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Abstrakt

Studium vzacnych onemocnéni je vhodnym pfistupem pro nalezeni genetické a molekuldrni
podstaty lidskych znak( a vyrazné napomohlo k identifikaci gen(, objasnéni jejich funkce a
prispélo k charakterizaci funkce metabolickych drah a bunécnych procesli. V pribéhu
poslednich 30-ti let byla vazebna analyza nejuspésnéjsim pristupem k hledani gent
podminujicich Mendelovska onemocnéni a prispéla k identifikaci fady gen(, presto podstata
mnohych onemocnéni zlstava stale nezndmda. Nové metody studia lidského genomu,
zejména technologie DNA CipUl, masivné paralelni sekvenovani (next generation sequencing)
a metody analyzy takto ziskanych dat, predstavuji zplisob jak efektivné identifikovat pficinu
geneticky podminénych onemocnéni na zdkladé primého pozorovani mutaci v celém
genomu postizenych jedinci. Tyto metody nahrazuji tradicni zpUsob identifikace gen(
reprezentovany vazebnou analyzou a sekvenovanim kandidatnich genl a stavajici se
standardnim pfistupem pro objasnéni molekularni podstaty onemocnéni. V této praci
popisuji moznosti studia vzacnych genetickych podminénych onemocnéni a vysledky
dosaZené s vyuzitim téchto postupl - identifikaci gend podminiujicich mukopolysacharidézu
typ IIC (TMEM76), izolovany defekt ATP syntazy (TMEM?70), RotorlQv syndrom (SLCO1B3 a
SLCO1B1), autozomdlné dominantni ANCL (DNAJC5) a GAPO syndrom (ANTXR1).
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Abstract

The study of rare genetic diseases presents unique opportunity to uncover the genetic and
molecular basis of human traits and greatly helped to the identification of genes, to the
elucidation of their function and to the characterization of metabolic pathways and cellular
processes. Over the past decades, linkage analysis has been appropriate approach to search
for the genes causing Mendelian diseases and contributed to the identification of many
genes, but the genetic cause of many diseases remains unknown. New methods of studying
the human genome, microarray technology and massively parallel sequencing (next
generation sequencing), represent a way to efficiently identify the cause of genetically
determined diseases, based on direct observation of mutations in the genome of affected
individuals. These techniques replaced the traditional method of disease gene identification
represented by linkage analysis and sequencing of candidate genes and have become the
standard approach to elucidate the molecular basis of diseases. In this work, i describe the
the results achieved by using these methods - identification of the genes underlying
mucopolysacharidosis type IlIC, isolated defect of ATP synthase, Rotor syndrome, autosomal

dominat ANCL and GAPO syndrome.
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Cast 1. Uvod
Skutecénost, Ze nékteré znaky rostlin a Zivocich( se prenaseji z predkl na potomky, je

lidstvu zndma jiz od starovéku. Zdznamy o chovu koni za ucelem vyleps$eni nékterych jejich
Egypté lidé rucné opylovali datle, aby zvysSili vynosy a podpofili jejich poZadované
charakteristiky.

Prvni pfenos onemocnéni na potomky byl popsan jiz v talmudickém textu z 5. stoleti
n.l., v némz autofi v souvislosti s krvacivymi projevy pfi ritudlni obfizce chlapct, popisuji
symptomy a charakteristiky prenosu onemocnéni, Rafei D'ma, dnes zndmého jako hemofilie
(Rosner F., 1995). Prvotni poznatky a mylné predstavy o zakonitostech dédi¢nosti byly v
prabéhu historie vyvracovany a nahrazovany poznatky novymi. Az ve druhé poloviné 19.
stoleti byly ucinény objevy, které vyznamnym zplsobem pfispély k rozvoji znalosti o
zakonitostech dédicnosti, tak jak je zndme dnes. Zasadnimi se v tomto ohledu staly
experimenty J.G. Mendela. V roce 1866 publikoval opat brnénského augustinianského
klastera, J. G. Mendel, vysledky svych pokustd s hrachorem pod ndzvem: “Pokusy s
rostlinnymi hybridy” a na zakladé hodnoceni sledovanych znakl rodicovskych rostlin a
hybrid( v dalSich generacich formuloval zakladni pravidla dédi¢nosti.
Jiz témér zapomenuta prace J. G. Mendela byla znovuobjevena v roce 1900 prakticky
soucasné tfemi védci; Hugo De Vriesem, Carlem Corrensem a Ericem von Tschermakem. Az
toto “znovuobjeveni” je povaZovano za udalost, jeZ vedla k zaloZeni nového védniho oboru,
genetiky. Autorem tohoto pojmu je William Bateson. Bateson prispél k rozvoji genetiky
nejen svym experimentalnim vyzkumem, ale také hleddnim souvislosti mezi vysledky
zakladniho vyzkumu dédiénosti na zviratech a rostlindch a mnozstvim klinickych zdznamu o
dédicnych onemocnénich lidi, jez byla na zacatku 20. stoleti k dispozici. Pfi svych
experimentech s hrachorem objevil W. Bateson a R. Punnett vyjimky, které neodpovidaly
Mendelovym zavérdm. Bateson tyto vyjimky prisoudil genové vazbé, kterou exaktné
vysvétlil az T. H. Morgan. Morgan, identifikoval u octomilky skupiny gen(, které v ramci
skupiny bud’ nerekombinuji, nebo rekombinuji omezené. Odhalil tak funkci chromozom pfi
prenosu genetické informace a potvrdil, Ze geny lokalizované na stejném chromozému jsou
ve vazbé (Morgan T. H., 1910; Morgan T. H., 1911; Morgan T. H., 1911).

