene may be a cause of
LGMD?2A, the CAPN3 coding regions of several mammals
(human, mouse, rat, bovine, sheep and porcine) were
analysed by CLUSTALW Multiple sequence alignment
and the conservation of alanine in this position among
the species was confirmed. Checking for this mutation in

1 2 3 4 5 6
94 kDa = m—— c—

60 kDa = w-—.‘ -
30 kDa = se— -

Fig. 2. The detection of calpain3 by Western blot (using monoclonal
antibody NCL-CALP-12A2): lanes 1 and 2, control; lanes 3 and 4, patient
7; lanes 5 and 6, patient 5.

A

Fig. 3. Example of immunofiuorescent detection of dysferlin in case of
patient 3 (A) and a control sample (B).

a Czech control population of 100 control alleles was
negative. The results of both analyses point to the
connection between the mutation A45T and LGMD2A.

In case no. 5, only one mutation F200-L204del was
detected. A second mutation was not found, although the
whole coding region was examined.

In case no. 6, a homozygous occurrence of the mutation
R490W (Fig. 4A) was detected by RNA analysis.
However, sequencing of exon 11 in the patient’s DNA
confirmed the mutation at only one allele (Fig. 4B). The
same results were obtained in the patient’s brother.
The homozygous presence of the mutation R490W at
the mRNA level was further proved by restriction analysis
of an RT-PCR product (Fig. 4C). We performed sequence
analysis of the promoter and adjacent regions of the
CAPN3 gene (nucleotide 34-1226, GenBank acc. no.
AF209502) to detect the possible presence of a mutation
affecting the expression of the allele without the mutation
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Table 4
Results of analyses of calpain3 mRNA

Pat. Mutation detected in allele 1 Position of mutation in the gene Mutation detected in allele 2 Position of mutation in the gene
and the protein and the protein

1 G(133) — A, A45T Exon 1 Domain I G(133) — A, A45T Exon 1 Domain I

2 C(245) — T, P82L Exon 1 Domain I C(245) — T, P82L Exon 1 Domain I

3 550delA, T184£sX36 Exon 4 Domain I 1981delA, 1661X Exon 17 Domain IV

4 550del A, T184fsX36 Exon 4 Domain II 1722delC, F574fsX21 Exon 13 Domain III

5 598-612del, F200-L204del Exon 4 Domain II Not detected -

6 C(1468) — T, R490W Exon 11 Domain IIT Not detected -

7 1783-1788del, K595-K596del Exon 15 sequence 1S2 C(2242) — T, R748X Exon 21 Domain IV

R490W, but did not find any mutation. We also sequenced
the coding region of the dysferlin gene of the same patient
(due to the presence of about 30% fibres with failure of
expression of dysferlin), but no mutation was found.

4. Discussion

Calpain3 consists of four domains conserved in conven-
tional calpains with additional insertions of three unique
regions, NS, IS1, and IS2. The mutations detected in our
patients were localized in all domains including the IS2
sequence.

Domain I comprises a single alpha-helix anchored in a
cavity of domain IV, thereby stabilizing the circular domain
arrangement of the protein [5]. Patients 1 and 2 are
homozygous for two different missense mutations that
occur in this domain. The onset of the disease in these
patients was at the age of 15 and 18 years, respectively.

Patients 3—5 are heterozygous for mutations in domain IT
that accounts for the protease activity of calpain3 [5].
Patients 3 and 4 are affected by two null mutations (a second
mutation in domain IV and III). The onset of their disease
was early, at the age of 6 and 10 years, respectively.
The mutation 550delA occurring in both our patients is
supposed to be the most frequent calpain3 defect in
Europe [6,7].

Patient 5 is heterozygous for an in-frame deletion F200-
1.204del, and a second mutation was not found. This type of
deletion is reported four times in the Leiden muscular
dystrophy pages, once in connection with hyperCKemia (in
this patient the mutation is combined with mutation in the 3-
sarcoglycan gene), once in an LGMD2A patient in which a
second mutation has not been detected, and twice in
LGMD2A patients in which a second mutation has been
detected. Our patient 5 had the latest onset of disease and
wheelchair confinement since the age of 62 years.

Domain III of calpain3 has a topology similar to the C2
domain found in various proteins, which is known to
interact with Ca®* [5]. Patients 4 and 6 are heterozygous for
mutations in domain III. Patient 6 is homozygous for the
missense mutation R490W at the RNA level; however, he
is heterozygous for this mutation by the analysis of DNA.

A TCETTECCACCEETTERT
166 1

B CCGGNGG AAGGACCGG
160 . 170

-357

-279
-240

— -153
- - 126

Fig. 4. The analysis of the mutation R490W detected in patient 6: RNA
sequence analysis of the mutation R490W, the position of the mutation is
marked by an asterisk (A). DNA sequence analysis of the mutation
R490W, the position of the mutation is marked by an asterisk (B).
Restriction analysis of RT-PCR product: homozygous occurrence of the
mutation R490W yields a PCR product which is digested by restriction
endonuclease AciI into 357, 279 and 240 bp fragments, while the control
PCR product is cleaved into 357, 240, 153 and 126 bp fragments. Lane 1;
size markers, lane 2; non-restricted RT-PCR product (control); lane 3,
RT-PCR product restricted by Acil (control); lane 4, RT-PCR product
restricted by Acil (patient 6); lane S, non-restricted RT-PCR product
(patient 6) (C).
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Table 5
Incidence of detected mutations

Pat. Mutation detected in allele 1 Incidence Mutation detected Incidence
on allele 2
1 G(133) — A, A45T So far not described G(133) — A, A45T So far not described
2 C(245) — T, P82L Brazil [11] C(245) — T, P2L Brazil [11]
3 550delA France [1,16,17], the Netherlands [7.16], Russia [7], 1981delA the Netherlands (LMDEP),
Slovenia (LMDP) Greece, Poland, UK [16], Italy [16], France [7]
Turkey [17]
4 550delA 1722delC So far not described
5 598-612del, F200-L204del Germany [9], Bulgaria [7], Russia [6] Not detected
i) C(1468) — T, R490W France [1], US [16], Portugal (LMDP) Not detected
7 1783-1788del, K595-K596del So far not described C(2242) — T, R748X  the Netherlands (LMDP),

Brazil [11]

A similar case has previously been described by Chou [8].
Although we did not find a mutation in the promoter region,
we are not able to eliminate the possibilities of 3'UTR
modification or aberrant mRNA splicing which may cause
RNA suppression [9]. The properties of mutant R4S0W
were predicted by Ono; this enzyme does not undergo
autolysis so rapidly and is more Ca®*-dependent and
although its association with connectin (titin) is normal,
proteolytic function is rapidly abolished [10].

The IS1 and IS2 sequences are essential for autolysis of
calpain3 [4]; IS2 is also responsible for mteraction with
connectin (titin} and further contains a nuclear translocation
signal-like sequence [4,5]. Patient 7 has an in-frame deletion
in IS2, and a second mutation in domain IV that is
characterised like Ca**-binding domain containing five EF-
hand motifs [5]. This second mutation introduces a
premature stop codon in the coding region. Affection is
not so severe as in the case of two null mutations; the onset
of the disease was at the age of 18 years and at present this
patient {at the age of 52 years) is confined to a wheelchair,
but able to walk for about 10 m with support.

In an attempt to find correlations between the phenotype
and genotype, the age of patients at the onset of disease and
the type of their mutation was compared. The earliest age at
onset was in patients 3 and 4 (heterozygous for two different
out-of-frame deletions), and on the other hand the latest age
at onset was in patient 6 (in-frame deletion on one allele, no
second mutation detected). Although these results should be
interpreted with caution due to the small number of patients
and detection of only one mutation in two patients, and do
not enable us to draw conclusions on relationships between
the mutations found and clinical status, they are in
agreement with published findings in which missense
mutations and in-frame deletions are associated with a
milder phenotype than nonsense mutations and out-of-frame
deletions [11].

Western blot analysis of muscle calpain3 in LGMD2A
patients can show a total, partial, or more rarely, no apparent
deficiency, with no direct correlation between the amount of
the protein and the severity of the phenotype [12]. In cur
patients Western blot analyses were performed in two

different laboratories, using either NCL-CALP-11B3
antibody (Fig. 1), or the NCL-CALP-12A2 antibody
(Fig. 2). We detected the absence of the 94 kDa fragment;
ahsence (patients 1, 3 and 4), moderate labelling {patients 2
and 5) or strong labelling (patient 7) of the 60 kDa fragment;
and the absence of the 30 kDa fragment. In all patients, we
have observed faint labelling of a fragment between 60 kDa
and 30 kDa that is apparently a product of self-processing of
calpain3. The diagnostic significance of the observed bands
is uncertain.

The analysis of calpain3 in other forms of LGMD
revealed a secondary reduction in its expression in patients
with LGMD2B (8 of 16 patients, [13]) and LGMD2J [14],
suggesting an association between calpain3 and dysferlin
and connectin (titin), respectively.

On the other hand, a secondary reduction of dysferlin has
not been described in calpamopathy patients [15]. In the
present study, we detected a reduction of dysferlin in muscle
sections in five patients, no. 3 {sporadic failure of expression
in muscle fibres), nos. 5 and 6 (30% fibres with failure of
expression) and nos. 4 and 7 (80% fibres with failure of
expression). Our results show that besides the secondary
reduction of calpain3 in LGMD?2B patients, the secondary
reduction of dysferlin in LGMD2A patients occurs,
observed here as the decreased immunohistochemical
labelling in muscle membrane.

Six mutations that we detected were previously described
in other countries, as summarized in Table 5. For example,
the mutation P82L has been detected only in patients of
Caucasian origin in Brazil so far [11], while the mutation
550delA is broadly represented in European populations
(France, Netherlands, Russia) and also in Turkey.
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Abstract

Myotonia congenita (MC) is a genetic disease caused by mutations in the skeletal muscle chloride channel gene
(CLCNT) encoding the skeletal muscle chloride channel (CIC-1). Mutations of CLCN? result in either autosomal
dominant MC (Thomsen disease) or autosomal recessive MC (Becker disease). The CIC-1 protein is a homodimer
with a separate ion pore within each monomer. Mutations causing recessive myotonia most likely affect properties of
only the mutant monomer in the heterodimer, leaving the wild type monomer unaffected, while mutations causing
dominant myotonia affect properties of both subunits in the heterodimer. Our study addresses two points: 1)
molecular genetic diagnostics of MC by analysis of the CLCN7 gene and 2) structural analysis of mutations in the
homology model of the human dimeric CIC-1 protein. In the first part, 34 different types of CLCN{ mutations were
identified in 51 MC probands (14 mutations were new). |n the second part, on the basis of the homology model we
identified the amino acids which forming the dimer interface and those which form the Ct ion pathway. In the
literature, we searched for mutations of these amino acids for which functional analyses were performed to assess
the correlation between localisation of a mutation and occurrence of a dominant-negative effect (corresponding to
dominant MC). This revealed that both types of mutations, with and without a dominant-negative effect, are localised
at the dimer interface while solely mutations without a dominant-negative effect occur inside the chloride channel.
This work is complemented by structural analysis of the homology model which provides elucidation of the effects of
mutations, including a description of impacts of newly detected missense mutations.
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Introduction

Myotonia congenita (MC) is a skeletal muscle disorder that
causes myotonia, an abnormal delay in muscle relaxation after
voluntary or evoked muscle contraction, as the prominent
symptom. MC is due to mutations in the skeletal muscle
chloride channel gene (CLCNT) that is located on chromosome

PLOS ONE | www.plosone.org

7035, encompasses 35 kb of genomic DNA, contains 23
exons, and encodes the skeletal muscle chioride channel
CIC-1 [1,2]. Mutations of CLCNT result in either autosomal
dominant (Thomsen disease) or autosomal recessive (Becker
disease) MC, and a subset have been found to cause both
recessive and dominant MC (semidominant mutations) [3].

December 2013 | Volume 8 | Issue 12 | 82549
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The CIC-1 protein is a homodimer with a separate ion pore
within each subunit [4-7]. Voltage-dependent gating of CIC-1
has two components that are both activated by membrane
depolarization: i) fast gating that occurs independently in each
pore and ii) slow or common gating that operates in both pores
of the dimer simultaneously [7]. Mutations causing recessive
myotonia most likely affect properties of one subunit such as
fast gating and/or conductance, leaving the other subunit of the
heterodimer unaffected [7—10]. On the other hand mutations
causing dominant myotonia affect properties of both subunits in
the heterodimer and are associated with an alteration of the
common gating process, which is preferentially confined to
amino acids {AA) forming the dimer interface [7,11-13] but can
also be affected by other regions of the structure [14—18]. In
the dominant disease, a mutant monomer affects interaction
with a wild type monomer subunit by exerting a dominant-
negative effect, typically seen as a larger than expected shift in
the voltage dependence of common gating towards more
positive potentials when functional analyses of wild type-mutant
heterodimers are performed [19]. The varied inheritance
pattern of myotonia (recessive/dominant) appears to resuft
from differential effects of a mutation on the channel dimer [7,8]
however, detailed comprehensive structural analysis of effects
of mutations in the CIC-1 protein has not been carried out.

First structural insight on CIC channels came from the
discovery of bacterial homologues from Escherichia colf and
Salmonella typhimurium by electron microscopy [15] and X-ray
crystallography [20]. The first X-ray crystallographic structure of
a eukaryotic CIC protein was determined by Feng et al. [21] for
the CH/H* transporter from Cyanidioschyzon merolae (CmCIC).
From the X-ray crystal structures, it became clear that
individual subunits of the CIC dimer consist of a
transmembrane (TM) and a cytosolic cystathionine beta-
synthase (CBS) domain comprising 23 alpha-helices (A-V) and
5 beta-strands. The helices of the TM domain vary in length
and are oriented somewhat obliquely relative to each other and
to the plane of the membrane, with many of them not spanning
the entire membrane.

Our present study addresses two points: 1) molecular
genetic diagnostics of MC by analysis of the CLCNT gene, and
2) structural analysis of CLCNT missense mutations. In the first
part, we analysed DNA of Czech patients with MC. In the
second part, we built a homology model of the dimeric CIC-1
channel on the basis of the crystallographic structure of the
CmCIC transporter [21] and identified AA forming the dimer
interface and those forming the CI ion pathway. Further, in the
literature we searched for mutations of those AA for which
functional analyses were performed in order to assess the
correlation between the localisation of a mutation and its
functional impact. Subsequently, we carried out structural
analysis of these mutations to elucidate their effect on the
protein structure and function and simultaneously described the
effect of hovel missense mutations.

PLOS ONE | www.plosone.org

CLCN1 Mutations in Czech Patients with MC

Materials and Methods

Ethics Statement

The study has been approved by the Ethical committee of
University Hospital Brno and the Ethical committee of
University Hospital Motol and has therefore been performed in
accordance with ethical standards laid down in the 1964
Declaration of Helsinki. All participants provided their written
informed consent which was approved by the committees.

Patients

For analysis of the CLCN?1 gene, patients were sent from
Departments of Neurology and Medical Genetics within the
Czech Republic. Detailed clinical information (age at onset,
myotonia degree, myotonia distribution, specific clinical
findings, muscle hypertrophy, muscle weakness, etc.) were
requested retrospectively on the basis of positive results of
DNA analysis. Out of the total number of 51 patients with
mutation/mutations in CLCNT, valid clinical information was
obtained in 34 patients.

DNA analysis

Genomic DNA was extracted from peripheral blood
leukocytes by the standard salting-out method, and amplified
by PCR. Primers for amplification of all exons and adjacent
intron sequences are described in File 51 as well as the
conditions of particular PCRs, see Table 51 in File 51. PCR
products were sequenced directly using the BigDye Terminator
Cycle Sequencing Kit (Applied Biosystems) and analysed on
the ABI 3130XI Genetic Analyzer (Applied Biosystems). The
resulting sequences were compared with the CLCNT NCBI
reference sequence (NG_009815.1). To find out whether the
detected sequence variations were described previously, we
used literature and databases such as the Leiden Open
Variation Database (LOVD, htip.//chromium.liacs.nl/LOVD2/
home.php?action=switch_db) and the Human Gene Mutation
Database (HGMD, http:/iwww.hgmd.cf.ac.ukfac/index. php). All
novel missense mutations were screened in a control panel
consisting of DNA from 200 healthy Czech individuals. For
prediction of effects of mutations on splicing of pre-mRNA, the
in sifico tools NetGene2 (http./fiwww.cbs.dtu.dk/services/
NetGene2/) and SpliceView (htfp:/zeus2.itb.cnr.it'~webgene/
wwwspliceview.html) were wused. The nomenclature of
mutations was implemented according to the current HGVS
recommendations (http:/iwww. hgvs.org/mutnomeny). In
patients with one mutation in the CLCNY gene, detection of
deletions/duplications was performed using Multiplex ligation-
dependent probe amplification (MLPA). We used the SALSA
MLPA kit P350-B1 CLCN1-KCNJ2 according to the
manufacturers guideline (MRC Holland). This kit contains
probes and primers for all 23 CLCNT exons.

Homology modelling of the human CIC-1 dimer and
structural analysis of the CLCN1 mutations

The crystallographic structure of the CmCIC transporter from
Cyanidioschyzon merolae (PDB code 3org, chain A, [21]) was
used as a template for the human CIC-1 protein (we modeled

December 2013 | Volume 8 | Issue 12 | e82549
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the TM domain, AA 120 to 593, using the |-TASSER server
[22]). Regions 319-347, 408-420, and 430-460 which are
disordered in the initial structure were not considered in
detailed structural analyses. The human dimeric CIC-1
structure was obtained by superimposing the homology model
of the human monomers and the dimeric CmCIC crystal
structure (PDB entry 3org, chains A and D) using the program
VMD http:/fiwww.ks.uiuc.edu/Research/ivmd/ [23]. The chloride
pathway inside the CIC-1 model was identified using the
software Moleonline 2.0 http:.//mole.upol.cz/ [24] and the dimer
interface by the program PyMOL (http/www.pymol.ord, The
PyMOL Molecular Graphics System, Version 1.3 Schrddinger,
LLC). Structural figures were generated by PyMOL and VMD.

As in our previous study [25], we evaluated the impact of
selected CLCNT missense mutations on the protein structure
and function using in sflico tools. In particular, we detected
specific side chain contacts (H-bonds, aromatic interactions) of
AA in the 3D structure of the wild type protein based on visual
inspection using the VMD program. Loss of these contacts
upon a mutation often results in destabilization of the protein
structure. In addition, we measured the buriedness of wild type
AA corresponding to a relative accessible surface area (RSA)
of <15 9% [26]. Replacement of buried AA is more likely to be
associated with structural defects especially when volume,
charge and polarity change upon a mutation, and thus for
buried residues we measured these parameters. Volume
change upon mutation was calculated according to [27], and a
change with an absolute value of 230 A? was considered
destabilizing [28]. A charge change upon mutation was
considered between charged and uncharged AA and a polarity
change was considered between nonpolar (Leu, lle, Phe, Trp,
Cys, Met, Val), polar (Tyr, Pro, Ala, Thr, Gly, Ser), and very
polar (His, Arg, GIn, Lys, Ash, Glu, Asp) AA [29].

Results

DNA analysis of the CLCN7 gene

In this set of probands with a diagnosis of MC, we have 6
patients with one mutation detected in the CLCNT gene (Table
1). The mutation p.(Trp164Arg) identified in patient 1 is
associated with dominant inheritance (the patient's mother
carrying the mutation also has MC). In another study [30], p.
(Trp164Arg) was described in a patient with the genotype [p.
(Trp164Arg)][c.1471+1GA] but no information concerning MC
in family members was included. The mutation p.(Met560Thr)
was found in patient 2, whose parents died many years ago
and probably were without any symptoms of myotonia. This
mutation was also described in a patient with typical myotonia
(genotype p.[Mets60Thr];[Tyr261Cys]) and in his father with
mild symptoms of myotonia (genotype p.[Met360Thr];[=]) [31].
The most frequent mutation among our MC probands is the
semidominant mutation p.(Arg894*) which was detected in 38
disease alleles (39.6 %). This mutation can be expressed by
the dominant or the recessive manner of inheritance. In a
previous study [32], this mutation was dominant with late onset
of symptoms (22-30 years), dominant with early onset of
symptoms (7 years), or recessive. In patients 3-6, the mutation
p.(Arg894*) was present as one mutation detected in the
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CLCNT gene; the patients” parents were without clinical
symptoms of MC, but detailed neurological examination was
performed only in the parents of patient 6.

In 45 MC probands, two or more mutations were identified in
the CLCNT gene (Table 1). Mutations detected in our patients
and also described in the literature and/or the databases LOVD
and HGMD in association with Becker disease include p.
(GIn74%), p.(Arg105Cys), p.(Phel&7Leu), p.(Gly190Arg), p.
(Gly1908er), p.(Trp303*), p.(Phe413Cys), p.(Metd85val), p.
(Ala493GIu), p.(Arg894%), c 180+3AT, c¢.1437_1450del, c.
1471+1GA, ¢.2284+5CT, and ¢.2364+2TA. The mutation c.
1437_1450del, p.(Pro480Hisfs*24) was present in 18 disease
alleles (18.8 %) and is thus the second most frequent CLCNT
mutation detected in our probands. The mutations p.(His29Pro)
and p.(Ala566Val) detected in patient 8 are also described in
LOVD, but the MC type is not mentioned there and the
pathogenicity is described as unknown (see below). The
mutation p.(lle280Met) was described as dominant [33—-35] but
in patient 18 it is present together with p.(Arg894*). Detailed
neurological examination and DNA analysis were performed in
the patient’'s parents; the father carries p.(Arg894*) and is
without MC symptoms, and the mother carries p.(lle290Met)
and has EMG-positive but clinically silent MC. In the set of our
patients with Becker disease, we described 14 new mutations:
8 types are frame-shift, splicing, or nonsense [c.32delG, c.
587delC, ¢.1044_1156del, ¢.1324_1325delAG, ¢.433+3AG, c.
1401+3AT, c.2508+2TA, p.(Tyr257%)] and 6 types are
missense [p.(Glu291GIn), p.(Tyr302Cys), p.(Thrd32Arg), p.
(Asnd55Tyr), p.(Glyd82Glu), p.(Alad93Val)]. Patient 39 carries
two new mutations, p.(Gly482Glu) and the splicing mutation c.
2508+2TA. A mutation occurring in the same codon, p.
(Gly482Arg), was identified previously in a patient with Becker
disease and the genotype p.[Gly482Arg];[Pro480Hisfs*24] [36].
All potential splicing mutations showed an identical effect, loss
of a donor splice site, by using /n siico tools. The presence of
all novel missense mutations was tested in DNA from 200
controls and none of them were detected.

In five probands, we detected three sequence variants in
CLCNT. The segregation of mutations in disease alleles was
determined on the basis of DNA analysis of the parents of
patient 8 (genotype p.[His29Pro; Tyr257*]; [Ala566Val]), patient
20 (genotype p.[Tyr302Cys; Thrd32Arg], [Pro480Hisfs*24]),
and patient 21 (genotype p.[Tyr302Cys; Thrd32Arg]
[Arg894*]). The phenotypes of these patients (if available) are
described in File 81, see Table S2 in File S1. The most severe
phenotypes were found in patients 8 and 14. Patient 8 (female,
39 years old, genotype p[His29Pro; Tyr257*];, [Alab66Val])
suffers from moderate myotonia, permanent limb-girdle muscle
weakness, and scoliosis. Patient 14 (male, 15 years old,
genotype p.[Gly190Ser], [Pro480Hisfs*24]) has severe
myotonia, kyphoscoliosis, deformities of the feet, shortening of
the Achilles tendons, and masseter and limb-girdle muscle
weakness.

Structural analysis of the CLCN7 mutations localised in
the dimer interface and the CI- ion pathway

The homology model which we built comprises AA residues
120-593 and consists of helices B-R according to the template
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Table 1. CLCN1 mutations detected in Czech MC patients.

CLCN1 Mutations in Czech Patients with MC

No. of patient Phenotype

15t Mutation (cDNA and protein level)

34 Mutation (cDNA and protein

2nd Mutation (cDNA and protein level) level)

1

2

10
1
12
13

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
3
32
33

35
36
a7
38
39
40
41
42
43

45
46
47
48

TD
MC, isolated occurrence in
family
MC, isolated occurrence in
family
MC, isolated occurrence in
family
MC, isolated occurrence in
family
MC, isolated occurrence in
family
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BED
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
BD
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c490T>C, p.(Trp164Arg)

¢.1679T>C, p.(Met560Thr)

€.2680C>T, p.(Arg8947)

€.2680C>T, p.(Arg894”)

€.2680C>T, p.(ArgB94%)

€.26B0C>T, p.(ArgB34™)

¢.32delG, p.[Gly11Valfs*66)
c.B6A>C, p.(His29Pro)
¢.180+3A>T, splicing effect
€.220C>T, p.(GIn74%)
€.220C>T, p.(GIn74%)
c.313C>T, p.(Arg105Cys)
¢.433+3A>G, splicing effect
c.568_569delinsTC, p.(Gly190Ser)
c.568G>A, p.(Gly190Arg)
¢.568G>A, p.(Gly190Arg)
¢.803C>T, p.(Thr268Met)
¢.870C>G, p.(lle290Mef)
¢.871G>C, p.(Glu291GIn)
c.905A>G, p.(Tyr302Cys)
¢.905A>G, p.[Tyr302Cys)
c.908G=A, p(Trp3n3™)
c.1044-1156del, p.{Ala3505erfs*65)
¢.1238T>G, p.(Phe413Cys)
c.1238T>G, p.(Phe413Cys)
c.1238T>G, p.(Phed13Cys)
¢.1238T>G, p.(Phe413Cys)
¢.1238T>G, p.(Phe413Cys)

c.1324_1325delAG, p.(Serd42Profs’66)

¢.1363A>T, p.(Asn455Tyr)
c.1437_1450del, p.(Pro480Hisfs24)
c.1437_1450del, p.(Pro480Hisfs"24)
¢.1437_1450del, p.(Pro480Hisfs*24)
¢.1437_1450del, p.(Pro480Hisfs"24)
c.1437_1450del, p.(Pro480Hisfs*24)
©.1437_1450del, p.(Pro4B80Hisfs"24)
c.1437_1450del, p.(Pro480Hisfs*24)
c.1437_1450del, p.(Pro480Hisfs*24)
¢.1445G>A, p.(Glyd82GIu)
c.1471+1G>A, splicing effect
c.1471+1G>A, splicing effect
c.1478C>A, p.(Ala493Glu)
€.2680C>T, p.(Arg8947)

€.2680C>T, p.(Arg894™)

€.2680C>T, p.(Arg8947)

€.2680C>T, p.(Arg894”)

©.2680C>T, p.(Arg8347)

€.2680C>T, p.(Arg8947)

€.2680C>T, p.(ArgBa47)

c.7T1T>A, p.(Tyr2s7")

€.220C>T, p.(GIN74")

¢.587delC, p.(Thr196Leufs’8)
¢.1238T>G, p.(Phe413Cys)
¢.501C>G, p.(Phe167Leu)
¢.1437_1450del, p.(Pro480Hisfs*24)
¢.1437_1450del, p.(Pro4BOHisfs™24)
¢.2680C>T, p.(ArgB94")

€.2680C>T, p.(ArgB947)
c.1437_1450del, p.(Pro480Hisfs"24)
€.2680C>T, p.(Arg84”)

¢.1478C>T, p.(Ala493Val)
c.1295C>G, p.{Thrd32Arg)
¢.1295C>G, p.[(Thr432Arg)
c.1437_1450del, p.(Pro480Hisfs"24)
©.2284+5C>T, splicing effect
c.1437_1450del, p.(Pro480Hisfs*24)
€.2680C>T, p.(ArgB94™)

€.2680C>T, p.(ArgBa4™)

€.2680C>T, p.(Arg84”)

€.2680C>T, p.(Arg894™)

c.1324_1325delAG p.(Ser442Profs'66)

¢.1401+3A>T, splicing effect
¢.1437_1450del, p.(Prod80Hisfs™24)
c.1437_1450del, p .(Pro480Hisfs"24)
¢.1437_1450del, p.(Pro4B80Hisfs*24)
¢.1453A>G, p.(Met485Val)
€.2680C>T, p.(ArgB94”)

€.2680C>T, p.(ArgB947)

€.2680C>T, p.(Arg894™)

€.26B0C>T, p.(ArgB94")
€.2508+2T>A, splicing effect
c.2680C>T, p.(Arg8947)

€.2680C>T, p.(ArgB947)
€.2364+2T>A, splicing effect
€.2680C>T, p.(Arge94™)

€.26B0C>T, p.(Arg8a4”)

€.2680C>T, p.(ArgB947)

€.2680C>T, p.(Arg894")

€.2680C>T, p.(Arg894")

€.2680C>T, p.(Arge94™)

€.1697C>T, p.(Ala566Val)

¢.1437_1450del, p.(Pro4 80Hisfs'24)

€.1437_1450del, p.(Pro480Hisfs"24)
¢.2680CT, p.Arg8o4"

€.2680CT, p.(Argao4")
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Table 1 (continued).

CLCN1 Mutations in Czech Patients with MC

No. of patient Phenotype

15t Mutation (cDNA and protein level)

34 Mutation (cDNA and protein
2nd Mutation (cDNA and protein level) level)

49 BD ©.2680C>T, p.(Arg894*)
50 BD ©.2680C>T, p.(Arg894*)
51 BD .2680C>T, p.(Arg894*)

©.2680C>T, p.(Arg894*)
¢.2680C>T, p.(Arg894*)
©.2680C>T, p.(Arg894*)

BD: Becker di

Mutations described by bold letters are not described previously. TD: Thomsen di
doi: 10.1371/journal.pone.0082549 t001

structure (see Materials and Methods). Based on the model,
we identified 40 residues forming the dimer interface and 43
residues forming the CI ion pathway (Figure 1A and Table S3
in File S1). Residues Ser189, Glu232, and Tyr578 which are
known to be essential for gating, coordination, and selectivity
for CI” ions [21,37] were detected in the ion pathway (Figure
1A). The structural model shows that the central part of the CI-
ion pathway comprises four glycines (residues 230, 233, 482,
and 483) which probably shape this area. In addition, residues
Cys278, Met485, Leud18, and Leu581 were found to be close
to CI ions superimposed from the template structure, and
hence could be potentially involved in a coordination of these
ions.

Using literature data, we performed searches for mutations
of AA forming the dimer interface or the CI ion pathway in our
model for which functional analysis of the wild type-mutant
CIC-1 heterodimer was performed. This was done in order to
assess the correlation between the localisation of a mutation
and the result of functional analysis (presence/absence of a
dominant-negative effect) which indicate the type of MC.

In the case of AA localised in the dimer interface (see Table
S3 in File S1), 15 positions are associated with 17 mutations
(Table 2) for which functional analyses were performed.
Fourteen mutations showed a pronounced dominant-negative
effect of the mutation in the wild type-mutant heterodimer, 2 a
weak dominant-negative effect, and one mutation no dominant-
negative effect (Table 2). Structural analysis revealed that most
of these mutations occur in positions which are buried in the
interface. The positions 317 and 552 are exceptions, localised
on the protein surface pointing into extracellular space. Some
substitutions with a dominant-negative effect do not exhibit a
significant structural defect, e.g. p.(1le290Met) or p.
(Phe306Leu), while others show changes of volume/charge/
polarity, e.g. p.(Phe297Ser) or p.(Tyr302His) (Table 2). The
mutation p.(Glu291Lys) shows the most significant structural
defect and no dominant-negative effect was seen in this case.
This mutation exhibits loss of contacts and simultaneously
changes of volume and charge. In particular, structural analysis
of our CIC-1 model reveals H-bonds between the side chain of
Glu291 (positioned in the helix H) and the main chains of
Val540 and Ser541 (positioned in the helix P) that stabilize the
arrangement between the two helices at the interface (Figure
81 in File S1). Introduction of a positively charged lysine at
position 291 prevents such interactions and probably results in
protein misfolding. This is in agreement with the identified
recessive inheritance of this mutation [36] and with a previous
experimental study [34]. In that study, a complete abolishment
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Figure 1. 3D structure of the homology model of the
human CIC-1 dimer (transmembrane domains are in blue
and gray) with the CI- channel (in green) visualized in one
subunit. A shows highlighted interface and the channel with
the key amino acid Glu 232 (red surface) and two CI- ions
(yellow balls) which were superimposed from the original X-ray
structure of the CmCIC transporter. B shows 6 new missense
mutations mapped in one subunit.

doi: 10.1371/journal.pone.0082549.g001
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Table 2. Previously identified CLCNT mutations associated with AA localised directly on the dimer interface or along the CI
ion pathway in the dimeric CIC-1 model with functional analysis of the wild type-mutant heterodimer (see also AA in bold

letters in Table S3 in File S$1).

Mutation/Position in the secondary

Result of functional analysis, effect of

Side chain interactions of
AA in the starting

Buriedness of AA

Change of Volume (A%)@/
Charge/Polarity/ upon

structure mutation on wt-mut? heterodimer structure (RSA in %)% mutation
Mutations localized in the dimer interface
p-(Leu283Phe)/fa-helix H Dominant-negative effect [16] No 7 +23/MNo/MNo
p-(lle290Met)/a-helix H Dominant-negative effect [7.34,38] No 7 -4/No/No
H-bonds: GIu(QE1)-
p.(Glu291Lys)/a-helix H Protein misfolding and protein degradation [34] Ser541(N), GIu(CE2)- 9 +30/Yes/MNo
Val540(N)
H-bonds: GIu{(OE1)-
p.(Glu291Asp)/a-helix H Dominant-negative effect [34] Ser541(N), Glu{OE2)- 9 -27Mo/No
Val540(N)
p.(Phe297Ser/3-strand 1 Dominant-negative effect [39] No 9 -101/No/Yes
p.(Tyr302His)/a-helix | Dominant-negative effect [40] No 9 -36/Yes/Yes
¢.(Trp303Arg)/a-helix | Dominant-negative effect [39] Clashes™ 8 -54/YesfYes
p.(Phe306Leu)/u-helix | Dominant-negative effect [39] No 2 -23/MNo/MNo
p.(Phe307Ser)/ua-helix | Dominant-negative effect [8,39] No 13 -101/MNo/Yes
p(Thr310Met)/a-helix | Dominant-negative effect [16] No 7 +7/MNofYes
p.(Ala313Thr)/a-helix | Dominant-negative effect [8,39] No 4 +28/MNo/MNo
p.(Ala313Val)/a-helix | Dominant-negative effect [39] No 4 +51/MNofYes
p(Arg317GIn)/a-helix | Dominant-negative effect [34] No 59 S
pA(GIn552Arg)Aurn Dominant-negative effect [34] No 40 =
p.(lle553Phe)furn Weak dominant-negative effect [41] No 0 +23/NoMNo
p-.(His555Asn)urn Dominant-negative effect [41] No 16 -
p.(lle556Asn)/a-helix Q Weak dominant-negative effect [7.8] No 0 -53/YesfYes
Mutations localized along the Cl- pathway
Weak dominant-negative effect, mutation does
not shift the CIC-1 voltage dependence to
p.(Gly230Glu)Aurn No 0 +78/Yes/Yes
positive voltages (as in fully dominant
mutations) [36.42,43 44]
p.(Gly2338er)/a-helix F No dominant-negative effect [45] No 0 +29/NoMNo
. . . H-bond: Arg(NH2)-
p-(Arg421Cys)/a-helix L Weak dominant-negative effect [40] 29 -
Phe279(0)
Interaction of aromatic
p.(Phe428Ser)/a-helix L No dominant-negative effect [16] _ 20 -
rings: Phe428-Phe351
p.(MetdB5Val)fa-helix N No dominant-negative effect [8,9,36] No 10 +23MoMo
p-(Thr550Metyturn Dominant negative effect [16] No 47 -

$ Wi-mut refers to wild type-mutant. & AA were considered buried if RSA < 15%. @ Volume change with an absolute value of = 30 A? was considered destabilizing. ** There

are close contacts in this area so it is difficult to detect contacts for this residue
doi: 10.1371/ournal pone.0082549 1002

of channel activity was found in the homodimeric channel,
while in the wild type-mutant heterodimeric channel observed
currents were about 50% of wild type, consistent with the fact
that p.(Glu291Lys) is inherited recessively. The position 291 is
known to be associated with various effects according to the
mutant AA. For example, p.(Glu291Asp) was found to have a
dominant-negative effect in the wild type-mutant CIC-1
heterodimer (Table 2) probably due to conservation of negative
charge and partial compensation of the contacts due to the
similarity between glutamate and aspartate [34].

In the case of AA localised in the CI ion pathway (Table 33
in File S1), 6 mutations out of 43 were found where functional
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ahalysis of the wild-type-mutant heterodimer was performed
(Table 2). Five mutations have no pronounced dominant-
negative effect in the wild type-mutant heterodimer; two of
these are substitutions of glycine residues (positions 230 and
233 mentioned above) of which the first is part of a turn
structure while the second one is positioned in an a-helix,
typical for transmembrane helices where glycines take part in
helix-helix interactions [46]. Substitutions of both glycines are
more likely to change the local architecture or even cause
misfolding [44,45]. Two other mutations are positioned in the
external mouth of the channel (positions 421 and 428) and
have single contacts in the starting model (Table 2) which are
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CLCN1T Mutations in Czech Patients with MC

Table 3. Structural analysis of newly identified CLCN? missense mutations.

Change of Volume (A%)@f

Mutation/position in the secondary Side chain interacti in Buri of AA charge/polarity/ upon

structure Localization in the protein the starting structure (RSA in %)3 mutation
H-bonds: Glu(CE1)-

p(Glu291GIn)/a-helix H Dimer interface Serb41(N), Glu(OE2)- 9 5fYesMo
Val540(N)

p.(Tyra02Cys)a-helix | Dimer interface No 9 -856/No/Yes

p.(Thr432Arg) Aum On the surface = = =

p.(Asn455Tyr ‘Aurn On the surface - - -

p.(Gly482Glu)furn Channel No 7 +78/Yes/Yes

) Inside, but outside the channel
p.(Alad93Val/o-helix N No 1 +51/MNofYes

and dimer interface

% AA were considered buried if RSA < 15%. @ Volume change with an absolute value of > 30 A3 was considered destabilizing. * This residue is positioned on the surface in

extracellular space in the region which is disordered in the X-ray structure. Thus, detailed structural description was not performed.

doi: 10.1371journal pone.0082549.1003

abolished upon mutation. The mutation p.(Met485Val) does not
show significant structural defects (Table 2), but as mentioned
above residue 485 probably coordinates CI ions in the
channel, hence p.(Met485val) might directly impact the
channel activity. The mutation p.(Thr550Met) with a dominant-
negative effect is positioned in the external mouth of the
channel very close to the dimer interface and does not show a
significant structural defect (Table 2).

Structural analysis of the novel MC missense
mutations

Six novel CLCNT missense mutations were identified in our
patients (Tables 1, Table 3, and Figure 1B), all associated with
recessive MC. The first, p.(Glu291GIn), occurs at AA position
291 (in the dimer interface, see above). This replacement of
glutamate with uncharged glutamine most likely results in
protein misfolding similarly to p.(Glu291Lys) which agrees with
the observed recessive inheritance (Table 1). The mutations p.
(Ala493Val) and p.(Gly482Glu) are positioned close to and in
the CI ion pathway, respectively, and the first will probably lead
to a local structural defect (most likely affecting only the mutant
subunit in the wild type-mutant heterodimer) while the second
may induce larger structural perturbation due to replacement of
the glycine residue in the turn structure with larger charged
glutamate (which may lead to misfolding). Both these structural
defects are in agreement with the observed recessive
phenotype. Two other mutations [p.(Thrd32Arg) and p.
(Asn485Tyr)] are positioned on the surface of the protein
(pointing into extracellular space) in the area which is
disordered in the native structure. Therefore, we did not
determine their structural impact but considering their positions
on the exterior surface they will most likely cause only local
structural changes, if any. The mutation p.(Thrd32Arg) was
identified in patients 20 and 21 on one allele together with
another new mutation p.(Tyr302Cys) which occurs on the
dimer interface and exhibits a change of volume and polarity
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(Table 3). Such defect was detected in mutations associated
with dominant MC localized at the dimer interface (Table 2). In
addition, AA position 302 is associated with mutation p.
(Tyr302His) (Table 2) that shows a dominant-negative effect in
the wild-type mutant heterodimer [40]. The dominant negative
effect of p.(Tyr302His) would explain EMG myotonic “runs”
shown by an individual carrying this mutation, but it is obviously
not sufficient to cause MC clinical symptoms when present
alone in heterozygous state [40]. In our patients 20 and 21, the
inheritance pattern of MC corresponds with the recessive type
however the detailed neurological examination of their parents
was not performed.

Discussion

In this study, we present results of sequence analysis of the
CLCN1 gene performed in Czech patients with myotonia
congenita. Mutations associated with the disease were
identified in 51 probands; 14 mutations are new, 8 types are
frame-shift, splicing, or nonsense and 6 are missense (Table
1). In the cohort of our patients, two mutations p.(Arg894*) and
¢.1437_1450del are significantly represented and account for
39.6% and 18.8% of mutant MC alleles, respectively. The third
most frequent mutation is p.(Phe413Cys), detected in 6% of
the disease alleles. This is in line with data for other European
countries (Table S4 in File 31). In particular, all three mutations
are the most frequently detected mutations in United Kingdom
[39]. The mutation p.(Arg894%) is the most frequently observed
mutation in Russia [47], Northern Scandinavia [48], and
Denmark [32], but it is also significantly represented in
Netherlands [49], Spain [40] and Italy [50]. The p.(Phe413Cys)
belongs to one of the three most frequent mutations in
Northern Scandinavia and Netherlands and the c.
1437_1450del mutation to one of the three most frequent
mutations in Russia and Denmark.

Further, we created a homology model of the human dimeric
CIC-1 channel (Figure 1A) based on the crystallographic
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structure of the CmCIC transporter which has been shown to
share many common features with the other members of the
CIC family [21]. Using our /n silico CIC-1 model, we mapped
the new missense mutations onto the protein structure (Figure
1B) and analyzed their impacts. Further, based on our 3D
model, we identified AA forming the dimer interface and those
forming the CI ion pathway (Figure 1A and Table 53 in File
81). In the next step, we performed searches for mutations of
AA forming the dimer interface or the CI ion pathway in our
model for which functional analysis of the wild type-mutant
CIC-1 heterodimer was performed. This was done in order to
assess the correlation between the localisation of a mutation
and the result of functional analysis (presence/absence of a
dominant-negative effect) which indicate the type of MC. We
did not consider clinical data for this correlation as they are
often not complete and thus less reliable than the functional
analysis.

QOut of 40 residues forming the dimer interface, 15 positions
were associated with 17 missense mutations for which
functional analysis was performed (Table 2). As expected,
these mutations were mainly associated with a dominant-
negative effect. Structural analysis of the mutations in the
homology model revealed that some mutations associated with
a dominant-negative effect exhibit change of volume, charge
andfor polarity while others do not show significant structural
defects (Table 2). This indicates that even relatively conserved
substitution at the interface impacts the dimeric structure and
results in a dominant-negative effect, in accord with the fact
that the dimer interface has a high shape complementarity
index (similar to an antibody-antigen interface) [21] leading to
low tolerance of substitutions in this area. The only exception
considering a dominant-negative effect in the interface was the
mutation p.(Glu291Lys) associated with the recessive type of
MC. Structural analysis of our homology model showed that
this mutation impacts protein structure significantly introducing
combined effect {loss of contacts and change of volume and
charge) which probably results in protein misfolding in
agreement with an experimental study [34] Mutations leading
to a dominant-negative effect can however be found at various
positions in the CIC-1 protein and are not associated only with
the dimer interface [9,16]. These mutations probably induce
rearrangements that propagate through the protein structure
and affect the second subunit. Another example is a mutation
with a dominant-negative effect p.(Thr550Met) (Table 2)
positioned in the external mouth of the CI ion pathway very
close to the dimer interface in our model structure; even though
this residue does not form part of the interface its proximity
might be responsible for the observed dominant-negative
effect. Mutations localized inside the CI ion pathway were
found to have no dominant-negative effect in the wild type-
mutant heterodimer (Table 2). The /n sifico analysis suggested
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that these mutations can impose various defects, e.g. loss of
ability to bind CI ions or various structural disruptions.

Conclusions

In this set of Czech probands with MC, 51 were found with
mutation(s) in the CLCNT gene, 14 of which were new. In the
homology model of the human dimeric CIC-1 channel coded by
the CLCNT gene, mutations of AA forming the dimer interface
are prevalently associated with a dominant-negative effect and
dominant inheritance, even though mutations leading to no
dominant-negative effect and recessive inheritance can also be
found there. We show that dominant/recessive mutations in this
area differ in their impact on the protein structure. On the
contrary, mutations of AA localized inside the CI ion pathway
were found to have no pronounced dominant negative effect.
Structural analysis revealed that these mutations can directly
affect the channel activity or the local structure of one subunit,
or induce misfolding of the mutant subunit. Our results
demonstrate structure-function relationships in the CIC-1
protein which are relevant to understanding the molecular
pathogenesis of MC.

Suppeorting Information

File 81. Contains Table S1, 82, $3, 84 and Figure S1.
(DOGC)
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Abstract

Spinal muscular atrophy (SMA) is caused by homozygous deletion of the SMNI gene in approximately 96% of cases. Four per-
cent of SMA patients have a combination of the deletion or conversion on one allele and an intragenic mutation on the second one.
We performed analysis of point mutations in a set of our patients with suspicion of SMA and without homozygous deletion of the
SMNI gene. A quantitative test determining SMNI copy number (using real-time PCR and/or MLPA analysis) was performed in
301 patients and only 1 SMNI copy was detected in 14 of them. When these 14 patients were screened for the presence of point
mutations we identified 6 mutations, p.Y272C (in three patients) and p.T2741, p.I1331fsX6, and p.A188S (each in one case). The
mutations p.I331fsX6 and p.A188S were found in two SMAI patients and were not detected previously. Further, evaluation of
the relationship between mutation type, copy number of the SMN2 gene and clinical findings was performed. Among our SMA
patients with a SMN1 homozygous deletion, we found a family with two patients: the son with SMAII possesses 3 SMN2 copies
and the nearly asymptomatic father has a homozygous deletion of SMN1 exon 7 and carries 4 SMN2 copies. Generally, our results
illustrate that an increased SMN2 gene copy number is associated with a milder SMA phenotype.
© 2007 Elsevier B.V. All rights reserved.

Keywords: SMA; SMN1; SMN2; Real-time PCR; Copy number; Point mutation

1. Introduction

Spinal muscular atrophy (SMA), with an incidence of
1/6000-1/10,000 and a carrier frequency of 1/40, is the
second most frequent lethal autosomal recessive disease
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in Europeans next to cystic fibrosis [1,2]. The SMA-
determining gene, termed survival motor neuron
(SMN), is present on 5ql3 in two copies, a telomeric
SMNI gene and a centromeric SMN2 gene which are
highly homologous and contain only five base-pair
differences [3]. The SMN protein plays a crucial role in
the generation of the pre-mRNA splicing machinery
and thus in mRNA biogenesis [4]. Lefebvre concluded
that the SMN gene has 8 exons [3]; however Burglen
characterized the gene in more detail and showed that
it consists of 9 exons [5] and in order not to confuse
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previously published mutation data, exon 2 was referred
to as exon 2a and 2b. The stop codon occurs in exon 7.

Exon 7 of the SMN1 gene is not detectable in approx-
imately 96% of SMA patients, owing to either deletion
of SMN1 or conversion of the SMNI1 sequence to
SMN2. Approximately 4% of patients have a combina-
tion of the deletion or conversion on one allele and an
intragenic mutation on the second one. The centromeric
SMN2 gene cannot compensate for the SMNI defect
because single nucleotide difference in exon 7 causes
exon skipping in about 90% of SMN2 transcripts [6].
However, increased SMIN2 gene copy number, which
can occur as the result of gene conversion events, is
associated with a milder SMA phenotype [7]

The C terminus of SMN, including the sequence
encoded by exon 7 containing a highly conserved
tyrosine/glycine-rich sequence (Y/G box), is required
for SMN’s nucleic acid and protein binding activity as
well as for its oligomerization [§]. Several missense
mutation clusters have been described in and around the
Y/G box, including p.S262I, p.Y272C, p.T2741,
p.G2758, and p.G279V. One of these mutations,
p.Y272C, is associated with the most severe form of the
disease (type SMAT), and among different subtle SMN1
mutations p.¥272C is the most frequent (20% of SMNI1
mutations} [9].

We present results of molecular genetic analyses
performed in the set of our patients who do not have
homozygous deletion of the SMNI1 exon 7, and in
whom a quantitative test showed a single copy of this
exon. By using long-range PCR, PCR and sequencing
we identified six mutations (four different types). Two
of these, p.I33IfsX6 and p.A188S, are novel ones not
described so far. Further, we performed analysis of
SMN2 copy number in these patients and evaluated
relationships among the detected mutation, SMN2
copy number, and clinical manifestation of the dis-
case. Moreover, we performed also analysis of
SMN2 copy number in 70 patients with SMAIT, TI,
and II1. We found a family with two SMA patients
where the son has been diagnosed as SMAIT and pos-
sesses 3 SMN2 copies, and the nearly asymptomatic

Table 1
Primers and probes used for real-time PCR

father has also homozygous deletion of SMNI exon
7 and carries 4 SMN2 copies.

2. Patients and methods
2.1 Patients

Patients with supposed SMA diagnosis were tested
for the presence of homozygous deletion of SMN1. This
test is based on the single nucleotide differences in exons
7 and 8 that distinguish SMIN1 and SMN?2 [5]. Genomic
DNA was isolated from peripheral blood by the salting-
out method [10] DNA concentration was initially
determined from UV absorbance at 260 nm using a
NanoDrop instrument (NanoDrop Technologies), and
after dilution to ~10 ng/ul the exact concentration was
established from UV absorbance.

2.2, Real-time PCR for determination of SMNI gene
copy number

Real-time detection of PCR products was performed
with TagMan hybridization probes labelled in the case
of the SMN1 gene with FAM reporter dye, and in the
case of a reference gene (the ALB gene, albumin) with
JOE reporter dye. Sequences of primers and probes used
are given in Table 1. Multiplex PCR was performed in a
total volume of 25 ul, containing 50 ng of genomic
DNA, 400 nM primers specific for the SMNI1 gene,
400 aM primers specific for the ALB gene, 200 nM each
of probes, and 1x TagMan Universal PCR Master Mix
(Roche}. Real-time PCRs were carried out using a
RotorGene 3000 instrument (Corbett Research). The
following PCR conditions were used: 95°C/10 min,
followed by 40 cycles of 95°Cf15s, and 60 °C/30 s.
DNA samples were amplified in two parallel PCRs
and each run contained two control genomic DNAs
(the calibrators), the first with one SMNI copy and
the second with two SMNI1 copies per genome. The
number of SMNI1 gene copies was determined using
the comparative C, method [11]. The result of this
analysis determines the normalized SMN1 gene copy

Fragment Name Sequence (5" — 3’ direction)
SMN1 SMN1-F ACTTCCTTTTATTTTCCTTACAGGGTTTC
SMNI1-R AATGCTGGCAGACTTACTCCTTAATTTAA
SMN1-probe FAM-ACAAAATCAAAAAGAAGGAAGGTGCTCACATTC-BHQ1
SMIN2Z SMN2-F AATGCTTTTTAACATCCATATAAAGCT
SMN2-R CCTTAATTTAAGGAATGTGAGCACC
SMN2-probe FAM-TGATTTGTCTAAAACCC-MGB
Albumin ALB-F GCTGTCATCTCTIGTGGGCTGT
AIB-R ACTCATGGGAGCTGCTGGTTC
AL B-probe JOE-CCTGTCATGCCCACACAAATCTCTCC-BHQ!
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number in the sample relative to the normalized copy
number in the calibrator.

2.3. MLPA analysis for determination of SMNI gene
copy number

Multiplex ligation-dependent probe amplification
(MLPA) analysis was performed according to the man-
ufacturer’s instructions (MRC-Holland). The SALSA
MLPA KIT P021 SMA region was used which contains
37 probes, 16 of which are specific for the SMA region
while the others are controls for other human genes.
The SMN1-D01 and SMN1-D07 probes result in peaks
at 270 and 295 nucleotides in the presence of SMN1
exons 7 and 8, respectively, and a reduced peak area
indicates a reduction in the copy number of the SMN1
gene. After the MLPA reaction the samples were used
for fragment analysis on an ABI PRISM 3100 Avant
Genetic Analyser using GeneScan3.7 software {Applied
Biosystems). Each reaction was analysed and the rela-
tive peak areas were calculated using software provided
by NGRL Manchester. A ratio under 0.7 was taken as a
sign of the presence of only 1 copy of the SMN1 gene.

2.4. Long-range PCR and PCRs for point mutation
analysis

Long-range PCR of the region including exons 2a—6
of the SMN1 gene was carried out as described by Cler-
mont et al. [12] and the product was visualized in a 0.8%
agarose gel, excised, and extracted using a QIAquick
Gel Extraction Kit (Qiagen}. The eluted DINA was used
for amplification of individual SMNI1 exons. Sequences
of primers and annealing temperatures are given in
Table 2. PCRs were performed in a total volume of
25 ul, containing 1 ul of eluted long-range PCR product,

Table 2
Primers used for long-range PCR. and PCR

400 nM primers, 2.5 mM MgCl,, 200 uM dNTPs, 1 U
Taq polymerase (Fermentas), and 1x PCR buffer.
The following temperature conditions were used:
95°Cf10 min, followed by 30 cycles of 95°C/15s5,
annealing temperature/30 s, and 72 °C/45 s. PCR pred-
ucts were extracted and sequenced on an ABT PRISM
310 sequencer {Applied Biosystems).

Exons 7 and 1 were amplified directly from genomic
DNA. In the case of exon 7, primers specific for
SMN1 could be used, while in case of exon 1 the primers
amplified both SMN1 and SMN?2 exon 1. PCR products
were extracted and sequenced; moreover, the product of
exon 1 was also cleaved with the restriction enzymes
BsiNI and Fokl which can distinguish two detected
mutations ¢.5C> G (p.A2G) [13] and c43C>T
{(p.Q15X) [14] in exon 1.

2.5 Real-time PCR for determination of SMN2 gene
copy number

The MGB® probe labelled with FAM reporter dye was
used for determination of SMN2 gene copy number.
Sequences of primers and the probe are described in the
study of Anhuf et al. [15]. The ABL gene was used as a
reference locus, and the primers and probe were the same
as in the case of real-time PCR for determination of
SMNI1 gene copy number. PCR for SMN2 amplification
was performed in a total volume of 25 pl, containing 50 ng
of genomic DINA, 400 nM primers, 70 nM probe, and 1x
TagMan Universal PCR Master Mix (Roche); PCR for
ABL amplification was performed in the same volume
and contained 50 ng of genomic DINA, 400 nM primers,
200 nM probe, and 1x TagMan Universal PCR Master
Mix (Roche}). DNA samples were amplified in two paral-
lel PCRs. Further, two control DNAs with two and four
SMN?2 copies were amplified as calibrators for determina-

Fragment Name Sequence (5" — 3’ direction) Length (bp) Annealing (°C)

Exons 2a 6 SMN-LR-F CCTTCCTTCTTTITGATTITGTCTGA 13219 63
SMN-LR-R TGTGTGGATTAAGATGACTC

Exon 2a SMNZA-F TCCTTTCCAAATGAATAACGAGA 219 55
SMNZA-R TGTGTGGATTAAGATGACTCTTGG

Exon 2b SMN2B-F AAGGACTAATGAGACATCCTTTGAA 259 60
SMN2B-R TGTGCACCACCCTGTAACAT

Exon 3 SMN3-F TTGCCCTCTTCAAAAGAAATG 299 55
SMN3-R TCTCTGCTTCCAGAAATTGAA

Exon 4 SMN4-F CAAAAGTTTCATGGGAGAGC 278 55
SMIN4-R TITTCITAATCACACCCTTATAACAAA

Exon 5 SMNS5-F CCCAAGGGATGTTCTACAATG 402 60
SMNS5-R TTCCTATCATATTGAAATTGGTAAGTT

Exon 6 SMNG6-F TGCAAGAGTAATTTAAGCCTCAGA 442 55
SMNG-R CCTCCCATATGTCCAGATTCIC

Exon 7 SMN?-F TCCTTTTATTTITCCTTACAGGGTTITC 301 58
SMN7-R GTTTCTTCCACATAACCAACCAG

Exon 1 SMNI-F GCGAGGCTCTGTCTCAAAAC 388 58
SMNI-R GGGTGCTGAGAGCGCTAATA
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tion of copy number using the comparative C; method
[11].

3. Results
3.1. Analysis of point mutations

The results concerning SMIN1 point mutations were
obtained from two hospitals, University Hospital Brno
and University Hospital Motol. In University Hospital
Bro, the quantitative test determining SMN1 copy
number based on multiplex real-time PCR was used to
screen 156 unrelated patients with suspicion of SMA
and without homozygous deletion of the SMN1 gene.
In 8 of these, 1 SMN1 copy was detected. In University
Hospital Motol, the quantitative test was based on
MLPA analysis; 145 wunrelated patients without
homozygous deletion of the SMN1 gene were tested
and in 6 of these, 1 SMN1 copy was detected. By using
long-range PCR, PCR and sequencing, we identified 6
mutations: p.Y272C (patients 1, 2, and 3), p.T2741
{patient 4), p.I331fsX6 (patient 5), and p.A188S (patient
6}. The mutations p.I1331fsX6 (exon 2a} and p.A188S
{exon 4) were not detected so far.

3.2, Analysis of SMN2 gene copy number
SMN2 copy number analysis was performed in

patients with a genotype point mutation/exon 7 deletion,
and also in 70 patients with homozygous deletion of exon

Table 3
Results of DINA analyses and clinical findings

Table 4
Determination of SMIN2 copy number in 70 SMA patients

Type of Number Copy number of the SMN2 gene
SMA of patients
2 copies 3 copies  4copies 5 copies
SMAI 10 7 (70%) 3 (30%)
SMAII 40 1(25%) 36 (90%) 3 (7.5%)
SMAIIL 20 1 (5%) 10 (50%) 8 (40%) 1 (5%)

7. The results for patients with a point mutation are pre-
sented in Table 3 and the results relating to patients with
the homozygous deletion are given in Table 4.

We also performed SMN2 copy number analysis in the
SMAII patient with homozygous deletion ofexon 7and in
hisnearly asymptomatic father who has also homozygous
deletion of exon 7. The sonwas born in 1994 and hasnever
been able to walk independently. His father was born in
1963 and had no problems until 1996, when he had an
accident. In 1997, he was investigated for persistent diffi-
culties and myopathy was found. Diagnosis of SMA was
confirmed in 2005 by chance, when we analysed SMN1
copy number in parents of SMA patients. At present, he
is still able to move without greater problems. Analysis
of SMN2 copy number detected 3 copies in the affected
son and 4 copies in his father.

4. Discussion

Although the majority of SMA cases results from
homozygous deletion of SMN1, the list of SMN1 point

Patients Year of Mutation, localization

birth number

SMNZ copy

Phenotype

1 93 ¢.815A > G, pY272C, exon 6 2

¢.815A > G, p.Y272C, exon 6 3

¢.815A > G, pY272C, exon 6 2

¢.821C> T, p.T274L, exon 6 2

¢.98delT, p.I33IfsX6, exon 2a 2

¢.562G > T, p.A188S, exon 4

Not performed

SMAI At the age of 4 months severe peripheral hypotonia, floppy
infant, delayed motor milestones. At the age of 6 months only
supine position, no rolling, muscle weakness and wasting. Died at
the age of 16 months due to bronchopneumonia

SMAII At the age of 5 months delayed motor milestones,
peripheral hypotonia. At the age of 2 years only sitting, not
standing. Respiratory insufficiency since 9 years of age. No disease
information since 1999

SMAIIL At the age of 6 months delayed motor milestones. At the
age of 2 years only sitting, not standing. At the age of 10 years
tendon contractures and progression of skeletal deformities.
Respiratory insufficiency and recurrent pneumonias since 9 years of
age. No disease information since 2003

SMAII. Normal motor milestones until 18 months of age.
Walking since 11 months. At the age of 2 years unable to walk,
only sitting. Progression of scoliosis, repeated elongations of
Achille’s tendons. At the age of 14 years severe skeletal deformities,
multiple tendon contractures, progression of muscle weakness and
wasting. No disease information since 2001

SMAI Severe peripheral hypotonia since birth, global respiratory
insufficiency, no further disease information

SMAI Severe peripheral hypotonia since birth. Died at the age of 5
months due to bronchopneumonia
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mutations is increasing (Leiden muscular dystrophy
pages, www.dmd.nl.). The SMN protein is a component
of large macromolecular complexes that are found both
in cytoplasmic and nuclear compartments. Critical
insight into SMN function came from findings that the
protein interacts with Sm proteins, core components of
small nuclear ribonucleoproteins (snRINP). Cytoplasmic
SMN plays an essential role in snRINP biogenesis and is
required for the transport of the snRNP complex into
micleus and in the nucleus, SMN protein is required
for regenerating an active splicing complex. Shpargel
et al., analysed the abilities of eight SMIN mutations to
rescue Sm core assembly [16] and five SMAT alleles
(including p.Y272C and AEx7} showed only low levels
of Sm core assembly activity, whereas both of the
SMAIIT alleles (including p.T2741) functioned similarly
to the wild-type construct. Moreover, the p.Y272C and
AEx7 mutations have been shown to disrupt SMN olig-
omerization with a concomitant or downstream defect
in Sm protein binding. In our set of SMA patients, we
identified the mutation p.Y272C in association with 2
SMN2 copies in two patients (the first was SMAI and
the second SMAII} and the same mutation in associa-
tion with 3 SMN2 copies in one SMAII patient. The
mutation p.T2741 was detected together with 2 SMIN2
copies in one SMATIT patient.

Further, we found two mutations, p.I33IfsX6 and
p.A188S which are described here for the first time;
the frame-shift mutation p.I33IfsX6 together with 2
SMN2 copies was detected in a SMAT patient, and the
missense mutation p.Al188S also in a SMAI patient
where unfortunately the SMN2 copy number could
not be determined.

The region of the SMN protein coded by the exon
carrying p.Al88S has not been believed to belong to
the functionally most important SMN domains, but a
PSI-BLAST search over all non-redundant GenBank
CDS using BLOSUMS62 matrix (gap costs exis-
tence = 11, ext. = 1) shows that the sequence in the 49
amino acid-long region surrounding this site (positions
164-212 in the human SMN protein sequence,
QVSTDESENSRSPGNKSDNIKPKSAPWNSFLPPP
PPMPGPRLGPGKPGL} is highly conserved through-
out all mammalian sequences, with the only exemption
of Felis catus (cat) with a T in position 188. The A in
position 188 is apparently a part of a conserved
APWNSFLPPPPP motif and in a secondary-structure
prediction (Protean, DNASTAR, HITACHI) is located
at the boundary between hydrophilic and hydrophobic
regions, probably forming a turn region between two
coils. Searching for structural motifs in this region of
the protein, between a TUDOR domain (positions
90-149) and a low complexity domain (positions 194—
251) using SMART in normal mode (http://smart.
embl-heidelberg.de} revealed no known structural
domains or segments of known function.

We tested the possibility of a modification of pre-
mRNA splicing owing to the p.A188S mutation using
the programme ESEfinder (http://rulai.cshl.edu/tools/
ESE), a web-based resource that facilitates rapid analy-
sis of exon sequences to identify putative ESEs {exon
splicing enhancer sequences) responsive to the human
SR proteins SF2/ASF, SC35, SRp40, and SRp55, and
to predict whether exonic mutations disrupt such
elements. This test showed that the p.A188S mutation
abolishes responsivity to SC35 and creates the possibil-
ity of SRp40 binding.

Our results concerning correlations between SMN2
copy number and clinical findings are in agreement with
literature data [7] that increased copy number is
connected with milder SMA phenotype; in the case of
the family with two SMA patients, we detected 3
SMN?2 copies in the SMAII patient and 4 copies in his
nearly asymptomatic father. However, this rule is not
general because we found 2 SMN2 copies in SMATIT
patients and 4 copies in SMAT patients, so evidently fac-
tors additional to SMN genes are involved in the result-
ing clinical manifestation, pointing to the necessity of
further research to gain a deeper understanding of the
molecular causes of SMA.
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3 Dédi¢né kozni nemoci

Genodermat6zy jsou dédi¢na onemocnéni kiize, ktera jsou charakterizovana velkou
klinickou a genetickou variabilitou. V CMBGT se molekularné genetickou diagnostikou
genodermat6z zabyvame od roku 2005, kdy jsme zavedli diagnostiku epidermolysis
bullosa dystrophica (analyza mutaci v genu COL7A1) a epidermolysis bullosa simplex
(analyza mutaci v genech KRT5 a KRT14). V roce 2013 jsme pak zacali s molekularné
genetickou diagnostikou ichty6zy vulgaris (analyza mutaci v genu FLG), X-vazané
ichtyozy (stanoveni delece genu STS), autozomalné recesivnich kongenitalnich ichtydz
(analyza mutaci v genech ALOX12B, ALOXE3, NIPAL4, CYP4F22, TGML1) a incontinentia

pigmenti (analyza mutaci v genu NEMO).

Nejcastéjsimi metodickymi pristupy v genetické diagnostice genodermatdz jsou PCR a
sekvenéni analyza. V soucasné dob¢ se snazime problematiku dédi¢nych onemocnéni kiize
neuromuskularnich nemoci, techniky sekvenovani nové generace (SeqCap-TR) pro

analyzu vSech gentl asociovanych S vybranymi typy nemoci.

V oblasti genodermatdz spolupracujeme predevsim s Koznim oddélenim Pediatrické
kliniky Fakultni nemocnice Brno, Oddélenim 1ékatské genetiky Fakultni nemocnice Brno a
1. Patologicko-anatomickym tstavem Fakultni nemocnice u sv. Anny. V tésné spolupraci

s uvedenymi pracovisti provadime genetickou analyzu pacienti s podezienim na nékterou
z vySe uvedenych nemoci a nasledné korelace mezi genetickymi, klinickymi a

patologickymi nalezy.
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Ichthyosis vulgaris, IV (FLG);
X-linked ichthyosis, XLI (5TS);
MNon-bullous congenital
~ ichthyosiform erythroderma, CIE
| and
Lamellar ichthyosis, LI
(ALOX12B, ALOXE3, TGM1,
NIPAL4, CYP4F22, ABCA12)

Bullous congenital ichthyosiform
erythroderma, BCIE
(KRT1, KRT10, KRT2)

EB simplex, EBS (KRTS, KRT14) |

EB simplex with muscular
dystrophy (PLEC)

Junctional EB, JEB (LAMC2,
LAMB3, COL17A1, ITGB4, LAMA3)

Dystrophic EB, DEB (COL7A1)

Obriazek 1: Schématické znazornéni lokalizace proteini asociovanych s onemocnénim
epidermolysis bullosa a ichty6za v koZznim Fezu; obrazky klinickych projevi epidermolysis
bullosa a ichtyéza

3.1 Epidermolysis bullosa

Epidermolysis bullosa (EB) je onemocnéni charakterizované extrémné kiehkou kuzi a
puchyfti. EB je tradi¢né délena do tii hlavnich typl v zavislosti na lokalizaci mista vzniku
puchyie: EB simplex (EBS, puchyi vznika v epidermis), junkéni EB (JEB, puchyt vznika
na urovni bazalni membrany), dystroficka EB (DEB, puchyt vznika v dermis tésn¢ pod
bazalni membranou). Vzhledem K tomu, Ze se v soucasné dobé zabyvame molekularné
genetickou diagnostikou pouze DEB a EBS, dalsi ¢ast bude podrobnéji pojednavat jen o
téchto typech EB.
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Dystroficka EB muze byt dédéna autosomalné dominantné nebo recesivné. Oba typy
dédicnosti DEB jsou spojeny s mutacemi v genu, ktery koduje kolagen typu VII (COL7A1)
[42]. Fenotypové projevy onemocnéni maji rozsah od mirné “nail-only”” dominantni DEB
fazi prsti na rukou a nohou, krom¢ koznich projevii mohou byt postizeny i sliznice [43]. U
dominantni DEB patogenni mutace zahrnuji heterozygotni, dominantné negativni
substituce glycinu. Recesivni DEB je zptisobena kombinaci mutaci typu nonsense,
splicing, frame-shift, missense. Nékteré piipady recesivni DEB jsou také spojeny se
substitucemi glycinu, které ale nemaji klinicky dopad, pokud druha alela nenese mutaci
[44],[45].

Kolagen typu VII vytvaii kotvici fibrily, které spojuji dermis s bazalni membranou. Gen
COL7A1 kbduje alfal-fetézec prokolagenu typu VII [proal(VII)]. Tt fetézce proal(VIl)
vytvaii monomer usporadany do trojité kolagenni Sroubovice s nekolagennimi N- a C-
koncovymi doménami, nasleduje vznik antiparalelniho dimeru ze dvou monomert,
odstépeni C-koncovych domén a lateralni agregace dimert za vzniku kotvicich fibril
[46],[47]. Pro kolagenni trojsroubovici je charakteristicka opakujici se sekvence Glycin-X-
Y, kde X a Y pfedstavuji Casto lyzin nebo prolin. Pfesné zachovani glycinu v kazdé treti
pozici je pozadovano z divodu té€sného sbaleni tii fetézcu proal (VII). Glycin, jako
nejmensi aminokyselina, je ukryty ve stfedu trojSroubovice a jakakoli zdména této
aminokyseliny vede k naruseni struktury [48]. Kolagenni doména je nékolikrat pferusena
kratkymi nonhelikalnimi Gseky, které jsou dilezité pro intramolekularni flexibilitu
proteinu. Klinicko-genetické korelace popsané v literatufe i provedené u nasich 61
pacientl s mutacemi v genu COL7A1 vétSinou odpovidaji predpokladu, ze kombinace
dopad nez kombinace missense a PTC mutace. V ptipad¢ srovnani klinickych projeva
pacientu se substituci glycinu a PTC mutaci a pacientti s missense mutaci (jina nez

wewvr

glycinu [publikace J Dermatol Sci. 2010 Aug;59(2)].

EB simplex je zptisobena cytolyzou bazalnich keratinocytii. Na zakladé zavaznosti
klinickych ptiznaki jsou rozliSovany tfi zakladni autosomalné dominantni subtypy EBS. U
lokalizované EBS se puchyfte Casto nachéazi jen na dlanich a ploskach nohou. U vzacné

generalizované EBS se puchyie vyskytuji po celém téle, ale pribéh onemocnéni je mirné;si
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mutacemi v genu kodujicim keratin 5 (KRT5) nebo keratin 14 (KRT14) [49],[50],[51].

Keratin 5 a keratin 14 jsou strukturni proteiny vytvarejici keratinova intermediarni
filamenta [49],[52], ktera poskytuji buiice mechanickou pevnost. Na zakladé fyzikalnich a
chemickych vlastnosti jsou keratiny rozdéleny do dvou skupin: keratiny typu | (KRT9-
KRT24) a keratiny typu 1l (KRT1-KRT8) [53]. Zakladni strukturni jednotkou
intermediarnich filament je heterodimer slozeny z keratinu typu | a keratinu typu Il [54] .
V bazalnich keratinocytech jsou pfirozenymi partnery pro vznik heterodimeru keratin 5 a
keratin 14 stacejici se kolem sebe za vzniku paralelniho dimeru, ten vytvaii antiparalelni
tetramer, nésleduje vznik protofilament, protofibril a intermediarnich filament.
Charakteristickym rysem vSech keratinti je jejich centralni alfa-helikalni ty¢inkova doména
rozdelend do ¢ty helikéalnich segmentt (1A, 1B, 2A, 2B) tfemi nonhelikalnimi Gseky a
ohrani¢ena N- a C-koncovymi globularnimi doménami. Na pocatku segmentu 1A a na
konci segmentu 2B se vyskytuji dvé vysoce konzervované oblasti, helix initiation peptide
a helix termination peptide, mutace lokalizované v téchto sekvencich jsou spojeny
asociovany spise s mirngjsimi formami EBS [55],[56] . Klinicko-genetické korelace
zjisténé u nasich 28 pacienti S mutacemi v genu KRT5 nebo KRT14 odpovidaji témto
piedpokladim [publikace Br J Dermatol. 2010 May;162(5)].

Publikace

1) Analysis of the COL7A1 gene in Czech patients with dystrophic epidermolysis bullosa
reveals novel and recurrent mutations. Jerdbkova B, Kopeckova L, Buckova H, Vesely K,
Valickova J, Fajkusova L. J Dermatol Sci. 2010 Aug;59(2):136-40.(L. Fajkusovd jako
korespondujici autor)

2) Keratin mutations in patients with epidermolysis bullosa simplex: correlations between
phenotype severity and disturbance of intermediate filament molecular structure. Jerabkova
B, Marek J, Buckova H, Kopeckova L, Vesely K, Valickova J, Fajkus J, Fajkusova L. BrJ
Dermatol. 2010 May;162(5):1004-13.(L. Fajkusova jako korespondujici autor)
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3.2 lIchtyozy

Ichtyozy jsou heterogenni skupinou nemoci charakterizovanou abnormalnim Supinaténim
kize. Sest hlavnich klinickych subtypt je znamo u nesyndromatickych ichtydz; poéinaje

wewvr

nebuldzni kongenitalni erytrodermickou ichtyozu (CIE), bul6zni kongenitalni

erytrodermickou ichtyozu (BCIE), X-vazanou ichtyézu (XLI), az po nejmirnéjsi ichtyozu

vulgaris (V).

HI, CIE a LI se spole¢né tadi do skupiny zvané autozomalné recesivni kongenitalni
ichty6zy (ARCI). Je zndmo né€kolik genli odpovénych za toto onemocnéni: TGM1
(transglutaminase-1) [57],[58], ABCA12 (ATP-binding binding cassette, subfamily A,
member 12) [59], NIPAL4 (NIPA-like domain-containing 4) [60], CYP4F22 (cytochrome
P450, family 4, subfamily F, polypeptide 22) [61], ALOX12B (12-lipoxygenase, R type),
ALOXE3 (lipoxygenase-3) [62]; v posledni dob¢ byl tento seznam rozsiten o dalsi nové
geny: PNPLA1 (patatin-like phospholipase domain-containing protein 1) [63], LIPN
(lipase family, member N) [64], CERS3 (ceramide synthase 3) [65]. BCEI je puchyinata
ichtyoza s autosomalné dominantni dédi¢nosti a mutacemi v genech KRT1 (keratin 1),
KRT10 (keratin 10), KRT2 (Kkeratin 2) [66], [67]. Publikovana prevalence v evropskych
populacich a Severni Americe je u ARCI i BCIE 1/200000. XLI a IV se s prevalenci
1/2000-6000 resp. 1/250-1000 fadi mezi tzv. bézné ichtydzy. XLI postihuje muzské
pohlavi, molekularni pfi¢inou jsou mutace v genu STS (steroidni sulfataza) [68]. IV je

autozomalné semidominantni onemocnéni, molekularni pfi¢inou jsou mutace v genu FLG

(filaggrin) [69].

Patologické mechanismy ichty6z jsou spojeny s poruchou kozni bariéry, tato funkce ktize
je lokalizovana v nejvrchngjsi vrstvé, tzv. stratum corneum (SC). Keratinocyty jsou
dominujicim typem buné€k v epidermis, proliferuji v bazélni vrstvé epidermis (stratum
basale) a v pribéhu epidermalni diferenciace postupuji rozdilnymi epidermalnimi vrstvami
(stratum spinosum, stratum granulosum) smérem k povrchu (stratum corneum).
Keratinocyty lokalizované ve SC nazyvame korneocyty. Prostor mezi jednotlivymi
korneocyty je vyplnén intercelularnimi lipidy (ceramidy, cholesterol, volné mastné
kyseliny), které jsou organizovany do lamelarnich vrstev [70],[71],[72]. Intercelularni

lipidové vrstvy brani nadmérnému odparovani a jejich naruseni vede k patologickému
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narustu transepidermalni ztraty vody [73]. Funkce ktize jako ochranné bariéry pied
vnéj$imi vlivy a pro zabezpeceni vhodného vnitiniho prostfedi je umoznéna tfemi hlavnimi
komponentami SC. Mezi tyto komponenty se fadi jiz zminéné intercelularni lipidové
vrstvy, dale pak zrohovatéla buné¢na obalka korneocytu a degrada¢ni produkty keratinu a

filaggrinu vyplnujici cytoplazmu korneocytu.

Je velmi zajimavé sledovat vzéjemné propojeni jednotlivych genti resp. proteinovych
produkti téchto genti v jejich funkénich drahach, které se podileji na epidermalni
diferenciaci. Vyznamnou tlohu pii tvorbé intercelularnich lipidovych vrstev hraji proteiny
ABCA12, ALOX12R, ALOXE3, CYP4F22, NIPAL4, STS, které piimo souviseji

s transportem a/nebo metabolismem lipidii v epidermis. Vytvafeni intercelularnich
lipidovych vrstev je vysoce komplikovana série procesu. Lipidy jsou baleny do
lameléarnich télisek ve stratum granulosum a pfedany exocyt6zou do mezibunééného
prostoru SC. DiileZitou molekulou hrajici roli pfi transportu lipidd v lameldrnich téliskach
je ATP-vazajici kazetovy transporter ABCA12 [74],[75],[76],[77]. Lipoxygenazy
ALOX12B a ALOXES3 jsou dioxygenazy oxidujici komplexni lipidy: ALOX12B oxiduje
O-linoleoyl-m-hydroxyacyl-sphingosin (ceramid 1) na hydroperoxidovy derivat, ktery je
nasledné konvertovan prostfednictvim ALOXE3 na 9R,10R-epoxy-11E-13R-
hydroxylinoleoyl-o-hydroxyacyl-sphingosin, nasleduje hydrolyza na ow-hydroxyacyl-
sphingosin (o-hydroxyceramid). Nékteré w-hydroxyceramidy jsou dale hydrolyzovany na
o-hydroxy-mastné kyseliny [78]. Produkty uvedné metabolické drahy (w-hydroxyceramid
a o-hydroxy-mastné kyseliny) jsou pak prostiednictvim transglutaminazy-1 vazany k

cytoplazmatické vrstvé zrohovatélé bunécné obalky (viz. nize).

Dal$imi proteiny hrajicimi roli v metobolismu lipidt v epidermis jsou NIPAL4 a
CYP4F22. NIPALA4 je pravdépodobné membranovy receptor pro dalsi produkty
metabolickych drah ALOX12B a ALOXES3, pro tzv. hepoxiliny, které hraji roli v mnoha
bunéénych procesech [78],[79],[80], rovnéz se spekuluje o podilu NIPAL4 na fuzi
lamelarnich télisek s plazmatickou membranou [81],[82]. CYP4F22 je soucasti Siroké
rodiny cytochromt P450. Tato monooxygenaza pravdépodobn¢ katalyzuje hydroxylaci
metabolickych produktt hepoxylinu a piedpoklada se, ze vysledné latky hraji roli v

hydrataci ktze.

Transglutaminaza-1 je odpovédna za vzajemné provazani (croslink) proteinti v

cytoplazmatické vrstvé zrohovatélé bunécné obalky a rovnéz za tvorbu lipidové obalky, tj.
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vazbu o-hydroxyceramidii a @-hydroxy-mastnych kyselin k proteinim zrohovatélé
bunééné obalky [83],[84],[85]. TGML1 se tedy podili na tvorbé zrohovatélé bunééné obalky
korneocytu a lipidové obalky korneocytu, které jsou soucasné strukturami, na podkladé

kterych se formuji interbunééné lipidové vrstvy [86].

Pacienti s mutaci v genech ABCA12, ALOX12R, ALOXE3, CYP4F22, NIPAL4, TGM1 trpi
vétsinou lamelarni ichtydzou nebo kongenitalni erytrodermickou ichty6zou. Fenotypové
projevy LI a CIE se ale mohou vzajemné piekryvat a nebyly nalezeny ani silngjsi korelace
mezi genotypem a fenotypem. Postizené déti se Casto rodi obaleny tzv. koloidni mebranou.
Poté co se koloidni membrana sloupne (béhem prvnich tydnd Zivota), projevi se Supinaténi
ktize, které se u jednotlivych pacientii odliSuje rozsahem, barvou a stupném piilnavosti.
Spektrum klinického obrazu je v rozmezi od jemnych, bilych Supin na erytrodermické kizi
(CIE) po tmavé, velké Supiny s téméf neviditelnou kozni erytrodermii (LI). Dal§imi
klinickymi projevy mohou byt alopecie, hyperkeratdza, hyperlinearita dlani a plosek
nohou, postizeni nehtl, hypohydro6za, netolerance k teplu. Navic se fenotypy mohou ménit
v pribéhu ¢asu a v odpovédi na 1é¢bu [87]. Klinicky mohou byt rozliSovany dal§i minoritni

subtypy ARCI.

X-vazana ichtyoza je spojena s defekty genu STS [68] a s abnormalni akumulaci
cholesterolsulfatu ve SC. Steroidni sulfataza je koncentrovana v lamelarnich téliskach a
sekretovana do intercelularniho prostoru SC spolu s dalsimi lipidovymi hydrolazami [88].
V intercelularnim prostoru STS degraduje cholesterolsulfat a vytvari cholesterol.
Progresivni ubytek cholesterolsulfatu umoziuje degradaci korneodesmosomu a normalni
odlupovani kuze [88]. Deficit STS vede k malformaci interbunéénych lipidovych vrstev a
omezuje degradaci korneodesmozomu, coz mé za nésledek zadrzovani korneocytii a

naslednou hyperkeratozu [88].

Keratinl a keratin 10 jsou strukturni proteiny vytvarejici intermediarni filamenta
epitelialnich bunék. Mutace v genech KRT1 a KRT10 zpiisobuji buldzni kongenitalni
erytrodermickou ichtyozu [89],[90],[66]. BCIE ma autosomalné dominantni model
dédicnosti. Vétsina kauzalnich mutaci je typu missense a jsou lokalizovany na zacatku
nebo na konci alfa-helikalni ty¢inkové domény, tzv. helix initiation and helix termination
peptide (viz. epidermolysis bullosa simplex). BCIE je typ ichtydzy, ktery se vyznacuje

vznikem puchyit na erytrodermickém podkladé¢. Po perinatalnim obdobi, tvorba puchyit
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ustupuje a je patrna generalizovana hyperkerat6za. Podobny, ale mirnéj$i pribéh ma BCIE
zpusobena mutacemi v genu KRT2 [67],[91], [92].

V granularni vrstvé epidermis se vytvareji keratohyalinni granula obsahujici velky
polyprotein profilaggrin (>400 kDa). N-terminalni doména profilaggrinu hraje roli béhem
terminalni epidermalni diferenciace, kdy je odstépena a transportovana do jadra, kde se
podili na enukleaci keratinocytu ve SC. Piesné funkce C-terminalni domény neji zndma,
ale zfejmée bude souviset s metabolismem profilaggrinu. Profilaggrin obsahuje 10-12 témét
identickych filaggrinovych repetic (kazda o velikosti 324 aminokyselin). V prab&hu
terminalni diferenciace keratinocytu je profilaggrin v SC Stépen na 10-12 filaggrinovych
peptidd, které nasledné agreguji s keratinovymi filamenty. V dasledku téchto pochodu
korneocyt ziskava zpolstény tvar. Filaggrin dale degraduje na jednotlivé aminokyseliny.
Histidin, aminokyselina vyskytujici se ve filaggrinu s vysokou frekvenci, je metabolizovan
na trans-urokanovou kyselinu a ta spole¢né s dal§imi organickymi kyselinami pomaha
udrzovat kyselé pH vrchni vrstvy kiize, coz je dilezité pro funkéni aktivitu fady enzymil
[93],[94]. Gen FLG kodujici profilaggrin ma velikost 23 kb, cDNA tohoto genu je
rozloZena do 3 exonti. Exon 3 je velmi tézké analyzovat z dtivodu jeho velikosti a vysoce
repetitivni povahy (obsahuje 10-12 repetici, velikost jedné repetice je 1.2 kb) [95] .
Ichty6za vulgaris je autozomalné semidominantni onemocnéni S nekompletni penetranci a
variabilni expresivitou, klinické projevy jsou velmi rizné i v rdmci rodiny. Jedinci se
projevuje v ¢asném détstvi, progreduje do puberty, pak je vétsinou tendence ke zlepSovani
klinickych projevii. Onemocnéni je charakterizovano jemnymi, mirn€¢ adherentnimi
Supinami, bilé nebo Sed¢ barvy, zdvaznost klinickych ptiznaki je zavisla 1 na prostiedi.

Casto se vyskytuje hyperlinearita dlani plosek nohou.