Na zacatku 20. stoleti bylo popsano i prvni dédicné metabolické onemocnéni,

alkaptonurie. Archibald Garrod, identifikoval fadu pfipadli tohoto onemocnéni a zaroven si



povSimnul, Ze onemocnéni se objevuje s typickym opakujicim se vzorcem dédicnosti.
Znalosti z oblasti biochemie umozZnily Garrodovi popsat prvni metabolické onemocnéni
¢lovéka, u kterého byla prokazana platnost mendelovskych zakond dédi¢nosti (Garrod A. E.,
1902). V prvni poloviné 20. stoleti bylo uc¢inéno nékolik dalSich vyznamnych objev(. H. J.
Muller objevil schopnost rentgenovych paprskl indukovat bodové mutace u octomilky a v

roce 1944 O. Avery prokazal, Zze DNA je genetickym materialem bunék.

Dulezitym milnikem bylo urceni pfesné struktury molekuly DNA J. Watsonem a F.
Crickem v roce 1953 (Watson J. D. and Crick F. H., 1953). | pfes tento objev vsak zatim
nebylo zifejmé, jakym zplsobem fidi DNA syntézu protein( a jakou roli v celém procesu
hraje RNA. Definice centrdlniho dogmatu molekuldrni biologie popisujiciho smér prenosu
genetické informace z DNA do RNA a pak do proteinu (Crick F. H., 1956), objev mRNA (Jacob
F. and Monod J., 1961) a rozlusténi genetického kodu (Nirenberg M. W. and Matthaei J. H.,

1961) pIné objasnilo mechanismus funkéniho vyjadreni genetické informace.

Rada dalsich objevd, zejména pak objev restrikénich endonukledz (Smith H. O. and
Wilcox K. W., 1970), rekombinantni DNA (Jackson D. A. et al., 1972), klonovani DNA (Cohen
S. N. et al., 1973), sekvenovani DNA (Sanger F. and Coulson A. R., 1975), polymerazové
fetézové reakce (Mullis K. B. and Faloona F. A., 1987) a polymorfnich genetickych markerd
(Kan Y. W. and Dozy A. M., 1978) vedla k rozvoji metod molekularni genetiky umoznujicich
manipulaci, studium funkce a vlastnosti DNA. Tyto metody a postupy pozi¢niho klonovani
umoznily studium genetické podstaty onemocnéni a patofyziologickych procestd s nimi
spojenych. VyuZiti postupl pozicniho klonovani vedlo k identifikaci mnoha genl(
podmiriujicich vzacna (Gusella J. F. et al., 1983; Koenig M. et al., 1987; Tsui L. C. et al., 1985)
i populaéné ¢asta onemocnéni (Hall J. M. et al., 1990; Miki Y. et al., 1994).

Zasadnim milnikem v oblasti lidské genetiky byl Projekt lidského genomu (Human
Genome Project) zahajeny v roce 1990 s cilem urcit presnou sekvenci parl bazi tvoricich
lidskou DNA a identifikovat vSechny geny lidského genomu. Prvni hruba verze byla
publikovana v Unoru 2001 (Consortium I. H. G. S., 2001) a k 50. vyroci objevu struktury DNA
byl projekt dokoncen. Poznatky ziskané v ramci Projektu lidského genomu umoznily rozvoj
mnoha novych technologii a metod analyzy geneticky podminénych onemocnéni. Znalost
sekvence lidského genomu a popsana variabilita (SNP) umozZnila navrh genotypovacich DNA