V CMBGT jsme zacali s molekularné genetickou diagnostikou ichtydz v roce 2013 a
postupné jsme zavedli analyzu genlit ALOX12B, ALOXE3, TGM1, NIPAL4, CYP4F22
(autosomalné recesivni kongenitalni ichty6zy); STS (X-vazana ichtydza); FLG (ichty6za
vulgaris). V soucasné dobé mame 41 nepiibuznych pacienti s identifikovanymi kauzalnimi
mutacemi: 10 pacienti ma mutace v ALOX12B (27,7%), 5 pacientt v ALOXE3 (13,8%), 4
pacienti v NIPAL4 (11,1%), 4 pacienti v CYP4F22 (11,1%) a 2 pacienti v TGM1 (5,6%)
genech. Mutace v genu STS spojené s XLI byly zjistény u 6 pacienti (11,1%) a mutace v
genu FLG spojené s IV u 9 pacientu (19,4%). Vzhledem k tomu, Ze fada mutaci

identifikovanych u ¢eskych pacientl je nova, V literatufe nepopsand, provadime v soucasné
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dobé¢ podrobnou analyzu korelace genetickych, klinickych a patologickych nalezu.
Vysledky ziskané na zaklad¢ interdisciplinarni spoluprace mezi molekularnimi biology,
dermatology a patology jsou velmi hodnotné a zatim nebylo publikovano mnoho praci
zabyvajicich se touto problematikou v oblasti ichty6z. Doposud bylo popsano 10
rozdilnych typt mutaci v genu NIPAL4. My jsme v souboru naSich pacientt nasli 5 typt
mutaci, z toho 4 nové, véetné deleci a duplikaci, které jesté v genu NIPAL4 nebyly u zadné
populace identifikovany, podobna situace je i v piipadé genu CYP4F22. Véiime, ze
vysledky ziskané u naseho souboru pacientti vyznamné ptispé&ji k rozsifeni dosavadnich

znalosti v této oblasti.
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Analysis of the COL7A1 gene in Czech patients with dystrophic
epidermolysis bullosa reveals novel and recurrent mutations

Epidermolysis bullosa (EB) is a clinically and genetically
heterogeneous group of heritable skin disorders. Fine et al.
separated EB into 4 major types — epidermolysis bullosa simplex,
junctional epidermolysis bullosa, dystrophic epidermolysis bullosa
(DEB), and Kindler syndrome - on the basis of distinguishing
ultrastructural sites of blister formation [1]. Inheritance patterns of
DEB may be autosomal dominant (DDEB) or autosomal recessive
(RDEB). Both DDEB and RDEB result from mutations in the type VII
collagen gene (COL7A1)[2]. DDEB is usually associated with glycine
substitutions within the collagenous domain of type VII collagen.
In RDEB, the allelic variants include “silent” glycine substitutions
(mutations manifested in a recessive state when inherited with
another mutation), non-glycine missense variants, nonsense
mutations, splice site mutations, deletions, and insertions [3].

We performed DNA analysis of COL7A1 in 6 DDEB and 27 RDEB
probands at the EB Centre, University Hospital Brno, Czech
Republic. From 27 RDEB patients; 17 patients suffered from
RDEB-severe generalised (RDEB-sev gen), 3 patients had RDEB-
generalised other (RDEB-0), 5 patients had RDEB-inversa (RDEB-I),
1 patient suffered from RDEB-acral (RDEB-ac), and 1 patient had
RDEB-pretibial (RDEB-Pt). In case of RDEB patient 12, DNA was
unavailable (patient died 10 years ago) and so DNA from his
parents was examined. The promoter region (from -449 nucleo-
tide) and 118 exons of the COL7A1 gene, as well as adjacent intron
regions, were amplified and sequenced.

Twenty-nine different sequence variants were found, nine of
which have not been reported previously (Table 1). The most
common mutation was the transition c.425A>G. This mutation
was detected in 10 probands in a heterozygous state, and in 3
probands in a homozygous state (29.6% of mutant alleles). In the
study of Csikos et al. [4], COL7ZAT mutations were analysed in 43
unrelated patients with DEB phenotypes from the registries of
DEBRA Hungary and DEBRA Germany and the mutation ¢.425A>G
was identified in 10 of them (11 of 86 alleles, 12.8%). The transition
c.425A>G at the —2 donor splice site of exon 3 cause aberrant
splicing and at least two abnormal transcripts with premature
termination codons are generated downstream of this mutation
[5]. Other common mutations detected in our set of DEB patients
were p.Gly2049Glu (5 RDEB probands), p.Arg2069Cys (5 RDEB
probands), and p.Arg1343X (4 RDEB probands).

The novel mutations comprise “silent” glycine substitutions
(p.Gly1845Arg, p.Gly2296Glu, and p.Gly2557Arg), splice site
mutations (c.3894+1G>A, ¢.5856+1G>A, and c¢.6751-2delAG),
the deletion ¢.4556delG, the insertion c.5644insA, and the
missense mutation p.Lys1981Arg. The presence of the last-named
mutation was analysed in the control group using PCR-RFLP
(Restriction Fragment Length Polymorphism). The mutation was
not found in any of 200 control alleles (data not shown).

In patients 26 and 27, we detected only one COL7ZA1 mutat:
(on the basis of literature data associated with RDEB-sev ===
[5] and RDEB-inversa [6], respectively), the second mutati==
was not found. It is possible that these patients could have =
COL7A1 rearrangement or a sequence change within 5=
primer binding sites to prevent PCR amplification or
pathogenic mutation within an intron not detected by ou°
sequencing approach. Results of COL7A1 gene analysis we s
correlated with clinical, electron-microscopical, and immun:-
histochemical findings and some of these correlations are show=
in Table 1.

A missense mutation of Lys has not been described in DE=
association so far. The patient’s phenotype associated wit"
p.Lys1981Arg is milder in comparison with patients’ phenotyp=:
associated with substitutions of Gly and Arg detected in our D=
patients and corresponds with the subtype RDEB-acral wi-
distinct affliction of fingers (Fig. 1). Type VII collagen is the mz =
constituent of anchoring fibrils where it is present as
homotrimer composed of three identical alpha chains [7]. 7
central collagenous domain of type VII collagen consists -
characteristic Gly-X-Y repeat sequences. The Gly-X-Y repeat = =
prerequisite for the formation of the collagen triple helix, which
stabilised by the presence of hydroxyproline and hydroxylys: ==
[8]. The hydroxyl groups of hydroxylysine residues hz =
two important functions: they serve as attachment sites ==
carbohydrate units and they are crucial for the stability of ©==
intramolecular and intermolecular collagen crosslinks. It
possible that Lys1981, localised in the first Y-position of &~
triplet Gly-X-Y stretch flanked by non-collagenous sequence:
of 39 and 6 amino acids, has a part in assembly of collagen fibr =
and so mutations in this position will be associated with D==
phenotype.

In patients 16 and 17, we detected heterozygous a7
homozygous occurrence of the novel mutation c.6751-2del* "
respectively. Patient 17 has Czech citizenship but is a descencz""
of unrelated Russian parents, patient 16 is descendant of Czec-
parents. It seems that the mutation c.6751-2delAG could ==
specific for the Slavonic population. A similar mutation c.675"-
2delA was found by Posteraro et al. in an Italian patient. 7=
mutation affected the acceptor splice site of intron 85 and lec =
aberrant splicing of exon 86 [9].

In summary, this study represents a high mutation detect:==
rate in the COL7A1 gene in Czech DEB families. Bes:
mutations detected also in other countries, we describe:
mutations specific for our patients. In the set of our ne:
mutations, the mutation p.Lys1981Arg seems to be mos
interesting. The reason is that (i) a missense mutation of L.
was not described in DEB patients so far and (ii) the phenoty ==
associated with p.Lys1981Arg is milder in comparison w ="
patient phenotypes associated with Gly and Arg substitutics
detected in our DEB patients.

0923-1811/$36.00 ® 2010 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. The clinical photographs of patient 24 (detected mutations: p.Lys1981Arg/c.497insA). (A and B) Atrophic skin in acral areas and knees. (C) Loss of toe-nails,
hypopigmentation, small hemorrhagic crusts. (D and E) Loss of finger-nails, semiflectional position of fingers, partial pseudosyndactyly (the right hand is more afflicted),
sporadically small erosions and crusts. The photographs document that the novel p.Lys1981Arg mutation is associated with a milder phenotype (in comparison with patient

phenotypes associated with Gly and Arg substitutions).
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Background Epidermolysis bullosa simplex (EBS) is an inherited skin disorder
caused by mutations in the keratin 5 (KRT5) and keratin 14 (KRT14) genes, with
fragility of basal keratinocytes leading to epidermal cytolysis and blistering.
Objectives In this study, we characterized mutations in KRT5 and KRT14 genes in
patients with EBS and investigated their possible structure—function correlations.
Materials and methods Mutations were characterized using polymerase chain reaction
(PCR) and DNA sequencing. Further, to explore possible correlations with fune-
tion, the structural effects of the mutations in segment 2B of KRTS5 and KRT14
and associated with EBS in our patients, as well as those reported previously,
were modelled by molecular dynamics with the aid of the known crystal struc-
ture of the analogous segrment of hurman vimentin.

Results We have identified mutations in the KRT5 and KRT14 genes in 16 of 23
farnilies affected by EBS in the Czech Republic. Eeven different sequence vari-
ants were found, of which four have not been reported previously. Novel
mutations were found in two patients with the EBS-Dowling—Meara variant
(EBS-DM) [KRT14-p.Serl128Pro and KRT14-p.GIn374 Leu387dup(14)] and in
three patients with localized EBS (KRT14-p.Leul36Pro and KRTS5-p.Vall43Ala).
Molecular dynamnics studies show that the mutations p.Glu4lldel and
plle467Thr perturb the secondary alpha-helical structure of the mutated poly-
peptide chain, the deletion p.Glu4lldel in KRT14 has a strong but only local
influence on the secondary structure of KRT14, and the structural mmpact of
the mutation pJIle467Thr in KRTS is spread along the helix to the C-terminus.
In all the other point mutations studied, the direct structural impact was sig-
nificantly weaker and did not destroy the alpha-helical pattern of the second-
ary protein structure. The changes of 3-I structure of the KRTS5/KRT14 dimer
induced by the steric structural impact of the single point mutations, and the
resulting altered inter- and intramolecular contacts, are spread along the pro-
tein helices to the protein C-terminus, but the overall alpha-helical character
of the secondary structure is not destroyed and the atomic displacernents
induced by mutations cause only limited-scale changes of the quaternary struc-
ture of the dimer.

Conclusions The results of molecular modelling show relationships between
patients’ phenotypes and the structural effects of individual mutations.

@ 2010 The Authors
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Epidermolysis bullosa (EB) is a rare genetic disease character-
ized by extremely fragile skin and recurrent skin and mucous
membrane blistering after mild or nonmechanical trauma. Tra-
ditionally, EB is classified In three major categories according
to the level of dermoepidermal separation in the basement
membrane zone: (i) epidermolysis bullosa simplex (EBS); (i)
junctional epidermolysis bullosa (JEB); and (iii) dystrophic
epidermalysis bullosa (DEB). EBS is characterized by separa-
tion of the skin above the basement membrane due to cytoly-
sis of basal keratinocytes, and has now been subdivided mto
basal and suprabasal types.' Three main autoscmal dominant
subtypes of basal EBS are distinguished based on the severity
of blistering. In EBS localized (EBS-loc), previously called the
EBS Weber—Cockayne variant (EBS-WC), blistering is usually
limited to the hands and feet. In rare EBS, another generalized
form [EBS-gen non-Dowling—Meara (DM)], previously classi-
fied as the EBS Koebner variant (EBS-K), more widespread
blistering is observed but it is usually milder than in the most
severe variant EBS-DM. EBS-DM is characterized by generalized
herpetiform blistering especially in the neonatal and infant
periods. These subtypes of EBS are caused by mutations in
either the keratin & (KRTS) or the keratin 14 (KRT14) genes.
Most keratin mutations are inherited in an autosomal domi-
nant manner; however, rare recessive keratin 14 mutations
have been reported, too. 2™

Keratins are a group of structural proteins that polymerize
to form keratin intermediate filaments. They are divided mto
type [ (KRT9-KRT24) or type II (KRT1-KRT8) proteins
according to their physical and chemical properties,8 and the
basic structural unit of intermediate filaments is a heterodi-
mer of one type I keratin and its corresponding type II part-
ner.” ! A characteristic feature of all intermediate filament
proteins is the central alpha-helical rod domain, which is
divided into four helices (1A, 1B, 2A and 2B) by three short
nonhelical linker domains and terminated by globular head
domains. The sequence conservation across different inter-
mediate filament proteins is particularly high within the head
and tail helices. The first conserved region spans 26 residues
corresponding to a part of the 1A segment, and the second
is situated at the end of the 2B segment and spans 32 resi-
dues. Both of these regions are involved critically in the head
to tail overlap that occurs between consecutive hetero-

. 12.13
dimers.

Keratins 5 and 14 are natural partners that
dimerize by coiled-coil interactions, and EBS-DM is mainly
due to mutations located within the two hotspot regions that
encode the helix initiation and termination peptide sequences
in the segments 1A and 2B, respectively. The effects of
mutations p.Glu477Lys (in the helix termination peptide of
keratin 5}, p.Argl25His and p.Argl125Cys (both in the helix
initiation peptide of keratin 14) confirm the significance of
the comresponding nucleotides as mutational hotspots in EBS-
DM.”'* To model the consequences for heteradimer struc-
ture and function of KRTS and KRT14 mutations associated
with EBS, Smith et al.'” used as a starting structure the previ-
ous model of Liovic e al'® together with crystallographic

data for the amalogous segment 1A of human vimentin, "’

@ 2010 The Authors

replacing a number of residues, one at a time, with muta-
tions observed in the corresponding segment of the keratin
proteins.

In this study, we performed DNA analysis of the KRTS and
KRT14 genes in 23 EBS probands and their family members. A
causative mutation was detected in 16 probands, while no
mutation was found in seven probands showing de nove events
with localized blistering. Further, we modelled the structural
effects of mutations in segment 2B of KRTS and KRT14,
which are associated with EBS, using the crystal structure of
the corresponding fragment of human vimentin and molecular
dynamics simulations to reveal correlations between pheno-

types and structural effects.

Materials and methods

Patients

We diagnosed 23 families as having EBS at the EB Centre, Uni-
versity Hospital Brno, Czech Republic; an unambiguous EBS-
DM phenotype was observed in 11 individuals and 12 showed
predominantly localized blisters on the hands and feet. All stud-
ies have been approved by the Ethical Board of the University
Hospital Brno, and all patients and their family members gave

their written, informed consent for DNA analysis.

Ultrastructural analysis

EBS cases were diagnosed clinically and confirmed by trans-
mission electron microscopy examination and/or by indirect
immunofluorescence mapping of protein components of the
dermoepidermal junction zone from the leading edge of a

18-20

fresh blister using techniques described previously. Spe-
cifically, a panel of nine antibodies recognizing cytokeratin S
(clone XM26; Novocastra, Newcastle Upon Tyne, U.K),
cytokeratin 14 (clone LLO02; Novocastra), integrin a6 (clone
NKI-GoH3; International Inc., Billerica, MA,
U.S.A), integrin B4 (dene 3El; Chemicon nternational
Inc.), collagen type IV (clone PHMI12; Novocasira), collagen
type VII (clone LH7.2; Novocastra), laminin 5 (clone GB3;
Abcam ple, Cambridge, U.XK), BPAGl (polyclonal;
Cruz Biotechnology Inc., Santa Cruz, CA, U.S.A)), and colla-
gen type XVII (polyconal; Santa Cruz Biotechnology Inc.)

Chemicon

Santa

was used for the dassification and subclassification of FEB

Cases.

Analysis of mutations in the KRT5 and KRT14 genes

Genomic DNA was isolated from peripheral blood by the salt-
ing-out method. Nine exons of the KRTS gene and eight exons
of the KRT14 gene as well as adjacent intron regions were
amplified using primers listed in Table 1. Long-range poly-
merase chain reaction (PCR) of the KRT14 gene was performed
prior to amplification of single exons to avoid amplification of
the highly homologous KRT14 pseudogene, using primers and
described by Wood et al*' This

cycling  conditions  as

Journal Compilatien @ 2010 British Association of Dermatclogists # British Jounal of Dermatology 2010 162, pp1004-1013
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Table 1 Primers and annealing temperatures

tor amplification of the KRTS and KRT14

Annealing
Gene Exon  Forward primer Reverse primer temperature {°C) coding regions
KRTS 1 tgggtaacagagecacertc geetectetagtgetgatgg 60
1 cttgtggagtgggtggctat ggcatttatttcagacccaca 60
2 tgggaggcaccttagtgagt Ccaaaggaaggcatggtagt 58
3 ttcccactgeaaaagtagge aaacagggatgattggeact 60
4 agectgageratgerarer ccattcaaarcttcacteartg 60
5 caatgagrgaaagartrgaargg  grcgrcarggccragaarce 60
6 tcactgectgtgaactttgg tctagctgegtgtgtitagca 60
7 agcceetcagaaggagacac accceacagtagagcagcett 60
8 cgaatcatgaggatgggagt gaggaaacactgcttgtga 60
9 ctecaacaccagcagateaa gcttgcactgaagccagag 60
9 claggtggtgggctcagtgt tctgeaattggettggteta 65
KRT14 1 ccaaggggaatggaaagty aaggccaceaccatatect 60
1 ggectgrergretcareete ggcatgaarrgttcccagaa 60
2 Aagrrgrgggggaaaagyg cagggagrrrtcargeaccra 65
3 geactgtgticaaccacgec tcctgtctcagecteccaag 60
4 gatggtgggagggcagtatt atgccattcacaccagaagg 60
5 aaggtgggtgtcatitgagy agtgagtgtggcegttctet 60
6 agagaacggccacactcact aaggacaggarcarragatacargg 60
7 agtcttggeectececttag cactagagctcageecctca 60
8 teaccttcttggectectta gtgcatgacaagetocaaag 60

amplification was performed using the Expand Long Template
PCR Systemn (Roche Diagnostics GmbH, Mannheim, Germany)
and contained 250 ng DNA, 1 X PCR buffer, 25 U Long
Template enzyme mix, 2 mmol ! MgCly, 0-25 mmol !
dNTP and 03 pmol ! primers in 50-pL reactions. PCR reac-
tions for individual exons contained 250 ng of DNA, 1X PCR
GeneAmp Gold Buffer, 1-25 U AmpliTag Gold polymerase
{(Applied Biosystems, Warrington, U.K.), 2 mmol L~ MgCL,
0-2 mmol L' dNTP and 0-5 pmol 17! primers. Amplifications
were performed under the following cycling conditions:
95 °C for 7 min, followed by 35 cycles of 95 °C for 30,
annealing temperature as given in Table 1 for 30 s, and 72 °C
for 30 s. The PCR products were purified and sequenced on
an ABI PRISM 310 DNA-sequencer (Applied Biosystems).

Molecular modelling of the structural effects of KRT5
and KRT14 mutations

The crystal structure of human vimentin fragments (PDB
entries 1gk4, chains A and B)” was used as the input
structure for each of our mutated heterodimers. The starting
structures of keratin 5/14 dimers were prepared using the
SWISS-MODEL  server (http://swissn]odel.expasy.Drg)u and
with 1gk4 chains A and B as templates for keratin 5 (amino
acid residues 399476 and 14 (amino acid residues 344—
421). Molecular dynamics simulations were carried out using
the SANDER and PMEMD modules of the AMBER 9 software
package” with the parm99 force-field. ** All of the simulated
structures were built up using the protocol of Mishra et ol %*
slightly modified as follows: all hydrogens were added using
the Xleap program from the Amber package; the system was
solvated with TIP3P water molecules added as WAT3PBOX

cubes to form a truncated octahedron water box: and to main-

tain overall electrostatic neutrality and isotonic conditions dur-
ing simulation, Na* and CI” ions were added to the system.
For details about the number of water molecules and ions, see
Table 2.

In the next stage of input preparation, a stepwise equilibra-
tion of the systems was performed. First, the positions of
water molecules and €1~ and Na® ions were energy mini-
mized. The equilibration of the solvent proceeded on a 30-
ps-long simulated heating from S to 298 K, a 100-ps-long
molecular dynamics simulation of ions and water molecules at
298 K, and a 30-ps-long simulated cooling of ions and waters
back to 5 K. In the next steps, the equilibration continued
with several sequential energy minimizations of keratin 5/14
atoms with gradually decreasing protein force constants. After
this relaxation, the complete system (protein atoms, ions and

water molecules) with no restraints was heated in three

Table 2 Sclvation of polypeptides with individual mutaticns

Number of Number of

Name of polypeptide ions Na™/C1”  water molecules
Vimentin {1gk4.A + 1gk4 B) 106/90 70 157
KRT5/KRT14 95/87 65 309
KRT5-p.Leud63Pro/KRT14 98791 66 114
KRT5-p.lle467Len/KRT14 94/87 64 250
KRT5-p.lle467Thr/KRT14 94/87 66 846
KRTS-p.Thr4&9Pro/KRT14 96/89 66 821
KRTS /KRT14-p.Leud08Met 95/38 67 278
KRT5/KRT14-p.Gludl1del 9488 66 417
KRT5 /KRT14-p.Ala413Thr 96/89 68 379
KRTS /KRT14p Tyr415Cys 94/87 65 961
KRTS /KRT14-p Tyr415His 95/88 66 682

© 2010 The Authors
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50-ps-long molecular dynamics steps from S to 150 K, from
150 to 250 K and from 250 to 298 K, respectively. The final
step of the preparation stage of molecular dynamics model
was a 50-ps-long equilibration of the whole system at 298 K.
All molecular dynamics simulations were run at a constant
pressure of 1 atm.

The production phases of molecular dynamics caleulations
were run at a temperature of 29815 K and a pressure of
1 atin. Two 5 time integration steps were used, together with
particle-mesh Ewald methods’® for electrostatic interactions as
implemented in the PMEMD module of Amber, with the cut-
off of 9 A for nonbonding interactions. Coordinates were
stored every 2 ps, and all PMEMD calculations with one kera-
tin 5/14 mutant were performed for at least 1000 ps. Analy-
ses of the molecular dynamies simulations were carried out
using the PTRAJ module of Amber. Molecular graphics were
generated using MOLSCRIPT.”’

Results

KRT5 and KRT14 mutations in patients with
epidermolysis bullosa simplex

Mutations in keratin genes were examined in 16 of 23 fami-
lies with EBS. Eleven different sequence variants were found,
four of which have not been reported previously. Twelve mu-

tations were found in the KRT14 gene and four in the KRTS
gene (Table 3'*%*73%) most of which occur in highly con-
served domains 1A and 2B, except for KRTS-p.Vall43Ala
which is in the V1 head domain. In 11 patients, we detected
that have been reported previously. KRT14-
p-Metl19Thr was detected in EBS-DM patient 1 as a de novo
event. KRT14-p.Arg125Cys was identified in EBS-DM patients
2-5, and in patient 2’s family (affected brother, mother and
mother’s sister) and patient 5's family (affected father);

mutations

patient 3’s parents were unaffected and did not carry this mu-
tation and patient 4’s affected father was unavailable for analy-
sis. KRT14-p.Argl 25His was determined in EBS-DM patients &
and 7; in patient 6 it was probably inherited (the affected
mother was not available for examination) but in patient 7 it
was a de novo event. KRT14-p.Glu4lldel was identified in
patient 11 with localized EBS, and in his affected father and
father’s mother. KRT14-p.Tyr415His was detected in EBS-DM
patient 12 as a de nove event, KRT5-pGlul70Lys in patient 15
(localized EBS) and her affected father, and KRT5-p.Glu477Lys
in EBS-DM patient 16 but not in either healthy parent.

We found novel mutations in five patients, two with EBS-DM
[KRT14-p.Ser128Pro and KRT14-p.GIn374 Leu387dup(14)],
and three with localized EBS (KRT14-p.Leul36Pro and KRTS-
p-Vall43Ala). KRT 14-p.Ser128Pro (in patient 8 and her affected
father) and KRT14-p.GIn374 Leu387dup(l4) (in patient 10
and his affected sister, the affected father was unavailable for

Table 3 Mutations and clinical phenotypes found in patients with epidermolysis bullosa simplex {EBS)

Mutation Domain EBS Farnily
Patient Mutation at cDNA at protein of protein  Keratin subtype  Blister site EM/AM history  References
1 c356T=>C p-Met119Thr 1A, HIP 14 DM Generalized —/= De nove 28
2 c.373C>T p.A1g125Cys 1A, HIP 14 DM Generalized +./= Farnilial 29
3 c373C>T p.ATg125Cys 1A, HIF 14 DM Generalized +/+ Denovo 29
4 c373C>T P.ATg125Cys 1A, HIP 14 DM Generalized +/= Pamilial* 29
5 c373C>T p.Arg125Cys 1A, HIF 14 DM Generalized +/+ Famnilial 29
6 C374G>A p.Arg125His 1A, HIP 14 DM Generalized +/— Familial* 29
7 c.374G>A p.Arg125His 1A, HIP 14 DM Generalized 44 De novo 29
8 ¢.382T>C p.Ser128Pro 1A, HIP 14 DM Generalized  +/— Familial NM
9 €407T>C p.Leul36Pro 1A, HIP 14 Localized Multiple scars —/— Familial NM
10 ¢.1120_1161dup(42) p.GIn374_Leu387dup{14) 1A, HIP 14 DM Generalized  +/+ Familial NM
11 c.1231_1233delGAG  p.Glu411del 2B 14 Localized Palmoplantar — +./+ Famnilial 30
12 c.124317=C p.Tyr4 15His 2B 14 DM Generalized == Denow 31
13 €.428T>C p.vall43Ala V1 head 5 Localized Palmoplantar +./- Familial NM
14 ¢.428T>C p.Vall43Ala V1 head 5 Localized Palmoplantar —/— Familial NM
15 c.508G>A p.Glul70Lys 1A, HIP 5 Localized Palmeoplantar  —/- Farnilial 32
16 C.1429G>A p.Glud77Lys 2B, HTP 5 DM Generalized +/— Denovo 14
17 Not detected Not detected - - Localized Palmeplantar  +/— De novo
18 Not detected Not detected = = Localized Palmoplantar ~ +./= De novo
19 Not detected Not detected = = Localized Palmeplantar  +/— De novo
20 Not detected Not detected - - Localized Palmeplantar  +/— De novo
21 Not detected Not detected - - Localized Palmoplantar  +/— De novo
22 Not detected Not detected = = Localized Palmeplantar  +/— De novo
23 Not detected Not detected - - Localized Palmeplantar  +/— De novo

“Affected relatives but unavailable for molecular genetic examination. AM, antigen immunohistochemical mapping (+ performed, — not per-

formed); EM, electron microscopy {+ performed, — not performed); HIP, helix initiation peptide; HTP, helix termination peptide; NM,

novel mutation; beld type, mutations detected for the first time.

© 2010 The Authors
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examination) are both assodated with a typical EBS DM pheno
type of relatively severe blistering with lesions at other body
sites besides the hands and feet. KRT14 pleul3éPro was
found in 30 year old patient 2 (the affected mother was not
available for examination) who, at examination, had multiple
scars on the dorsum of the hands and atrophic scars in the
lumbosacral area. Affected members of family 13 (localized
EBS) were found to have the novel mutation KRTS
p-Val143Ala; patient 13 showed blistering localized to the
palms and soles in infancy, which was gradually replaced by
hyperkeratosis. The same mutafion was idenfified in patient
14 with localized EBS and his affected father. Clinical photo
graphs of patients with EBS carrying these novel mutations are
shown in Figure | and immunoflucrescence and electron
microscopy findings in Fgure 2. These mutations were not
found in any of 200 alleles in an unrelated control group, as
evaluated using restriction fragment length polymorphisms
(PCR RFLP) with restriction by Stul for KRT14 p.Ser128Pro,
Mspl for KRT14 p.leul36Pro and Heelll for KRTS p.Vall43Ala,
and PCR and agarcse electrophoresis  for KRT14
p-Gln374 Leu387dup(14) (data not shown).

Besides mutations assodated with EBS, we detected mis
sense mutations in our patients that were also found in their
healthy parents and/or healthy confral samples, and/or were
not identified in affected relatives; these were p.Gly138Gly,

p-Aspl 27Glu, p.Arg374Trp, p.Ser528Gly and p.Gly543Ser in
the KRTS gene and p.Arg41Cys and p.Cysl8Ser in the KRT14
gene. The polymorphisms p.Arg374Trp, pArgélCys and
p-Cys18Ser have not been described thus far.

Effects of KRT5 and KRT14 mutations on keratin dimer
structure

To examine the effects of the above mutations on the three

dimensional (3 D) structure of keratin dimers, we constructed
models of 77 residue long helices of KRTS5/KRT14 based on
the dose similarity of their amino acid sequences to those of a
fragment of human vimentin together with the known crystal
structure of this fragment (PDB enfries 1gk4, chains A and B).
These models were merged with an octahedral box containing
approximately 64 000—67 000 water molecules and approxi

mately 100 Nz and €17 ions to mainfain overall electrostatic
neutrality and isotonic conditions in the system. To obtain the
energy minimized structure, a multistep equilibration of the
model systerns with malecular dynamics runs of maore than
200 ps long in total were performed before the production of
the molecular dynamics simulations. Simulation of the relaxed
systermns was performed under physiological condifions (a con

stant pressure of 1 atm and a temperature of 22815 X). For
the purpose of comparison, we performed complete multi

Fig 1. {2) Partly haemorrhagic blisters, with
erosions on the inflarmmatory skin an the sole
and haemorrhagic crust under the fingers, in
a 2-year-old patient with epidermalysis
bullosa dirmplex {EBS) with the mutation
KRT14-p.Ser128Pro. {b) Fresh and several
older clear blisters on the palm and fingers in
the saime patient at age 4 years. {¢) Partly
haemorrhagic blisters in 2 herpetiform
distribution with inflammatary surrounding
in cubital localization in a é-year-old patient
with EBS with the mutation KRT14-

p-Glu374 Leu3s87dup(14). {d) Extensive
hyperkeratosis in the palm of the same
patient. {&) Multiple tiny linear white scars on
the darsurn of the hand in a 30-year-old
patient with EBS with the KRT14-p.Leul36Pro
mutation.
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Fig 2. {a) Immunofluorescence microscopy findings in the skin of the patient with epidermaolysis bullosa simplex {EBS) with the mutation
KRT14-p.Gln374_Leu387dup{14) using manodoral antibody to keratin 14, with positive staining of basal and suprabasal keratinocytes induding
the blister floor {arrow). {(b) Inmunoffuorescence labelling of a skin biopsy from the same patient using monoclonal antibody to keratin § with a
distribution pattern similar to {2). {) Electron microscopy findings in the skin of the patient with EB with mutation KRT14-p Ser128Pro.
Ultrastractural changes are pronounced clumping of curled tonofilaments (*) in basal and suprabasal keratinocytes above the dermoepidermal
junction {arrow) characteristic of EBS-Dowling Meara. Sorme subtle cytolysis is also present Origiral magnification X 6000. {d) Electron
microscopy findings in the skin of the patient with EB with mutation KRT 14-p. Vall43Ala. Ultrastructurally, advanced cytolysis of keratinocytes

with vacuolization of cytoplasm {¥) is seen. Criginal magnification X 6000.

step molecular dynamics simulations not only with the
mutated keratin 5/14 dimers, but also with the original, non
mutated KRTS5/KRT14, as well as with the crystallized frag
ment of vimentin.

The resulting models of the XRTS/KRT14 mutations
obtained by this molecular dynamics approach resemble pri
marily the 3 D structure of the corresponding fragment of vi
mentin. The two 77 amino acd long peptide chains are
folded into two more or less parallel alpha helices with 21
screw threads, and the mutations studied provide a source of
disturbances to this reference structure. We performed malec
ular modelling of mutations p.leu463Pro, p.le4é67Leu,
plle467Thr and p.Thr462Pro located in KRTS, and mutations
pleudC8het, p.Gludildel, pAla413Thr, pTyr415Cys and
p-Tyr415His in the case of KRT14. The mutation p.leu463Pro
was described in a patient with the EBS K phtzrmt‘ypla,33
plle4é7leu in a patient with the EBS WC phxzn.ofype,34 and
plle467Thr***¢ and p.Thr469Pro’® in patients with the EBS

© 2010 The Authors

DM phenctype. The mutation p.Leu402Met,>” as well as the
in frame deletion p.Glu4l Idel,SD was assocated with the EBS
WC phenotype. pAla413Thr was detected in a patient with
EBS X; analysis of 50 healthy confrol samples showed that this
mutation is polymarphic (11% of control samples confained
this mutation), despite the fact that it lies in the highly con
served helix termination motif*® The mutation p-Tyr415Cys
wa¢ found to result in the EBS WC phen.ot‘ype” whereas
p-Tyr415His was shown to cause the more severe EBS K phe
notypa."sl

Using the classification of KRT5/KRT14 mutations of Smith
et ul.,ls we can divide the effects of single mutations into two
groups (1 and 5 of Smith). In the first group, we observed in
two cases a disturbance of the secondary alpha helical strue
ture of the protein chain (Fig. 3). In XRT14, p.Gludlidel
divides the wild type alpha helix stucture into two parts con
nected by an almost straight junction (amino acid 410-413),
and the deleion p.Glud4ildel has a strong, but only local,

Journal Compilation © 2010 British Association of Derrmatologists » Batish Journal of Dermatohgy 2010 162, ppl004—1013
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Fig 3. Model structures of KRT5/KRT14 dimers generated by molecular dyn.

amics. The models of mutated KRTS (violet)/KRT14 (green) dimers

(panels a—d and f) are compared with that of wild-type KRT5 (aquamarine) /KRT14 (yellow) dimer (panel ¢) generated under the same

conditions and annealing protocol. The wild-type structure (e) includes residues 455-475 from keratin 5 and residues 400420 from keratin 14.

Mutations in codon 467 of KRT5 and in codon 415 of KRT14 are shown in
shown by ‘ball-and-stick’ form. Arrows point to mutated sites. (a) KRT14-p

a more detailed view (panels a-d). Notable amino acid residues are
Tyr415His. Quaternary structure is destabilized by the lack of a half

of the Tyr415-Tyr470 pair, which stabilizes the wild-type structure. (d) KRT14-p.Tyr415Cys. The stabilizing effect of the missing Tyr415-Tyr470
pair is partially compensated by the S-H...O hydrogen bond between Cys415 and carbonyl group of Tyr470. (b) KRT5-p.lle467Thr. The impact of

this mutation is spread along the KRTS helix to the protein C-terminus. Not
nonparallel pair of tyrosines Tyr415 and Tyr470. (c) KRTS5-p.Ile467Leu. An
the previous case). Note the almost parallel stacked residues Tyr415 and Tyr:

e the shifts of the carbonyls (drawn in red) and the unstacked
example of a mutation with very small structural impact (contrary to
470 in both mutated and wild-type dimers. (f) KRT14-p.Glu411del. A

mutation with strong local influence on the secondary structure. The missing residue Glu411 divides the original wild-type alpha-helix structure

into two helical parts connected by an almost straight junction.

influence on the secondary structure. In KRT5, the structural
impact of p.lle467Thr is spread along the helix to the pro-
(see the shifts of carbonyls and the
unstacked nonparallel pair of tyrosines Tyr415 and Tyr470 in

tein’s  C-terminus

Figure 3). In all the other point mutations studied, the direct
structural impact was significantly weaker and did not destroy
the alpha-helical pattern of the secondary protein structure.
However, the replacement of one amino acid typically alters
the involvement of side chains of other amino acids in inter-
and intramolecular contacts, and consequently could cause dis-
tortion of the quaternary KRT5/KRT14 structure.

Discussion

Four novel mutations in keratin genes were identified in this
study, three in the KRTI14 gene and one in the KRT5 gene. The

mutation p.Serl28Pro affects the 13th amino acid residue of
the KRT14-1A domain, a region termed the helix initiation
motif where serine is highly conserved within the family of
type I keratins and where most EBS-DM mutations are located.
No substitutions of serine residue at this position have been
described in type I keratins, but its deletion was observed in
KRT16 causing type 1 pachyonychia congenita™ and in KRT17
causing type 2 pachyonychia congenita.*’ Another mutation
localized in the 1A domain of KRT14 was p.Leul36Pro. The
Leul36 is highly conserved within the family of type I and
type 1I keratins. A different mutation at this codon (KRT14-
p.Leul36GIn) was reported previously in relation to the EBS-
WC phenotype,”* The duplication p.Gln374 Leu387dup(14)
is localized in the highly evolutionarily conserved 2B domain
of keratin 14 and the mutation p.Vall43Ala in the nonhelical
V1 head domain of keratin 5. Comparison of the correspond-

© 2010 The Authors
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ing amino acids at position 143 with other type II keratins
shows that the valine residue is highly conserved and present
in all 26 type II keratins; the substitution KRT5-p.Vall43Asp
was described in an EBS patient.*?

We detected mutations in 16 of 23 unrelated patients sus-
pected of having EBS (70%). Rugg etdal.** identified
KRTS/KRT14 mutations in 20 of the 43 families registered as
affected by EBS in Scotland, while Pfendner and Uitto™
found KRTS/KRT14 mutations in 18 of 57 EBS probands anal-
ysed in the global EB community in Philadelphia. Careful
examination revealed that in 16 of the remaining 39 cases
the referral diagnosis of EBS was not correct or was not
consistent with electron microscopic or immunofluorescence
findings, whereas 14 cases were found to harbour mutations
in the plectin gene (PLEC1).** In the remaining nine cases,
the electron microscopic and/or immunohistochemical data
supported the diagnosis of EBS, but no mutations in the
KRTS, KRTI14 or PLECI genes could be identified. Analysis of
PLEC1 was not performed in our patients with EBS without
KRTS5/KRT14 mutations but their phenotype did not corre-
spond to those associated with PLEC] mutations (i.e. EB with
muscular dystrophy, EBS of the Ogna type or EB with pylo-
ric atresia). No mutations were found in our patients 17—
23, who were clinically diagnosed as having localized EBS
but were sporadic cases with no family history of EBS. It is
possible that other genes may be associated with this pheno-
type.

Several authors have constructed 3-D computer models of
the KRT5/KRT14 dimer to visualize the structural impact of
point mutations. Liovic et al."® used the crystal structure of a
leucine zipper in the transcriptional activator GCN4 of Saccha-
romyces cerevisiae’® to construct a homology model of the 1A
region of the KRT5/KRT14 dimer, and subsequently used this

as input for molecular dynamics calculations for the wild-
type dimer and two dimers containing pathogenic point mu-
tations. The effects of a significantly larger number of point
mutations (22) in the KRTS and KRT14 genes were examined
by Smith et al.'® using these structural results'® as the starting
model, and this study showed that correlation between the
disruption of the coiled-coil structure and the severity of the
EBS is not simple.

Here we performed similar molecular modelling of the
structural changes caused by mutations p.Leu463Pro, p.lle467-
Leu, p.lle467Thr and p.Thr469Pro located in KRT5 and muta-
tions p.Leu408Met, p.Glu4lldel, p.Ala413Thr, p.Tyr415Cys
and p.Tyr415His in KRT14. We discuss particularly the results
for five mutations — KRTS5-p.lle467Leu, KRT5-p.Ile467Thr,
KRT14-p.Glu411del, KRT14-p.Tyr415Cys and KRT14-
p.Tyr415His — for the following reasons: (i) a couple of
mutations in codon 467 (p.lle467Leu and p.lle467Thr) and in
codon 415 (p.Tyr415Cys and p.Tyr415His) are associated
with the different clinical symptoms (EBS-WC vs. EBS-DM or
EBS-K); and (ii) the mutation p.Glu4l1ldel has a supposed
strong impact on the protein structure but is connected with
only a moderate EBS-WC phenotype, both in the literature
and also in our patient 10. The effects of these mutations on
protein structure (Fig. 3) demonstrate correlations between
their structural and phenotypic consequences. Our molecular
dynamics results cannot be compared directly with those
already published,"*'® because the mutations we studied are
localized in the segment 2B of the KRT5/KRT14 dimer while
the previous modelling was performed for the 1A segment. As
a benchmark for our molecular dynamics simulations, we
repeated the earlier calculations for point mutations localized
at the same position of the 1A domain but associated with
different phenotypes, using the same algorithm which was

(a) (b)
T N-terminus

l C-terminus

() (d)

Fig 4. The model structures of KRTS/KRT14 dimers with mutation Vall8Leu in the 1A region generated by molecular dynamics. The model

structure of mutated KRTS (violet)/KRT14 (green) dimer is superimposed onto the model of wild-type KRTS (aquamarine)/KRT14 (yellow)

structure generated under the same conditions and annealing protocol. The central panels (b) and (c) contain the whole model (residues 1-35),

details on the left and right panels depict only residues 10-21 from keratin 5 (a) and residues 10-20 from keratin 14 (d). Altered residues in the

mutated dimers are shown in ball-and-stick form, and the corresponding residues in the nonmutated dimer by thin bonds. (a, b) KRTS-

p-Vall8Leu. The mutation with a very small impact on the secondary helical structure, but with a significant influence, e.g. on angles of the
aromatic side chains Phe20 of KRTS or Tyr14 in KRT14. (c, d) KRT14-p.Val18Leu. An impact to the helical structure is considerably stronger
here, but conformation changes in positions of side chains Phe20 of KRTS are less notable.
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used for multistep equilibration and final molecular dynamics
modelling of the segment 2B with only a few obvious
changes in input parameters: (i) the different primary
sequence of the 1A region of KRTS/KRT14 was employed;
(ii) the recently published structure of vimentin coil 1A (PDB
entry SGIE“) was used as an input to the SWISS-MODEL
homology modelling of the 1A region; and finally (iii) the
different range of applicability of 3G1E input model leads to
a different number of protein atoms, ions and water mole-
cules in our final model.

In contrast to previously published rvasul’ts,l6 our molecular
dynamics calculations show a greater impact on the secondary
structure for the mutation KRT14-p.Vall33Leu associated with
the EBS-WC phenotype (p.Vall8Leu in the KRT14 1A seg-
ment) than for the mutation KRTS-Vall86Leu associated with
EBS-K phenotype (p.Vall8Leu in the KRTS 1A segment)
(Fig. 4). The mean distances in three dimensions between the
corresponding C,, atoms in wild type and p.Vall8Leu in KRTS
and KRT14 calculated by SUPERPOSE® are 0¢1 and 0°5 A,
respectively. In contrast, in the tertiary structure of mutated
1A regions, significant changes of the positions of several
bulky amino acids can be seen (e.g. Argl9 or Phe20) close to
the point of mutation, with the p.Vall8Leu mutation causing
a more dramatic side-chain displacement in KRTS than in
KRT14 (Fig. 4). The results of our molecular dynamics model-
ling further suggest that the stability or disruption of the in-
termolecular stacking interaction between Tyr415 and Tyr470
due to a point mutation in the KRTS/KRT14 dimer could be
related to the functional impact. Disturbance of this stacking
could affect not only the stability of interaction between kera-
tin chains, but also the accessibility of these tyrosines to kinas-
es and/or phosphatases. It has been proposed49 that mutation-
associated conformational changes may decrease or increase
the ability of intermediate filaments to serve as substrates for
kinases, which regulate mtermediate filament dymamics by
modulating their intrinsic properties of solubility, conforma-
tion and filament organization, and thereby contribute to

disease pathogenesis.

What’s already known about this topic?

* KRTS and KRT14 mutations are responsible for epidermal
bullosa simplex

What does this study add?

* Novel mutations in KRT5 and KRT14 genes are associated
with epidermal bullosa simplex

s To explore possible correlations with function, the struc-
tural effects of the mutations in segment 2B of KRTS
and KRT14 and associated with epidermal bullosa sim-
plex in our patients, as well as those reported previous-
ly, were modelled by molecular dynamics
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4 Deédicné metabolické nemoci

V této Casti habilitacni prace jsou prezentovany publikace tykajici se familialni
hypercholesterolémie, hyperfenylalaninémie a kongenitalni adrenalni hyperplazie. Ve
vSech pfipadech se jedna o zavazna onemocnéni, u nichZ v€asna intervence umoziuje
ucinné blokovani rozvinuti asociovanych klinickych ptiznaki. Pro vSechny uvedené
nemoci je CMBGT jedinym pracovistém v CR, které provadi jejich molekularng
genetickou diagnostiku. Problematice metabolickych nemoci se L. Fajkusova vénuje od

roku 2007, po tragické smrti kolegy Libora Kozaka.

Vysledky molekularné genetické diagnostiky familialni hypercholesterolémie (FH) jsou
prezentovany ve dvou publikacich [Atherosclerosis. 2012 Aug;223(2) a Atherosclerosis.
2011 May;216(1)]. V publikaci ,,Genomic characterization of large rearrangements of the
LDLR gene in Czech patients with familial hypercholesterolemia“ [BMC Med Genet. 2010
Jul 27;11] jsou charakterizovany body zlomu u 8 rozsahlych genovych deleci/duplikaci
identifikovanych v genu pro LDL receptor (LDLR). Vysledky ukazaly, ze 6 pteusporadani
je vysledkem nealelické homologni rekombinace (nonallelic homologous recombination,
NAHR) mezi Alu sekvencemi a 2 pieuspofadani jsou vysledkem nehomologniho spojovani
konci (nonhomologous end joining, NHEJ). Nase prace jako prvni popisuje NHEJ jako

mechanismus vzniku deleci/duplikaci v genu LDLR.

Vysledky molekularné genetické diagnostiky hyperfenylalaninémie (HPA) jsou shrnuty

v praci ,,Hyperphenylalaninemia in the Czech Republic: genotype-phenotype correlations
and in silico analysis of novel missense mutations [Clin Chim Acta. 2013 Apr 18;419].
Kromé spektra mutaci identifikovanych u pacienti s HPA a jejich klinickych projevi, jsou
provedeny i podrobné in silico analyzy zjisténych missense mutaci a korelace vysledkt

téchto analyz s klinickou zdvaZznosti dané mutace.

V ptipadé¢ kongenitalni adrenalni hyperplazie (CAH) jsou prezentovany dvé prace [Eur J
Med Genet. 2011 Mar-Apr;54(2) a Int J Mol Med. 2010 Oct;26(4)], které jednak shrnuji
vysledky molekularné genetickych analyz a korelace zjisténych genetickych a klinickych
nalezi a dale identifikuji nové typy chimérnich genii vzniklych rekombinaci mezi genem

CYP21A2 a pseudogenem CYP21A1P.
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Background: Familial hypercholesterolemia {FH), a major risk for coronary heart disease, is predomi-
nantly associated with mutations in the genes encoding the low-density lipoprotein receptor (LDLR) and
its ligand apolipoprotein B (APOB).
Results: In this study, we characterize the spectrum of mutations causing FH in 2239 Czech probands
suspected to have FH. In this set, we found 265 patients (11.8%) with the APOB mutation p{Arg3527GIn)
and 535 patients (23.9%) with a LDLR mutation. In 535 probands carrying the LDLR mutation, 127 unique
allelic variants were detected: 70.1% of these variants were DNA substitutions, 16.5% small DNA rear-
rangements, and 13.4% large DNA rearrangements. Fifty five variants were novel, not described in other
FH populations. For lipid profile analyses, FH probands were divided into groups [patients with the LDLR
mutation (LDIR+), with the APOB mutation (APGB+), and without a detected mutation (LDLR /APOB )],
and each group into subgroups according to gender. The statistical analysis of lipid profiles was
performed in 1722 probands adjusted for age in which biochemical data were obtained without FH
treatment (480 LDLR+ patients, 222 APOB+ patients, and 1020 LBLR JAPOB patients). Significant
gradients in i) total cholesterol (LDLR+ patients > APOB4 patients IDIR [APOB patients) ii) LDL
cholesterol (LDLR+ patients = APOB4 patients LDIR [APOB patients in men and
IDLRtpatients > APOB+ patients =IDIR JAPOB patients in women), iii) triglycerides (LDIR [APOB
patients > LDLR+ patients » APOB-+ patients), and iv) HDL cholesterol (APOB+ patients = LDLR [APOB
patients  LDLR4 patients) were shown.
Conclusion: Our study presents a large set of Czech patients with FH diagnosis in which DNA diagnostics
was performed and which allowed statistical analysis of clinical and biochemical data.

@ 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

a protein that is responsible for clearing of LDL cholesterol from
plasma [4]. LDLR mutaticns have been reported along the whole

Familial Hypercholesterolemia (FH), a major risk factor for
coronary heart disease (CHD), is an autosomal dominant disorder
associated with mutations in the genes encoding the low-density
lipoprotein receptor (LDLR) [1], apolipoprotein B (APOB) [2], and
the proprotein convertase subtilisin/kexin type 9 (PCSK9) [3].

The clinical phenotype of FH is caused predominantly by muta-
tions in the LDLR or APOB genes. The LDIR gene is located on chro-
mosome 19p13.2, spans 45 kb, contains 18 exons, and encodes

* Corresponding author. Tel.: +420 549494003; fax: +420 549492654
E-mail address: lfajkusova@fnbrnoe.cz (L. Fajkusovd).

0021-9150/% — see front matter @ 2012 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.atherosclercsis.2012.05.014

length of the gene in FH patients from around the world. At present,
the number of identified unique LDLR allelic variants is over 1100:
65% of the variants are DNA substitutions, 24% small DNA rear-
rangements (<100 bp} and 11% large DNA rearrangements
(=100 bp)} http:/jwww.ucLac.uk{ldlr/Currentfindex.php?select_
db=LDLR [5]. In marked contrast to the LDLR gene, only one muta-
tion of the APOB gene |p.(Arg3527GIn)] is commen in Europe [2,6].

FH is characterised by raised serum LDL cholesterol levels,
which lead to accelerated atherosclerosis, premature coronary
heart disease and occasionally gives rise to tendon xanthomas,
xanthelasmas, and arcus lipoides corneae. The frequency of FH in
most populations is about 1/500, and so it is possible to predict that
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approximately 20,000 people could be affected by FH in the Czech
Republic. The early identification and treatment of FH probands
and their affected relatives with effective lipid-lowering agents is
important as this has been shown to significantly reduce both
coronary morbidity and mortality [7].

The aim of this study was to analyse (1) the frequency of the
mutation p.{Arg3527GIn) in the APOB gene; (2) the frequency and
spectrum of mutations in the LDLR gene; {3} lipid profiles of patients
with the APOB mutation, the LDLR mutation, and patients without
detected mutation; and (4) lipid profiles of patients with the LDILR
mutation generating premature termination codon (PTC) and patients
with the LDLR mutation not generating PTC in Czech FH probands.

2. Material and methods
2.1 Subjects

Two thousands two hundred and thirty nine unrelated patients
with the diagnosis of FH, submitted to the database of the MedPed
project in the Czech Republic, were analysed for the presence of
mutations in the APOB and LDLR genes. The experimental research
reported in this study has been performed with the approval of the
Ethical Committee of the General University Hospital in Prague,
Czech Republic, and all patients gave their informed consent for
participation in the study. The cohort of probands in our study
included (1) patients with untreated total and/or LDL chelesterol
serum levels above the 95th percentile of age, sex and population-
specific values (1723 patients); (2) patients with elevated total and/f
or LDL cholesterol in serum but untreated levels unavailable or not
exceeding the 95th percentile of age, sex and population-specific
values, and, in addition, with high clinical suspicion of FH based
on personal history andfor family history of premature coronary
heart disease and/or elevated total and LDL cholesterol serum levels
in the first degree relatives (516 patients).

2.2, Strategy for identification of FH mutations

Genomic DNA was extracted from peripheral blood leukocytes
by a standard procedure [8]. DNA analysis of FH patients was
divided into several consecutive steps: (1) PCR-RFLP (Restriction
Fragment Length Polymorphism) detection of the most common
mutation in the APOB gene [p.{Arg3527GIn}]; (2) PCR-RFLP detec-
tion of the most common mutations in the LDLR gene determined
on the basis of a pilot study [p.(Gly592Glu), p.(Asp266Glu),
p.(Cys209Tyr}, and p.(Arg416Trp}]; (3} PCR-sequencing of LDLR
exon 4 (the exon with the markedly most frequent occurrence of
mutations,  http:/fwww.ucl.ac.uk/ldlr/Current{index.php?select_
db=LDILR}; {4) MLPA (Multiple Ligation dependent Probe Amplifi-
cation) of all LDLR exons; (5) PCR-sequencing of the promoter and
LDIR exons 1, 5, 6, 9, 10, 12, 14; and (6} PCR-DHPLC {Denaturing
High Performance Liquid Chromatography) of LDLR exons 2, 3, 7, 8,
11, 13, 15, 16, 17, and 18, followed by sequencing of regions which
tested positively. In case of detection of a mutation, further DNA
analysis continued when (1) a phenotypic manifestation was
serious and possibly associated with the presence of two FH
mutations or (2} a detected mutation was new with an effect on the
protein structure and function which was difficult to predict. This
diagnostic process is common in FH molecular genetic testing
worldwide [9,10].

Primers for amplification of all exons of the LDLR gene and
adjacent intron regions are available by request, as well as annealing
temperatures, DHPLC temperatures, composition and temperature
conditions of individual PCR reactions. The PCR products were ana-
lysed on the ProStar Helix DHPLC System (Varian) andjor purified
and sequenced on the ABI PRISM 310 DNA-sequencer {(Applied

Biosystems). MLPA was performed using SALSA MLPA KIT P062-C1
LDLR {MRC-Holland} according to the manufacturer's instruction
and analysed on the CEQ 8000 Genetic Analysis System (Beckman
Coulter). Data were evaluated using the Coffalyser software (MRC-
Holland ).

2.3. Laboratory analysis

Lipid analyses were performed in local certified laboratories
with appropriate quality controls and using identical analytic
methods. Serum total cholesterol and triglyceride (TG) levels were
measured using fully automated enzymatic methods, and HDL
cholesterol was determined with the same method after the
precipitation of apolipoprotein B containing lipoproteins with
polyanions. LDL cholesterol was calculated using the Friedewald
formula but only if TG levels were <4.5 mmol/l; when TG levels
exceeded 4.5 mmol/l, LDL cholesterol values were considered
missing [11]. All blood sampling for lipid profile analyses was per-
formed after at least a 12-h fast and without any lipid modification
treatment.

2.4, Statistical analysis

Continuous variables were described using mean and standard
deviation or geometric mean and 95% confidence interval. Statis-
tical significance of differences between and among groups of
patients was analysed by the independent t-test, ANOVA, or
maximal likelihood chi-square test. Due to significant differences in
age between/among groups of patients, age adjustment of lipid
characteristics was computed using linear regression prior to
comparison of patients’ groups. Adjustment for age was performed
to the mean age in the studied cohort, it means 40 years.

3. Results
3.1. Molecular genetic analysis of the APOB and LDLR genes

In the set of 2239 probands with a clinical diagnosis of FH, we
detected 265 patients with the APOB mutation p.(Arg3527GIn). The
rest of the patients were analysed for the presence of mutations in
the LDLR gene. In the 1st step of the LDLR analysis [PCR-RFLP
detection of the mutations p.(Gly592Glu), p.(Asp266Glu),
p.(Cys209Tyr), p.(Arg416Trp) and p.(Pro424_Asn425ins32}], muta-
tions were determined in 240 probands; in the 2nd step {PCR-
sequencing of exon 4) in 60 probands; in the 3rd step (MLPA} in 57
probands; in the 4th step (PCR-sequencing of the promoter and
exons 1, 5,6, 9,10,12,14) in 126 probands; and in the 5th step {PCR-
DHPLC of exons 2, 3,7, 8,11, 13, 15,16, 17,18 } in 52 probands. In total,
we detected mutations in 35.7% of patients suspected to be FH,
11.8% had the APOB mutation and 23.9% the LDIR mutation. The
DNA substitutions and small DNA rearrangements found in Czech
FH patients are shown in Table 1 {clear polymorphisms were not
included), and large DNA rearrangements in Table 2. In 535
probands carrying a LDLR mutation, 127 unique allelic variants
were detected: 70.1% of these variants were DNA substitutions,
16.5% small DNA rearrangements, and 13.4% large DNA rearrange-
ments. Fifty five variants were new, and not described in other FH
populations.

In silico approaches, called PolyPhen 2 (http://genetics.bwh.
harvard.edu/pph2findex.shtml} and Refined SIFT (http://sift.jcvi.
org/), were used for predicting effects of missense mutations on
the LDLR protein. Although helpful, it should be remembered that
these computer prediction programs provide only an indication
that an amine acid substitution may affect the biclogical activity of
the mature protein. Using these approaches, 93.8% of missense
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DNA substitutions and small DNA rearrangements in the LDIR gene found in Czech FH patients.
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Mutation at No. of PolyPhen 2 result PelyPhen 2 result
No.  Mutation at cDNA level protein level Localization probands Frequency (Hum Div) (Hum Var) SIFT result
1 c.-153C-T° Premoter 1 0.19 = = =
2 C.-149C> A Promoter 7 131 = = =
3 c.-120C>T* Promoter 1 019 - - -
4 c58G > A p.(Gly20Arg) 1 11 2.06 Benign Benign Not telerated
5 c.68-2A>T Splicing defect Intron 1 1 0.19 = = =
6 c100T > G p(Cys34Gly) 2 1 0.19 Probably damaging Probably damaging  Not tolera-ted
7 €131G > A p.(Trpad*) 2 7 131 = = =
8 €.246C>At p.(Cys82*) 3 1 019 = = =
9 c.318_319insC® p.(Lys107GInfs*23) 4 4 0.75 = = =
10 €c325T > C p.(Cys109Arg) 4 2 037 Probably damaging Probably damaging  Not tolera-ted
11 c347 367del21 p.Cys116_Tle121del) 4 1 019 = = =
12 €.369_370delITC p.(Ser12315*6) 4 1 019 = = =
13 c.388T>C° p{(Ser130Pro) 4 2 037 Benign Benign Not telera-ted
14 €.420G>C° p(Glu140Asp) 4 5 093 Probably damaging Probably damaging  Not tolera-ted
15 cd27T > C p.(Cys143Arg) 4 1 019 Probably damaging Probably damaging  Not telera-ted
16 c445G > T p{Gly149Cys) 4 1 019 Probably damaging Possibly damaging  Not telera-ted
17 c.472detT® p.(Ser158Profs*48) 4 1 019 = = =
13 c501C> A p.(Cys167*) 4 1 0.19 = = =
19 c.515A > G p(Aspl72Gly) 4 1 0.19 Probably damaging Probably damaging  Not tolera-ted
20 €527G>Tt p.(Gly176Val) 4 5 0.93 Probably damaging Probably damaging  Tolera-ted
21 ¢530C > T° p.(Ser177Leu) 4 7 131 Probably damaging Probably damaging  Not tolera-ted
22 €542C > GP p.(Pro131Arg) 4 2 037 Probably damaging Probably damaging  Tolera-ted
23 c578delA p(Asp193Alafs*13) 4 2 037 = = =
24 c.625_626dupTG® p.(Cys209f5*57) 4 1 019 = = =
25 C.626G>A? p.(Cys209Tyr) 4 18 336 Probably damaging Probably damaging  Not tolera-ted
26 c.654_656del p.(Gly215del} 4 6 112 = = =
27 cB62A > G p.(Asp221Gly) 4 12 224 Probably damaging Probably damaging  Not tolera-ted
28 cB76T » C p.(Ser226Pro) 4 1 019 Probably damaging Probably damaging  Not telera-ted
29 c681C> G p.(Asp227Glu) 4 1 0.19 Probably damaging Probably damaging Not telera-ted
30 682G > A p.(Glu228Lys) 4 1 019 Probably damaging Probably damaging  Not tolera-ted
31 cB91T > G p.(Cys231Gly) 4 1 019 Probably damaging Probably damaging  Not tolera-ted
32 ©B93C> A p.(Cys231%) 4 1 019 = = =
33 ¢761A > C° p.(GIn254Pro) 5 1 0.19 Probably damaging Probably damaging Not telera-ted
34 796G > A p.(Asp266Asn) 5 1 019 Probably damaging Probably damaging  Not tolera-ted
35 c.798T > AP p.(Asp266Glu} 5 88 1645 Probably damaging Probably damaging  Not telera-ted
36 c.808T>C" p(Cys270Arg) 5 1 019 Probably damaging  Probably damaging  Not tolera-ted
37 c.815A > C p(Asn272Thr) 5 2 037 Benign Benign Tolera-ted
38 c.817+1G > A Splicing defect Intron 5 1 019 = = =
39  c828C>A p.(Cys276") 6 6 112 = = =
40 c.846C > A p(Phe282Leu) 6 1 019 Probably damaging Probably damaging  Not tolera-ted
41 862G =T p.(Glu288*) 6 1 019 = = =
42 c.880_881delAA’ p.(Lys294Serfs®6) 6 1 019 = = =
43 c.896delC® p.(Ala299Valfs*71) 6 1 019 = = =
44 910G > A p.(Asp304Asn) 6 2 037 Probably damaging  Possibly damaging  Not tolera-ted
45 c917CGP p.(Ser306*) 6 6 112 - - -
46 c.919G > A p(Asp307Asn) 6 1 0.19 Probably damaging Probably damaging  Not telera-ted
47 c939C> A p.(Cys313*) 6 2 037 = = =
48 c.840+1G > C Splicing defect Intron 6 1 019 = = =
49 c7A > C p.(Asn316Thr) 7 1 0.19 Probably damaging  Probably damaging  Not tolera-ted
50  ©949G =T p.(Glu317%) 7 2 037 = = =
51 €.970delGP p.(Gly324Alafs*46) 7 2 0.37 = = =
52 cO977C> G p(Ser326Cys) 7 1 019 Probably damaging  Possibly damaging  Not tolera-ted
53 986G > A p.(Cys329Tyr) 7 1 019 Probably damaging Probably damaging  Not telera-ted
54 c. 1013G = A p.(Cys338Tyr) 7 1 019 Probably damaging Probably damaging  Not tolera-ted
55 c.1024G > T p{Asp342Tyr) 7 1 019 Possibly damaging  Benign Not telera-ted
56 C1048C =T p.(Arg350%) 7 2 037 = = =
57 ¢.1055G = A p.(Cys352Tyr) 7 1 0.19 Probably damaging Probably damaging  Not tolera-ted
58  c.1053_1060dup® p.(Asp354£5*19) 7 1 019 = = =
59 c.1061A > C p(Asp354Ala) 8 9 1.68 Probably damaging Probably damaging  Not tolera-ted
60 c.1091G > C p(Cys364Ser) 8 1 0.19 Probably damaging Probably damaging  Not tolera-ted
61 c1133A > C p.(GIn378Pro) 8 1 019 Benign Benign Not telera-ted
62 c.1151_1159delAGCTGGACC p.(GIn384_Asp386del) 8 1 0.19 = = =
63 €.1205_1207delTCT p.(Phe403del) 9 4 075 = = =
64 ¢1217G > C p.(Arg406Pro) 9 1 019 Probably damaging Probably damaging  Not tolera-ted
65 c.1222G > A p.(Glu408Lys) 9 1 019 Probably damaging Probably damaging  Not tolera-ted
66 c1223A>T p{Glu408val) 9 3 056 Probably damaging Probably damaging  Not tolera-ted
67 €.1246C > TP p.(Arga16Trp) 9 22 411 Probably damaging Possibly damaging — Not tolera-ted
68 €.1247G > C p.(Argd16Pro) 9 1 019 Probably damaging Probably damaging  Not tolera-ted
69 €.1272_1273ins96" p{Pro424 Asn425ins32) 9 9 168 o o o
70 c.1291G > A p.(Ala431Thr}) 9 1 019 Probably damaging Probably damaging  Not telera-ted
71 c.13584+2T > A Splicing defect Intron 9 6 112 = = =
72 ¢.1367_1376delTTGACAGAGC  p.(Leud56Profs*48) 10 1 0.19 = = =

(contintied on next page)
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Tahle 1 {continued)
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Mutaticn at No. of PolyPhen 2 result PolyPhen 2 result

Ne.  Mutaticn at cDNA level protein level Localization  probands  Frequency {Hum Div) (Hum Var) SIFT result

73 €.1377_1380delCCAC p.(Alad59f5"47) 10 1 0.19 = = =

74 c13MA > G p-(Tyrd465Cys) 10 1 019 Probably damaging Possibly damaging  Not tolera-ted
75 c.1414G =T p.(Asp472Tyr) 10 4 0.75 Probably damaging  Possibly damaging  Not telera-ted
76 ¢.1444G > A pAspd82Asn) 10 3 0.56 Probably damaging Probably damaging  Not tolera-ted
77 c.1474G > A p.(Asp492Asn) 10 5 0.93 Probably damaging Probably damaging Mot tolera-ted
78  cl1510A>T p.(Lys504%) 10 1 0.19 = = =

79 ¢1529C > T pThr510Met) 10 1 0.19 Probably damaging Probably damaging  Not tolera-ted
80 c.1538G > A p.(Arg513Lys) 10 1 0.19 Benign Benign Tolera-ted

81 €.1552A>G" p.(Lys518Glu) 10 1 019 Benign Benign Talera-ted

82 c1533dupA p{Phe5121lefs*24) 10 2 037 = = =

83 c1567G > A p.(Val523Met) 10 7 131 Probably damaging Probably damaging Not telera-ted
84 €.1662_1669dup® p(Thr357Cysfs™3) 11 4 0.75 = = =

85 16726 >T pA(Glu558") 1 1 0.19 = = =

86 c1721G>T p(Arg574Leu) 12 1 0.19 Probably damaging Probably damaging Mot tolera-ted
87 c.1748A > G p.(His583Arg) 12 1 0.19 Probably damaging Probably damaging Not telera-ted
88  c.1751delc® p{Ser584fs*81) 12 1 019 = = =

89 €.1775GA? p.(Gly592Glu) 12 103 19.25 Probably damaging Probably damaging Not telera-ted
90 ¢1822C =T p.(Pro608Ser) 12 1 0.19 Probably damaging Probably damaging  Not tolera-ted
a1 c.1829C > G p-(Ser610Cys) 12 3 0.56 Probably damaging Probably damaging  Not tolera-ted
92 ¢1845+1G > T Splicing defect Intron 12 1 0.19 = = =

93 €.1864G = A p.(Aspb622Asn) 13 1 0.19 Probably damaging Probably damaging  Not tolera-ted
94 c.1865A > G p(Asp622Gly) 13 1 0.19 Probably damaging Probably damaging Mot tolera-ted
95 c1897C =T p.(Argb33Cys) 13 1 0.19 Probably damaging Probably damaging Not tolera-ted
9 ¢1998G>AP p.(Trp666%) 14 1 0.19 = = =

97 ¢.1999T == C p.(Cys667Arg) 14 1 0.19 Probably damaging  Probably damaging  Not tolera-ted
98 €.2023G>A" p.(Gly6755er) 14 3 0.56 Possibly damaging  Possibly damaging  Not tolera-ted
99 2043C > A p.(Cys681%) 14 1 0.19 = = =

100 ©.2054C > TP p.(Pro685Leu) 14 2 037 Probably damaging Probably damaging Mot tolera-ted
101  c.2068delC® p.(His690Thrfs*19) 14 12 224 = = =

102 ¢2093G =T p.(Cys698Phe) 14 2 037 Probably damaging Probably damaging  Not telera-ted
103 c.2096C =T p.(Pro699Leu) 14 1 0.19 Probably damaging Probably damaging Not tolera-ted
104  ¢2101G = A p.(Gly7015er) 14 1 0.19 Benign Benign Not tolera-ted
105 c.2140+2T>C Splicing defect Intron 14 1 0.19 o o o

106 ©.2389G > A p.(Val797Met) 16 2 0.37 Benign Benign Talera-ted
107 c.2390-1G>A Splicing defect Intron 16 1 0.19 = = =

108 c.2396T > G p(Leu799Arg) 17 2 037 Possible damaging  Possible damaging  Not tolera-ted
109 2416 2417insGP p.(Val806Glyfs*11) 17 2 037 = = =

110 ¢.2479G = A p.(Vald27Ile) 17 2 037 Probably damaging Probably damaging  Not tolera-ted

2 Mutations published in our previcus study [12].

b Mutations published in our previous study [13], mutations marked by bold letters were not described in other countries so far.

mutations detected in our FH patients (60 from 64) had an adverse
effect on the LDLR protein according at least one of the programs
used, and the remaining 6.2% missense variants were predicted to
be “benign” and “tolerated”. Nevertheless, the carriers of these
“non-deleterious” variants were included in the group of patients
with the LDLR mutatiocn because (1) another suspected sequence
variant was not found in the LDLR gene and (2} family segregation

Table 2

Large DNA rearrangements in the LDLR gene detected in Czech FH patients.
No. Deletion/duplication No. of probands Frequency
1 Promoter_exldel 1 0.19
2 Promoter_ex2del® 1 0.19
3 Exon3_12del® 1 0.19
4 Exon35_10del® 3 0.56
5 Exon7_8del 1 0.19
6 Excen7_10del 2 0.37
7 Exon7 12del 1 0.19
8 Exon9_14del® 12 2.24
9 Exon9_15del® 9 1.68
10 Exonll_17del 1 0.19
11 Exon13_18del 1 0.19
12 Exonl6_17del 1 0.19
13 Exonl17_3'UTRdel 1 0.19
14 Exon2_6dup? 13 2.43
15 Exon2_15dup 1 0.19
16 Exond 8dup? 2 0.37
17 Exon16_18dup® 6 1.12

® Mutations published in cur previous study [14]; rearrangements marked by
beld letters were not described in other countries so far.

analyses were performed, and although the number of examined
family members was too small for reliable evaluation, lipid profiles
typical for FH segregated with the mutation.

3.2. Statistical analysis of lipid values

In Tables 3 and 4, we present statistical comparisens of lipid
profiles of our FH probands (females and males separately)
adjusted for age with the APOB mutation (APOB+), with the LDLR
mutation (LDLR+), without a detected mutation (LDLR—/APOB-)
(Table 3), with the LDLR PTC-mutation, and with the LDLR non PTC-
mutation {Table 4). These analyses were performed in 1722
probands in whom biochemical data were obtained without any FH
treatment (480 LDLR+ patients, 222 APOB+ patients, and 1020
LDLR—JAPOB— patients). These large cohorts of FH probands allow
us to perform statistical analyses, the results of which show
significant gradients in total cholesterol (LDLR+ > APOB+ = LDLR—/
APOB-), triglycerides (LDLR—/APOB— > LDLR+ > APOB+), and
HDL cholesterol (APOB+ > [LDIR—JAPOB— = LDIR+) without
differences between genders. In the case of LDL cholesterol, the
situation was mildly different. We detected the significant
gradient [DIR+ > APOB+ > LDIR—JAPOB— in women and
LDLR+ > APOB+ = LDLR—/APOB— in men. Lipid profile analyses also
revealed that patients with mutations associated with PTC and/cr
large gene rearrangements have higher total cholesterol and LDL
cholesterol than patients with missense mutations but this effect
was significant only in the case of analysis of all patients adjusted
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Table 3
Lipid characteristics of patients adjusted for age according te diagnesis and sex
stratification.

Characteristics® APOB+ IDIR+ IDIR—{APOB—  pt

Men N =50 N=193 N =320

Age 290(198%  326(180F 392 (17.3) <0.001

LDL cholesterol 598 (098¢  661(139P  6.00(145) <0.001

Total cholesterol ~ 8.07 (100 878 (164  832(146)? 0,001

Triglycerides® 1.01 142 1.85 <0.001
(0.88; 115 (132; 1.52)°  (1.76; 1.94F

HDL cholesterol ~ 1.49(033®  133(032)  137(031)P 0.008

Women N=172 N =287 N =700

Age 352(208F  362(181F  47.4(17.3° <0.001

LDL cholesterol 621(1.26)  731(177F  5.90(129? <0.001

Total cholesterol 844 (1.32)* 9.60 (1.91P 8.27 (1.32)* <0.001

Triglycerides® 1.14 135 1.71 <0.001
(1.07; 1229 (127 1.42)°  (165; 1.77F

HDL cholesteral ~ 1.62(0.42® 153 (039  1.56(039)° 0.050

ab: the same letters denotes groups of patients without statistically significant
differences.

¢ Described by mean (standard deviation).

4 Statistical significance evaluated by ANOVA.

¢ Described by geometric mean (95% confidence interval), statistical significance
evaluated by ANOVA based on log transformed data.

for age and sex (data not shown) and men adjusted for age. No
statistically significant differences were cbserved in the female
group but the same trends as in males were present.

Further, we performed evaluation of cardiovascular events and
tendon xanthomas occurrence in our FH patients {Table 5). The
reliable clinical data were available from 998 probands older than30
years of age. Cardiovascular disease, defined as presence of coronary
heart disease, peripheral artery disease, ischemic stroke, or tran-
sient ischemic attack, were present in 164 of them (16.4%). Cardio-
vascular diseases were more frequent in LDLR+ group (20.8%)
compared with LDLR—/APGB— group (16.0%) and APOB+ group
(7.8%), but only the difference between LDLR+ and APOB+ group
reached statistical significance. Tendon xanthomas were present in
38 patients (3.8%). The highest occurrence was found in LDLR+
group (13.1%), lower in APOB+ group (5.2%), and the lowest in
LDIR—/APOB— group (0.7%). The frequencies differed significantly
between particular groups of patients (for details see Table 5).

In the set of our FH patients, we detected 3 patients with both
LDIR alleles mutated of which 2 were compound heterozygotes,
and 1 was a true homozygote. The lipid profiles and clinical finding
of these patients were not included in the analyses in Tables 3—5.

4. Discussion

In FH, DNA testing has clinical utility in (1) determination of the
unequivecal diagnosis and (2} identification of affected relatives. For

Table 4
Lipid characteristics of patients adjusted for age according to LDLR mutation and sex
stratification.

Characteristics® Nen PTC-mutation PTC-mutation pb
Men N=139 N=51

LDL cholestercl 6.38 (1.19) 7.27 (1.71) <0.001
Total cholesterol 8.60(1.54) 9.31(1.82) 0.008
Triglycerides® 1.43 (1.31; 1.55) 1.37(1.22; 1.54) 0615
HDL cholesterol 1.35 (0.32) 1.30 (0.32) 0412
Women N=220 N=64

LDL cholesterol 7.22(1.72) 7.69 (1.93) 0.065
Tatal cholesterol 9.49 (1.81) 10.01 (2.23) 0.059
Triglycerides® 1.41(1.32; 1.50) 1.18 (1.06; 1.33) 0012
HDL cholesterol 1.54 (0.40) 152 (0.39) 0666

® Described by mean (standard deviation).

P statistical significance evaluated by ¢-test.

© Described by geometric mean (95% confidence interval), statistical significance
evaluated by {-test based on log transformed data.

diagnostic purpeses, it is critically important to determine whether
a recognized sequence variant has a pathogenic effect on the LDLR
protein structure andfor function with caution in order to avoid false
positive diagnosis. Definite criteria are used for ascertainment of
pathogenicity of sequence changes in cases when functional studies
for particular mutations are not performed. The cosegregation of the
IDLRvariant with the FH phenotype inside of the proband’s family is
one of these criteria. Another criterion that can be applied for
determination of pathogenicity of mutations is by using the
computer programs PolyPhen and SIFT. We performed analysis of
missense mutations detected in our FH patients using these
program tools and the pathogenicity of four sequence variants
[p.(Asn272Thr), p.(Arg513Lys), p.(Lys518CGlu}, and p.(Val797Met}]
was indefinite (Table 1). By using PolyPhen 2 and Refined SIFT, these
mutations were evaluated as “benign” and simultaneously “tclera-
ted”, respectively. For confirmation of these findings, we used the
computer program SNPs3D (http://jwww.snps3d.org} and these
were predicted as “benign” once again. LDL cholestercl, total
cholesterol, and other clinical findings in probands carrying these
mutations did not differ from probands with other LDLR mutations.
Further, family screening was used to assess the pathogenicity of
these gene variants, but unfortunately the number of examined
family members was too small for reliable analyses.

Twenty-five variants have been reported in the promoter region
of the LDLR gene (http://www.uclac.uk{ldlr/Currentfindex.php?
select_db=LDLR). In the set of Czech FH probands, we detected
three promoter mutations. In two of these (c.-153C > T and c.-
120C > T), we performed functional characterization through the
use of transfection of HepG2 cells and the luciferase reporter assay
[12]. In the mutation ¢.-149C > A, the functional characterization
was not done but this mutation {as well as ¢.-153C > T) affects the
sterol-regulatory-element binding site and thus presumably has
the same or a similar effect as ¢.-153C > T. Further, we detected 7
types of LDLR mutations that disrupt the exon—intron consensus
splice sequences. The causal effect on mRNA splicing was
confirmed using the in silico prediction tools NetGene2 (http://
www.chs.dtu.dkfservicesfNetGene2} and NNSPLICE (http://fwww.
fruitfly.org/seq_tools/splice.html).

Analysis of DNA by MLPA was found to be a simple, rapid and
robust mean of detecting major rearrangements in LDLR. Totally, we
detected 17 types of large gene rearrangements (13 deletions and 4
duplications), 3 of which are novel not described in the literature so
far. In eight types of gene rearrangements, we performed sequence
analysis of deletion/duplication breakpeints and determined that
non-allelic homologous recombination {NAHR} between Alu
elements is involved in 6 events, while non-homologous end
joining (NHE]) is implicated in 2 rearrangements. Our study thus
described for the first time NHE] as a mechanism involved in
genomic rearrangements in the LDLR gene [14].

Across nations, the spectrum of LDLR gene mutations is mostly
complex. In populations such as Ashkenazi [15] and Sephardic [16]
Jews, Icelanders [17], or Finns [18] a few mutations predocminate
due to founder effects. In countries such as France [19], Poland [20],
Germany [21], Netherlands [22], or Austria [23] many more
mutations produce a highly heterogeneous picture. In the Czech
Republic, we found 127 different mutations, three of which account
for 39.8% of FH cases. In Table 6, we present the most frequent LDLR
mutations and their frequencies in European countries adjacent to
the Czech Republic for which data concerning the DNA analysis of
LDLR are known. It is notable that the most frequent mutation in
Czech FH patients p.{ Gly592Gluj is also the most common in Poland
and that the second most common mutation p.(Asp266Glu) is the
most common in Germany and Austria.

The frequency of detected mutations in patients with FH varies
from 30 to 90% in recent studies and depends mainly on the clinical
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Table 5
Occurrence of cardiovascular events and tenden xanthomas.
All APQOB+ LDIR+ LDLR—[APOB—
Clinical cccurrence (N =0998) (N=77) (N=221) (N=700) p (APOB+ vs. IDIR+)  p (APOB+ vs. LDIR—fAPOB—) p (LDLR+ vs. LDLR—/APOB—})
CHD 130(13.0%) 5(6.5%) 40(18.1%) 85(12.1%) 0.014 0.142 0.024
PAD 19 (1.9%) 0(0.0%) 7 (3.2%) 12 (1.7%) 0.114 0247 0.185
Stroke 41 (4.1%) 1(13%)  12(54%) 28 (4.0%) 0.126 0235 0363
Any cardiovascular event 164 (164%) 6(7.8%) 46 (20.8%) 112 (16.0%) 0.010 0057 0.098
Tendoen xantoemas
All 38 (3.8%) 4(5.2%) 29(131%) 5(0.7%) 0.056 0.005 <0.001
<43 years N=148 N=20 N=66 N=62
6 (4.1%) 1(5.0%) 5 (7.6%) 0(0.0%) 0.692 0077 0.027
=43 years N=850 N =257 N=155 N=1638
32(3.8%) 3(5.3%) 24(155%) 5(0.8%) 0.043 0.002 <0001

Only patients older than 30 years of age with reliable clinical data were included. Data for tenden xanthemas are presented for group of all patients and for patients younger/
clder than 45 years separately. CHD = coronary heart disease {includes myccardial infarction, angina pectoris, coronary artery bypass grafting or percutaneous corenary
intervention); PAD = peripheral artery disease (peripheral arterial bypass graft or peripheral percutanecus transluminal angioplasty); stroke includes ischemic stroke and
transient ischemic attack. Statistical significance evaluated using maximal likelihcod chi-square test

criteria used for diagnosis [24,25]. In this study, the detection rate
of LDIR and APOB mutations was 35.7% of the total number of
probands estimated to be FH. In the group of probands selected on
the basis of the criterion {1} and {2} {see Material and Methods 2.2.),
we detected mutations in 40.6% patients (28.0% had the LDIR
mutation and 12.6% the APOB mutation) and 19.8% patients (10.5%
with the IDIR mutation and 9.3% with the APGB mutation),
respectively. It was impossible to identify a mutation associated
with FH for 64.3% of the patients. Possible explanations are (1) gene
defects associated with raised LDL-cholesterol levels hide in other
genes involved in lipid metabolism, or (2) patients are clinically
misdiagnosed with FH. To address the point 1, we performed
sequence analysis of the PCSK9 gene in 40 selected probands sus-
pected to be FH and without the APOB mutation or a LDLR mutation
but a causal PCSK9 mutation was not detected. Concerning the
point 2, we decided to choose clinical and biochemical criteria for
inclusion of patients in the FH set which enable us to detect
mutations with a high sensitivity, although with a lower specificity.

Not surprisingly and in concordance with other authors, we
demonstrated higher age-adjusted total and LDL cholestercl levels
in LDIR+ patients compared with APOB+ and LDLR—/APOB—
patients [26—30]. While total cholesterol in both males and females
and LDL chelesterol in males did not show any significant difference
between APOB+ and LDLR—/APGB— groups, LDL cholesterol in
females was significantly higher in the APOB+ compared with
LDILR—/APOB— group in our study. Considering TG and HDL
cholesterol levels, data in the literature are more conflicting. No

Table 6
The most frequent mutations of the IDLR gene detected in selected Eurcpean
countries and their frequency.

Total % of three

Total amount of  Three most most frequent
Country, detected LDLR frequent mutations mutaticens from
references variants (frequency) all mutation
Czech Republic 127 p(Gly592Glu) (19.3) 3938
p(Asp266GIu) (16.4)
p(Cys209Tyr) (4.1)
Poland, [20] 71 p(Gly592Glu} (22.5)  37.3
Exond 8dup (9.5)
p(Asp221Gly) (5.3)
Germany, [21] 77 p(Asp266Glu) (3.7) 9.9
p(Glu228*) (3.1)
€313 +1G > AJC (3.1)
Austria, [23] 100 p(Asp266Glu) (11.1) 26.2

p.(Asp200Gly) (5.9)
p.(Asp157Asn) (4.6)
p(Valdg5deld7) (4.6)

differences in TG and HDL concentrations were reported in large
cohorts between LDLR+, APOB+ and LDLR—/APOB— groups in the
studies [27,28], while higher TG and lower HDL cholesterol was
demonstrated in LDLR— compared to LDLR+ patients in another
study [29]. HDL cholesterol was higher in our APOB+ patients
compared with other two groups, but no differences were shown in
HDL cholesterol between the LDLR+ and LDLR—/APOB— groups.
However, we showed a clear gradient in TG levels with the highest
concentrations in the LDLR—/APOB—, lower in the LDIR+ and the
lowest in the APOB+ group. The differences in total cholesterel, LDL
cholesterol and TG levels between LDLR+ and LDLR—/APOB—
patients may support the assumption that another cause of dysli-
pidemia rather than the LDLR mutation is present, although not
identified, in our LDLR—/APOB— group of patients. This observation
underlines the relevance of genetic testing in FH for clinical practice
and for screening purposes where early and correct diagnosis is
very important for early and effective treatment, and also for
research where the proper definition of study subjects is essential.

Concerning PTC- and non-PTC-mutation status, most studies
showed higher total and LDL cholestercl levels [31—34] and higher
frequency of cardiovascular events [31,33], in PTC-mutation
carriers. The occurrence of tendon xanthomas [33] and the
tendency to lower intima-media thickness of the common carotid
artery [34] were reported to be more frequent in PTC-mutation
carriers. However, several studies failed to show higher total
cholesterol and LDL chelesterol levels in patients with LDLR PTC-
mutations [35,36]. In our study, we were able to demonstrate
statistically significant differences in total and LDL cholesterol
levels between PTC and non PTC-mutation carriers only in males,
although similar trends were present also in females. A similar
heterogeneity in published studies can be noted in comparison of
HDL cholesterol in patients with PTC and non PTC-mutations. We
found no differences in HDL levels in concordance with [32,37],
while [26,31,36] showed lower HDL cholestercl in PTC-mutation
carriers. Concerning TG levels, Gudnason et al. [32] reported
higher levels in non PTC-mutation carriers compared with PTC-
mutation carriers, but most studies showed no differences
[26,31,36,37]. In our study, no significant differences were detected
between the groups in males, but higher TG levels were noticed in
female non PTC-mutation carriers.

The most serious consequence of FH is a premature clinical
manifestation of atherosclerosis. The occurrence of cardiovascular
events and tendon xanthomas was 16.4% and 3.8%, respectively, in
the set of our FH patients older than 30 years of age. The highest
incidence of both was recorded in the LDLR+ group (20.8% and
13.1%)}, in which also the highest level of LDL cholesterol was
demonstrated. Besides a key role for LDL cholesterol, other risk
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factors were described to be involved in clinical manifestation of
atherosclerosis and tendon xanthomas occurrence in FH subjects,
like gender, smoking, hypertension, diabetes, lifestyle, other lipo-
protein phenotypes, sequence variations of genes having a role in
lipid metabolism, etc. [35,38—41].