Cipd a jejich nasledné vyuZiti pri konstrukci haplotypové mapy lidského genomu

10



(International HapMap C., 2005) a studium genetické podstaty rady komplexnich
onemocnéni pomoci celogenomovych asociacnich studii (Welter D. et al., 2014). Potfeba
levného a vysoko-kapacitniho sekvenovani vedla kvyvoji novych masivné paralelnich
sekvenacnich technologii (Metzker M. L., 2010) a zpUsobila revoluci v moznostech studia
populacni variability lidského genomu (Genomes Project C. et al., 2012) a s ni spojenych
onemocnéni. Technologie DNA ¢ipl, NGS sekvenovani a metody analyzy takto ziskanych dat
predstavuji novy zpUsob, kterym mohou byt studovana geneticky podminéna onemocnéni.
Nahrazuji tradiéni zpusob identifikace genli reprezentovany vazebnou analyzou a
sekvenovanim kandidatnich genl a stavaji se standardnim pfistupem pro objasnéni
molekuldrni podstaty onemocnéni (Bamshad M. J. et al., 2011).

Zavedeni technologii DNA Cipli, NGS sekvenovani, postupl analyzy takto ziskanych
dat a jejich vyuziti pfi studiu molekularni podstaty vzacnych onemocnéni bylo hlavnim cilem

mé dizertacni prace.
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Cil dizertacni prace

Hlavnim cilem mé dizertacni prace bylo zavedeni technologie DNA ¢ipl, NGS sekvenovani,
metod analyzy a interpretace takto ziskanych dat umozZiujicich jejich vyuziti pfi studiu

molekuldrni podstaty vzacnych onemocnéni. Dil¢imi cili bylo:

1) Rozvoj technologie vlastnich oligonukleotidovych Cipl pro studium genové exprese a

zmén genové davky ve studiu genetickych pficin vzacnych nemoci

2) Vyuziti SNP Cipl pro celogenomové genotypovani, genetické mapovani a analyzu zmén

genové davky
3) Vyuziti komercéné dostupnych DNA Cipl pro studium genové exprese

4) Zavedeni a vyuziti metod masivné paralelniho sekvenovani ve studiu genetickych pficin

vzacnych nemoci a DNA diagnostice

12



Cast II. Technologie a metody

Technologie DNA cipt
DNA Cipy jsou relativné novou technologii pro kvalitativni a kvantitativni analyzu nukleovych

kyselin, ktera je pouZivdna od poloviny 90. let minulého stoleti. Jejich hlavni vyhodou je

moznost vySetieni velkého mnozstvi Usekl nukleovych kyselin v jednom experimentu.

V principu jsou DNA ¢ipy malé pevné nosice, na kterych mohou byt imobilizovany v pfesnych
pozicich az miliony oligonukleotidd (dfive i BAC nebo EST). Oligonukleotidy (probes) jsou
navrzeny tak, aby specificky hybridizovaly s komplementarnimi sekvencemi analyzované
nukleové kyseliny (target). Po hybridizaci je detekovan a kvantifikovan fluorescencni signal
pro kazdou z detekénich préb. Intenzita signalu odpovidd mnoZstvi navdzané analyzované
nukleové kyseliny. DNA Cipy byly nejprve vyuZivany pro analyzu genové exprese (Schena M.
et al., 1995), genotypovani mitochondridlniho genomu (Chee M. et al., 1996) a komparativni
genomovou hybridizaci (CGH) (Solinas-Toldo S. et al., 1997). MozZnosti jejich pouZiti byly
limitovany neznalosti referencénich sekvenci umoznujici navrh detekcnich sond. Teprve
dokonceni projektu lidského genomu umoznilo vyuZiti DNA Cipl i pro jiné aplikace —
vazebnou analyzu (Matsuzaki H. et al., 2004), celogenomové asociacni studie (Klein R. J. et

al., 2005), obohaceni DNA (Hodges E. et al., 2007) a fadu dalsich.

V soucasnosti se pro pripravu pouzivaji rizné technologie, které se lisi pouzitym nosicem a
zplsobem pfipravy detekcnich sond (viz. Obrazek 1) (Hughes T. R. et al., 2001; Michael K. L.
et al., 1998; Pease A. C. et al., 1994).

Analyza dat - DNA ¢Cipy
Proces analyzy a zpracovani dat z DNA CipU se sklada z fady krok(, které obvykle zahrnuji

analyzu obrazu, odstranéni nespecifického hybridizaéniho signdlu, logaritmickou
transformaci, normalizaci a statistické vyhodnoceni. PouZivané metody jsou rozdilné pro
jednotlivé platformy a aplikace. Pro zpracovani dat existuje mnoho komerénich i volné
dostupnych programi (Koschmieder A. et al., 2012). NejpouZivanéjsi platformou pro

analyzu vsech typl DNA CipU jsou vsak tzv. balicky z projektu Bioconductor (Gentleman R. C.
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et al., 2004) vyuzivajici statisticky programovaci jazyk R. V ndsledujici ¢asti jsou popsany
jednotlivé kroky zpracovani dat.