In conclusion, our study presents a large set of Czech patients
with FH diagnosis in which DNA diagnostics was performed. This
allowed us to accomplish statistical analysis of clinical and
biochemical data and to find significant relationships between gene
defects and clinical status of the relevant patients. Based on our
experience with the multistep FH diagnostic protocols, we believe
that the most suitable FH diagnostic procedure for our population
comprises (1) detection of the most common mutation in the APOB
gene, (2} direct sequencing of the LDLR gene, and (3) MLPA of the
LDLR gene. Alternatively, the genotyping DNA microarray covering
mutations detected in a population can be used, followed by
a direct sequencing and MLPA in samples negative after microarray
analysis. In practice, we have tested such approach [42], but
this protocol does not seem to be faster and cheaper compared with
the protocol in that LDLR sequencing is performed in the second
step of analysis [after detection of the mutation p.Arg3527CIn)
in APGB].
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Objective: Familial hypercholesterolemia (FH) is an inborn disorder of lipid metabolism characterised by
elevated plasma concentrations of low-density lipoprotein cholesterol and total cholesterol. This imbal-
ance results in accelerated atherosclerosis and premature coronary heart disease. The early identification
and treatment of FH patients is extremely important because it leads to significant reduction of bath
coronary morbidity and mortality. FH is transmitted in an autosomal dominant manner and associated
predominantly with mutations in the genes encoding the low-density lipoprotein receptor (LDLR) and its

IF(gnv;,IEiZldi:yperchulesterolernia ligand apolipoprotein B (APOB). To date, more than 1000 sequence variants have been described in the
LDIR gene LDLR gene. In marked contrast to LDLR, only one APOB mutation is prevalent in Europe.
Microarray Methods and resulrs: The aim of this study was, on the basis of data obtained by the molecular genetic

analysis of 1945 Czech FH probands, to propose, generate, and validate a new diagnostic tool, an APEX
(Arrayed Primer EXtension )-based genotyping DNA microarray called the FH chip. The FH chip contains
the APOB mutation p.Arg3527Gln, all 89 LDLR point mutations and small DNA rearrangements detected in
Czech FH patients, and 78 mutations frequent in other European and Asian FH populations. The validation
phase revealed the sensitivity and specificity of this platform, 100% and 99.1%, respectively.

Conclusions: This FH chip is a rapid, reproducible, specific, and cost-effective toal for genotyping, and in
combination with MLPA (multiple ligation-dependent probe amplification) represents a reliable molec-

APEX reaction

ular genetic protocal for the large-scale screening of FH mutations in the Czech population.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Familial hypercholesterolemia (FH) is an inborn disorder of
lipid metabolism characterised by elevated plasma concentra-
tions of low-density lipoprotein cholesterol and total cholesterol.
This imbalance gives rise to tendon xanthomas, xanthelasmas,
arcus lipoides corneae, accelerated atherosclerosis, and premature
coronary heart disease. The early identification and subsequent
treatment of FH patients with effective lipid-lowering agents is
extremely important, as this has beenshown to significantly reduce
both coronary morbidity and mortality [1]. MedPed (Make early
diagnoses to Prevent early deaths in medical pedigrees) is an

* Corresponding author at: Centre of Molecular Biology and Gene Therapy, Uni-
versity Hospital Brno, Cernopolni 9, CZ-62500 Brno, Czech Republic.
Tel.: +420 549494003; fax: +420 549492654
E-mail address: lenkafajkusova@volny.cz (L. Fajkusova).

0021-9150/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016]j.atherosclerosis.2011.01.023

international project joining together experts from more than 30
countries of the world working in the field of diagnosis and treat-
ment of adults and children with high cholesterol disorders. In the
Czech Republic, the project is coordinated by the Czech Atheroscle-
rosis Society.

FH is transmitted in an autosomal dominant manner and
associated with mutations in the genes encoding the low-
density lipoprotein receptor (LDIR, MIM#143890) [2] and its
ligand apolipoprotein B (APOB, MIM#144010) [3]. Certain gain-of-
function mutations in the gene encoding the proprotein convertase
subtilisin kexin 9 (PCSK9, MIM#603766) also lead to FH, while
other PCSK9 mutations can cause hypocholesterolemia [4]. The fre-
quency of heterozygous FH in most populations is about 1/500,
while homozygous FH is rare (<1/1,000,000). The LDIR gene is
located on chromosome 19p13.2, spans 45 kb, contains 18 exons,
and encodes a 160 kDa mature protein which regulates the uptake
and degradation of LDL particles by hepatic cells [5]. To date, more
than 1000 unique sequence variants have been identified in LDLR
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Mutation p.Trpd4X (¢.131G=A) inthe LDLR gene
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Fig. 1. Microarray APEX analysis of the mutation p.Trp44X (c.131G>A) in the LDLR gene using Genorama genotyping software. Signal intensities of the sense and antisense
probe for the mutation p.Trp44X are detected in four channels which relate to fluorescently labeled dideoxynucleotides A, C, G, T. Signals of the sense and antisense probe
are visualized in duplicate. The letters to the right of the histogram indicate the bases identified on each strand. Histogram for patient 1 represents the wild type reference
for the mutation p.Trp44X, whereas patient 2 carries the mutant allele (additional signal in the A channel of the sense probe and in the T channel of the antisense probe).

{database website http:ffwww.ucl.ac.uk/fh), including 65% of point
mutations, 24% of small DNA rearrangements (<100 bp)and 11% of
large DNA rearrangements (>100bp). The detection rate of LDLR
and APOB mutations varies from 30% to 60% of the total number
of patients estimated to be FH, and depends mainly on the clinical
criteria used for diagnosis [6].

The molecular genetic analysis of the LDIR gene utilizes
mainly PCR-RFLP (restriction fragment length polymorphism)
for the detection of the most common mutations, PCR-direct
sequencing for the mutation scanning, and MLPA (multiplex
ligation-dependent probe amplification) for the detection of large
gene rearrangements. However, the molecular genetic analysis
of the whole LDLR coding region is highly time-consuming con-
sidering the number of patients with a suspicion of FH. In the
years 2000-2009, we performed molecular genetic analysis 0f 1945
unrelated Czech FH patients: 252 patients (13.0%) had the APOB
mutation p.Arg3527GIn and 443 patients (22.8%) had an LDLR
mutation. On the basis of these data, we proposed a new diag-
nostic tool, an APEX (Arrayed Primer EXtension)-based genotyping
DNA microarray called the FH chip, to speed up mutation screen-
ing in Czech FH patients. We have selected a panel of 90 mutations
detected in Czech FH patients and 78 mutations frequent in other
populations for this microarray [7-30]. In APEX, mutation-specific
probes immobilized on a chip are extended by one fluorescently
labeled ddNTP (the site of the mutation) according to the sequence
of a co-hybridized DNA fragment [31]. The FH chip was validated
using DNA samples with known genotypes, and at the present
time is used as the first step in molecular diagnostics of FH in our
patients.

2, Materials and methods
2.1. Subjects

One thousand nine hundred and forty five unrelated patients
with the diagnosis of FH, submitted to the database of the MedPed
project in the Czech Republic, were analysed for the presence of
mutations in the APOB and LDIR genes. The experimental research
reported in this study has been performed with the approval of the
Ethical Committee of the General University Hospital in Prague,
Czech Republic, and all patients gave their informed consent with
their participation in the study. The cohort of patients in our
study included (1) 1552 patients with untreated total andfor LDL
cholesterol serum levels above the 95th percentile of age, sex and
population-specific values (group 1); (2) 393 patients with ele-
vated total andfor LDL cholesterol in serum but untreated levels
unavailable or not exceeding the 95th percentile of age, sex and
population-specific values, and, in addition, with high clinical sus-

picion of FH based on personal history andfor family history of
premature coronary heart disease and/or elevated total and LDL
cholesterol serum levels in the first degree relatives (group 2).

2.2. Strategy for the identification of mutation spectrum in Czech
FH patients

DNA analysis of FH patients was divided into several consecu-
tive steps: (1) PCR-RFLP detection of the most common mutation in
the APOB gene (p.Arg3527GIn); (2) PCR-RFLP detection of the most
common mutations in the LDIR gene (p.Gly592Glu, p.Asp266Glu,
and p.Arg416Trp); (3) PCR-sequencing of LDLR exon 4 (the exon
with the most frequent occurrence of mutations in Czech FH
patients); (4) MLPA analysis of all LDLR exons; (5) PCR-sequencing
of the promoter and LDIR exons 1, 5,6, 9, 10, 12, 14; and (6) PCR-
DHPLC (denaturing high performance liquid chromatography) of
LDIR exons 2,3,7,8,11,13,15,16, 17, and 18, followed by sequenc-
ing of regions which tested positively. Further DNA analysis incases
where a mutation was found depended on the personal and family
history of hypercholesterolemia: it continued in cases when (1) a
phenotypic manifestation could be associated with the presence of
two FH mutations or (2) a detected missense mutation was new
with an effect on the protein structure and function which was
hard to predict. This diagnostic process is common in FH molecular
genetic testing worldwide.

2.3. Oligonucleotide probes and the FH chip

Two specific oligonucleotide probes (sense and antisense)
were designed for every mutation selected for detection
by the FH microarray according to the LDIR sequence
(http:f/fwww.ucl.ac.ukf{fh). These oligonucleotides have 3'OH
ends immediately adjacent to target nucleotides, which can be
defined as those at which the mutations were found. The melt-
ing temperatures and self-annealing secondary structures were
considered during design of oligonucleotide probes. One or two
mismatches were incorporated into the 5 ends or internal parts
of some probes with a high potential for secondary structure
formation. The melting temperature of the oligonucleotide probes
ranges from 61.5°C to 65.5°C, and the length varies from 18 to
34 bases. In a few cases, the same probe determines two or more
different LDLR mutations. In total, there are 286 different specific
oligonucleotide probes (143 sense and 143 antisense) and 4 dif-
ferent self-elongating probes (serving as internal positive controls
of the APEX reaction) on the microarray. These probes enable the
detection of 168 mutations associated with FH. Oligonuclectide
probes were synthesized with 5-prime &-carbon amino linkers
(Metabion International AG, Martinsried, Germany), diluted to
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Table 1
Mutations in LDLR and APOB genes identified in Czech FH patients.

No. of mutation Gene Mutation (protein level) Mutation (cDNA level) Exon (intron)
1 LDLR c-120C>T Promoter
2 LDLR c-153CT Promoter
3 LDIR p.Gly20Arg C58G>A 1
4 LDLR p.Cys34Gly c100T>G 2
5 LDLR p.Trp44X c131G>A 2
6 LDLR p.Cys82X c246C>T 3
7 LDLR p.Lys107GInfsX23 ©.318_319insC 4
8 LDLR p.Cys109Arg cI26G>A 4
9 LDLR p.Cys116_1le122del c.347_367del 4

10 LDLR p.Ser123fsX6 €.369.370delTC 4

11 LDLR p.Ser130Pro c388T>C 4

12 LDLR p.Glu140Asp c420G>T 4

13 LDLR p.Cys143Arg cR27T>C 4

14 LDLR p.Gly149Cys c445G>T 4

15 LDLR p.Ser158ProfsX48 c.472delT 4

16 LDLR p.Cys167X c501CA 4

17 LDLR pAsp172Gly c515A>G 4

18 LDLR p.Gly176Vval c527G>T 4

19 LDLR p.Serl77Leu c530C>T 4

20 LDLR p.Pro181Arg 54206 4

21 LDLR p.Asp193AlafsX13 c.578delA 4

22 LDLR p.Cys209fsX57 ©.625_626dupTG 4

23 LDLR p.Cys209Tyr c.626G>A 4

24 LDLR p.Glu228Lys cB628G>A 4

25 LDLR p.Gly218del €.652.654delTGG 4

26 LDLR pAsp221Gly c.662A>G 4

27 LDLR p.Ser226Pro c676T>C 4

28 LDLR p.Asp227Glu c681C>G 4

29 LDLR p.Cys231Gly c691T>G 4

30 LDLR p.Cys231X c693CA 4

31 LDLR p.GIn254Pro c761A>C 5

32 LDLR p.Asp266Asn c.796G>A 5

33 LDLR p.Asp266Glu C.798T>A 5

34 LDLR p.Cys270Arg c.B08T>C 5

35 LDLR p.Asn272Thr cB15A>C 5

36 LDLR splicing defect cB17+1CG>A Intron 5

37 LDLR p.Cys276X cB28CA [

38 LDLR p.Phe282Leu c.846C>T 6

39 LDLR p.Glu288X c862G>T 6

40 LDLR p.Lys294SerfsX6 cB30_851delAA 6

41 LDLR p.Ala299ValfsX71 c.896delC 6

42 LDLR p.Asp304Asn c910G>A [

43 LDLR p.Ser306x c917C>G [

44 LDLR p.Asp307Asn c919G>A 6

45 LDLR p.Cys313X c939C-A 6

46 LDLR p.Asn316Thr c947A>C 7

47 LDLR p.Glu317x c.949G>T 7

43 LDLR p.Gly324AlafsX46 c.970delG 7

49 LDLR p.Cys338Tyr c1013G>A 7

50 LDLR pAsp342Tyr ¢.1024G>T 7

51 LDLR p.Arg350x ¢ 1048C>T 7

52 LDLR p.Asp354Ala c1061A>C 8

53 LDLR PpAsp3541sX19 ¢.1053.1060dup 8

54 LDLR p.Cys3645er c1091G>C 3

55 LDLR p.GIn378Pro c1133A>C 8

56 LDLR p.GIn384Pro387delinsPro c1151.1155del9 8

57 LDLR p.Phe403del ¢ 1205_.1207deITCT 9

58 LDLR p.Glud0sVal c1223A>T 9

59 LDLR p.Argd16Trp c.1246C>T 9

60 LDLR p.Arg416Pro c1247G>C 9

61 LDLR p.Pro424 Asn425ins32 c1272.1273ins96 9

62 LDLR splicing defect c135842T>A Intron 9

63 LDLR pAspd72Tyr c1414G>T 10

64 LDLR p.Asp482Asn c1444G>A 10

65 LDLR p.Asp492Asn c.1474G>A 10

66 LDLR p.Arg513Lys c1538G>A 10

67 LDLR p.Lys518Glu c1552A>G 10

68 LDLR p.Val523Met c1567G>A 10

69 LDLR p.Thr557CysfsX3 c.1662_1669dup 11

70 LDLR p.Glud58X c1672G>T 11

71 LDLR p.Ser584fsX81 c.1751delC 12

72 LDLR p.Gly592Glu c1775G>A 12

73 LDLR p.Pro608Ser c1822C-T 12

74 LDLR p.Ser610Cys c1829C>G 12

75 LDLR splicing defect c1845+1G>A Intron 12

76 LDLR splicing defect c1845+1G>T Intron 12
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Table 1 (Continued)

No. of mutation Gene Mutation (protein level) Mutation (cDNA level) Exon (intron)
77 LDLR p.Trp666X c.1998C>A 14

78 LDLR p.Cys667Arg c.1999T>C 14

79 LDLR p.Gly6755er c.2023G>A 14

30 LDLR p.Pro635Leu €.2054C>T 14

81 LDLR p.His690ThrfsX19 c.2064delC 14

82 LDLR p.Cys698Phe c.2093G>T 14

83 LDLR p.Pro699Leu c.2096C>T 14

84 LDLR p.Gly701Ser c2101G>A 14

85 LDLR p.Val797Met C.2389G>A 16

86 LDLR splicing defect c.2390-1G>A Intron 16
87 LDLR p.Lleu799Arg c.2396T>G 17

88 LDLR p.Vals06GlyfsX 11 €.24162417insG 17

89 LDLR p.Val327Ile c.2479G>A 17

90 APOB p.Arg3527Gin c.10580G>A 26

50 .M in 100 mM carbonate buffer (pH 9.0), and spotted (each in
duplicate) onto the microarray slide coated with 3-aminopropyl-
trimethoxysilane plus 14-phenylenedi-isothiocyanate with a
BioRad VersArray (BioRad Laboratories, Hercules, CA). The spotted
FH chips with dimensions of 24 mm x 60 mm x 0.15mm were
blocked with 1% ammonia solution and stored at 4°C. The FH
microarrays were produced by Asper Biotech Ltd., Tartu, Estonia.

2.4. Template preparation for the FH chip

The ability of the FH chip to discriminate between mutant and
wild-type alleles of the LDLR gene was tested during the validation
phase. DNA samples of FH patients with known genotypes were
used for validation of 89 LDIR mutations and one APOB mutation
whose detection is possible on the FH chip. For validation of 78
mutations frequent in other populations, mutated primers were
designed and PCR products carrying the analysed mutations were
generated to test the correct function of microarray probes.

One exon of APOB, 15 exons of LDLR, and the LDLR promoter (all
harboring the analysed mutations) were amplified in 4 indepen-
dent PCRs using primers listed in Supplementary File. Amplification
reactions comprised 250 ng of DNA, 0.4-1.6 pwmol/l primers (Invit-
rogen, CA, USA), 0.2mmol/l dNTPs with 20% of deoxyuridine
triphosphate (dUTP) (Roche, Basel, Switzerland), 1.5 mmolfl MgZ*,
2.5units of Tag polymerase, and 1x Taq polymerase buffer (Fer-
mentas International, Vilnius, Lithuania) in a total volume of 50 p.l.
The multiplex PCRs were performed with the initial denaturation
step at 94 °C for 7 min, followed by 30 cycles at 94 °C for 305, 58 or
62°C for 60s, 72°C for 30s, and final extension at 72°C for 7 min.
Multiplex PCR products were pooled and purified by QlAquick PCR
Purification kits (Qiagen GmBH, Hilden, Germany) into a volume of
40 1. Fragmentation of PCR products was performed by 1.5 units of
Thermolabile uracil N-glycosylase (Epicentre Technologies, Madi-
son, WI) and degradation of unincorporated dNTPs by 1 unit of
Shrimp alkaline phosphatase (GE Healthcare UK Ltd., Amersham,
UK) at 37°C for 1h followed by heat denaturation at 95°C for
30 min. The fragmentation of target DNA was checked on a 2%
agarose gel.

2.5. APEXreaction

Before the APEX reaction, the FH chip was washed in ddH,0
at 95°C and equilibrated at 58 °C for 15 min. The APEX mix con-
tained 35 pul of fragmented and denatured PCR products, 100 pmol
of Cy5-ddUTP, 100 pmol of FITC-ddGTP, 100 pmol of TexasRed-5-
ddATP, 115 pmol of Cy3-ddCTP (Asper Biotech Ltd., Tartu, Estonia),
5units of Thermo Sequenase DNA polymerase, and 1x Thermo
Sequenase reaction buffer (GE Healthcare UK Ltd., Amersham, UK)
in a total volume of 50 wl. The APEX mixture was applied on
the pre-warmed FH chip, covered by a LifterSlip (Thermo Scien-

tific, Waltham, USA), and incubated at 58 °C for 25 min. After the
APEX reaction, the microarray was washed once for 3 min in 0.3%
Alcanox solution (Sigma-Aldrich, St. Louis, USA) at room temper-
ature, and 3 times in ddH;0 at 95°C. The chip was scanned under
12 pl of SlowFade Antifade solution (Invitrogen, CA, USA), covered
by a cover glass, with a Genorama™ Quattrolmager 003 (Geno-
rama Ltd., Tartu, Estonia) [32]. Sequence variants were determined
using Genorama™ 4.5 genotyping software (Genorama Ltd., Tartu,
Estonia). The APEX reaction is simple, based on Sanger’s dideoxyse-
quencing. One of4 terminators (ddATP, ddCTP, ddGTP, and ddUTP)
labeled with a different fluorescent dye is incorporated into the
3‘0OH end of each immobilized probe according to the complemen-
tary sequence of the hybridized DNA fragment. Sequence variants
are determined according to which ddNTP is linked to each probe
[32] (Fig. 1).

3. Experimental results

In the set 0f 1945 probands with the clinical diagnosis of FH, we
detected 252 patients (13%) with the APOB mutation p.Arg3527Gln,
ofwhom 206 (13.3%) belonged to the group 1 and 46 (11.7%) to the
group 2. The rest of the patients (1693 ) were analysed for the pres-
ence of mutations in the LDIR gene: 406 patients (20.9%) carried
a point mutation or a small DNA rearrangement, and 37 patients
(1.9%) had a large DNA rearrangement. With regard to the clin-
ical diagnosis of FH, LDLR gene mutations were detected in 406
patients of group 1(26.2%) and 37 patients of group 2 (9.4%). On the
basis of these results, we designed a genotyping DNA microarray
for the simultaneous screening of known LDLR and APOB mutations
to speed up the molecular genetic diagnostics of FH.

The present version of the FH chip contains the APOB mutation
p.Arg3527GIn, all LDLR point mutations and small DNA rearrange-
ments detected in Czech FH patients (89 types, Table 1)and 78 LDIR
mutations frequent in other European and Asian FH populations
(Table 2).

After the first validation phase, DNA analysis of 90 Czech
patients carrying all APOB and LDLR mutations detected in the
Czech FH population and 78 LDLR-mutated DNA samples carry-
ing mutations frequent in other populations, 21 oligonucleotide
probes (from the total number of 286) provided no or a weak
fluorescence signal and so were redesigned. After the second val-
idation phase, the analysis of DNA samples carrying mutations
tested by the redesigned probes, 6 probes still remain with negative
signals (c.1-206C>T_sense, p.G20R_sense, p.Ser130Pro_antisense,
p.Cys143X sense, p.C167X_sense, p.Asp386Glu_sense). Despite this,
the appropriate mutations are reliably determined by the pairing
probe on the microarray. The fact that some oligonucleotide probes
do not provide a fluorescent signal is likely caused by formation of
secondary structures andfor the presence of repetitive sequences
[33].
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Table 2
LDLR mutations frequent in different populations selected for the FH chip.

Mo. of Gene Mutation (protein Mutation (cDNA level) Exon (intron) Reference
mutation level)

1 LDLR c.1-206CT Promoter |7.8]

2 LDLR c.1-156C-T Promoter [7]

3 LDLR c1-142C6T Promoter 171

4 1LDLR . 1-138T>C Promoter [7]

5 LDLR . 1-138delT Promoter [7]

6 LDLR c.1-137CT Promoter [7]

7 1LDLR c.1-136C-T Promoter 7]

8 LDLR p-Met1Val c-21A>G 1 19]

9 LDLR p.Cys27Trp c8106-G 2 17]
10 LDLR p.Cys27X cBICA 2 [10]
11 LDLR p.Glu31X c91G>T 2 17]
12 LDLR p.GIn33X c97C-T 2 [11]
13 LDLR p.Cys 39MetfsX13 c.114.115insA 2 17.12]
14 LDLR slicing defect c.191-2A>GC Intron 2 [13]
15 LDLR p.Trp87Gly c.259T>C 3 [7.14]
16 LDLR p-Ser99x c.296C-C 3 17.8,15]
17 LDLR p.Glul01Lys c301G>A 3 17]
18 LDLR p-Glul01X c301G>T 3 17]
19 LDLR p-Glul01SerfsX115 c.301delG 3 17]
20 LDLR splicing defect C.313+16>A Intron 3 [7.9]
21 LDLR splicing defect c.313+1G>C Intron 3 [7.9]
22 LDLR splicing defect c.313+1G>T Intron 3 [16]
23 LDLR splicing defect c.313+42T>C Intron 3 [7.13]
24 LDLR p-.Cys116Arg c.346T>C 4 17]
25 LDLR p.Ser123Thr c.367T>A 4 [17]
26 LDLR p-Phel26Tyr cI7TTIT>A 4 117]
27 LDLR p-Glu140Lys c418G>A 4 18]
28 LDLR p.Glul40x cHBG>T 4 [19]
29 LDLR p.Cys143X cA29C-A 4 171
30 LDLR p.Cys148Arg c4402T>C 4 171
31 LDLR p.Phe200Leu c.600C~A 4 19]
32 LDLR p.Phe200LeufsX199 c.600delC 4 [13]
33 LDLR p.Glu2238¥ c.682G>T 4 [7.9.11]
34 LDLR p-Glu223GlIn c.682G>C 4 120]
35 LDLR p.Ser286Arg C.858C-A 6 17.17)
36 LDLR p.Ser306Leu c917CT 6 113]
37 LDLR p.Pro309LysfsX49 €.925.931delCCCATCA 6 17.11)
38 LDLR p.Lys311Arg c932A>G 6 17.13]
39 LDLR p. Lys311fsX59 c.933delA 6 171
40 LDLR p.Lys311ArgfsX20 c.932_933delAA 6 121]
41 LDLR p.Cys313Trp c.939C-C 6 171
42 LDLR p.Cys 329Gy c.985T>G 7 122]
43 LDLR p.Cys 329Tyr C.986G>A 7 [11,13.23]
44 LDLR p-Cys338Ser c1012T>A 7 18]
45 LDLR p.Cys338Arg c1012T>C 7 |124]
46 LDLR p-Cys338Cly c1012T>G 7 125]
47 LDLR p.GIn366Pro c.1097A>C 8 |26]
48 LDLR p-GIn366Arg c. 1097A>C 8 17.8]
49 LDLR p.Gly373Asp c1118G>A 8 [19]
50 LDLR p.Gly373Val c1118G>T 8 [16]
51 LDLR p.Cys379Tyr . 1136G>A 8 112]
52 LDLR p.GIn384x ¢ 1150C>T 8 1727)
53 LDLR p-Asp386Clu c1158C>C 8 17.27)
54 LDLR p.Ler401His c1202T>A 9 17,11]
55 LDLR p.leud14Arg c1241T>G 9 23]
56 LDLR p.lle423Thr c.1268T>C 9 17]
57 LDLR p-Asp433His c.1297G>C 9 [28,29]
58 LDLR p.Asp433Tyr ¢ 1297G>T 9 [25]
59 LDLR p.T434M c1301CT 9 [17]
60 LDLR p.T434K c 1301C-A 9 [17]
61 LDLR p-T434R ¢ 1301C-G 9 112,13)
62 LDLR splicing defect c1359-1G~A Intron 9 [7.13]
63 LDLR plled73fsX64 c.1415.1418dup 10 17]
64 LDLR p-Asp482His c.1444G>C 10 17]
65 LDLR p-Gly549Asp c. 1646CG>A 11 171
66 LDLR p.Gly549Val c.1646G>T 11 [12,14]
67 LDLR p.Asn564Asp c. 1690A>G 11 [7.13,20]
68 LDLR p.Asn564His c.1690A>C 11 [14]
69 LDLR splicing defect . 1845+2T>C Intron 12 [18]
70 LDLR p.Trp666Leu c.1997G>T 14 17]
71 LDLR p.CysB81X c.2043CA 14 17]
72 LDLR p.Cys681Trp c.2043C-G 14 130]
73 LDLR p-Cys698Tyr c.2093G>A 14 28]
74 LDLR splicing defect c.2312-3C-A Intron 15 [28]
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Table 2 (Continued)

No. of Gene Mutation {protein Mutation (cDNA level) Exon (intron) Reference
mutation level)

75 LDLR p.Val797Leu c2389G>T 16 [25]

76 LDLR p.Lys811x c.2431A>T 17 [18.28]
77 LDLR p.Asn825Lys c.2475CA (G) 17 [12]

78 LDLR p.Gly844Asp c2531G>A 17 171

The sensitivity of the FH chip to detect selected mutations was
verified by analyzing 168 DNA samples with a known genotype.
The overall sensitivity for all tested mutations (true positive/true
positive + false negative) was 100%. The specificity of the FH chip
(true negativeftrue negative + false positive) was 99.1%. Two false
positives were found ina total of 230 true negative samples. A blank
sample (without DNA) was used to test each FH microarray batch
for unspecific signals from probes. False positives can be explained
by the use of the genotyping software — when the signal is interme-
diate between negative and positive, the software can scores this
as positive.

Further, we performed a blind screening of 237 patients clini-
cally diagnosed as FH but with unknown genotype. Using the FH
chip and MLPA, a mutation was detected in 63 of them (26.6%):
16 patients (6.8%) carried the APOB mutation, 39 patients (16.5%) a
LDILR mutation, and 8 patients (3.4%) a large gene deletion or dupli-
cation. Every nucleotide change determined on the FH chip was
verified by direct sequencing to confirm the accuracy of the chip.
In patients with no identified mutation on the FH chip or by MLPA,
DNA analysis of the whole coding region of LDLR (sequencing and
DHPLC) continues.

4. Discussion

The purpose of this study was (1) to develop a DNA genotyp-
ing microarray for the detection of mutations associated with FH
in the Czech population, (2) to evaluate the specificity and sen-
sitivity of the FH chip using previously genotyped DNA samples,
and (3) to apply this platform for the identification of new FH
patients. LDLR mutations spread throughout the whole gene and
the molecular genetic testing of 18 exons and the promotor area
is time-consuming, especially considering the amount of patients
with possible FH diagnosis.

In 2005, Tejedor and co-workers developed a DNA microar-
ray called the Lipochip which enables the detection of mutations
causing FH in the Spanish population [34]. The Lipochip has
been gradually extended and at the present time it enables the
detection of about 250 mutations in the LDLR, APOB, and PCSK9
genes (http://www.progenika.com). In the Lipochip, each muta-
tion is analysed by two pairs of oligonucleotide probes specific for
the wild-type and the mutant sequence. Target bases are always
located in central positions of oligonucleotide probes. The ability of
allele-specific probes to differentiate the sequence variants depend
on hybridization conditions, nucleotide sequences which flank a
site of mutation, and secondary structures of probes. The spectrum
of selected LDLR mutations on the Lipochip and the microarray
technology and methodology were different from those in our
study. We compared 191 LDLR mutations present on the Lipochip
and published by Alonso et al. [35] with LDLR mutations incident in
the Czech FH population, and found that only 17 mutations were
identical for both groups.

We therefore prepared and subsequently validated a genotyp-
ing DNA microarraywhich is suitable for the detection of mutations
associated with FH in the Czech population. There are 90 mutations
detected in Czech FH patients and 78 mutations frequent in Euro-
pean and Asian FH populations on the FH chip. The FH chip is able to
detect mutations with high sensitivity and specificity in a short time

period (8 h including the template preparation phase) and with a
low cost (29 Euro for the chip). It is possible to extend the FH chip by
addition of new oligonucleotide probes for the screening of other
mutations at anytime. At the other side, the APEX-based microar-
ray has some limitations - it is able to detect only known mutations
(whose detection probes are spotted on the chip) and is not able to
detect large gene rearrangements. For these reasons, patients with-
out a detected mutation on the FH chip are subsequently analysed
using MLPA (detection of large gene deletions and duplications). In
patients with no identified mutation on the FH chip or by MLPA,
DNA analysis of the whole coding region of LDLR (sequencing and
DHPLC) continues.

The APEX-based microarray is a robust technique for screen-
ing of known mutations, and at the present time is used in many
genetic tests (http:/fwww.asperbio.com/genetic-tests); for exam-
ple for the detection of mutations in the ATP7B gene [36], in the
CFIR gene [37], and in the TP53 gene [33]. Total costs and the time
of analysis are important arguments for APEX-based large-scale
population screening. FH diagnosis is usually made on the basis
of clinical and laboratory findings which are often obtained later
in life, and the determination of diagnosis in younger patients can
be difficult. Genetic analysis provides unequivocal diagnosis and
therefore the initiation of treatment as soon as possible. The FH chip
represents a reproducible, sensitive, and specific tool forthe screen-
ing of mutations and togetherwith MLPA can become the basic step
in molecular genetic diagnostics of FH in the Czech population.
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Abstract

Background: Mutations in the [DiR gene are the most frequent cause of Familial hypercholesterolemia, an
autosomnal dominant disease characterised by elevated concentrations of LDL in blood plasma. In mary
populations, large genomic rearrangements account for approximately 10% of mutations in the LDLR gene.

Methods: DNA diagnostics of large genomic rearrangements was based on Multiple Ligation dependent Prabe
Armplification (MLPA). Subsequent analyses of deletion and duplication breakpoints were performed using long-
range PCR, PCR, and DNA sequencing.

Results: In set of 1441 unrelated FH patients, large genomic rearrangements were found in 37 probands. Eight
different types of rearrangements were detected, from them 6 types were novel, not described so far. In all
rearrangerments, we characterized their exact extent and breakpoint sequences.

Conclusions: Sequence analysis of deletion and duplication breakpoints indicates that intrachromatid non-allelic
homologous recombination (NAHR) between Alu elements is involved in & events, while a non-homaologous end
joining (NHEJ) is implicated in 2 rearrangements. Our study thus describes for the first time NHE) as a mechanism

involved in genomic rearrangements in the [D{R gene.
\.

Background

Familial hypercholesteroclemia (FH) is an autosomal
dominant disease, caused predominantly by variants in
the low density lipoprotein receptor (LDLR) gene.
Pathogenic alternations in the LDLR protein cause a
lack of functional receptors for LDL particles on the
liver cell surface and give rise to increased serum LDL-
cholesterol levels. The high LDL-cholesterol level fre-
quently gives rise to tendon xanthomas, xanthelasmas,
arcus lipoides corneae, and accelerated atherosclerosis
resulting from cholestercl deposition in the arterial wall,
thereby increasing the risk of premature coronary heart
disease. The frequency of heterozygous FH in most
populations is about 1/500, homozygous FH is rare (<
1/1000,000) [1]. The identification and treatment of FH

* Correspondence: lenkafajkusova@volny.cz

"University Hospital Brno, Centre of Molecular Bialogy and Gene Therapy,
Cemnapolni 9, CZ-63500 Brno, Czech Republic

Full list of author information is available at the end of the article
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patients and their affected relatives with effective lipid-
lowering agents is important and as this has been
shown to significantly reduce both corenary moerbidity
and mortality [2,3]. Genetic testing is the preferred diag-
nostic method in FH families because it provides an
unequivocal diagnosis [1,4,5]. The LDLR gene is loca-
lized at 19p13.2, is composed of 18 exons spanning 45
kb, the transcript is 5.3 kb long and encodes a peptide
containing 860 amino acids [6]. LDLR mutations have
been reported along the whole length of the gene in FH
patients from around the world. At present, the number
of identified unique LDLR allelic variants is over 1000:
65% of the variants are DNA substitutions, 24% small
DNA rearrangements (< 100 bp) and 11% large DNA
rearrangements (> 100 bp) http://www.ucl.ac.uk/ldlr/
Current/index.php?select db=LDLR and [7].

Genesis of large DNA rearrangements in the LDLR
gene is frequently associated with Alx elements, which
are highly abundant in this particular locus [6,8,9].

© 2010 Goldmanin et al; licensee Bioked Central Ltd. This is an Gpen Access article distributed under the terms of the Creative
Commons Attribution License (http//oreativecommaons.org/dicenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in ary medium, provided the original work is properly cited
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Publication of the human genome DNA sequence has
revealed that there are 98 Alx repeats within the LDLR
gene (95 in intronic sequences and 3 in the 3’untrans-
lated region) and Alu repeats accounted for 65% of
LDLR intronic sequences [10].

Aly is the most abundant short interspersed nuclear
element (SINE) of the human genome, occupying 10%
of the genome content with a copy number estimated to
be at least 1.3 million [11]. Censensus Alx sequence is
approximately 300 bp in length, and consists of two
similar, but distinct monomers. The longer right Alu
monomer contains a 31 bp insert absent from the left
Aly monomer. A functional RNA polymerase IIT promo-
ter is present in the left monomer, but is absent from
the right monomer [12,13]. Alu sequences are regarded
as retrotransposons that have inserted into the human
genome via a single-stranded RNA intermediate gener-
ated by RNA pol III transcription [14]. The Alx dimer is
usually followed by a 3’A-rich region, a typical feature of
SINEs, and the two monomers are separated by a mid-
dle A-rich region, an obvious remnant of an ancestral
monomeric Aly’s 3°A-rich tail [15].

Throughout Alx evolution, the source gene(s) accu-
mulated mutations that were incorporated into the new
copies made, creating new Aly subfamilies. Therefore,
the Alx family is composed of a number of distinct sub-
families characterized by a hierarchical series of muta-
tions that result in a series of subfamilies of different
ages [16-20].

Aly repeat dispersion throughout the genome offers
many opportunities for homologous recombinations.
Nonallelic homologous recombination (NAHR) is the
most common mechanism underlying disease associated
genome rearrangements. NAHR can use either region-
specific low-copy repeats or repetitive sequences (e.g.,
Alu) as homologous recombination substrates [21,22].
Another recombination mechanism causing genomic
disorders is nonhomologous end joining (NHEJ). This
process involves the double strand breakage of DNA fol-
lowed by end joining in the absence of extensive
sequence homology [23-25]. NHE] is associated with
very short stretches of sequence identity (a few bp)
between the two ends of the breakpoint junctions
[22,26,27].

In this study, we present results of analyses of large
genomic rearrangements in Czech FH patients detected
using Multiple Ligation dependent Probe Amplification
(MLPA). In set of 1441 unrelated FH patients, large
genomic rearrangements were detected in 37 probands.
We found 8 different types of rearrangements, from
them 6 types were novel, not described so far. In all
rearrangements, we characterized their exact extent and
breakpoint sequences. The results showed that 6 events
were products of NAHR between Alu repeat sequences.
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The remaining 2 events apparently originated from

NHE].

Methods

Patients

One thousand nine hundred and forty five prebands
with probable or definite diagnesis of FH, submitted to
the database of the MedPed (Make Early Diagnoses to
Prevent Early Deaths) project in the Czech Republic,
were included into the study. MedPed is an interna-
tional project joining together experts from more than
30 countries of the world. In the Czech Republic, the
project is coordinated by the Czech Society for Athero-
sclerosis. Experimental research reported in this study
has been performed with the approval of the Ethical
Committee of the General University Hospital in Prague,
the Czech Republic, and is in compliance with the Hel-
sinki Declaration. All patients gave their informed con-
sent with their participation in the study, which is a part
of each patient’s personal documentation. The text of
the informed consent is available at: http://www.athero.
cz/user_data/zpravodajstvi/obrazky/File/medped/infor-
movany_souhlas.pdf The patient file in our study
include a) patients with untreated total and/or LDL cho-
lesterol serum levels above the 95T percentile of age, sex
and population specific values; b) patients with elevated
total and LDL cholesterol in serum but untreated levels
unavailable or not exceeding the 95 percentile of age,
sex and population specific values, and, in addition, with
high clinical suspicion of FH based on personal history
and/or family history of premature coronary heart dis-
ease and/or elevated total and LDL cholesterol serum
levels in the first degree relatives.

DNA analysis of FH patients is divided into several
consecutive steps: 1) PCR-RFLP detection of the most
common mutation in the APOB gene (p.Arg3527Gln)
[28,29]; 2) PCR-RFLP detection of the most common
mutations in the LDLR gene (p.Gly592Glu, p.
Asp266Glu, and p.Arg416Trp); 3) PCR-sequencing of
LDLR exon 4 (the exon with the greatest occurrence of
mutations in Czech FH patients); 4) MLPA analysis of
all LDLR exons; 5) PCR-sequencing of the promoter and
LDLR exons 1, 5, 6, 9, 10, 12, 14; and 6) PCR-denatur-
ing high performance liquid chromatography of LDLR
exons 2, 3, 7, 8, 11, 13, 15, 16, 17, and 18, followed by
sequencing of positively tested regions.

The break of DNA analysis in case of a mutation find-
ing depends on personal and family history of hypercho-
lesterolemia, the presence of tendon xanthomas,
xanthelasmas, early coronary artery disease and prema-
ture coronary heart disease. The DNA analysis con-
tinues in cases when i) a phenotype manifestation could
be associated with the presence of two LDILR mutations
or ii) a detected missense mutation is new with hardly
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predicted effect on the protein structure and function.
This diagnostic process is common in FH diagnostics
[30,31]. Only data obtained by MLPA analysis are pre-
sent in this study.

Analysis of deletion and duplication breakpoints in the
LDLR gene

DNA was isolated according to the standard salting-out
method. MLPA was performed using SALSA MLPA
KIT P062-C1 LDLR (MRC-Holland), according to the
manufacturer’s instruction, and analysed on CEQ 8000
Genetic Analysis System (Beckman Coulter). To charac-
terize the precise locations of genomic breakpoints, a
number of amplifications and PCR product analyses
were performed. Primers for initial long-range amplifica-
tions are given in Table 1 together with approximate
sizes of PCR fragments of mutated alleles and nested
primers for precise determination breakpoints using
DNA sequencing. Long-range PCR were performed
using Expand Long Template PCR System Kit (Roche)
and PCR amplifying fragments around breakpoints using
AmpliTaq Gold polymerase (Applied Biosystems). PCR
products were purified and sequenced on ABI PRISM
310 DNA-sequencer (Applied Biosystems). Repetitive
sequences were identified using RepeatMasker version-
3.1.5 available at http://www.repeatmasker.crg/cgi-bin/
‘WEBRepeatMasker.

Results

For DNA analysis, 1945 FH probands were selected: 252
probands (13,0%) had the APOB mutation; 186 pro-
bands (9,6%) had the mutation p.Gly592Glu or p.
Asp266Glu or p.Arg416Trp; 66 probands (3,4%) had a

Table 1 Primers for LDLR breakpoint analysis
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mutation in exon 4. 1441 patients were analyzed by
MLPA and in 37 probands (1,9%) a deletion/duplication
was detected. At present time, the DNA analysis con-
tinues in 1404 patients.

Using MLPA, we found 8 types of large genomic rear-
rangements - 5 deletions and 3 duplicaticns (Table 2).
Six types of rearrangements were novel, so far not
described: exon2_6dup, exen3_12del, exon4_8dup,
exon5_10del, exon9_15del, and exonl16_18dup (The ter-
minology used should be read e.g., in exon2 6édup as
duplication of exon 2 to exon 6). Using long-range PCR,
PCR, and DNA sequencing, we analysed breakpoints of
deletions and duplications identified in our FH patients.
In Table 2, we show correct sizes of deletions and dupli-
cations together with terms of repetitive elements sur-
rounding breakpoints. Schematic illustration of
recombination events are given in Figure 1 and 2. As
new rearrangements, we denote deletions/duplications
which have not been described in literature sc far in
terms of exons involved. In this denotation, we do not
take into account the exact sequence position of break-
points determined in this work.