Analyza obrazu - primarnim vystupem ze scanneru jsou obrazova data ve formatu TIFF, které
je nutné prevést na numerické hodnoty. Nejprve jsou proto identifikovany v obraze oblasti
odpovidajici jednotlivym detekénim sondam a nalezené intenzity signalu jsou prevedeny na
numerické hodnoty.

Odstranéni nespecifického hybridiza¢niho signdlu - ziskané intenzity jsou souctem
specifického a nespecifického signdlu. Proto vétsSina DNA Cipli obsahuje tzv. negativni sondy,
které umoznuji kvantifikaci nespecifického hybridiza¢niho signalu. Predpokladd se, Ze
nespecificky hybridizacni signdl je aditivni a proto je od ziskanych hodnot odecten.
Logaritmicka transformace - data jsou transformovdna na log, hodnoty. Tato transformace
stabilizuje rozptyl a zaroven jsou data prevedena do normalniho rozdéleni, které je
predpokladem pro vétsSinu béznych statistickych testu.

Normalizace - pred statistickym vyhodnocenim dat je nutné minimalizovat technickou
variabilitu, kterd muze byt zpUsobena napfiklad zpracovdanim vzorku, rGznym mnoZstvim
hybridizovaného vzorku nebo rozdilnym nastavenim scanneru. K tomuto Ucelu se pouzivaji
metody normalizace dat. Nejcastéji pouzivané metody jsou kvantilovda, RMA a LOWESS
normalizace (Bolstad B. M. et al., 2003; Smyth G. K. and Speed T., 2003).

Statistické vyhodnoceni - pro analyzu genové exprese jsou pouzivany bézné statistické testy
(t-test, ANOVA) nebo jejich modifikace (Wettenhall J. M. and Smyth G. K., 2004). Vhodny
test je vybran v zavislosti na poctu porovnavanych stavd a vztahu vzorkl (parovy nebo
nepdrovy test). Ziskané hodnoty pravdépodobnosti jsou pro omezeni faleSné pozitivnich
vysledk( upraveny s vyuZitim metod korekce pro mnohondsobné testovani (Hsueh H. M. et
al., 2003). Interpretaci takto nalezeného seznamu rozdilné exprimovanych genli mohou
usnadnit metody analyzy genového obohaceni, napfiklad s vyuzZitim databdzi genové

ontologie nebo databaze metabolickych drah (Huang da W. et al., 2009).
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Obrazek 1. Technologie pfipravy DNA ¢iplQ

A. DNA Cip Affymetrix - postupna fotolitograficka syntéza 25-bazovych oligonukleotidl se svételnou deprotekci
za pouZziti systému specifickych masek na kfemikovém nosiéi (modifikovano podle www.affymerix.com)

B. DNA Cip Agilent - na mikroskopickém skli¢ku jsou postupné syntetizovany 60-bazové oligonukleotidy pomoci
bezkontaktnich tiskovych hlav (modifikovano podle http://www.genomics.agilent.com)

C. DNA ¢ip lllumina - syntetizované 73-bazové oligonukleotidy s 23-bdzovou znackou, umoziujici identifikaci,
jsou navazany na silikatové kulicky a ndhodné naneseny do jamek na kfemikové desticce

(modifikovano podle www.illumina.com)
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Sekvenacni technologie

MozZnost vyuZziti dideoxynukleotidd pro terminaci elongace sekvenovaného fetézce (Sanger
F. et al., 1977) predstavovala zdsadni meznik v historii DNA sekvenovani. Tato myslenka
umoznila dohromady s objevem polymerdzové fetézové reakce (Mullis K. B. and Faloona F.
A., 1987) vyvoj automatického Sangerova sekvenovani (Ansorge W. et al., 1987; Smith L. M.
et al., 1986), které se stalo nejpouzivanéjsi DNA sekvenacni technologii pro témér dalsich 20
let. BEhem tohoto obdobi byla optimalizovdna pro ¢teni delSich DNA fragmentU a pro vyssi
kapacitu. V soucasnosti tato technologie umoZiuje simultanni sekvenovani az 384
fragmentl s maximalni délkou cteni az tisic par( bazi (bp). Automatické Sangerovo
sekvenovani bylo hlavni technologii vyuzivanou v rdmci Projektu lidského genomu “Human
Genome Project” zahdjeném v roce 1990 s cilem identifikovat tti miliardy parQ bazi tvoficich
lidsky genom. Prvni vysledky tohoto projektu byly publikovany za deset let od zahajeni
projektu (Venter J. C. et al., 2001) a projekt byl dokonéen po dalSich tfech letech
(International Human Genome Sequencing C., 2004). Projekt lidského genomu vyZadoval
rozsahlé a ekonomicky ndrocné sekvenovani a ve svém duasledku vedl nejen k identifikaci
lidského genomu, ale také k vyvoji novych sekvenacnich technologii. Tyto nové masivné
paralelni sekvenacni technologie (NGS), umoznuji efektivni a rychlé sekvenovani celych
genomd. Jejich rozvoj zpUsobil revoluci v moZnostech studia variability lidského genomu
jednotlivch (Levy S. et al., 2007; Wheeler D. A. et al., 2008) a nasledné i celych populaci (Siva
N., 2008). V ramci tohoto projektu bylo mozné béhem pouhych 4 let analyzovat kompletni
sekvenci genomu 1092 jednotlivcl ze 14 rliznych populaci (Genomes Project C. et al., 2012).
Soucasné verze sekvenacnich pfistrojd umoznuji v ramci jednoho béhu analyzovat az 12
lidskych genomu. Jadro vyzkumu se proto presouva od ziskavani sekvencénich dat k

problematice jejich analyzy, interpretace, ukladani a zalohovani.

Masivné paralelni sekvenovani
Pokrok ve vyvoji sekvenaénich technologii umoznuje efektivné a dostupné generovat velké

mnozstvi sekvenacnich dat. Nové sekvenacni technologie oznacované jako "next generation
sequencing” poskytuji moznost analyzovat celé genomy. Principem téchto metod je postup,
ktery umoznuje nahodné rozmistit a poté amplifikovat jednotlivé molekuly komplexni smési

DNA. S vyuzitim polymerazy nebo ligdzy jsou v opakujicich se krocich do analyzovanych
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fetézcl DNA inkorporovany komplementarni baze a tento proces je monitorovan detekci
fluorescenéniho nebo jiného signdlu. Toto umoZiuje generovat statisice az miliardy
sekvenacnich c¢teni sdélkou 75 az 1000 bazi. Tato data jsou obvykle namapovana na
referencni sekvenci, nalezené rozdily anotovany a ddle interpretovany. PfestoZe cena
sekvenovani dramaticky poklesla, stale neni dostate¢né nizkd, aby bylo mozZné provadét
celogenomové sekvenovani v rozsahlych genetickych studiich s dostatec¢nou statistickou
silou. EfektivnéjSim pristupem je zaméfit se pouze na relevantni genomické oblasti a
analyzovat vétsi mnozstvi vzorkl. Vyvoj novych sekvenacénich technologii zplsobil revoluci
v postupech, jakymi jsou provadény sekvenacni analyzy a klinické genetické testovani.
Tato sekce neni zamyslena jako presny popis kazdé z novych sekvenaénich technologii, ale

spisSe jako uvod poskytujici odpovidajici kontext pro vyuzivané metody.

Roche 454 GS FLX
Prvnim dostupnym pfistrojem nové generace byl sekvenator 454 GS vyuzivajici technologii

pyrosekvenovani (Ronaghi M. et al., 1996), uvedeny na trh v roce 2005 (Margulies M. et al.,
2005). Molekuly sekvenované DNA knihovny jsou navazany na kulicky a podrobeny
emulznimu PCR (Dressman D. et al., 2003), poté jsou kuli¢ky imobilizovany v sekvenaéni
desticce. V kazdé jamce sekvenacni desticky se nachdzi pravé jedna kulicka, to umoziuje
detekovat signdl z jedné vychozi molekuly DNA. Poté jsou v opakujicich se sekvenaénich
cyklech pridavany jednotlivé deoxynukleotidy. Uvolnény pyrofosfat je detekovan
luciferazovou reakci. Aktualni verze sekvenatoru 454 FLX umoZnuje generovat az milion

¢teni s primérnou délkou 700 bp.

Applied Biosystems SOLiD
Technologie firmy Applied Biosystems uvedena v roce 2007 je zalozena na sekvenacnim

postupu vyuZivajicim ligdzu (Shendure J. et al., 2005). Stejné jako v pfipadé 454 je pro
amplifikaci jednotlivych molekul DNA knihovny pouZita metoda emulzniho PCR. Po
amplifikaci jsou kulicky nesouci templat na 3‘ konci modifikovany tak, aby byla umoznéna
vazba s nosi¢em. Sekvenacni reakce probihd na mikroskopickém sklicku, na které jsou
nahodné kovalentné navazany kulicky nesouci templat. V pribéhu kazdého sekvenacniho