NAHR was detected in six DNA rearrangements (pro-
moter_exon2del, exon2_6dup, exon3_12del, exon9_14-
del, and exon9_15del, exon16_18dup). In four NAHRs
(promoter_exon2del, exen2_6dup, exon9_l4del, and
exonl6_18dup), extensive sequence identity was
detected between the breakpoints. In all four cases, the
rearrangements were caused by recombination between
consensus Afu repeats and novel complete recombinant
Alu sequence was formed in the mutation breakpoint.
In contrast, sequence identity around breakpoints of
rearrangements exon3_12del and exon9_15del was not

Mutation at cDNA
level

Primers for fong-range PCR
{5"'# 3'direction}

Size* Primers for precise breakpoint
(kb} determination
(5'¢ 3'direction}

F: TGTCGCAAATGGCATAAGGAA
R CQGATTTGCAGGTGACAGACA

promoter_ex2del

exon2_edup Fr AGTTCAAGTGTCACAGCGGC

R: GTCTTGGCACTGGAACTCGT
exon3_12del F: CCAGAAGATTCCAGAAATTTCCAG

R: CCTTTCTCC CCTCTCTCTCA
exond_8dup F: CAAGTGCCAGTGTGAGGAAGG

R: CCCTTGGAACACGTARAGACCC
exon5_10del F: CACCTGCATCCCCCAGCTGTGGGC R:

TGGCTGLGACGGITGTCCTGCGAAC
exond_14del F: GGAGTGACTTCAAGGGGTTAAAG

R: AGGTGGCTCAGGCTGGGC
exon9_15del F: CACGTGATCGTCCCGICTA

Re AAATTCTTGTCAACCTACTTGTGC
exon16_18dup F: CGTGAACATCTGCCTGGAGTC

R TCTTCTCATTTCCTCTGLCAGC

20 Fr AAGGCTGCAGTGAAGTATGATGG
R: GAGACGGAGTCTCACTCTGTCG
80 Fr AGTTCAAGTGTCACAGCGGC
R CAAGGTTGGCGTTTTTCATATT
35 F: TGGCTCACTGCAAGCTCCG
R AGGCTGGAGTCCAGTGGTACC
25 Fr CACGTGACTTCAAGGGGTTAAAG
R TTCTCTAAAATGCTTGGGACCA
3.0 F: TITGTACAGACACAGGCTGGTC
R: CAGATGTCACCTGACAGGTACAG
05 F: GGAGTGACTTCAAGGGGTTAAAG
R AGGTGGCTCAGGCTGGGC
0.8 Fr AAATTCTTGTCAACCTACTTGTGC
R: CACGTGATCGTCCCGCCTA
3.0 F: TCGTGTGTGTTGGGATGGGA
R: ACCCCAGTCCCCAAACTAAA

F - forward primer; R - reverse primer; * size of PCR fragment of mutated allele. The genomic sequence of the LDLR gene was obtained from http://www.uclac.

uk/dIr/LOVDv.1.1.0/refseq/LDLR_codingDNAhtml.
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Table 2 Genomic characteristics of deletion and duplication breakpoints in the LDLR gene in Czech FH patients

Mutation at cDNA Mutation at DNA Deletion/ Recombination  Repetitive element 5’/ Repetitive element 3’/ No. of
level level duplication size mechanism class/family class/family probands

promoter_2exondel c.-1823_190 13186bp NAHR AluY/SINE/Alu AluY/SINE/Alu 1
+566del

exon2_6dup c. 67+3968_940 14228bp NAHR AluSx1/SINE/Alu AluSx3/SINE/Alu 9
+296dup

exon3_12del ¢.190+984_1846- 17604bp NAHR FLAM_A/SINE/Alu AluY/SINE/Alu 1
1160del

exon4_8dup €.314-446_1187- 8119%p NHEJ AluSx1/SINE/Alu MER83/LTR/ERV1 1
386dup

exon5_10del c. 695-67_1586 7636bp NHEJ AluJo/SINE/Alu AluSx1/SINE/Alu 4
+371del

exon9_l4del .1186+700_2141- 10291bp NAHR AluYaS/SINE/Alu AluY/SINE/Alu 10
545del

exon9_15del) c.1187- 14110bp NAHR AluJb/SINE/AlU AluSx1/SINE/Alu 8

169_2312-790del
exon16_18dup) 2311 7248bp NAHR AluYb8/SINE/Alu AluSq2/SINE/Alu 3

+1941_*1216dup

Newly described rearrangements are in bold letters; NAHR: nonallelic homologous recombination; NHEJ: nonhomologous end joining.
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Figure 1 Schematic illustration of rearrangements in the LDLR gene including DNA sequence of breakpoints. A: promoter_exon2del, B:
exon2_6dup, C: exon3_12del and D: exon4_8dup. Consensus Alu sequences are depicted as red and blue boxes, their monomer subunits are
given in dark and light tones. Sense orientation is marked by a darker tone of the first monomer of the Alu consensus sequence, the opposite
order marks antisense orientation. MER83 repeat is depicted as a green box. Grey boxes represent sequence overlaps between 5'end and 3" end
of the reference sequence.
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Figure 2 Schematic illustration of rearrangements in the LDLR gene including DNA sequence of breakpoints. A: exon5_10del, B:
exon9_14del, C: exon9_15del and D: exon16_18dup. Consensus Alu sequences are depicted as red and blue boxes, their monomer subunits are
given in dark and light tones. Sense orientation is marked by a darker tone of the first monomer of the Alu consensus sequence, the opposite
order marks antisense orientation. Grey boxes represent sequence overlaps between 5’ end and 3" end of the reference sequence.

so extensive like in previous cases. These mutations
were caused by recombination between an Alu repeat in
monomer status and a consensus Alu repeat (dimer sta-
tus). The recombination between FLAM_A (free left Alu
monomer, size: 133 bp) and AluY (size: 315 bp) was
detected in exon3_12del. The recombination between
Alujb (size: 137 bp) and AluSx1 (size: 311 bp) was iden-
tified in exon9_15del. The deletion breakpoints of both
consensus Alu repeats were localised in right monomer
and so novel complete monomer recombinant Alu
sequence was formed in the mutation breakpoint. Pro-
moter_exon2del, exon2_6dup, exon9_l4del and
exon9_15del were formed between Alu repeats in the
antisense orientation, exon3_12del and exon16_18dup
between Alu repeats in the sense orientation.

NHE] was detected in two DNA rearrangements
(exon5_10del and exon4_8dup). In exon5_10del, the
breakpoint localized in intron 4 was present at the end
of the Alujo repeat in antisense orientation, and the
breakpoint localized in intron 10 was at the end of the
AluSx1 repeat in the sense orientation. In exon4_8dup,

the breakpoint in intron 3 was localized in the MER83
repeat (ERVI family repeat) and the breakpoint in
intron 8 in the AluSxI sequence. There is no sequence
homology between these repeats.

Discussion

The 117 large DNA rearrangements are listed on http://
www.ucl.ac.uk/ldlr/Current/index.php?select_db=LDLR
[7]: 100 deletions and 17 duplications. In the view of 98
Alu repeats within the LDLR gene [10], it is probable that
DNA rearrangement breakpoints are located inside of
Alu repetitive sequences. In the set of our FH patients,
we detected 37 large DNA rearrangements in the LDLR
gene and performed the precise characterization of
breakpoints in all types of deletions and duplications.
Results define most of breakpoints inside of Alu repeats
(except one localised in ERV1I repeat) and NAHR and
NHE]J as responsible for these rearrangements. Our
results thus demonstrate that A/u mediated recombina-
tion leads to massive disturbances in the structural and
functional integrity of the LDLR gene region.
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Promoter _exon2del is 13186 bp long and was detected
in one Czech FH proband. Approximately 20 kb and 18
kb deletions of promoter, exen 1 and 2 were described
previously [32,33]. Exon3_12del detected in one Czech
FH proband was not described previously but deletions
involving exon 3 were identified (exon3del [34],
exon3_5del [35], exon3_6del [34], exon3_8del [36], and
exon3_10del [37]). Exon5_10del was found in 4 Czech
FH probands and was not described previously. Dele-
tions encompassing exon 5 (exon5del and exon5_6del)
were detected in studies [34,38], respectively. Exon% 14-
del was detected in 10 Czech FH probands. Niessen et
al. found exon%_l4del in Danish FH patients and per-
formed also analysis of breakpoints. The correct size of
the deletion described by Niessen was 9713 bp and both
deletion breakpoints were localised in repetitive ele-
ments AluSq [39]. Exon9_14del determined in our FH
prebands sized 10291 bp and breakpoints were localised
in repetitive elements AlxYa5 and AlxY. Exon9 10del
and exon9_12del were also detected in literature [40].
Exon%_15del was present in 8 Czech FH probands and
was not described previously.

All duplicaticns detected in our FH patients were new,
not described so far. Exon2_6dup was detected in 9
Czech FH prebands, exon4_8dup was found in one
Czech FH proband, and exenl6é 18dup was determined
in 3 Czech FH probands. The duplications exon2_8dup,
exond_5dup, and exonlé_17dup were described [41-43].

It is interesting that exon2 6dup and exon% 15del
were not described in literature and on http://www.ucl.
ac.uk/ldlr/Current/index.php?select_db=LDLR, but in
Czech FH patients these are relatively frequent (9 and 8
probands, respectively).

In the above mentioned work, Nissen et al. [39]
described 5 genomic deletions in the LDLR gene and
defined the breakpoints of each deletion. The five dele-
tions were flanked by Alu elements, supporting a muta-
tion mechanism invelving unequal homolegous
recombination between highly similar Ali elements. The
deletion exonl3 15del described by Nissen et al. was
flanked by two AlnSg elements and 15 bp had been
inserted at the site of the deleted DNA. This short
insertion did not show similarity te any interspersed
repeats or any other DNA sequence in the LDLR gene.
However, the sequence shows partial homology to sev-
eral sites in human genome. It is possible to speculate,
that in this particular case, the final sequence arrange-
ment has been generated by a more complex mechan-
ism of double strand break repair, involving several
recombination steps (e.g., resection and invasion of one
DNA strand to a site of a partial homology and its elon-
gation, which was not followed by the single-strand
annealing step of homologous recombination, but
instead by synthesis-dependent NHE]). Alternatively,
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this kind of deletion could have been produced by
NHE] alone, without previcus steps of homologous
recombination). However, this cannot be clearly distin-
guished from the final sequence.

In this respect it should be mentioned that deletion
and duplication spectra as the ocutcomes of recombina-
tion events in a given genomic locus are influenced not
only by the DNA sequence context in the region itself
(e.g., abundance and orientation of repeats and their
variability) [44,45], but also by epigenetic factors. It cor-
responds to the fact that it is chromatin template, not a
naked DNA, which is a subject of recombination. In the
particular case of Alu repeats, the role of heterochro-
matic marks such as DNA methylation, or histone
H3K9 methylation in suppression of recombination by
these elements has been suggested in recent studies
[46-48].

Conclusions

Eight different types of large genomic rearrangements
were detected in the LDLR gene, from them 6 types
were novel, not described so far. Sequence analysis of
deletion and duplication breakpoints indicates that both
intrachromatid non-allelic homologous recombination
(NAHR), and non-homelogous end joining (NHE]) are
involved in LDLR genomic rearrangements. While
NAHR has been described in relation to the LDLR gene,
this study as the first describes NHEJ in LDLR genomic
rearrangements.
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Background: Hyperphenylalaninemia (HPA} is one of the most common inherited metabolic disorders caused
by deficiency of the enzyme phenylalanine hydroxylase (PAH). HPA is associated with mutations in the PAH
gene, which leads to reduced protein stability and/or impaired catalytic function. Currently, almost 700 dif-
ferent disease-causing mutations have been described. The impact of mutations on enzyme activity varies
ranging from classical PKU, mild PKU, to non-PKU HPA phenotype.

Methods: We provide results of molecular genetic diagnostics of 665 Czech unrelated HPA patients, structural
analysis of missense mutations associated with classical PKU and non-PKU HPA phenotype, and prediction of
effects of 6 newly discovered HPA missense mutations using bioinformatic approaches and Molecular
Dynamics simulations.

Resulits: Ninety-eight different types of mutations were indentified. Thirteen of these were novel (6 missense,
2 nonsense, 1 splicing, and 4 small gene rearrangements ). Structural analysis revealed that classical PKU mu-
tations are more non-conservative compared to non-PKU HPA mutations and that specific sequence and
structural characteristics of a mutation might be critical when distinguishing between non-PKU HPA and
classical PKU mutations. The greatest impact was predicted for the p.(Phe263Ser) mutation while other
novel mutations p.(Asn167Tyr), p.(ThrZ00Asn), p.(Asp229Gly), p.(Leu358Phe}, and p.(lleA06Met) were
found to be less deleterious.
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Genotype-phenotype relationship
Molecular modelling

© 2013 Elsevier B.V. All rights reserved.

1. Introduction which are point mutations scattered throughout the whole PAH gene.

Mutations vary in their impact on enzyme activity, causing a range of

Hyperphenylalaninemia (HPA, MIM# 261600} is the most common
inborn error of amino acid (AA} metabolism in Europeans. HPA is trans-
mitted by the autosomal recessive mode of inheritance caused by muta-
tions of the phenylalanine hydroxylase (PAH} gene. In the liver, PAH
metabolizes -phenylalanine (Phe)} to -tyrosine {Tyr} using (6R)-1-
erythro-5,6,7,8-tetrahydrobiopterin (BH4) as cofactor. Failure in this
conversion leads to an increase of Phe in the body fluids and severe
mental retardation unless Phe intake is restricted. Almost 700 different
disease-causing mutations in the PAH gene have been identified and can
be found in the mutation databases PAH and HGMD (http://www.
pahdb.mcgill.ca/, http://www.hgmd.cfac.uk/ac/index.php), most of
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E-mail addresses: kristina@physics.municz (K. Réblova), lenkafajkusova@volny.cz
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0009-8381/§ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doiorg/10.1016/j.cca.2013.01.006

clinical phenotypes. HPA patients can be classified based on their
off-diet diagnostic plasma Phe levels as classical PKU (Phe above
1200 umol/L), mild PKU (Phe between 600 and 1200 umol/L} or
non-PKU HPA (Phe between 120 and 600 umol/L) [1].

In a subset of HPA patients, Phe concentration is manageable with
pharmacological doses of BH4 with either limited or no dietary restric-
tion [2-5]. For patients whose disease responds to BH4, cofactor therapy
is an attractive means to increase patient compliance. A number of stud-
ies have documented that HPA patients with milder phenotypes are
more likely to benefit from BH4 therapy [4-8]. Mechanism of BH4
responsiveness is multifactorial [3]. Current data suggest the most com-
mon mechanism by which BH4 rescues PAH function is by acting as a
pharmacological chaperone promoting proper enzyme folding, which
consequently reduces enzyme degradation [9-11]. About 75% of PAH
mutations characterized by high residual activity have been found to
be associated with BH4 responsiveness both in vitro [12-14] and in
vive [4,15]. For this reason, PAH genotyping has utility not only in dis-
ease categorization (classical PKU, mild PKU, non-PKU HPA} but also
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in predicting the potential for response to cofactor therapy [16,17].
However, there are also reports showing inconsistencies in correlation
between BH4 responsiveness and genotype [16,17].

The PAH gene, mapped on 12q23.2, consists of 13 exons encompassing
171 kb. The full-length PAH cDNA encodes a protein of about 52 kDa
(452 AAs) that is assembled as a homotetramer in the mature form.
Each monomer consists of three functional domains: an N-terminal
regulatory domain (residues 1-142}; a catalytic domain (residues
143-410) that includes binding sites for Fe3+ ion, which is reduced
to the active Fe? * form upon binding of cofactor; and a C-terminal
oligomerization domain (residues 411-452} with dimerization (res-
idues 411-426) and tetramerization motifs (residues 427-452} [18].
It is now established that in most HPA cases, the loss of PAH function
is due to structural distortion leading to decreased stability [10,19,20],
folding deficiency [21], and/or increased susceptibility toward aggrega-
tion and degradation [10,22] of PAH mutant proteins. The availability of
the crystal structures of PAH [18,23] makes it possible to model mis-
sense mutations and their effects on the protein structure [24]. Mis-
sense mutations affecting protein structure and stability are referred
to as “structural” and are frequently associated with change of AA
size, charge, polarity, and more importantly, with a loss of structure-
maintaining contacts such as stacking interaction and H-bonding.

In this study, we present results of molecular genetic diagnostics
of 665 unrelated Czech HPA patients, genotype-phenotype correla-
tions, and results of the BH4-loading test in selected patients. Further,
using bioinformatic approaches and molecular modelling, we carried
out structural analysis of selected HPA missense mutations associated
predominantly with the PKU or non-PKU HPA phenotype and ex-
plored the pathogenicity of six novel HPA missense mutations discov-
ered in our patients. In addition, we utilized widely used mutation
prediction tools, such as Polyphen-2 [25], SIFT [26], SNPs3D [27]
and FOLDX [28] in order to predict the impact of novel missense
mutations.

2. Materials and methods
2.1. DNA analysis

Genomic DNA was extracted from peripheral blood leukocytes by
the standard salting-out method and amplified. Primers for amplifica-
tion of all exons and adjacent intron sequences and the conditions of
particular PCRs are available by request. PCR products were se-
quenced directly using the BigDye Terminator Cycle Sequencing Kit
(Applied Biosystems} and analyzed on an ABI 3130XI Genetic Analyz-
er (Applied Biosystems). The resulting sequences were compared
with the PAH NCBI reference sequence (NG_008690.1}. All novel mis-
sense mutations were analyzed on a control panel consisting of DNA
from 200 healthy Czech individuals. Multiple Ligation dependent
Probe Amplification (MLPA} was performed using the SALSA P055
PAH MLPA kit (MCR Holland). This kit contained 25 sets of probes;
13 were PAH specific, and the others were control standards from
other human genes. In detail, the assay is described in our previous
study [29] as well as long-range PCRs for detailed characterization
of deletions detected by MLPA. The nomenclature of mutations was
implemented according to the current HGVS recommendations
(http://www.hgvs.org/mutnomeny).

2.2. BH4-loading test

The BH4 test was performed at two workplaces: 1) the Depart-
ment of Pediatrics of the Faculty of Medicine, Masaryk University
and the University Hospital Brno and 2) the Department of Children
and Adolescents of the Third Faculty of Medicine, Charles University
and the Faculty Hospital Kralovske Vinohrady, after obtaining in-
formed consent from all participants or their parents. Four days be-
fore BH4 loading and during the entire testing period patients were

recommended to relax the diet and consume Phe-rich food. A single
dose of 20 mg/kg BH4 (Kuvan™, sapropterindihydrochloride} was
administered orally after night fasting [7]. In the workplace 1,
blood samples for Phe analysis were collected 0 (Phe 0}, 4 (Phe 4),
8 (Phe 8), and 24 (Phe 24) hours after administration of BH4. In the
workplace 2, blood samples for Phe analysis were collected 0 (Phe 0},
8 (Phe 8), 16 (Phe 16), and 24 (Phe 24) hours after administration of
BH4, in some patients the second dose of BH4 was applied and blood
samples was collected 32 (Phe 32} and 48 (Phe 48} hours after admin-
istration of the first BH4 dose. BH4 responsiveness was defined as a de-
crease in blood Phe by 30% or more during 24 h. Patients were
evaluated as responders (R, reduction of blood Phe by 30% or more dur-
ing 24 h}, late-responders (LR, reduction of blood Phe below 30% during
24 h but this was changed after the second BH4 dose), and non-
responders (NR, reduction of blood Phe below 30%).

2.3. Building of 3D protein structures of wild type and mutant PAH

The 3D model of PAH containing the complete catalytic (C} and
tetramerization (T) domains was built based on the X-ray structures
of truncated forms of human PAH (pdb codes: 1PAH [30] and 2PAH
[30]). Based on superposition of these structures in the VMD program
[31], we obtained a model comprising residues 117-452. The missing
regulatory (R} domain was built using homology modelling with the
Modeler program [32] taking the X-ray structure of the truncated
form of rat PAH (pdb code: 1PHZ [23]) with R and C domains as a
template. A model comprising residues 19-452 was then obtained
by superimposing the homology model of human R and C domains
and the structure with complete C and T domains over the C domain
in VMD. Subsequently, we cut from this model a large portion of the
helix Ta1 {(a1-helix in the T domain}, which participates in oligomer-
ization. We expected this helix to be dynamic in Molecular Dynamic
(MD) simulations without the other monomer subunits which could
result in formation of incorrect contacts and structural perturbations.
Thus, the final model subjected to the mutational analysis and MD
simulations consisted only of residues 19-432. The model does not
contain Fe* ™ ion because modelling of divalent/trivalent cations suf-
fers from insufficient parameterization [33]. Since the model was
built based on X-ray structures lacking hydrogen atoms, we added
these using the Xleap module of Amber 10 [34] which is a package
of programs for MD simulations of nucleic acids and proteins. The
protonation states of all histidines in the protein were set to allow
formation of proper H-bonds. Hence, histidines 146 and 290 were &
protonated. The structure of mutants N167Y, T200N, D229G, F2635,
L358F, and 1406M carrying mutations p.{(Asn167Tyr), p.(Thr200Asn},
p.(Asp229Gly}, p.(Phe263Ser), p.(Leu358Phe}, and p.(lle406Met), re-
spectively, were generated by truncating the side chains in the wild
type structure and building new side chains using the Xleap module.

2.4. Structural analysis of missense mutations

We evaluated 9 sequence and structure features for selected HPA
missense mutations associated predominantly with PKU or non-PKU
HPA phenotype, and for 6 novel HPA missense mutations discovered
in our patients. These parameters characterize the mutations, i.e. they
reveal possible structural or functional defects, which indicates the
potential causality of a mutation [35,36].

Evaluated sequence and structure features: 1) Formation of specific
side chain contacts (H-bonds, salt bridges, stacking interactions} of AAs
in the wild type (wt) structure (based on visual inspection of the 3D
model of PAH using the VMD program}. Loss of these contacts upon a
mutation often results in destabilization of protein folding. 2) Occurrence
of AAs on the inner surface of the active site located in the cavity of the
catalytic domain (based on visual inspection of the 3D model of PAH
using the VMD program). Replacement of AAs at this site often results
in impairment of the catalytic function of a protein. 3) Buriedness of
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AAs corresponding to the relative accessible surface area (RSA}=<10%
[37]. Replacement of buried AAs is more likely to be associated with
structural defects. 4) Volume change upon mutation calculated according
to [38]. A volume change with an absolute value of = 30 A% was consid-
ered destabilizing [39]. The volume changes were taken into account
only if AAs occurred simultanecusly at buried positions, where they
may lead to side chain overpacking or formation of cavities. 5) Charge
change upon mutation detected between charged and uncharged AAs.
Charge change was taken into account only if AAs occurred simulta-
neously at a buried position, where they may more likely result in dis-
ruption of protein structure. 6) Polarity change upon mutation detected
between nonpolar (L, I, F, W, C, M, V, Y}, polar (P, A, T, G, S}, and very
polar (H, R, Q, K, N, E, D} AAs [40]. Polarity change was considered only
if AAs occurred simultaneously at a buried position. 7) Conservation of
wt AAs calculated using the MSV3D web application [41] which gener-
ates multiple sequence alignment (MSA) for PAH and homologous se-
quences. Based on the MSA, we detected conservation corresponding
to >50% identity of wt AAs. High conservation indicates key positions
which when mutated frequently cause severe structural and functional
defects. 8) Presence of helix/turn breakers. Mutations of wt Pro and Gly
in turn structures and incorporation of Pro and Gly into helices were con-
sidered, both of which disrupt secondary structure conformation. ) Mu-
tational likelihood detected using the Blosum62 matrix [42]. Mutations
with negative scores were detected, which are less likely to occur in
the context of evolution.

2.5. MD simulations of proteins with novel PAH missense mutations

Using the Amber package 10 [34] and the force field parm99SB
[43], we ran 50 ns-long MD simulations for the 3D model of wt PAH
and six mutant proteins (N167Y, T200N, D229G, F2635, L358F, and
1406M). The structures were built in the Xleap module as described
above. Prior to simulations, the protein structures were neutralized
by several K* ions [44] and solvated by an octahedral SPC/E water
box extending 10 A away from the solute. To increase ionic strength,
we added additional K* [44] and C1~ [45] ions corresponding to
0.2 M concentration. Equilibration and production phases were car-
ried using standard protocols [46]. Trajectories were analyzed using
the Ptraj module of Amber and visualized using VMD.

2.6. Predictions of effects of PAH missense mutations using standard
pPrograms

We used Polyphen-2 [25], SIFT [26], SNPs3D [27], and FOLDX3.0
[28] in order to predict the impact of 6 novel missense mutations.
The first three programs rely either solely upon sequence alignment
(SIFT), or on sequence alignment with protein structural attributes
(PolyPhen-2), or use sequence alignment with or without protein
structural data in combination with a SupportVector Machine
(SNPs3D). The forth program utilizes the 3D protein structure and
empirical potential with different energy terms and predicts the dif-
ference in the Gibbs free energy of unfolding (AAG) between wt and
mutant proteins (AAG= AG(mutant protein} — AG(wt). Mutations
leading to a change in AAG of >1 kcal/mol are considered destabilizing
and those leading to a change in AAG of <—1 kcal/mol are considered
stabilizing. The range 1 kcal/molz=AAG> —1 kecal/mol is considered
neutral. The assessment of mutations by each program was carried
out with default settings.

3. Results
3.1. DNA analysis and genotype-phenaotype correlations
We sequenced the exons and adjacent intron regions of the PAH

gene in 665 unrelated HPA patients from the Czech Republic. When
no mutation or one mutation was detected, MLPA analysis for detection

of large gene deletions/duplications was performed. The complete ge-
notype was detected in 658 patients, and in 7 patients only one mu-
tation was identified. In total, 98 different types of mutations were
identified. From these, 61 types were missense (62.2 %}, 9 nonsense,
12 splicing, 13 small gene rearrangements, and 3 large gene
rearrangements (Tables 1A and 1B). When phenotypic classes are
considered, p.(Arg408Trp) is the most common mutation in the
group of classical PKU patients and p.(Ala403Val} in non-PKU HPA
patients (Table 1A). Twenty one types of mutations were observed
only in Czech HPA patients, of which 8 were mentioned in our previ-
ous studies [29,47,48] and/or can be found in mutation databases
PAH and HGMD (http://www.pahdb.mcgill.ca/, http://www.hgmd.
cf.acuk/ac/index.php). Thirteen mutations described in this study
are new and not described so far (6 missense, 2 nonsense, 1 splicing,
and 4 small gene rearrangements). For prediction of the causality of
missense mutations, especially of novel mutations, we used bioinfor-
matic tools and carried out structural analysis employing MD simula-
tions (see below). For prediction of effect of a novel splicing mutation
on pre-mRNA splicing, the in silico tools NetGene2 (http://www.cbs.
dtu.dk/services/NetGene2/} and SpliceView (http://zeus2.itb.cor.it/
~webgene/wwwspliceview.html) were used and both showed a delete-
rious effect for this mutation. Large gene deletions were identified in 41
disease alleles. In our previous study [29], we performed sequence anal-
ysis of deletion breakpoints and determined that non-allelic homolo-
gous recombination between Alu elements is involved in the deletion
Ex3del4765, while non-homologous end joining is implicated in the de-
letions Ex5del955 and ExSdel4232ins268.

3.2, BH4 loading test

The cutcome of the BH4 loading test performed in 46 HPA patientsis
summarized in Supplementary Tables 2A (workplace 1) and 2B {work-
place 2). BH4 responsiveness was detected in 22 patients (9 non-PKU
HPA, 11 mild PKU, and 2 classical PKU}, non-responsiveness in 22 pa-
tients (1 mild PKU and 21 classical PKU), and 2 patients were described
as late-responders (both classical PKU}. In accordance with expectation,
the responders in the BH4 test are patients with a mutation associated
with non-PKU HPA or mild PKU phenotype but some exceptions were
identified. Patient 1 with mutations associated with classical PKU
(Supplementary Table 2B, the genotype p.[Phe39Leu];[Arg408Trp])
was evaluated in the BH4 test as responder. The mutation p.(Ile65Thr)
associated in literature and in our patients with classical PKU was
in patient 1 (Supplementary Table 2A the genotype p[le65Thr];
|Arg261GIn]) BH4 responsive and in patients 13 and 15 (Supplementary
Table 2B, the genotype p.[lle65Thr];[Arg408Trp]) late-BH4 responsive
and non-BH4 responsive, respectively. Patient 13 (Supplementary
Table 2A, the genotype pJLys396Arg|; [Arg408Trp]) with mild PKU
was scored as non-responsive, but we cannot rule out that this result
was influenced by a low initial concentration of blood Phe.

3.3. Structural analysis of selected PAH missense mutations

For analysis of correlations between structural/functional properties
of PAH mutations and their phenotypic manifestations, we divided the
mutations into two groups i) mutations associated predominantly
with the non-PKU HPA phenotype, and ii} mutations associated pre-
dominantly with the classical PKU phenotype (Table 2). We took into
account only mutations with clear clinical manifestations and occurring
in at least three unrelated patients. This selection was carried out on the
basis of our data and of data from the PAH database (http://www.
pahdb.mcgill.ca}. Our analysis showed that AAs whose mutations lead
to the classical PKU phenotype are more frequently i} involved in for-
mation of specific structural contacts; i} positioned in the active site
of the protein; iii) buried in the interior of the protein; iv) conserved,
v) associated with helix/turn breakers; and vi} replaced with evolution-
ary less-likely substitutions compared to AAs whose mutations lead to
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Missense mutations detected in Czech HPA probands, their frequencies, and the associated phenotypes.

Mutation (cDNA Mutation (protein Number of Frequency Phenotype according to database data Phenotype according to

level) level) alleles (http:/f/www.pahdb.megill.ca) our results

c.117C>G p-(Phe35Leu) 4 0301 Classical PKU Classical PKU

c143T>C p.(Leud8Ser) 25 1.875 Variant PKU/classical PKU Mild PKU/classical PKU

c194 T=>C p.(1le65Thr) 17 1278 Classical PKU Classical PKU

c.193A>G p.(lle65Val) 4 C.301 Not mentioned Non-PKU HPA

c.204A>T p.(Arg68Ser) 2 C.15 Variant PKU Mild PKU

¢.250 G=>T p-(Asp84Tyr) 1 0.075 Not mentioned Non-PKU HPA

c311C>A p.(Alal04Asp) 2 C.15 Variant PKU Classical PKU

c386A>G p-[Asp129Gly) 2 C.15 Mild PKU (p.[Asp125Gly];[Asp125Gly]) Mild PKU

c473 G=A p.(Arg158GIn) 55 4.135 Classical PKU Classical PKU

cA99A>T p{Asn167Tyr) 1 £.075 - Non-PKU HPA

c.506 G=>A p-(Arg169His) 1 0.075 Non-PKU HPA Non-PKU HPA

c.520A>-G p.(lle174val) 1 0.075 Not mentioned Non-PKU HPA

527 G>T p-(Argl76Leu) 1 0.075 Non-PKU HPA Non-PKU HPA

c.529 G=>C p.(Vall77Leu) 2 C.15 Not mentioned Non-PKU HPA/mild PKU

€533A>G p.(Glul178Gly) 3 0.225 Non-PKU HPA Non-PKU HPA

c569 T>C p.[Vall180Ala) 2 0.15 Non-PKU HPA Classical PKU

c599C>A p.{Thr200Asn) 1 0.075 - Non-PKU HPA

c.601C>T p.(His201Tyr) 4 0.301 Non-PKU HPA Non-PKU HPA

cB31C>A p.(Pro211Thr) 1 0.075 Classical PKU Non/PKU HPA
(p.[Pro211Thr];[Gly235Val;
Tlle269Leu])

c.673C=A p.(Pro225Thr) 21 1579 Not mentioned Classical PKU

C.686A>G p.{Asp229Gly) 1 0.075 - Non-PKU HPA

c716 G=T p-(Gly239val) 1 0.075 - Classical PKU

c.805A>C" p.(lle265Leu)” non-PKU HPA

716 G>C Pp.{Gly239Ala} 1 0.075 Classical PKU Classical PKU

€721C>T p.(Arg241Cys) 2 0.15 Mild PKU Mild PKU

728 G=A p.(Arg243GIn) 11 0.827 Classical PKU Classical PKU

€733 G>A p.(Val2451e} 1 0.075 Not mentioned Non-PKU HPA

c734T>C p.(Val245Ala) 7 0.526 Non-PKU HPA Non-PKU HPA

c.737C>T p-(Ala246Val) 1 0.075 Not mentioned Non-PKU HPA

c.754C>T p.(Arg252Trp) 51 3.834 Classical PKU Classical PKU

c.776C>T p.(Alaz59val) 1 C.075 Classical PKU Classical PKU

c782 G=A p-(Arg261GIn) 21 1579 Classical PKU Classical PKU

c.789C>G p.(Phe263Leu) 1 0.075 Not mentioned Classical PKU

788 T>C p.{Phe263Ser) 1 0.075 - Mild PKU (p.[Phe263Ser];[Tyr414Cys])

c.808 G>A p-(Arg270Lys) 6 0451 Variant PKU (p.[Phed410Cys]:[Leu245Phe; Mild PKU/classical PKU

Arg270Lys])

c.842C>T p.(Pro281Leu) 27 2.03 Classical PKU Classical PKU

c.847A>T p.(1le283Phe) 16 1.203 Classical PKU Classical PKU

c.888C>T p.(Arg297Cys) 1 0.075 Non-PKU HPA Non-PKU HPA

¢.850 G>A p.(Arg287His) 1 0.075 - Non-PKU HPA

c.896 T>G p.(Phe299Cys) 1 0.075 Classical PKU Classical PKU

c.898 G>T p.(Ala300Ser) 13 0.977 Non-PKU HPA Non-PKU HPA

c916A> G p.(lle306Vval) 23 1.729 Non-PKU HPA Non-PKU HPA/mild PKU

c.922C>T p.(Leu3C8Phe) 2 C.15 Not mentioned Mild PKU

c974A>-G p.(Tyr325Cys) 6 0.451 Not mentioned Classical PKU

1024 G>C p.[Ala342Pro} 1 0.075 Not mentioned Classical PKU

c.1042C>G p-(Leu348Val) 2 0.15 Classical PKU Classical PKU

1045 T>C p-(Ser349Pro) 1 0.075 Classical PKU Classical PKU

c.1074A>T p.{Leu358Phe) 2 C.15 - Non-PKU HPA

c.1139C>T p.(Thr380Mer) 5 0.376 Non-PKU HPA Non-PKU HPA

c.1157A>G p.(Ty1386Cys) 1 0.075 Classical PKU Mild PKU (p.[Tyr386Cys];[Glul78Gly])

c1158 T>C p.(Tyr387His) 11 0.827 Not mentioned Classical PKU

c.1162 G=~A p-(Val388Met) 2 0.15 Classical PKU Classical PKU

c.11688A> G p.(Glu39CGly) 3 C.225 Non-PKU HPA Non-PKU HPA

c1183 G>C p-[Ala385Pro) 5 0.376 Classical PKU Classical PKU

c1187A>G p.(Lys396Arg) 1 0.075 - Mild PKU

¢.1208C>T p-(Alad03Val) 63 5113 Non-PKU HPA, variant PKU Non-PKU HPA

c1218A> G p.{lled06Met) 2 0.15 - Non-PKU HPA

€.1220C>T p.(Pro407Leu) 1 0.075 Not mentioned Mild PKU (p.[Pro407Leu]; [Tyr414Cys])

€1222C>T p.(Argd08Trp) 560 42.105 Classical PKU Classical PKU

c.1241A>G p-(Tyrd414Cys) 21 1579 Variant PKU/ classical PKU Non-PKU HPA/Variant PKU/classical
PKU

c1243 G=>A p-(Asp415Asn) 1 0.075 Non-PKU HPA Non-PKU HPA

Mutations mentioned in bold letters are novel and not described so far. Mutations mentioned in italic bold letters were also identified only in Czech HPA patients but were described
in our previous studies and/or submitted to the PAH mutation database (hetp://www.pahdb.megill.cz). Phenotypes for particular mutations were derived from patients with geno-

types where the second mutation was p.(Arg408Trp) or another mutation associated with complete loss of protein function. If a patient with such a genotype was not available, the

described genotype is mentioned.
? This patient carries the mutations ¢.716 G>T, p.(Gly238Val) and ¢.805A > C, p.(Ile265Leu) on one allele.

non-PKU HPA. When considering buried AAs, we noticed that mutations
associated with the classical PKU phenotype more frequently exhibit
changes of volume, charge, and polarity than mutations associated

with non-PKU HPA. In summary, each of 9 determined features was
more abundant in the group of mutations associated with the classical
PKU phenotype (Table 2). We recorded the number of determined
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Mutation (cDNA level) Mutation (protein level) Number of alleles Frequency
c58C>T p.(GIn2C") 2 0.15
¢561 G>A p.(Trp187+) 3 0.225
c612 T>G p.(Tyr204%) 1 0.075
€727C>T P.(Arg243*) 36 2.707
c781C>T p.(Arg261*%) 1 0.075
c814 G>T p.(Gly272%) 28 2.105
€910C>T p.(Gln304%) 1 0.075
€781C>T P.(Arg261%) 1 0.075
c1161C>A pATyr3s7*) 1 0.075
c168+5 G>C Splicing mutations 1 0.075
c441+1G>A Splicing mutations 1 0.075
CH1+5G>T Splicing mutations 7 0.526
c441+6T=A Splicing mutations 3 0.225
508 +1G>A Splicing mutations 4 0.301
c842+1G>A Splicing mutations 5 0376
c913-7A>G Splicing mutations 1 0.075
c1066-11 G=A Splicing mutations 43 3.608
c.1066-3C>T Splicing mutations 12 0.902
c1199+1G=>A Splicing mutations 1 0.075
«1200-8 G>A Splicing murations 4 0.301
c1315+1G=>A Splicing mutations 33 2481
¢47_43delCT p.(Serl6*) 1 0.075
¢.116_118deITCT p.(Phe3gdel) 25 1.879
¢.165delT p.[Phe55Leufs™s) 15 1.128
€.324_328delGCTIT  p.(Glu108Aspfs®4) 3 0.225
c.556delA p.[Thr186Hisfs"9) 2 0.15
€.607dupT p-(Cys203Leufs*3) 1 0.075
.664_665delGA p.(Asp2227) 1 0.075
€.667_674dup8 p{GIn226Thrfs*118) 1 0.075
c.740delG p.(Gly247Alafs*94) 1 0.075
810_814detACATGC  p.(His271Hlefs*10) 1 0.075
¢.822_832del p.[Lys274Asnfs"5) 1 0.075
¢.1282delC p.(GInd288erfs*24) 1 0.075
c.1355dupA p.(*453Valext*36) 2 0.15
Ex3del4765 13 0.977
Ex5del955 3 0.225
Ex5del4232ins268 25 1.879

Mutations mentioned in bold letters are novel and not described so far. Mutations
mentioned in italic bold letters were also identified only in Czech HPA patients but
were described in our previous studies and/or submitted to the PAH mutation database
(http:/fwww. pahdb.mcgill.cz).

features for each mutation and averaged these values over all mutations
in the corresponding group, ie. either in the non-PKU HPA or the classi-
cal PKU group. This showed that mutations associated with non-PKU
HPA change on the average 1.7 of 9 analyzed features, while this value
for mutations associated with dassical PKU is 4.3 (Table 2}. The compar-
ison of the 9 analyzed features is also depicted graphically in Fig. 1. Fur-
ther, we recorded the combination of determined features for each
mutation (see last column in Table 2 ). In particular, we detected 7 unique
combinations in the group of non-PKU HPA mutations and 13 in the
group of PKU mutations. None of the 7 combinations found for
non-PKU HPA mutations was seen for mutations with the classical PKU

phenotype.

3.4. Characterization of newly identified PAH missense mutations and
prediction of their likely effects

We investigated intramolecular contacts {(H-bonds, salt bridges,
and stacking interactions} in the 3D model of PAH and complemented
this information by analysis of contacts observed in MD simulations
of wt and mutant proteins (Table 3, Fig. 2). These contacts stabilize
the spatial arrangement of the protein and their loss may lead to
structural defects. We do not provide detailed analysis of the
performed simulations because the simulated proteins were basically
stable in the course of 50 ns (Supplementary Fig. 1). In addition, we

evaluated the 9 sequence and structure features (see Materials and
methods) for these missense mutations.

p.{Asn167Tyr)

Asn167 is substituted by the larger Tyr, which should not impact the
local arrangement because AA167 is located on the protein surface. Side
chain of Asn167 does not form key interaction within the protein struc-
ture (Table 3). Despite the fact that the substitution Asn— Tyr is
evolutionally less likely, the measured physico-chemical properties as-
sociated with this mutation are not significantly changed (Table 2).
Based on our analysis, we predict that Tyr can substitute Asn167 with-
out large structural defects and that patients carrying this mutation
have the non-PKU HPA phenotype (like our patient with the genotype
plAsn167Tyr];[Arg408Trp]).

p.{Thr260Asn)

Thr200 is substituted by Asn of similar size. MD simulation of the
protein T200N showed that Asn can partially compensate for the con-
tact formed by Thr (Table 3). The physico-chemical properties analyzed
are not significantly changed upon mutation (Table 2). We predict that
Asn can substitute Thr200 without large structural defects and that pa-
tients with this mutation have non-PKU HPA phenotype (in concor-
dance with our patient with the genotype p.[Thr200Asn];[Arg243*]).

P.{Asp229Gly)

Asp229 is located on the protein surface. The conservation of this
AA is 56%. Gly is a smaller residue with a lower polarity (uncharged
compared to Asp) and is known as a helix breaker (Table 2}. In addi-
tion, the substitution Asp229— Gly leads to abolishment of the salt
bridge with Arg176. Surprisingly, this interaction was not stable in
the MD simulation of the wt protein, which may indicate that this
contact is not important for the spatial arrangement of the protein.
This idea is supported by information from the PAH database, where
a patient with the genotype p.[Argl76Leu];[Arg408Trp] and the
non-PKU HPA phenotype is described [49]. Based on this information,
we can hypothesize that due to the difference in side chains between
Arg and Leu at position 176, Leu does not maintain the salt bridge
with Asp229. This indirectly indicates that the presence of the salt
bridge Asp229-Arg176 is not critical for the protein structure. Taking
into account the available information, we predict that p.(Asp229Gly)
does not impact significantly the protein structure and that patients
with this mutation have the non-PKU HPA phenotype (like our pa-
tient with the genotype p.[Asp229Gly];[Arg408Trp]).

p.{Phe263Ser)

Phe263 is highly conserved (85%) and positioned in the active site
in one of the cofactor binding regions [30]. The substitution Phe — Ser
is unfavourable because Ser is a smaller residue and more polar
(Table 2). In addition, the substitution Phe263 — Ser leads to loss of
the stacking interaction (Table 3}. Based on our analysis, we predict
that p.(Phe263Ser} causes significant impairment of the protein
structure and function, and that patients carrying this mutation
have the classical PKU phenotype (like our patient with the genotype
p.[Phe2635er];[c.1066-11 G>A]). The mutation p.(Phe263Leu} has
been reported previously [50] but its phenotype-genotype relation-
ship was not determined due to insufficient data. We assume that
the impact of the mutation p.(Phe263Leu) on the protein structure
is similar to the impact of our mutation, i.e. it destabilizes the protein
structure due to the lost stacking interaction with Phe294 and/or re-
duces the binding affinity of the protein to BH4 and Fe* " jon.

p.(Leu358Phe)

The conservation of Leu358 is 53%, which is slightly above our de-
tection threshold. Leu and Phe have similar properties. Even though,
Phe is larger, AA358 is located on the protein surface, hence the sub-
stitution Leu — Phe should not affect the local arrangement. In the
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Table 2

Sequence and structure features determined for selected missense mutations detected in our HPA patients (see also Fig. 1).