cyklu dojde k navazani fluorescencné znaceného oktatametru. Fluorescencni znacka je
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specifickd pro prvni dvé baze, po detekci signalu je odstranéna fluorescenéni znacka
pfitomnd na poslednich dvou bazich oktameru. Po dosaZeni nastaveného poctu
sekvenacnich cykll je proces jesté Ctyrikrat opakovan s pouzitim dalSich sekvenacnich
primer( tak, Ze pfitomnost kazdé baze je detekovdna dvéma prekryvajicimi se oktamery.
Diky tomu, Ze kazidd pozice analyzovaného fragmentu je charakterizovana dvéma
fluorescenénimi signadly, je zajiSténa vyssi pfesnost uréeni baze v dané pozici. Aktualni verze

sekvenatoru SOLID produkuji az 1.6 miliardy sekvenacnich ¢teni o maximalni délce 75 bp.

INlumina
Technologie firmy lllumina, uvedend v roce 2006, je zalozena na sekvenovani syntézou

s vyuzitim reverzibilné terminovanych a znacenych deoxynukleotid(i. Sekvenovani probiha
v sekvenacni cele, na jejimz povrchu jsou navdazany oligonukleotidy komplementarni
k adaptordm naligovanym na sekvenovanych fragmentech. Po navazani fragment( je
provedena tzv. mustkova amplifikace, dochazi tak ke vzniku kolonii (clusters) z kazdého
navazaného fragmentu (Fedurco M. et al., 2006).

Sekvenaclni reakce je zahajena navazanim sekvenacniho primeru na templat. Poté je pfidana
smés znacenych deoxynukleotidll a dojde kinkorporaci prvni baze. Po kazdem cyklu je
s vyuzitim laseru osvicen cely povrch flowcely a zaznamenan fluorescenéni signdl. Nasleduje
odstranéni termindroru a fluorescenc¢ni znacky. Délka ¢teni je uréena poctem sekvenacnich
cykll a jednotlivé baze emitovanou vinovou délkou fluorescenéniho signdlu. Aktualni verze

sekvenator( Illumina produkuji az 3 miliardy parovych ¢teni s maximalni délkou 250 bp.

Metody obohaceni DNA
| kdyzZ Ize sekvenovat celé lidské genomy, Casto je efektivnéjsi zamérit se pouze na specifické

oblasti zajmu. Tento fakt vedl k rozvoji technologii umoZiujicich sekvenovat pouze vybrané

oblasti genomu (Mamanova L. et al., 2010).

Standardni molekularni technikou pro selektivni amplifikaci genomovych oblasti je
polymeradzova retézova reakce (PCR). PCR amplikony jsou vhodnym vstupem pro NGS

sekvenovani zejména v pripadé, Ze pocet amplifikovanych oblasti je maly, nicméné se
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vzrlstajici velikosti oblasti je tento pristup neefektivni. Tento nedostatek je mozné obejit
vyuzitim multiplexniho PCR a automatizované technologie (Porreca G. J., 2007; Tewhey R.,

2009).

Dalsi metody, které byly vyvinuty specificky pro potfeby NGS sekvenovani lze obecné

rozdélit do dvou kategorii na hybridiza¢ni a enzymatické.

Hybridizaéni metody vyuZivaji oligonukleotidové sondy, které jsou komplementarni
k oblastem zdjmu. Postup obohaceni gDNA knihoven zaloZeny na DNA ¢ipech (Albert T. J. et
al., 2007) byl pozdéji nahrazen snadnéjsim pristupem, kdy se obohaceni provadi v roztoku.
Redeni zaloZené na obohaceni v roztoku maji Fadu vyhod oproti metodé zaloZené na DNA
Cipech, zejména schopnost zachytit vétsi oblasti, moZnost automatizace, mensi pracnost a
¢asovou narocnost (Bainbridge M. N. et al., 2010). Principem této metody je vyuZiti
biotinem znacenych RNA nebo DNA sond (baits), které se hybridizuji s gDNA knihovnou. Po
hybridizaci jsou k roztoku pfidany magnetické kulicky pokryté streptavidinem, na které se
navazi biotinem znacené sondy nesouci fragmenty zachycené DNA. Pomoci magnetu je
komplex zachycen na sténé zkumavky a nenavdzand DNA odmyta. Zachycena DNA je
eluovana zkulicek a pfipravena pro sekvenovani (viz. Obrazek 2). Redeni zaloZenad na

hybridizaci jsou dominantni metodou pro cilené exomové sekvenovani.

Enzymatické metody vyuZivaji pro obohaceni DNA molekuldrni inverzni sondy (MIPS)
(Turner E. H. et al., 2009), jejich vyhodou je malé vstupni mnoZstvi DNA a vysoka specifita

obohaceni, nevyhodou jsou vysoké naklady.
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Obrazek 2. Princip obohaceni DNA hybridizaci v roztoku — fragmentovana DNA s naligovanymi
sekvencnimi adaptory je hybridizovana s knihovnou biotinem znacenych sond komplementarnich k vybranym
oblastem. Po hybridizaci jsou k roztoku pfidany magnetické kulicky pokryté streptavidinem na které se navazi
biotinem znacené sondy nesouci fragmenty zachycené DNA. Pomoci magnetu je komplex zachycen na sténé
zkumavky a nenavdzana DNA odmyta. Zachycend obohacenad DNA je eluovdna z kuli¢ek a pfipravena pro
sekvenovani.(modifikovano podle www.genomics.agilent.com)

Analyza sekvenacnich dat
Vystupem ze sekvendatoru jsou obvykle data ve formatu FASTQ obsahujici jednotliva ¢teni a

kvalitu pfectenych bazi.

Analyza sekvenacnich dat je fadou na sebe navazujicich krokl, které zahrnuji kontrolu
kvality, pfirazeni sekvenaénich ¢teni k referencéni sekvenci, nalezeni odchylek oproti

referencni sekvenci a jejich funkéni anotaci.
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Analyza sekvenacénich dat neni jasné definovany proces, existuje velké mnozstvi pouzivanych
nastroju napt. BWA (Li H. and Durbin R., 2009), Samtools (Li H. et al., 2009), GATK
(McKenna A. et al., 2010) a vysledky se mohou v zavislosti na pouZitych programech a
parametrech analyzy podstatnym zplisobem odliSovat (O'Rawe J. et al., 2013). Je proto

dllezité chapat principy a omezeni jednotlivych krok( analyzy dat.

Prvni krokem je kontrola kvality, kdy jsou ze sekvenacnich dat odstranény cteni s nizkou
kvalitou a kontaminace, napfiklad sekvence adaptor( pouZivanych v prlbéhu pfipravy

sekvenacni knihovny.

Poté jsou jednotliva Cteni pfifazena k referencni sekvenci, tento krok predstavuje vypocetné
nejnarocnéjsi ¢ast zpracovani sekvencnich dat. Vystupem tohoto kroku jsou data ve formatu
BAM. BAM format je definovan tak, aby obsahoval veskeré informace nezbytné pro dalsi
zpracovani dat (Li H. et al., 2009). Pro kazdy fragment je zaznamenana presna geneticka
pozice vcetné kvality mapovani a informace o nalezenych rozdilech oproti referencni

sekvenci.

Nasleduje fada krok(, které umoziuji spravnou detekci variant - odstranéni PCR duplikatd,

zarovnani okolo inzerci/deleci a rekalibrace kvality bazi (Van der Auwera G. A. et al., 2013).

Poslednim krokem je genotypovani. V prabéhu tohoto kroku jsou nalezeny vsechny
odchylky pritomné v analyzovaném vzorku oproti referenéni sekvenci. Tyto zmény jsou
definovany genomickou pozici a nalezenou sekvencni zménou. Vystupem tohoto kroku je
VCF soubor, ktery je seznamem vsech nalezenych variant a jejich kvalit (Danecek P. et al.,

2011). Takto ziskany seznam variant je nasledné funkéné anotovan (Wang K. et al., 2010).
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Metody hledani genti podminujicich dédi¢na onemocnéni

Propojeni genotypu s fenotypem je jednim z hlavnich cili genetiky. Unikatni moZnosti studia

v tomto ohledu nabizi vyzkum vzacnych geneticky podminénych onemocnéni.

Vzacna geneticky podminénd onemocnéni jsou skupinou prevainé monogennich
onemocnéni, kterd dle definice postihuji méné nez 1 osobu z 2000 v Evropské Unii nebo
méné neZ 1 osobu z 1250 ve Spojenych statech (Remuzzi G. and Garattini S., 2008). Pocet
vzacnych onemocnéni je odhadovan na vice nez 7000 (McKusick V. A., 2007). Pfiblizné u
poloviny z nich je geneticka pficina stdle nezndma a pouze pro 5% z téchto onemocnéni
existuje v soucasnosti u¢inna lé¢ba (Rohn J., 2013). Identifikace gend odpovédnych za tato
onemocnéni umoziuje molekularni diagnostiku, prenatdlni diagnostiku a predstavuje prvni
krok k lepSimu porozuméni fyziologické funkce gen(, proteini a spojenych biologickych

procesu, které je nezbytné pro vyvoj léCiv.