Mutation- Specific Occurrence  Buriedness Volume Charge Polarity Conserva- Presence of  Mutation
number of sidechain  of AAin of wt AA change change change tion Helix/Turn likelihood
determined contacts the active upon upon upon (identity of  breaker based on
features of wt AA site mutation at  mutation at  mutation at  wtAAin Blosum62

buried buried buried MSA (Negative

position position position > 50%) sCore)

Mutations predominantly associated with non-PKU HPA

p(le65Val) -1 9 27 43 001000000
p.(Argl 69His) -1 43 20 47
p.(Glul78Gly) -1 96 73 45
p(His201Tyr) -1 17 40 47
p.(Val245Ala) -5 5 51 63 011101100
p.(Ala300Ser) -2 0] 0] 86 001000100
p{lle306Val} -2 1 27 68 001000100
p{Thr380Met) -2 73 47 53
p.(Alad03Val) -1 16 51 51
p.(Asp415Asn) -1 19 3 41

Average value is 1.7

Mutations predominantly associated with classical PKU

p-(Phe39Lleu)-2 2 23
p-(1le65Thr) -4 9 51
p-(Arg158GIn) -5 5 30
p.(Pro225Thr) -4 0 3
p.(Arg243Gin) -5 2 30
p(Arg252Tip) -7 5 55
p{Arg270Lys) -3 5 5
p.(Pro281Leu)-7 32 54
p.(1le283Phe) -2 0 23
p-(Phe299Cys) -6 0 84
p{(Tyr325Cys) -5 5 85
p{Ser349Pro) -3 11 24
p.(Tyr387His) -5 5 40
p.(Ala395Pro) -4 2 24
p(Arg408Trp) -3 15 54

Average value is 4.3

18 101000000
23 001101001
78 101110100
91 ~ 00L000I1T
63 101110100
76 101111101
94 ~ 101000100
92 011101111
25 011000000
67 111100101
73 011100101
92 110000100

oy o
(SN

60 100000101

Newly determined mutations associated with non-PKU HPA

D{Asn167Tyr) 2 68 80
p.Thr200Asn) -1 55 2
D(Asp229Gly) 4 10 51
p{Leu358Phe) -1 2 23
p(lled06Met) -1 6 1

Average value is 1.8

34 100000001
1 00000000
56 100000111
53 000000100
16 001000000

Newly determined mutation associated with classical PKU

D.(Phe2635er) -7 0 101

83 111101101

Grey flelds show detected features (see Materials and methods for definition of features). The last column shows the combination of determined features for each mutation in binary
code, Le. 1 indicates presence of the feature while 0 indicates its absence. Each combination has a unique color. *Pro281 was considered buried because it is localized on the inner

surface of the active site.

MD simulation of the mutant protein L358F, Phe358 formed a new
stacking interaction with His201, which lies in Ca3 and is
H-bonded to Thr200 (see above and Fig. 2). This original contact
was not disrupted upon formation of the new stacking interaction
between Phe358 and His201. We assume that the new stacking in-
teraction may reduce the local flexibility of the protein, but should
not significantly impact the protein function. We predict that pa-
tients carrying this mutation have the non-PKU HPA phenoctype.
Our non-PKU HPA patient carries this mutation together with the
other non-PKU HPA mutation p.(Ile306Val}.

p.(lle406Met)

11e406 is located near the protein surface. Both Ile and Met have a
similar size and properties (Table 2). le406, as well as Met406, does
not form specific interactions with surrounding residues and the sub-
stitution Ile —Met does not disrupt local protein arrangement. We
predict that the impact of p.(Ile406Met) mutation on the protein ar-
chitecture is small and that patients with this mutation have the

non-PKU HPA phenotype (similarly to our patients with the genotype
p.[lle406Met];[Arg408Trp]).

The 9 sequence and structure features determined for 6 novel
missense mutations are summarized in Table 2. The mutations
p.(Asn167Tyr), p.(Thr200Asn), p.(Asp229Gly}, p.(Leu358Phe}, and
p.(lle406Met}, predicted to cause non-PKU HPA and associated
with a non-PKU HPA or mild PKU phenotype in our HPA patients, ex-
hibit on the average 1.8 of the 9 analyzed features, which agrees well
with the value of 1.7 obtained for mutations associated with the
non-PKU HPA phenotype (Table 2). The mutation p.(Phe263Ser},
predicted to cause classical PKU, exhibits 7 of 9 determined features,
which can be seen for other mutations that are associated with clas-
sical PKU phenotype (Table 2}. Further, for the five mutations pre-
dicted to cause the non-PKU HPA phenotype, we observed five
unique combinations of determined features (see last column in
Table 2). More importantly, three of these combinations have been
detected for mutations predominantly associated with non-PKU
HPA.
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Il Mutations that cause classical PKU phenotype
Mutations that cause non-PKU HPA phenotype

Mutation likelyhood based on Blosum62 (Negative score)

Presence of Helix/Turn breaker

Conservation

Polarity change upon mutation at buried position

Charge change upon mutation at buried position

Volume change upon mutation at buried position

Buriedness

Occurrence of wt AA in the active site

Specific side chain contacts of wt AA

T T 1

I T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
%

Fig. 1. Comparison of sequence and structure features determined for selected mutations associated with non-PKU HPA and the classical PKU phenotype.

3.5. Evaluation of newly identified PAH missense mutations using
Polyphen-2, SIFT, SNPs3D, and FOLDX programs

The functional impact of novel missense mutations was evaluated
using Polyphen2, SIFT, SNPs3D, and FOLDX programs (Supplementa-
ry Table 1}. SIFT evaluated all novel mutations as “non-tolerated” all
with score <0.05 which is indicative of deleterious substitution.
SNPs3D indicated the mutation p.(Phe263Ser) as the most deleteri-
ous with a negative score of 3.6. This correlates with our structural
analysis where we proposed that the mutation p.(Phe2635er} has
the largest impact on the PAH structure. Variance in predictions
was seen for Polyphen-2, as the sequence database used in this soft-
ware is dependent on the actual version of UniRef100 database
which is continuously updated. This is a well known problem affect-
ing all prediction methods relying on MSA for their conservation es-
timates (for more information see http://genetics.bwh.harvard.edu/
pph2/dokuwiki/fag#inconsistent_predictions)}. Our first prediction
using Polyphen-2 determined the novel mutations as either “benign”
or “possibly damaging”, with the exception of p.(Phe263Ser) that was in-
dicated as “probably damaging”. In the second prediction using
Polyphen-2 with an updated database, mutations p.(Leu358Phe) and
p.(lle406Met) were predicted as “probably damaging” in contrast to
“possibly damaging” in the first prediction. With the use of FOLDX all
mutations were found to be either destabilizing or neutral (Supplemen-
tary Table 1). The significantly largest change of AAG (4.14 kcal/mol)
was detected for the mutation p.(Phe263Ser) in accord with SNPs3D
analysis and our structural predictions. In summary, the first prediction
with Polyphen-2 and the predictions with SNPs3D and FOLDX programs
found the p.(Phe263Ser} mutation as the most deleterious which is
strongly indicative. However, results for other mutations differ
depending on the use of particular program, ie. each program deter-
mines different order of deleteriousness (see Supplementary Table 1).
This inconsistency is caused by limitations and different strategies of
each method which are briefly explained in the 2.6. of Materials and
methods section.

4. Discussion

We performed molecular genetic analysis of 665 unrelated Czech
HPA patients. In 1323 identified mutant alleles, 98 types of mutations

were detected (see Table 1A and 1B} and of these 21 types were de-
scribed only in Czech HPA patients. In the Czech Republic, three mu-
tations account for 51.3% of mutant HPA alleles [p.(Arg408Trp),
42.1%; p.(Ala403Vval), 5.1%, and p.(Arg158GIn}), 4.1%] in line with
data for other Central European countries. Three most prevalent mu-
tations account for i) 79.2% of the mutant alleles in Western Poland
[D.(Arg408Trp), 68% c.1066-11 G>A, 6% c1315+1G>A, 5.2%|
[51]; ii}) 41.2% of the mutant alleles in Austria [p.(Arg408Trp),
22.8%; c1315+1 G>A, 11.6%; p(Arg261Gln), 6,8%] [52); iii) 41.2%
of the mutant alleles in Southern Germany [p.(Arg408Trp), 23.2%;
1315+ 1 G>A, 10.4%; p.(Alad403Val), 7.7%] and 42.2% of the mutant
alleles in Western Germany [p.(Arg408Trp), 26.7%; ¢.1315+1 G>A,
10%; p.(Tyr414Cys), 5.5%] [53]. In 46 HPA patients, BH4 loading test
was performed. In accordance with published data most of BH4 re-
sponders are patients with the mutation associated with non-PKU
HPA or mild PKU phenotypes but there is no absolute correlation be-
tween genotype and BH4 responsiveness [3-8]. From the total
amount of detected mutations missense mutations were responsible
for 78% (1032, 60 types). Most of them have been characterized in
structural analysis by Erlandesen and Stevensen [24] based on a com-
posite model derived from X-ray structures of truncated forms of
PAH. This strategy, molecular modelling of mutation effects in silico,
was also used in other studies of HPA, e.g. when describing new mu-
tations or complementing experimental data [10,54,55].

In the present study, we carried out molecular modelling of the
consequences of HPA missense mutations in order to better under-
stand their character and phenotypic manifestations. In particular,
we classified our missense mutations into a group associated pre-
dominantly with the non-PKU HPA phenotype or a group associated
predominantly with the classical PKU phenotype. Both groups were
subjected to analysis of 9 sequence and structural features which in-
dicate potential causality of a mutation (see Materials and methods
for more details). Our analysis showed that the occurrence of these
features is ~2.5 times more frequent for classical PKU mutations
than for non-PKU HPA mutations (Table 2}, confirming the hypothe-
sis that the classical PKU mutations are more non-conservative than
the non-PKU HPA mutations, which subsequently leads to more se-
vere structural and functional defects in the PAH protein and a severe
HPA phenotype. These conclusions are not absolutely unequivocal. In
the group of non-PKU HPA mutations we found several with one
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Table 3
Structural analysis of six novel missense mutations (see also Fig. 2).
Mutation Localisation of mutated AA  Side chain contacts in the wt structure/development of  Side chain contacts of mutated AA in the MD simulations of the
these contacts in MD simulation of wt protein mutant proteins
p.(Asn167Tyr) The protein surface, at the The H-bond Asn167(ND2)-Asp163(0) stabilizes Ca2b/  New side chain H-bond between Tyr167 and Asp163(0) did not
end of Ca2b®. this H-bond fluctuates in the simulation. develop.
p.(Thr200Asn) The protein surface, the end The H-bond Thr200(0G1)-His201(ND1) stabilizes the ~ The new side chain H-bond Asn200(ND2)-His201(ND1) is formed
of Cac3. Ca3 terminal part/this H-bond is stable in the simulation. replacing the original H-bond Thr200(0G1 )-His201(ND1). The

new H-bond fluctuated.
p.(Asp229Gly) The protein surface, the Cx5. Asp229 forms a salt bridge with Arg176 localized in the The salt bridge with Arg176 is abolished.
long turn structure between Co2 and Coc3/ this salt
bridge is not stable in the MD simulation.
p.(Phe263Ser) Active site of the protein, Phe263 stacks with Phe254 from Co8/ this stacking The mutation disrupts the stacking interaction with Phe254. Large
cofactor binding region, C32; interaction is stable. structural rearrangement of the active site was not seen in MD
simulation (probably due to the short time scale).
p.(Leu358Phe) The protein surface, the end  Leu358 is surrounded by Leu333, lle340, and His201 The new stacking interaction between rings of Phe358 and His201

of Call. from Coe3. is formed.
p.(lle406Met) Located near the protein 116406 is surrounded by helices Cax8, Cax9, and Cox12. No specific interaction between Met406 and surrounding residues
surface, in the loop was observed.
connecting the T and C
domains.

* Co2b refers to a-helix 2b in the C domain, we used the secondary structure assignment of the human PAH sequence according to [24].

detected feature and simultaneously one with 5 detected features features for individual mutations is wide in both groups, and hence
[p.(Val245Ala}] (Table 2). Similarly, in the group of classical PKU mu- the number of determined features is not necessarily a predictor of
tations there are some with 2 detected features [p.(Ille283Phe) and the phenotype. Further, this analysis revealed that non-PKU HPA
p.(Phe39Lleu}] and some with 7 detected features [p.(Pro281Leu) and classical PKU mutations exhibit different combinations of deter-
and p.(Arg252Trp}] (Table 2). This shows that the range of detected mined features (see last column in Table 2). This may be partly due

Wild type N167Y Mutant Wild type T200N Mutant

Cu2b,
N167 D163 4

Ca3

H201

F263S Mutant

D229G Mutant
Y

Cas W )

Fig. 2. Six detailed views of the tertiary structure of mutant PAH proteins carrying newly discovered missense mutations from MD simulations (right) and the corresponding region
in the wt protein (left). Wild type and substituting AAs are highlighted in licorice representation and marked. H-bonds between residues are indicated by dashed black lines and
stacked residues are in transparent surface representation. Key secondary structure elements are also indicated.
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to the insufficient amount of data we used for this analysis (there
are 10 mutations with the non-PKU HPA phenotype and 15 muta-
tions with the classical PKU phenotype}, but it may also indicate
that certain combinations of parameters are more critical and
lead to a severe HPA phenotype. In particular, the most frequent
combination of detected features associated with the classical
PKU phenotype is buriedness and the formation of specific side
chain contact. In the group of non-PKU HPA mutations there is
none with this combination while in the group of classical PKU
mutations it is exhibited in half of them. This reflects the fact
that AAs forming intramolecular contacts inside the protein can
be hardly substituted without perturbation. Additional combina-
tion found exclusively for classical PKU mutations is the formation
of specific side chain contact and the presence of AA in the
active site. Severe phenotype is also frequently associated with
buriedness and the change of i} volume, ii} charge or iii} polarity.
This agrees with a previous study [56] where combinations of spe-
cific structural (stability} features were used to discriminate be-
tween disease and non-disease variants, and is also in accord
with our observation that some combinations of detected features
of new HPA mutations predicted to cause a non-PKU HPA pheno-
type (see below)} are only seen for non-PKU HPA mutations
(Table 2).

In this study, we also investigated the impact of the newly
detected HPA missense mutations based on the analysis of 9 se-
quence and structure features and 50 ns-long MD simulations of
PAH wt and mutant proteins. MD simulations are widely used in
the study of biomolecules and provide atomistic insights into molec-
ular flexibility and structural dynamics on ns—ps time scales
[57-59]. Even though the time scale of our simulations was not suf-
ficient to reveal protein unfolding or large structural changes due
to mutations [60], it showed local rearrangements within the protein
which indicated the impact of an AA substitution. Such an approach
was recently applied in studies of effects of mutations in the E-box
motif from group B Streptococcus [61,62] and of the human prion
protein [62]. In spite of the fact that MD simulations are time-
consuming compared to bicinformatic analysis available through
various web applications, they provide a deeper view of the effects
of AA substitution. However, they also have limitations given mainly
by force field and time scale, and therefore the results of simulations
should be taken with care. For instance utilization of MD simulations
to recover PAH mutant structure in the presence of BH4 is barely fea-
sible at this moment. Such calculations are limited by extensively
long time scale (~ps} and by the quality of the force field. Without
extensive testing they seem to be rather risky.

Based on these structural analyses, our clinical data, and phenotype-
genotype information from the PAH mutation database the likely effects
of novel mutations were predicted. In particular, we propose that the
mutation p.(Phe263Ser) significantly impacts the structure of PAH so
that patients with this mutation consequently have the classical PKU
phenotype. Other novel mutations p.(Asnl167Tyr), p.(Thr200Asn},
p.(Asp229Gly), p.(Leu358Phe), and p.(lle406Met} were found to be
less deleterious, and we propose that they do not significantly affect
the protein structure and function so that patients carrying these muta-
tions consequently have a non-PKU HPA or mild PKU phenotype. Our
results concerning the mutation p.(Phe263Ser) are in agreement with
published data from a mouse model of HPA and with in vitro analysis
of murine recombinant PAH proteins; the Pah®™#? mouse carries the
mutation p.(Phe263Ser} on both Pah alleles and is characterized by
the classical PKU phenotype [63-65], and COS-7 cells expressing a re-
combinant murine protein carrying p.(Phe2635er) show almost no
PAH activity [66]. Structural consequences of novel mutations were
also evaluated using standard prediction programs (Polyphen-2, SIFT,
SNPs3D and FOLDX} where SNPs3D and FOLDX programs identified
p.(Phez63Ser) as the most deleterious mutation in agreement with
our structural predictions.
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Congenital adrenal hyperplasia (CAH) comprises a group of autosomal recessive disorders caused by an
enzymatic deficiency which impairs the biosynthesis of cortisol and, in the majority of severe cases, also
the biosynthesis of aldosterone. Approximately 95% of all CAH cases are caused by mutations in the
steroid 21-hydroxylase gene {CYP2{A2). The CYP21A2 gene and its inactive pseudogene (CYP21AIP) are
located within the HLA class III region of the major histocompatibility complex (MHC) locus on chro-
mosome 6p21.3. In this study, we describe chimeric CYP2IAIP/CYP21A2 genes detected in our patients
with 21-hydroxylase deficiency (210HD). Chimeric CYP2IAIP{CYP2IA2 genes were present in 171 out of
508 mutated CYP21A2 alleles (33.8%). We detected four types of chimeric CYP21A1P/CYP21A2 genes: three
of them have been described previously as CH-1, CH-3, CH-4, and one type is novel. The novel chimeric
gene, termed CH-7, was detected in 214% of the mutant alleles. Possible causes of CYP2IAIP/CYP21A2
formation are associated with 1) high recombination rate in the MHC locus, 2) high recombination rate
between highly homologous genes and pseudogenes in the CYP2{ gene area, and 3) the existence of chi-
like sequences and repetitive minisatellite consensus sequences in CYP21A2 and CYP21A1P which play
a role in promoting genetic recombination.
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1. Introduction deficiency of 210H leads to SW-CAH. In addition to having a severe

cortisol deficiency, patients with SW-CAH do not synthesise enough

Congenital adrenal hyperplasia (CAH} is a group of autosomal
recessive disorders caused by an enzymatic deficiency which
impairs the biosynthesis of cortisol and, in the majority of severe
cases, also the biosynthesis of aldosterone. Approximately 95% of all
CAH cases are connected with 21-hydroxylase deficiency (210HD)
[36]. In the adrenal cortex, the steroid 21-hydroxylase {210H)
converts 17-hydroxyprogesterone into 11-deoxycortisol and
progesterone into 11-deoxycorticosterone. These steroids are
subsequently converted into cortisol and aldosterone, respectively.

According to the severity of the disease, three clinical forms of CAH
are distinguished: classical salt wasting (SW-CAH), classical simple
virilising (SV-CAH), and nonclassical (NC-CAH) [28]. A severe

* Corresponding author. Centre of Melecular Biclogy and Gene Therapy, Univer-
sity Hospital Brno Cernopolni 9, CZ-62500 Brno, Czech Republic. Tel: +420
532234625; fax: +420 532234623,

E-mail address: lenkafajkusova@volny.cz (L. Fajkusova).

1765-7212f$ — see front matter @ 2010 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.ejmg. 2010.10.005

aldosteron, and therefore are not able to maintain sodium homeo-
stasis. In the female foetus, an androgen excess causes variable
degrees of external genitalia virilisation, and consequently results in
genital ambiguity in newborn females[13,20,36]. Aresidual activity of
210H (aldosterone is synthetised) results in SV-CAH with external
genitalia virilisation in females and signs of precocious pseudopub-
erty developed before the 8th year in female and male patients
[4,13,36]. NC-CAH is associated with a moderate deficiency of 210H
and is manifested in later childhood or adolescence by hirsutism and
decreased fertility or precocious pseudopuberty [13]. Patients with
NC-CAH secrete aldosterone normally and most male patients diag-
nosed after puberty are entirely asymptomatic [27,36].

The steroid 21-hydroxylase gene (CYP21AZ} and its inactive
pseudogene (CYPZ1ATP) are located within the HLA class Il region
of the major histocompatibility complex (MHC} locus on chromo-
some 6p21.3. In this region, four tandemly arranged genes — serine/
threonine kinase RP, complement C4, steroid 21-hydroxylase CYP21,
and tenascin TNX — are organised as a genetic unit designated as the
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RCCX module [3,38]. In the RCCX bimodular haplotype (69% of
6p21.3 chromoscmes in Caucasians), duplication of the RCCX
module occurs and the orientation of genes from telomere to
centromere is RPI—-C4A—CYP2IA1P-TNXA—RP2—(4B—CYP21A2—
TNXB. The sequence length of the RP1-C4A—CYPZIAIP-TNXA—
RP2—C4B—CYP21AZ—TNXB gene cluster is about 120 kb. Three
pseudogenes (CYP2IATP, TNXA and RP2) located between the two
4 loci do not encode functional proteins [3,38].

The functional CYPZIAZ gene and the CYPZIAIP pseudogene
each contains 10 exons, spaced over 3.4 kb [14,34]. Intergenic
recombinations are responsible for about 95% of mutations asso-
ciated with 210HD: 75% of the intergenic recombinations are
represented by microconversion events which result in the transfer
of mutations normally present in the pseudogene to the functional
gene. The remaining 25% of the intergenic recombinations result in
CYP21AZ gene deletions and deletions involving the 3'end of
CYP2IAIP and the 5end of CYP2IAZ [24,33]. In RPI—(4A—
CYP21ATP—TNXA—RPZ—C4B—CYF21A2—TNXB, 26- or 32-kb dele-
tions encompassing TNXA, RP2, (4B, and partial sequences of
CYP2IAIP and CYP21AZ produce chimeric CYPZIA1P/CYPZIA2
genes. The size of a deletion (26- resp. 32-kb) depends on the
presence or absence of an endogenous retrovirus sequence HERV-K
(6.7 kb} in intron 9 [40] of C4B.

The incidence of classical CAH in central Europe is 110,000 and
the carrier rate is 1/50 [19,20]. In this study, we describe chimeric
CYP21A1P/CYP21AZ genes detected in Czech 210HD patients.

2. Patients and methods
2.1. Subjects

Patients were sent to our laboratory for molecular analysis of the
CYP21A2 gene after endocrine and clinical evaluation. DNA samples
were obtained from peripheral blood leukocytes by the standard
salting-out method. All studies have been approved by the Ethical
Board of the University Hospital Brno, and all patients and their
family members gave their informed consent for DNA analysis.

2.2. Amplification of chimeric CYP21A1P/CYP21AZ genes

The amplification of CYP21A1P/CYP2IA2 was performed by
Expand long-template system kit {Roche Diagnostics GmbH,
Germany} using the 5 primer AF1 specific for CYP2IATP and the 3’
primer 21BR specific for CYP21A2 (Table 1) [24]. The PCR contained
250 ng of genomic DNA, 1x PCR buffer, 2.6 U Enzyme mix poly-
merase, 1.75 mM MgCly, 350 pM dNTP, and 0.3 uM primers in 50-pul
reaction. The amplification was performed under the following
cycling conditions: 94 °C for 2 min; followed by 9 cycles of 94 °C for
30 s, 59 °C for 305, and 68 °C for 2.5 min; followed by 19 cycles of
94 °C for 30 s, 59 °C for 30 s, and 68 °C for 2.5 min with 20 s
extension in each cycle; and a final extension of 68 °C for 7 min. The
3.5-kb PCR product was generated. The heterozygous or homozy-
gous status of CYP2IAIP/CYP21A2 was distinguished using MLPA
(see 2.5.) and specific amplification of CYPZ1AZ [24]. In the routine
analysis, we also used PCRs utilizing specific primers and EcoRI
digestion to distinguished PCR products from CYP27 genes. EcoRI
digestion of the PCR product from CYP2IAZ produces two frag-
ments (1,3 and 2,2 kb} whereas digestion of the PCR products from
CYPZ1ATP and CYP21A1PjCYP2IAZ (CH-1, CH-3 and CH-7) produces
three fragments {0,5; 0,8; 2,2 kb) [25].

2.3. Determination of the types of chimeric
CYPZ1A1P/CYP21AZ genes

Nested PCR, PCR-restriction fragment length polymerphism (RFLP),
and DNA sequencing were applied to determine point mutations

Table 1
The sequences of primers.

Primers Sequence (5'—3’ direction)

AF1 CCCAGGTCGGGGCGGACACCC

21BR AATTAAGCCTCAATCCTCTGCAGCG

30F CAGTCTACACAGCAGGAGGGATGGC

30R AGCAAGTGCAAGAAGCCCGGGGCAAGCTG
110F ATCAGTTCCCACCCTCCAGCCCCGA

110R AGGGCTGAGCGGGTGAGCTTC

172F GAGGAATTCTCTCTCCTCACCTGCAGCATTA
172R AGTTGTCGTCCTGCCAGAAAAGGA

237F AGCAGGCCATAGAGAAGAGGGATCACATCG
237R ATGCAAAAGAACCCGCCTCATAGC

281F TGCAGGAGAGCCTCGTGGCAGG

281R GACGCACCTCAGGGTGGTGAAG

356F GCTGGGGCAGGACTCCACCCGA

356R GTGGGGCAAGGCTAAGGGCACAACTGGC
Promotor/1F* ATGTGGAACCAGAAAGCTG
Promotor/1R* CAGCCCAAGGTGGAGCCTGTAGATG

2F CTCCAAGAGGACCATTGAGGAAGCC

2R* GAGCGGGTGAGCTTCTTGTG

3F AAGCTCTTGGGGGGCATATC

3R* GGCTACTGTGAGAGGCGAGG

4F* GTCAGCCTCGCCTCTCACAG

4R* CAGTTCAGGACAAGGAGAGGCT

5F* AGCCCCTCCCTGAGCCTCTC

5R* AGCCTCTCCCTCCACCCCAG

6F* TGGGTTGTAGGGGAGAGGCT

6R* TAGCAATGCTGAGGCCGGTA

7F TGCCACTCTGTACTCCTCTC

7R* ACAGTGCTCAGAGCTGAGTG

8F* CTCACCGGCACTCAGGCTCA

gR* AAGGGGGCTGGAGTTAGAGGCT

F: forward primer; R: reverse primer; primers with asterisk* were used for PCR-
sequencing; primers without asterisk were used for PCR-RFLP. The reference
sequence is published on hitp:f{/www.ncbinlm.nih.gov/nuccoref187895.

(p.Pro30Leu, ¢.290-13A/C > G, pCGly110ValfsX21, plle172Asn, p.val237-
Clu, p.Val281Leu, p.Leu307PhefsX6, p.GIn318X, and p.Arg356Trp)
which are normally present in the pseudogene but can occur in the
chimera [24,25]. The presence of such mutations inside CYPZIATP/
CYP21AZ determines the type of chimeric gene.

The CYP21A1PjCYP21A2 product of long-template PCR (see 2.2.)
was used as the DNA template for the following nested PCRs. These
reactions contained 150 ng of the long-template PCR product, 1x
PCR buffer, 1.0 U Taq DNA polymerase (Fermentas GmbH,
Germany), 1.5 mM MgCl, 200 uM dNTP, and 0.5 uM primers in 25-pl
reaction. The amplifications were performed under the following
cycling conditions: 94 °C for 5 min; followed by 20 cycles of 94 °C
for 30 s, 59 °C for 30 s, 72 °C for 30 s; and a final extension of 72 °C
for 7 min. Primers 30F/30R and Pstl restriction endonuclease
digestion were used for the detection of p.Pro30Leu; primers 110F/
110R and Sacl digestion for the detection of ¢.290-13A/C > G and
the same primers also for the detection of the 8-nuclectide deletion
p.Gly110ValfsX21; primers 172F/172R and Msel digestion were
applied for the detection of p.lle172Asn; primers 237F/237R and
Taql digestion for the detection of p.Val237Glu; primers 281F/281R
and Apall digestion for the detection of Val281Leu; primers 356F/
356R and Pstl digestion for the detection of p.GIn318X and the same
primers and Mscl digestion for detection of p.Arg356Trp. The
p.Leu307PhefsX6 mutation was analysed by PCR with primers 7F/
7R, and the PCR product was sequenced on the ABI PRISM 310
sequencer (Applied Biosystems, USA) [24,25]. Sequences of primers
are showed in Table 1. The determination of the type of CYP21A1P/
CYP21AZ was also confirmed by MLPA (see 2.5.).

24. Analysis of chimeric CYPZIAIP/CYPZ1AZ genes
by DNA sequencing

All chimeric CYPZIAIP[CYP2IAZ genes have the CYPZIAIP
promoter and p.Pro30Leu but differ in the presence of other
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mutations and polymorphisms {Table 2}. The sequence analysis of
chimeric genes was performed to determine the breakpoints in
CYP21A1P—CYP21A2 conversion areas. However, the precise deter-
mination of breakpoints cannot be achieved because of the long
sequence identity between CYP21A1P and CYP21A2.

The CYP21A1PICYP21A2 product of long-template PCR {see 2.2.}
was used as the DNA template for the detection of mutations and
polymorphisms in the chimera (including the promoter sequence).
The following nested PCR reactions contained 500 ng of the long-
template PCR product, 1x PCR buffer, 1.0 U Taq DNA polymerase
(Fermentas GmbH, Germany), 1.5 mM MgcCly, 150 pM dNTP, and
0.35 uM sequencing primers in 30-pl reaction. The sequences of

Z. Vrzalovd et al / European Journai of Medical Genetics 54 (2011) 112-117

primers are showed in Table 1. The amplifications were performed
under the following cycling conditions: 94 °C for 5 min; followed by
20 cycles of 94 =C for 30 s, 60 °C for 30 s, 72 =Cfor 30 s; and a final
extension of 72 °C for 7 min. PCR products were sequenced by Big
Dye Terminator kit and analysed on the ABI PRISM 310 sequencer
{Applied Biosystems, USA).

25. MLPA
Multiplex ligation-dependent probe amplificaticn (MLPA) is

amethed for the detection of large gene deletions and duplications.
For CAH diagnostics, we used SALSA MLPA KIT PO50B CAH (MRS

Table 2

The sequence analysis of chimeric CYP2TAIP/CYP2IA2 genes (CH-1, CH-3, CH-4, and CH-7).
Sequence position at cDNA and protein level CYP21A2 CYP2IAIP CH-1 CH-3 CH-4 CH-7
¢.1-209T > C T C C C C C
c1-198C > T C T T T T T
¢.1-(188_189)insT - 4T +T +T +T +T
¢.1-126C =T C T T T T T
c1-113G > A G A A A A A
¢.1-110T = C T C C C C C
c1-103A > G A G G G G G
c1-4C =T C T T T T T
¢.89C > T (Pra30Leu) Pro Leu Leu Leu Leu Leu
289+ 9T >C T C C C T C
€289+ 57T> G T G G G T G
289 + 84A > G A G G G A G
€289 4+ 92A > G A G G G A G
c.289 + 100A > G A G G G A G
c.289 + 116A > G A G G G A G
289+ 127T > G T G G G T G
c.280 + 138T > C T c C C T C
289 + 144A > T A T T T A T
€.289+(155_156)insTCC - +TCC +TCC +TCC - +TCC
¢.289 + 160C > A C A A A C A
.290-94T > A T A A A T A
€290-95G > C G C C C G C
€.290-96G > T G T T T G T
€.290-91G > A G A A A G A
c.290-87A > G A G G G A G
c.290-88G > A G A A A G A
€.290-79G > T G T T T G T
c.290-74G > A G A A A G A
c.290-67C > A C A A A C A
¢.290-48A > G A G G G A G
c290-44G > T G T T T G T
€.290-38A> G A G G G A G
€290-39C > G C G G G C G
€290-13A/C > G AJC G G G AJC G
¢.324C > G {Ser1085er) C G G G C G
¢.329_336del8 (Gly110ValfsX21) - Gly110Val fsX21 Gly110val fsX21 Gly110Val fsX21 - Gly110Val fsX21
¢.515T = C(lle172Asn) lle Asn Ile Asn Ile Asn
c.547-15C > A C A C A C A
¢.5347-8T = C T C T C T C
¢.549C > G (Asp183Glu) Asp Glu Asp Glu Asp Glu
¢.702T > C (Asp234Asp) T C T C T C
.707T > A (Ille236Asn) Ile Asn Ile Asn Ile Asn
c.710T > A (Val237Glu) Vval Glu Val Glu val Glu
¢.716T > A (Met239Lys) Met Lys Met Lys Met Lys
735 +12A > G A G A G A G
c735+13C>T c T C T C T
c.744C > G (Leu248Lleu) C G C G C C
841G > T (Val281Leu) Val Leu Val Val Wal Val
¢.920_921insT - +T - +T - -
€936+ 11G>C G C G C G G
€952C > T (GIn318X) Gln X Gln X Gln Gln
¢.1066C > T (Arg356Trp) Arg Trp Arg Arg Arg Arg

Nucleotides derived from the CYP2IATP pseudogene are showed by boeld letters.

Nomenclature for mutations is in agreement with Nomenclature for the description of sequence variations published on http://www hgvs.org/mutnemen/. Nucleotides
associated with changes in coding regions are numbered relative to cDNA sequence Genbank RefSeq NM_000500.5 (http://www.ncbinlm.nih.gov/nuccore/67906817),
nuclectide 1 is the first A of the ATG initiation codon. The polymorphic insertion ¢.27_28insCI'G has been omitted from this sequence. Nuclectides associated with changes in
nencoding regions are numbered relative to cDNA sequence (Genbank RefSeq NM_000500.5) and the arrangement of parficular infron sequences was taken from the gDNA

sequence (Genbank M12792.1, http://www.ncbinlm.nih.gov/nuccore/187895).
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Holland, the Netherlands). This kit contains probes and primers for
analysis of five CYP21A2 gene fragments located in the promotor
region and exons 3, 4, 6, and 8. The established MLPA method
detects deletions and duplications of the CYP2IA2 gene and
chimeric CYP21IAIP|CYP21AZ genes, but also particular point
mutations provided that these mutations are located in places of
the MLPA probe binding (c.1-126CT, c.1-113GA, ¢.1-110TC, c.1-
103AG, p.Glyl10ValfsX21, p.lle172Asn, p.lle236Asn, p.Val237Glu,
p-Met239Lys, and p.GIn318X}. Additionally, MLPA kit contains 28
CYP21A2 nonspecific probes that are control standards and sets for
amplification of adjacent genes (CREBL, C4B, TNXB) and pseudo-
genes (CYP21A1P, C4A, TNXA). The assay was performed according
to the manufacturers’ recommendations. Amplification products
were run on the CEQ8000 Genetic Analyzer (Beckman Coulter,
USA). Detected changes at the MLPA level were correlated with
results obtained using Expand long-template PCR, nested PCRs,
RFLP, and DNA sequencing. Identified mutations were also
confirmed by segregation analyses of parents’ alleles.

chi-like
4 5

3. Results

Chimeric CYP2IAIP[CYP21A2 genes are the most frequent
mutation in Czech 210HD patients — 171 mutant alleles (33.8%) out
of the total number of 508 carry this type of gene rearrangement.
Chimeric CYP21A1P/CYP21AZ genes can be distinguished according
to the different extent of a 5" part of CYP21A1P attached to a 3'part
of CYP21A2. In the set of Czech 210HD patients, four types of
chimeric CYP21A1P{CYP21A2 genes were detected: CH-1, CH-3, CH-
4, and CH-7 (Fig. 1). CH-1 {9.3% of mutant alleles) includes the
promoter and exons 1-3 from CYP21A1P (the mutations p.Pro30Leu,
€.290-13A/C > G, and p.Gly110ValfsX21 are present in the chimera).
CH-3 (0.4% of mutant alleles} comprises the promoter and exons
1-8 from CYP2IA1P (the mutations p.Pro30Leu, ¢.290-13A/C > G,
p.Gly110ValfsX21, plle172Asn, p.lle236Asn, p.Val237Gly, p.Met239-
Lys, p.Leu307PhefsX6, and p.CIn318X are present in the chimera;
the p.Val281Leu mutation is not present). CH-4 {2.6% of mutant
alleles) possesses the CYP21AIP promoter and p.Pro30Leu. The

Pro30Leu Gly110ValfsX21

v

€.290-13A/C>G lle172Asn

Val281Leu GIn318X
236,237,239 t -
Leu307PhefsXg ~ Arg358Tm

—» minisatellite consensus

chi-like sequence
P e N N

—» minisalellite consensus

— chi-like sequence
|
chi-like sequence
CH4 m

—» minisatellite consensus

—» chi-like sequence
Rl N N
chi-like sequence
CH-6
chi-like sequence
cHr W

Fig. 1. Types of chimeric CYF21ATP}CYP21A2 genes and localizations of chi-like sequences and minisatellite consensus sequences inside CYF21A2 and CYP21A1P. The structure of the
functional CYF21A2 gene is depicted by white boxes; black boxes represent the nonfunctional CYF21A1F pseudogene. The arrows indicate mutations which exist in CYF21AIR 236/
237/239 depicts mutations p.lle236Asn, p.Val237Gly, and p.Met239Lys; these mutations always occur together. The CYP21A1P-CYP21A2 junction site is localised upstream of ¢.290-
13A/C > G and between ¢.290-13A/C > G and p.Gly110ValfsX2 in case of CH-4 and CH-6, respectively.
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most common type of a chimeric gene determined in our patients is
a newly characterized chimeric gene CH-7 (21.4% of mutant alleles).
CH-7 comprises the promoter and exon 1—6 from CYPZIAIP
(the mutations p.Pro30Leu, ¢.290-13A/C > G, p.Glyl10ValfsX21,
p.lle172Asn, p.lle236Asn, p.Val237Glu, p.Met239Lys are present in
the chimera}. The sequence analyses of chimeric genes determined
in 5 patients with CH-1, CH-4, CH-7 and 2 patients with CH-3 are
presented in Table 2.

CH-1, CH-3, and CH-7 are associated (in the homozygous state}
with the SW-CAH phenotype. In these chimeric genes, ¢.290-134/
C > G (the splice-site mutation in intron 2) and p.Gly110ValfsX21
(the frame-shift mutation in exon 3} disrupt the production of any
functional protein. In contrast, the CYPZIA1P—CYP21AZ junction
site in CH-4 is located upstream of ¢.290-13A/C > G and the
resulting chimeric gene differs from the functional gene by the
presence of two mutations (the weak CYPZIAIP promoter and
p.Pro30Leu). The final protein, resulting from CH-4, retains minor
21-hydroxylase activity and is associated with NC-CAH or SV-CAH.

In the set of our 210HD probands, we detected 7 patients with
the combination CH-4 on one CYP21 allele and the same or other
chimeric gene on the second one: 1 proband with the genotype CH-
4/CH-4 was clinically diagnosed as NC-CAH; 1 proband with CH-4/
CH-1 and 4 probands with CH-4/CH-7 suffered from SV-CAH; and 1
proband with CH-4/CH-7 suffered from SW-CAH. The female SW-
CAH patient with the genotype CH-4/CH-7 was diagnosed in the
first week of life on the basis of metabolic disruption of the
organism and external genitalia virilisation. Other patients with the
genotype CH-4/CH-7 {1 girl and 3 boys) had the SV-CAH phenotype,
with external genitalia virilisation in the female and signs of
precocious pseudopuberty developed in all patients.

The MLPA technique has been used to estimate the copy number
of CYP21AZ and CYP21A1P. The determination of the CYPZIA1P copy
number has mostly no diagnostic importance for the determination
of 210HD because the number of CYPZ1A1P can vary, depending on
the presence of one, two, three or even four RCCX modules on the
chromosome [3]. In CYP21A2, mutations ¢.1-126CT, c¢.1-113GA, c.1-
110TC, ¢1-103AG (the promoter), p.Glyll0ValfsX21 {exon 3),
p.lle172Asn (exon 4), p.Jle236Asn, p.Val237Glu, p.Met239Lys (exon
6), and p.GIn318X (exon 8) are located in places of the MLPA probe
binding and so the presence of these mutations avoids the MLPA
reaction. MLPA results obtained for an example in the genotype CH-
4/CH-7 were: O copy of CYP21A2 using the MLPA probe specific to
the promaoter; 1 copy of CYP21AZ using probes specific to exens 3, 4,
6; and 2 copies of CYP21AZ using the probe specific to exon 8.

4. Discussion

To date, 6 different chimeric CYP21A1P{CYP21AZ genes (Fig. 1)
have been found and characterised (CH-1, CH-2, CH-3 [22,23,26],
CH-4 [21]; [18], CH-5 [35], CH-6 [8]). CH-1, CH-2, and CH-3 were
described for the first time in Chinese patients in Taiwan, CH-4 and
CH-5 in patients of Caucasian origin, and CH-6 in a patient of Italian
origin. In Czech 210HD patients, we identified four types of
chimeric CYP21A1P/CYP21A2 genes: three of them have been
described previously (CH-1, CH-3, and CH-4), and one type is novel.
The novel chimeric gene was designated as CH-7.

The 5 untranslated region of CYP21A2, responsible for tran-
scriptional activity, is located in the first 167 nucleotides upstream
of the ATG codon and contains binding sites for the specificity
protein Sp-1 and adrenal-specific protein transcription factors
[16,17]. In this fragment, the pseudogene promoter differs from the
CYP21AZ promoter in four nucleotides, located at —126, —113, —110,
and —103 positions. These differences account for a lower affinity of
the pseudogene promoter to transcription factors, and conse-
quently reduce its transcriptional activity to 20% when compared

with CYP21AZ [5,6]. The p.Pro30Leu mutation is associated with
NC-CAH and reduces the 210H activity to 30—40% of the normal
enzyme. In CH-4, p.Pro30Leu in synergy with the CYP2IAIP
promoter decreases the enzyme activity to 4—10% [2]. Generally,
210HD is an autosomal recessive disease and most 210HD patients
are compound heterozygotes, in which phenotypes reflect a muta-
tion that is predicted to cause a less severe impairment of the
enzymatic activity. This approach to phenotype prediction has been
shown to be correct but deviations to this correlation exist
[12,31,36]. Phenotypes of Czech 210HD patients correspond
generally to this rule. At least, patients carrying homozygous CH-4
have NC-CAH and patients carrying other types of chimeric genes
(with the splicing mutation ¢.290-13A/C > G} on both CYP27 alleles
suffer from SW-CAH.

Both CYPZIA1P and CYP21A2 are located within the RCCX gene
module of chromosome 6p21.3, adjacent to and alternating with
C4A and (4B encoding the fourth components of the serum
complement located within the HLA complex. The existence of
tandemly repeated genes, in conjunction with a high recombina-
tion rate within the MHC locus, predispose this region to frequent
non-allelic homelogous recombination events [22]. Indeed, inter-
genic recombinations are responsible for 95% of the mutations
associated with 210HD. The frequency of genetic recombination in
this locus may be further promoted by the presence of specific
sequences, namely the short octanuclectide chi-like sequences and
the decanucleotide minisatellite consensus sequences [15,22]. Chi
(crossover hotspot instigator} sites had been originally described as
cis-acting motifs 5'-GCTGGTGG-3'around which the rate of Rec-
promoted recombinations is elevated [30]. Chi sites were exten-
sively studied in E. coli, where this sequence is recognised by
RecBCD enzyme, which possesses combined nuclease and helicase
activity. It unwinds dsDNA and performs exonuclease degradation
of both its strands. However, the degradation of the strand con-
taining the 5'-GCTGGTGG-3' sequence is strongly reduced upon
interaction with chi during translocation, while the helicase activity
of RecBCD enzyme is unaffected [9,10]. Chi and chi-like sequences
have been suggested to act as recombination hot spots also in
higher eukaryotic organisms [15,32]. In humans, they were found
to be overrepresented at many translocation breakpoints associ-
ated with inherited diseases and cancer [1,37,39]. They have also
been implicated in the generation of hybrid alleles coding for some
rarely occurring blood subgroups [29]. Interestingly, 9 chi-like
sequences are present in CYPZ1AIP or CYP21A2 genes and these are
frequently found in close preoximity to the translocation break-
points [22]. Together with the other determinants at the DNA and
chromatin structure level (for example, preferential topcisomerase
I cleavage sites [11], or sequences that tend to form non-B-DNA
structures [7]), these sequence motifs apparently play an important
role in site-specific recombination in human cells.
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Abstract. Congenital adrenal hyperplasia (CAH) is comprised
of a group of autesomal recessive disorders caused by an
enzymatic deficiency which impairs the biosynthesis of
cortisol and, in most of the severe cases, also the biosynthesis
of aldosterone. Approximately 90-95% of all the CAH cases
are due to mutations in the steroid 21-hydroxylase gene
(CYP21A2). In this study, the molecular genetic analysis of
CYP21AZ was performed in 267 Czech probands suspected of
21-hydroxylase deficiency (21OHD). 210HD was confirmed
in 241 probands (2 mutations were detected). In 26 probands,
a mutation was found only in 1 CYP21A2 allele. A set of 30
different mutant alleles was determined. We describe 1)
mutated CYP21A2 alleles carrying novel point mutations
(p.Thr168Asn, p.Serl69X and p.Pro386Arg}, ii) mutated
CYP21A2 alleles carrying the novel chimeric gene designated
as CH-7, which was detected in 21.4% of the mutant alleles,
iii) an unusual genotype with a combination of the CYP2IA2
duplication, 2 peint mutations and the CYP21A2 large-scale
gene conversion on the second allele, and (iv) a detailed
analysis of the chimeric CYP2IAIP/CYP2IAZ genes. In
conclusion, our genotyping approach allowed for the accurate
identification of the CYP2IA2 gene mutations in 210HD
patients and their families and provided some useful infor-
mation on diagnosis and genetic counselling.
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Introduction

Congenital adrenal hyperplasia (CAH}) is a group of autosomal
recessive disorders caused by an enzymatic deficiency which
impairs the biosynthesis of cortisol and, in most of the severe
cases, also the biosynthesis of aldosterone. Approximately
90-95% of all the CAH cases are due to 21-hydroxylase
deficiency (210HD}), and ~5-8% cases are due to 11-B-
hydroxylase deficiency (1). In the adrenal cortex, the steroid
21-hydroxylase (210H) converts 17-hydroxyprogestercne
into 11-deoxycortisol and progesterone into 11-deoxy-
corticosterone. These steroids are subsequently converted
into cortisol and aldosterone, respectively (1).

The steroid 210H gene (CYP21AZ) and its inactive
pseudogene (CYP2IAIP) are located within the HLA class
III region of the major histocompatibility complex locus on
chremosome 6p21.3. The CYP2IA2 gene is 98% homologous
to the CYP2ZIAIP pseudogene in exons and 96% in introns
(2.3). Together with the neighbouring genes (serine/threonine
kinase RP, complement C4 and tenascin TNX), CYP21 forms
a genetic unit termed as the RCCX module (4.5). In the
RCCX bimodular haplotype (69% of chromosome 6p21.3),
the orientation of genes from telomere to centromere is RPI-
C4A-CYP2IAIP-TNXA-RP2-C4B-CYP21A2-TNXB. The 3
pseudogenes, CYP2ZIAIP, TNXA and RP2, located between
the 2 C4 loci, do not encode functional proteins (5}.

According to the severity of the disease, 3 clinical forms
of CAH have been distinguished: the classical salt-wasting
{(SW-CAH), the classical simple virilising (SV-CAH), and
the non-classical CAH (NC-CAH) (6). If the patients are not
timely diagnosed (by neonatal sreening) and treated, the
severe deficiency in 210H leads to SW-CAH. In addition to
having a severe cortisol deficiency, patients with SW-CAH
do not synthesise enough aldosteron and therefore, are not
able to maintain sodium homeostasis. Thus, affected patients
usually manifest hyponatraemia, hyperkalaemia and vomiting
during the first 4 weeks of life. In the female foetus, the excess
of androgen causes variable degrees of external genital
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virilisation, and consequently, newborn females have genital
ambiguity {1,7.8). The residual activity of 210H (aldosterone
is synthetized) results in SV-CAH with external genital
virilisation in females and also results in signs of precocious
pseudopuberty which develop by 8 years of age in female
and male patients {1.8,9). NC-CAH is associated with a
moderate deficiency in 210H and manifests in later child-
hood or adolescence with hirsutism and decreased fertility or
precocious pseudopuberty (8). Patients with NC-CAH secrete
aldosterone normally and most of the male patients diagnosed
after puberty are entirely asymptomatic (1,10). In order to
reduce CAH-associated morbidity and mortality through early
diagnosis and treatment, the neonatal screening of CAH based
on the detection of 17-hydroxyprogesterone, has been intro-
duced since 2006 in the Czech Republic (11).

The functional CYP2IA2 gene and the CYP21AIP pseudo-
gene, each containing 10 exons, are spaced over 3.4 kb (2,3).
The most common source of mutatiens, involving ~35% of
mutant alleles, is the intergenic recombination between
CYP21A2 and CYP21AIP, whereas the remaining 5% of
mutant alleles are represented by new mutations. The main
CYP21AZ defects are comprised of CYP2IA2 deletions,
large-scale gene conversions of CYP2IA2 intc a structure
similar to CYP21AIP, and CYP21AIP/CYP21A2 chimeric
genes. These mutations are generated by the unequal crossing-
over during meiosis. However, the mechanism of small-scale
gene conversions, that result in short-range mutations in
CYP2IA2 derived from CYP2IAIP, is not yet well understood
(12,13). Unequal crossing-over can cause a 30 kb deletion,
involving the 3" end of CYP2IAIP, all of TNXA, RP2, C4B,
and the 5" end of CYP21A2, which produces a non-functional
chimeric gene with 5' and 3' ends corresponding to CYP2IALP
and CYP21A2, respectively (14,15).

The incidence of classical CAH in Central Europe is
1/10,000, with a gender ratio of 40% boys and 60% girls, and
the carrier rate is 1/50 (7,16). The milder, non-classical form
of CAH is much more common, with a prevalence of 1/100
in the general population (8). As CYP21A2 analysis has been
made available in many countries, studies on CYP2I1A2
mutations in large national patient series have provided an
insight into specific mutation distributions. In this study, we
analyzed CYP21A2 mutations and their frequencies in 210HD
patients in the Czech population, and compared the results
with previous studies from other countries.

Patients and methods

Subjects. The patients were sent to our laboratory for the
molecular analysis of the CYP21A2 gene after endocrine and
clinical evaluation. DNA samples were cbtained from peri-
pheral blood leukocvtes and/or amniotic fluid by the standard
salting-out method. All the studies were approved by the
Ethics Board of the University Hospital Brno, and all the
patients and their family members gave their written, informed
consent for DNA analysis.

Detection of CYP21AZ point mutations derived from
CYP2IAIP and chimeric CYP21AIP/CYP21AZ2 genes. The
direct screening of CYP21A2 mutations required the specific
amplification of the CYP2/A2 gene. This step was performed

VRZALOVA et al: CYP2142 MUTATIGNS IN 210HD PATIENTS

by PCR with primers specific for CYP21AZ2, which did not
allow for the concomitant amplification of CYP2IAIP (17).
The product of this step was used as the DNA template for
the nested amplifications of the CYP2IA2 gene fragments
carrying the meost frequent point mutations. The specific
amplification of CYP2IA2 was performed by the Expand
Long Template System kit (Roche Diagnostics, GmbH}, and
the nested amplifications were performed by Taq DNA
Polymerase (Fermentas, GmbH). The PCR primers for the
nested PCRs are shown in Table I. The detection of the most
common point mutations was performed by long-template
PCR and nested PCRs using restriction fragment length
polymorphisms {(RFLP) {p.Pro30Leu, p.Ser97fsX12,
p.Glyl10ValfsX21, pllel72Asn, p.Val237Glu, p.Val281Leu,
p-GIn318X and p.Arg356Trp) and DNA sequencing
(p.Leu307PhefsX6) (17). Long-template PCR was also used
for the amplification of the chimeric CYP2IAIP/CYP2IAZ
gene. This step was performed using the 5' primer specific
for CYP21AIP, and the 3' primer specific for CYP2IA2 (17).
The nested PCRs and RFLPs were applied analogously to the
detection of the most commen peint mutations in order to
detect the type of chimeric CYP2IAIP/CYP2IA2 gene (Fig. 1}
(17).

Multiplex ligation-dependeni probe amplification (MLPA).
MLPA is a method used for the detection of large gene
deletions and duplications. For the CAH diagnostics, we used
the SALSA MLPA kit POSOB CAH (MRS Holland, The
Netherlands). This kit contains probes and primers for the
analysis of 5 CYP21A2 gene fragments located in the promoter
region and exons 3, 4, 6 and 8. The established MLPA
method detects deletions and duplications of the CYP21A2
gene, as well as particular CYP21A2 point mutations, provided
that these mutations are located at probe binding sites
(p.Glyl110ValfsX21, p.Thr168Asn, p.Serl69X, p.lle172Asn,
p-Val237Glu, p.Arg316X and p.GIn318X). Additionally, the
MLPA kit contains 28 CYP21A2 non-specific probes that are
the control standards and sets for the amplification of adjacent
genes (CREBL, C4B and TNXB) and pseudogenes (C4A and
TNXA). The assay was performed according to the manu-
facturer's recommendations. Genomic DNA (200 ng) was
denatured at 98°C for 5 min, hybridised overnight at 60°C
with the SALSA prebemix, and treated with the Ligase-65
enzyme at 54°C for 15 min. The reactions were stopped by
incubation at 98°C for 5 min. Subsequently, PCRs were
performed with the specific SALSA PCR primers (cycling
conditions were 35 cycles at 95°C for 30 sec, 60°C for 30 sec,
and 72°C for 60 sec). The amplification products were run on
the CEQ 8000 Genetic Analyzer (Beckman Coulter). Two
healthy men were included in every analysis as the controls.
The peak height of each analysed fragment was normalised
to the peak height of the control sample. Relative peak
heights were reduced to 40-60% with deletions and increased
by 30-50% with duplications.

The results obtained by MLPA were correlated with the
results obtained uwsing long-template PCR, nested PCRs,
RFLP and/or DNA sequencing. Identified mutations of the
CYP21A2 gene were also confirmed by the segregation of the
parents' alleles. Detected CYP2IA2 deletions can also pose
CYP21A2 large-scale conversions into a structure similar to
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Table I. Primers used for the amplification of the CYP21A2 gene.

Primers Localization Sequence direction (5'- 3")

30F Promoter CAGTCTACACAGCAGGAGGGATGGC

30R Exon 1 AGCAAGTGCAAGAAGCCCGGGGCAAGCTG
97/110F Intron 2 ATCAGTTCCCACCCTCCAGCCCCGA
97/110R Exon 3 AGGGCTGAGCGGGTGAGCTTC

172F Exon 4 GAGGAATTCTCTCTCCTCACCTGCAGCATTA
172R Intron 4 AGTTGTCGTCCTGCCAGAAAAGGA
236/237/239F Exon 6 AGCAGGCCATAGAGAAGAGGGATCACATCG
236/237/239R Intron 6 ATGCAAAAGAACCCGCCTCATAGC

281F Exon 7 TGCAGGAGAGCCTCGTGGCAGG

281R Exon 7 GACGCACCTCAGGGTGGTGAAG

318/356F Intron 7 GCTGGGGCAGGACTCCACCCGA

318/356R Exon 8 GTGGGGCAAGGCTAAGGGCACAACTGGC
1R" Intron 1 AAGCAGCGTCAGCGGAGAGGG

2F Intron 1 TTGAGGCTGAGGTGGGAGGA

2R" Intron 2 GCGGAGGTGACGGAGAGGGT

3F Intron 2 AAGCTCTTGGGGGGCATATC

3R* Intron 3 GGCTACTGTGAGAGGCGAGG

4F" Intron 3 GTCAGCCTCGCCTCTCACAG

4R Intron 4 CAGTTCAGGACAAGGAGAGGCT

S5F* Intron 4 AGCCCCTCCCTGAGCCTCTC

S5R” Intron 5 AGCCTCTCCCTCCACCCCAG

6F" Intron 5 TGGGTTGTAGGGGAGAGGCT

6R" Intron 6 TAGCAATGCTGAGGCCGGTA

TF Intron 6 TGCCACTCTGTACTCCTCTC

7R’ Intron 7 ACAGTGCTCAGAGCTGAGTG

8F* Intron 7 CTCACCGGCACTCAGGCTCA

8R" Intron 8 AAGGGGGCTGGAGTTAGAGGCT

9F” Intron 8 AGTGAGGAAAGCCCGAGCCC

9R* Intron 9 GTGGGTGGGGAGGCGTTCAG

10F" Intron 9 AAAATGTGGTGGAGGCTGGT

T0R* 3UTR ACGGGAGCAATAAAGGAGAAAC

RMIF Promoter TTCAGGCGATTCAGGAAGGC

RMIR Exon 3 CTTTCCAGAGCAGGGAGT

RM2F Exon 3 CGGACCTGTCCTTGGGAGACTAC

RM2R 3UTR TTTCAGCCCCACAGTGTAACAGG

F, forward primer; R, reverse primer. "Primers used for PCR-sequencing. No (*) primers used for PCR-RFLP (the names of the primers are
consistent with the no. of codons carrying an analysed mutation, and primer 30F was also used as the forward primer for the sequencing of
exon 1). The RM primers were used for the specific amplification of CYP21A2 in order to perform the sequencing analysis of individual
exons. Por the cDNA reference sequence go to, http://www ncbi nlm nih gov/nuccore/ 87835,

CYP2IAIP. This type of CYP2IA2 deletion was verified by
PCR with primers specific to the TNXB/TNXA hybrid gene.
(see below) (16).

Dertection of CYP21A2 large-scale conversions into
CYPZIAIP associated with the TNXB/TNXA hybrid gene.
The TNXB/TNXA hybrid gene was detected using PCR with
the 5' primer specific to TNXEB and the 3' primer specific to
the both genes, TNXB and TNXA (16). In the presence of the
TNXB/TNXA hybrid gene, the PCR product sized 2688 bp
was generated in contrast to the PCR product sized 2808 pb
resulting from the 7NXB gene (for the schematic presentation
see ref.16).

Detection of rare mutaiions in the CYP2IAZ gene. DNA
sequencing was applied for the detection of rare CYP2IA2
mutations in patients with a mutation identified only in 1
CYP21A2 allele after basic DNA diagnosis, which included
the detection of i) 9 point mutations derived from CYP2IAIP,
ii} chimeric genes, and iii) CYP2/AZ deletions and dupli-
cations. As 90-95% of the mutant alleles carried =1 discrete
mutation, the samples carrying none of these mutations were
presumed to be unaffected with >99% confidence (1). As a
primary template for this analysis, we did not use long-
template PCR product (see the detection of CYP2IA2 point
mutations derived from CYP2IAIP and chimeric CYP2IAIP/
CYP21AZ genes) as various polymorphisms were identified
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Figure 1. Types of chimeric CYP2IAIP/CYP2IAZ genes identified in the Czech 210HD patients. White boxes, struemre of the functional CYP2JAZ gene;
black boxes, non-functionzl CYPZIAIP preudogene: arrows, mutations existing in CYP2JAIP. Trom CYP2IAIP, the chimeric gene, CII<4, harbours the
promoter, exon 1 (p.Pro30Len) and exon 2. The chimeric gene, CH-1, bears exon 1, exon 2 {p Ser97f:X12) and exon 3 {p Gly110ValfsX?21). The chimeric
gene, CH-7, carries the promoter, exons 1-3, exon 4 (pllel72Asn), exon 5 and exon 6 (p De236Asn, p.Val237GIu, Met239Lys). The chimeric gene, CH-3,
harbours the promoter, exons 1-5, exon 7 (pLeu307Phef XS, but not Val281Lew) and exon & (p.Gln318X).

in the annealing sequences of the CYPZIAZ specific primers
in some patients. For this reason, the detection of rare muta-
tions was performed with 2 primary PCRs (primers are
marked RM1 and RM2, Table I). The first amplified fraginent
was comprised of a region from the promoter to exon 3, and
the second one of aregion from exon 3 to 3'UTR. Both PCRs
used CYPZIAZ specific primers which were complementary
io an 8-bp segment in exon 3 deleted in CYP27AIP (18). PCR
products were used as DNA templates for nested amplifica-
tions using sequencing primers (Table I). For the localization
of primers for primary PCRs inside exon 3, DNA sequencing
of this exon was perforined using PCR product from long-
template PCR (17). All the amplifications were performed by
Tag DNA Polymerase (Fermentas). The purified PCR
products were subsequently sequenced by the BigDye
Terminator kit (Applied Biosystems) and analysed on an ABI
PRISM 310 sequencer (Applied Biosystems).

Results

The molecular genetic analysis of the CYP2IAZ2 gene was
performed in 267 Czech probands suspected of 210HD. The
diagnosis was confirmed in 241 of them (2 CYP27A2 muta-
tions were found). In 26 probands, a mutation was determined
in only 1 CYP2IA2 allele (7 patients had SW-CAH, 8 had
SV-CAH and 11 had NC-CAH). In the set of 210HD
probands, we determined 30 different mutant alleles (Table IT).

CYP2IAIPICYP2IAZ chimeric genes. The most frequent
muftation, the chimeric CYP2IAIP/CYP2IA2 pene, was found
in 33.7% of mutant alleles. Four types of chimeric CYP2IAIP/
CYP2IA2 genes were detected in the Czech patients: CH-1,
CH-3, CH-4 and CH-7 (Fig. 1). All the hybrid genes had a
different extent of the CYP2IAIP sequence attached to the 3'

part of CYPZIAZ. The types CH-1, CH-3 and CH-4, have been
previcusly described (12,19). The CH-4 type was found in
2.6% of the mutant alleles. This hybrid melecule differs from
the functional CYPZIA2 gene by the CYP2TAIP promoter
sequence and the pPro30Len mutation in exon 1. The CH-1
type is identical to the CYP2IATP gene in the promoter and
exens 1-3, and the mutation plle172Asn is not present in
exon 4. This type of chimeric gene was detected in 9.3% of
the mutant alleles. In additicn, 1% of the patients had an
atypical mnatant allele with CH-1 and the p.Arg356Trp mutation
in exon 8. Mutant alleles carryving CH-1 and p. Arg356Tmp
were confirmed by the segregation of the parents' alleles.
The most common type of the chimeric gene was the newly
characterized chimeric gene, CH-7 (21.4% of the mutant
alleles). This chimeric gene involved the CYPZIAIP sequence
from the promeoter up to exon 6, and the p.Val281Leu mutation
was not present in exon 7. The least frequent chimeric gene,
CH-3 (0.4% of mutant alleles) was identical to the
CYP2IAIP psendogene from the promoter up to exon 8, and
the p.GIn318X mutation was present in the chimeric gene in
contrast to the p Arg356GIn mutation. In all the cases, the
mutant CH-3 allele did not contain the p.Val281Leu
mutation.

CYP2IAZ deletions and duplications. Total deletions of the
CYP2IAZ gene were detected in 4.9% of the CYP2IAZ mutant
alleles. The CYP2IA2 large-scale conversions into CYPZIAIFP
generating the TNXB/TNXA hybrid gene represent the
majority part of these (3.1% of the mutant alleles). Koppens
et @i described that CYP2TAZ large-scale conversions
generating the TNXA/TNXB hybrid gene are associated with a
presence of 2 CYP2/AIP pseudogenes on the involved
chromosome (13). The presence of 2 copies of the CYP2IAIP
pseudogenes on 1 chromosome was identified in all the
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Table IT. Types of CYP27A2 mutant alleles and their frequency in Czech 210HD probands.
Mutant Mutation at Mutation at Localization of Phenotype No. of Frequency
allele cDNA level protein level mutation alleles (%)
1 Chimeric CYP21AIP/ Promoter - exon 2 NC, SV 13 2.6
CYP21A2 gene (CH-4)

2 Chimeric CYP21A1P/ Promoter - exon 3 SW 42 83
CYP21AZ gene (CH-1)

3 Chimeric CYP21AIP/ Promoter - exon 3, SwW 5 1.0
CYP21AZ gene (CH-1) exon 8

+ p.Arg356Trp

4 Chimeric CYP2IA1P/ Promoter - exon 6 Sw 109 214
CYP21AZ gene (CH-7)

5 Chimeric CYP21AIP/ Promoter - exon 8 SwW 2 0.4
CYP21A2 gene (CH-3)

6 CYP21AZ deletion CYP21A2 gene Sw 9 1.8

7 CYP21AZ large-scale CYP21A2 gene SwW 16 3.1

gene conversion

8 CYP21A2 duplication CYP21A2 duplication CYP2IA2 gene Sw 2 0.4

¢.290-13A/C>G, p-Ser97fsX12, Intron 2,
c.952C>T p-GIn318X exon §

9 c.89C>T p-Pro30Leu Exon 1 NC 19 35
10 ¢.290-13A/C>G p-Ser97{sX12 Intron 2 Sw 122 24,00
11 ¢.329_336del8 p.Glyl10ValfsX21 Exon 3 SwW 6 1,2
12 c.503C>A" p.Thr168Asn* Exon 4 NC 1 0,2
13 c.307C>A" p-Serl69X’ Exon 4 SwW 1 0,2
14 c.515T=A pllel72Asn Exon 4 SV 57 112
15 c. 841G>T p-Val281Leu Exon 7 NC 47 93
16 ¢.818_919insT p-Leu307PhefsX6 Exon 7 SwW 1 0,2
17 c.946C>T p-Arg316X Exon 8 SwW 1 0,2
18 c.932C>T p-GIn318X Exon 8 Sw 18 35
19 c.1066C>T p-Arg356Trp Exon 8 SwW 20 39
20 c1067G>A p-Arg356Gln Exon 8§ SV 2 04
21 c.1157C>G" p.Pro386Arg’ Exon 9 SW 1 02
22 c1357C>T p.Pro453Ser Exon 10 NC ) 0,6
23 ¢ 1375C>T p.Pro459Ser Exon 10 sV 1 02
24 c.1448G>C p-Argd483Pro Exonl0 sV 2 04
25 c.290_13A/C>G, p- Ser97fsX12, Intron 2, Sw 1 02

¢.329_336del8 p.Gly110ValfsX21 exon 3
26 ¢.290_13A/C>G, p-Ser97fsX12, Intron 2, Sw 1 0.2
©.329_336del8, p.Glyl10ValfsX21, exons 3 and 4
c.515T=A pllel72Asn
27 cTJOTT>A, plle236Asn, Exon 6 SwW 3 0.6
c 710 T>A, p-Val237Glu,
c.716T>A p-Met239Lys
28 c.841G>T, p-Val281Leu, Exons 7 and 8 SW 1 0,2
¢ 952C>T p.GIn318X%,
29 c.841G>T, p-Val281Leu, Exons 7 and 8 SwW 1 0.2
¢.920 921insT, p-Leu307PhefsX6,
¢.952C>T, ¢.1066C>T p.GIn318X%,
p-Arg356Trp
30 c.952C>T, ¢.1066C>T p.GIn318%, Exon 8 SwW 1 02
p-Arg356Trp

Rare C'¥P21A2 mutations (not derived from CYP2JAIP) are shown in bold letters. "These are novel mutations, and have not been described

previously.
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Table ITI. Correlation between genotype and phenotype in 142 Czech 21OHD patients.

Group Mutant allele 1 Mutant allele 2 Phenotype No. of Frequency
probands (%)
A Chimeric gene Chimeric gene SwW 18 127
CH-4 Chimeric gene Sw 1 0.7
Chimeric gene CYP2IA2 deletion SW 2 1.4
CH-4 CYP21A2 deletion SwW 3 21
Chimeric gene p-Ser97fsX12 Sw 13 9.2
Chimeric gene p.Glyll0ValfsX21 Sw 2 1.4
Chimeric gene p-Val237Glu Sw 2 1.4
Chimeric gene p-Val281Leu” Sw 1 0.7
Chimeric gene p-GIn318X SwW 4 2.8
CYP21A2 deletion CYP2IA2 deletion Sw 3 2.1
CYP21A2 deletion dup[p.Ser37fsX12; p.GIn318X] SwW 1 0.7
CYP21A2 deletion p-Ser97fsX12 Sw 6 4.2
p-Pro30Leu” p-Arg356Trp Sw 1 0.7
p.Ser97fsX12 dup[p.Ser37fsX12; p.GIn318X] SwW 1 0.7
p-Ser97fsX12 p-Ser97fsX12 Sw 4 2.8
pSer97fsX12 p.Serl69X Sw 1 0.7
p-Ser97fsX12 p.GIn318X SwW 3 21
p-Ser97fsX12 p.Arg356Trp Sw 1 0.7
p.Ser97fsX12 p-Pro386Arg SwW 1 0.7
pSer97fsX12, p.Gly110ValfsX21 p-Glyl10ValfsX21 SwW 1 0.7
p-Val281Leu, p.Leu307PhefsX6, p-GIn318X Sw 1 0.7

p-GIn318X, p.Arg356Trp

p-Arg356Trp p-Arg356Trp Sw 2 1.4
B Chimeric gene p-Ser97fsX12 SW/SV 4 2.8
CYP21A2 deletion p-Ser97fsX12 SW/SV 1 0.7
p.Ser97fsX12 p-Ser97fsX12 SW/SV 5 35
p-Ser97fsX12 p-Arg356Trp SW/SV 3 2.1
C CH-4 Chimeric gene SV 6 4.2
CH-4 p-Ser97fsX12 Sv 1 0.7
Chimeric gene plle172Asn SV 11 7.7
Chimeric gene pPro459Ser Sv 1 0.7
CYP21A2 deletion pllel72Asn Sv 2 1.4
p.Ser97fsX12 pllel72Asn SV 6 4.2
pllel72Asn plleI72Asn NaY 4 2.8
pllel72Asn p-Val237Glu SV 1 0.7
pllel72Asn p.-Val281leu SV 1 0.7
pllel72Asn p-Arg316X Sv 1 0.7
pllel72Asn p-GIn318X SV 1 0.7
pllel72Asn p-Arg356Trp NaY 2 14
D CH-4 CH-4 NC 1 0.7
Chimeric gene p-Pro30Leu NC 2 14
Chimeric gene p-Thr168Asn NC 1 0.7
CH-4 p.Val281Leu NC 1 0.7
p-Pro30Leu p-Pro30Leu NC 1 0.7
p.Pre30Leu p-Ser97fsX12 NC 1 0.7
pPro30Leu p.-Val281leu NC 1 0.7
p-Ser97fsX12 p.Val281Leu NC 3 2.1
pllel72Asn p-Val281Leu NC 2 1.4
p-Val281Leu p-Val281Leu NC 4 2.8
p.Val281Leu p.GIn318X NC 1 0.7
p-Val281Leu p-Arg356Trp NC 2 1.4

Group A, patients with SW-CAH; group B, patients with indefinite diagnosis, SV or SW-CAH; group C, patients with SV-CAH; group D,
patients with NC-CAH. Chimeric gene, the CYP2IAIP/CYF21A2 chimeric gene (CH-1, CH-3 and CH-7 forms are not distinguished here).
"Mutation which does not correspond to the patient's phenotype.
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Table IV. CYP21A2 allele frequencies in different European populations.
p TA Del/ p.Pro30 p-Serd7 p.Gly plle p-Val p.Gln p.Arg T

con Leu fsX12 110Valf 172 281Leu 318X 356Trp (%)

sX21 Asn

Czech Republic 508 38.6 35 24.0 1.2 11.2 9.3 35 39 95.2
Central Europe 696 34.1 37 31.2 1.0 14.5 34 2.6 2.4 92.9
(20)
Austria 158 354 32 22.8 0.0 15.8 120 2.5 3.2 94.9
(21)
Hungary 270 27.1 3.0 35.9 0.0 14.1 5.6 1.9 30 90.6
(20)
Southern Germany 310 290 2.6 30.3 1.6 197 2.9 4.8 4.5 954
(22)
The Netherlands 370 319 0.3 28.1 4.3 124 2.2 35 8.4 91.1
(23)
Spain 266 5.6 15 6.0 1.1 2.3 63.2 23 0.8 827
(24)

P, population; TA, total no. of alleles; del, deletion; con, conversion; T, total frequency of given mutations.

Czech patients carrying a CYP21A2 large-scale conversion
into CYP2IAIP.

Duplications of CYP2IAZ2 associated with a mutation on
both gene copies, were found in 2 probands (0.4% of the
mutated alleles). In both cases, the CYP2IA2 genes localized
on 1 chromosome carried the p.Ser97fsX12 mutation, as well
as the p.GIn318X mutation, respectively. The association
between the CYP21A2 duplication and the mentioned point
mutations was confirmed by the segregation of the parents'
alleles.

CYP21A2 point mutations. Small DNA rearrangements of the
CYP21AZ gene, derived and non-derived from CYP2IAIP,
were present in 56.8 and 2.4% of the mutant alleles, respec-
tively. The most frequent point mutations were p.Ser97fsX12,
pllel72Asn and p.Val281Leu. We also detected 7 types of
alleles with =2 mutations in 1 CYP21A2 gene.

DNA sequencing of the CYP2IA2 exons and adjacent
intron regions was performed in 38 probands with 1 identified
CYP21AZ mutant allele. Point mutations non-derived from
CYP21AIP were found in 12 patients (Table IT). Three of the
identified point mutations have not been described previously
(p.Thrl68Asn, p.Serl69X and p.Pro386Arg). Female
patient 1 (NC-CAH) is a compound heterozygote for the
p-Thr168Asn mutation (the paternal allele), and the chimeric
gene CH-7 (the maternal allele). Female patients 2 and 3
carried a phenotype associated with SW-CAH and both
sufferred from genital virilisation and a life-threatening salt-
wasting crisis in the neonatal phase. Patient 2 carried the
p-Serl69X mutation, and the p.Ser%7{sX12 mutation (DNA of
parents was unavailable for analysis). Patient 3 carried the
p-Pro386Arg mutation (the paternal allele) and the
p-Ser97fsX 12 mutation (the maternal allele}.

Phenotype-genotype correlations. The correlation between
genotype and phenotype was presented for 142 patients

(Table III) in which sufficient clinical and biocchemical data
were available. Seventy-two patients suffered from the classic
SW-CAH form (Group A), 13 had an indefinite phenotype, in
that it was impossible to distinguish the SW and SV-CAH
form (Group B), 37 suffered from the classic SV-CAH form
{Group C), and 20 had the NC-CAH form (Group D). We
observed a good correlation between genotype and phenotype.
Discrepancies between genotype and phenotype were found
in 2 patients with the SW-CAH phenotype (both patients had
a mutation associated with the more moderate phenotype).
The first patient is a male compound heterozygote for the
p-Val281Leu mutation and the chimeric gene, CH-7. The
second one is a female compound heterozygote carrying the
p-Pro30Leu and the p.Arg356Trp mutations.

Discussion

The gene encoding the steroid 210H enzyme, CYP2IA2, is
considered to be one of the most polymorphic human genes.
Point mutations and copy number variations, such as deletions
and duplications, have been described in many populations
(20-24). Using the analysis of the CYP2IA2 gene, we con-
firmed the referral diagnosis in 241 Czech unrelated patients
suspected of 210HD. CYP21A2 mutations can be predicted
to cause a certain phenotype (SW, SV and NC), on the basis
of the reduction of 210H enzymatic activity. As 21OHD is
an autosomal recessive disease and most 210HD patients are
compound heterozygotes, the phenotype of a patient should
reflect a mutation that is predicted to cause the least severe
impairment of enzymatic activity. This approach to phenotype
prediction has been shown to be correct, although slight
deviations to this correlation exist {1,23,25). We checked for
correlations between the genotypes and phenotypes in 142
probands with 210HD. A discrepancy was observed in 2
patients with SW-CAH. The first one was a male proband
carrving the p.Val281Leu mutation (associated with NC-
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CAH}) (1) and the CH-7 chimeric gene. The second one was a
female proband carrying the p.Pro30Leu mutation (associated
with NC-CAH) and the p.Arg356Trp mutation (associated
with SV-CAH} (1). Both patients suffered from a salt wasting
crisis in the neonatal period and were treated with fludro-
cortisone and hydrocortisone.

Duplications of CYP21A2 associated with a mutation on
both gene copies were found in 2 probands. In both cases, the
CYP21A2 duplication was associated with the mutations,
p-Ser97fsX12 and p.GIn318X (the same mutant allele has
been previously described) (24). Both probands with the
CYP21A2 duplication, p.Ser97fsX12 and p.GIn318X on 1
allele have SW-CAH phenotypes. The complete genotypes of
these patients were dup[p.Ser97fsX12; p.GIn318X]/
p-Ser97fsX12 and dup[p.Ser97fsX12; p.GIn318X])/CYP2IA2
deletion. Determination of the genotype, dup[p.Ser97{sX12;
p.GIn318X]J/CYP21IA2 deletion, was quite difficult. Using
long-template PCR, nested PCRs, and PCR-RFLP, the
mutations, p.Ser97fsX12 and p.GIn318X, were detected
and this result was also confirmed by MLPA. MLPA showed
1 copy of exon 8 (the p.GIn318X mutation was located in the
probe binding site), and other CYP27A2 fragments detected
by MLPA had normal peak sizes corresponding to 2 CYP21A2
copies. Thus, we presumed that this patient's genotype was
p-Ser97fsX12/p.GIn318X. Using long-template amplification
with primers specific to the TNX genes, we discovered the
presence of the TNXB/TNXA hybrid gene and thus the
presence of the CYP21A2 large-scale conversion into struc-
ture similar to CYP2IAIP. In this patient, a rare genotype
combination was characterized, which has not been described
so far. For the verification and diagnostic accuracy of our
DNA, we also performed DNA analyses on the patients'
family members. The mutant allele carrying the CYP21A2
duplication with p.Ser%7fsX 12 and p.GIn318X was inherited
from the mother and the mutant allele with the CYP21A2
deletion was inherited from the father. We then offered the
prenatal diagnosis to this family. After DNA analysis of the
amniotic fluid, we detected the CYP2IA2 duplication and the
point mutations, p.Ser97fsX12 and p.GIn318X, (using PCR-
RFLP and MLPA), and the CYP21A2 large-scale gene
conversion.

The most frequent mutations detected in the Czech 210HD
patients were the chimeric CYP2IAIP/CYP21A2 genes. To
date, 6 different chimeric CYP2ZIAIP/CYP21A2 genes have
been characterized (12,14,19,26) The CH-1, CH-3 and CH-4
chimeric genes were detected in the Czech population and in
addition, 1 novel type {CH-7) was determined (Fig. 1). The 5'
untranslated region of the CYP2IA2 gene responsible for the
transcriptional activity, is located in the first 167 nucleotides
upstream of the ATG codon and contains binding sites for the
specificity protein, Sp-1, and adrenal-specific protein trans-
cription factors (27,28). In this fragment, the pseudogene
promoter differs from the CYP21A2 promoter in 4 nucleotides,
located at the -126, -113, -110 and -103 positions. These
differences cause a lower affinity of the pseudogene promoter
to the transcription factors and, consequently, reduce its trans-
criptional activity to 20% when compared to the CYP21A2
gene {15,29). The mutation p.Pro30Leu is associated with
NC-CAH, and reduces the 210H activity to 30-40% of the
normal enzyme. In the chimeric gene CH-4, the mutation
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p-Pro30Leu, in synergism with the promoter sequence substi-
tutions, can decrease enzyme activity to 4-10% (30). In the set
of our 21OHD probands, we detected 13 patients with at least
I CH-4 chimeric gene. Three probands with the genotype
CH-4/CYP21A2 deletion, and 1 proband with the genotype
CH-4/CH-7 suffered from SW-CAH, 7 probands suffered
from SV-CAH and their genotypes were CH-4/CH-1, CH-4/
CH-7 and CH-4/p.Ser%7isX 12, and 2 probands were clinically
diagnesed as NC-CAH and had the genotypes CH-4/
p-Val281Leu and CH-4 in the homozygous state.

Furthermore, we detected 6 types of alleles with =2 muta-
tions in 1 CYP2IA2 gene. In the case of mutant alleles 25,
26,27, 29, and 30 (Table IT), mutations present in CYPZIAIP
were probably transferred to CYP2IA2 as 1 recombination
event. In the case of alleles 3 and 28, we presume that 2
recombination events took place (CYP2JA1P mutations
lying between transferred mutations are missing in these
alleles).

In the set of our 210HD patients, we detected 1 novel
non-sense mutation (p.Ser169X) and 2 novel missense
(p.Thr168Asn and p Pro386Arg) mutations. The p. Thr168Asn
mutation is associated with NC-CAH, and the p.Pro386Arg
mutation with SW-CAH. A conservation of amine acid
residues was determined by Robins ef af, based on the
comparison of multiple species-specific sequence variants
(pig. dog, cow, sheep, mouse, rat, eel, and puffer fish)
homologous to the human CYP2IA2 (31). Based on this
result, both missense mutations (p.Thr168Asn and
p-Pro386Arg) are located in a highly conserved region. The
p-Thr168Asn mutation is situated in the central part of helix
E and p.Pro386Arg in a loop between the f3-sheet 1-3 and
helix K' (31). In addition, the p.Pro386Arg is located in the
heme-binding site (31).

CYP21A2 mutations were detected in 508 alleles of
unrelated patients suspected of 210HD. A comparison with
mutation frequencies in other European countries showed
similar results in general (Table V), especially with central
European countries. In addition, we described i) mutated
CYP21A2 alleles carrying novel point mutations
(p.Thr168Asn, p.Ser169X and p.Pro386Arg}, ii) mutated
CYP21A2 alleles carrying the novel chimeric gene designated
as CH-7, iii} an unusual genotype with a combination of the
CYP21AZ2 duplication and the CYP21A2 large-scale gene
conversion on the second allele, and iv) a detailed analysis of
the chimeric CYP2IAIP/CYP21AZ2 genes. In conclusion, our
genotyping approach allowed for the accurate identification
of CYP21A2 gene mutations in 210HD patients and their
families and provided some useful information on diagnosis
and genetic counselling.
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5 Zavér

Habilitacni prace piedlozena formou komentovaného souboru publikaci se vénuje
molekularné genetické diagnostice dédicnych nemoci. Uvedené vysledky byly ziskany v
Centru molekularni biologie a genové terapie IHOK LF MU a Fakultni nemocnice Brno,

vysledky ptfed rokem 2002 ve Vyzkumném ustavu zdravi ditéte.

V soucasné dob¢ se v Sekci vrozenych genetickych chorob CMBGT provadi standardné 44
genetickych vysetieni, z toho 30 unikatné v ramci CR. Kromé standardnich metod DNA
diagnostiky (PCR, klasicka sekvenacni analyza, fragmentacni analyza, kvantitativni PCR)
jsou do diagnostické praxe zavedeny i techniky jako pulzni gelova elektroforéza spojena se
Southern blotem a hybridizaci, amplikonové sekvenovani nové generace nebo sequence

capture a cilené re-sekvenovani.

S rozvojem technik sekvenovani nové generace stale aktualnéji vyvstava potieba ovéfeni
kauzality identifikovanych mutaci. Jednou z moznosti jak zjistit, jestli nalezend mutace
souvisi s nemoci, je jeji analyza in silico pfistupy jako jsou predikéni programy (Polyphen-
2, SIFT,SNPs3D and FOLDX) a molekularni modelovani na zakladé znamych
krystalovych struktur. DalSi mozZnosti je pak exprese mutantnich proteinli a nasledna
analyza jejich funkce. I tyto metodiky jsou na pracovisti rozvijeny, protoze spolu s
vysledky klinickymi, biochemickymi, patologickymi vytvaieji komplexni obraz o dané
nemoci a jeji molekularni podstaté. Poznatky a zkusenosti z oblasti vyzkumu a diagnostiky
vrozenych poruch jsou vyuzivany rovnéz v teoretické i praktické vyuce na Masarykove
université, predevSim v ramci semestralniho kurzu Molekularni diagnostika dédi¢nych
nemoci, a jsou piedmétem zavere¢nych praci studentii magisterskych a doktorskych

studijnich programd.

Publikace uvedené v habilitacni praci prezentuji vysledky ziskané analyzou DNA/mRNA
genll asociovanych s danym typem nemoci a korelace téchto vysledki s klinickymi,
biochemickymi a patologickymi nalezy. Vzhledem k tomu, ze molekularné geneticka
diagnostika t&chto nemoci se provadi v CMBGT jako V jediné laboratofi v ramci CR,
vysledky mapuji muta¢ni spektrum a frekvenci vyskytu jednotlivych typt mutaci v Ceské
republice. Zjisténé genotypy a asociované fenotypy jsou prezentovany i v mezinarodnich

databazich mutaci a pfispivaji tak k utvofeni celkového obrazu o sloZitosti dané nemoci.
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