Metody pouZivané k objasnéni genetické podstaty lidskych onemocnéni a dalSich znak
spojenych se zdravim jedince Casto vychazi ze zjednodusujiciho rozdéleni na monogenni,
vzacna a komplexni, populacné casta onemocnéni. Nejpouzivanéjsi metodou v posledni
dobé bylo genetické mapovani pomoci vazebné analyzy, které neni zavislé na jakékoliv
predchozi znalosti biologie nebo funkce, a misto toho je zaloZeno (Cisté na sledovani
dédi¢nosti studovanych znakl ve spojeni s genetickymi markery. S pomoci vazebné analyzy
a sekvenovani kandidatnich genl byla odhalena molekuldrni podstata fady znamych
fenotypl s predpokladanou mendelovskou dédi¢nosti. Napfiklad geny pro cystickou fibréozu
(Tsui L. C. et al., 1985), Huntigtonovu chorobu (Gusella J. F. et al., 1983) a diabetes mellitus
(Bell G. 1. et al., 1984).

Na druhém konci spektra celogenomové asociacni studie identifikovaly velké mnoistvi
oblasti pfispivajicich ke vzniku komplexnich onemocnéni (Welter D. et al., 2014), bohuZel
prakticky ve vSech pripadech tyto oblasti vysvétluji pouze malou ¢ast pozorované heritability
studovanych znak( (Manolio T. A. et al., 2009). Navic i velkd cast populacné castych
onemocnéni, u kterych byla dfive predpokladdna slozitd multifaktoridlni dédi¢nost, je nyni
povaZzovana za heterogenni skupinu vzacnych onemocnéni (McClellan J. and King M. C.,

2010).
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Existuje mnoho faktor(, které komplikuji moZnost vyuZiti tradi¢nich technik, napfiklad pouze
malé mnoiZstvi pacientd dostupnych kanalyze, snizena penetrance onemocnéni,
heterogenita a sniZzend reprodukéni schopnost postizenych jedincl (Antonarakis S. E. and
Beckmann J. S., 2006). Obejit tyto problémy je mozné s vyuZitim sekvenaéniho pfistupu, kdy
Ize mutace identifikovat pfimo prostiednictvim sekvenovani (Ng S. B. et al., 2010). Nicméné
az do nedavné doby, toto bylo velmi ndroéné na zdroje a obecné nemoziné provést ve

velkém méritku nebo na Urovni celého genomu.

Sekvenovani celého genomu nebo exomu pacienta také odstrafiuje potrebu vybirat
kandidatni geny pro sekvenovani pozicnim mapovanim a zjednodusuje proces identifikace
z dvou-stupniového (poziéni mapovani ndasledované Sangerovym sekvenovanim) na
presouva od identifikace k interpretaci variant, jsou identifikovany desetitisice variant, ale
pouze jedna nebo dvé vysvétluji onemocnéni. Postup filtrace variant proto predstavuje

zasadni krok v identifikaci pfi¢innych genu.
V nasledujici ¢asti jsou popsany principy vyuzivanych metod.

Vazebna analyza
Vazba je tendence lokus(l se dédit spolecné, protoze nejsou oddéleny rekombinaci béhem

meidzy diky malé vzdjemné vzdalenosti. Cilem vazebné analyzy je identifikovat
chromozomadlni oblast, kterda segreguje se sledovanym fenotypem v jedné nebo vice
rodindch. To se provadi pomoci celogenomového genotypovani pravidelné rozloZenych
genetickych markerd se znamou chromozomalni pozici a ndslednou pocitacovou analyzou. V
prabéhu pocitaCové analyzy je pro kazdy marker a vSechny analyzované jedince vypoctena
celkovd pravdépodobnost jako podil pravdépodobnosti, Ze dva lokusy jsou ve vazbé
(rekombinacni frakce = 8) a pravdépodobnosti, Ze ve vazbé nejsou (rekombinacni frakce =
0,5). Tento pomér udava pravdépodobnost vazby a logaritmus tohoto poméru se oznacuje
jako LOD skore (Morton N. E., 1955). Na zakladé konvence se hodnota LOD skore vétsi nez
3 povaZuje za dlikaz vazby a hodnota mensi nez -2 za vylouceni vazby. Markery, které
nerekombinuji se studovanym fenotypem diky vzajemné blizkosti s hledanym genem,
vymezuji kandidatni oblast obsahujici hledany gen. Protoze pocet rekombinaci je v rdmci

rodiny omezen, vysledna vazebna oblast ma obvykle velikost 1- 10 cM.
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Homozygotni mapovani
Homozygotni mapovani je dalSim postupem pro lokalizaci gend podminujicich vzacna

recesivni onemocnéni (Lander E. S. and Botstein D., 1987). Tento pfistup predpoklada
pribuznost rodich postizeného jedince. Principem metody je hledani dlouhych autozygotnich
oblasti (identical by descent, pochazejicich od spole¢ného predka), které pravdépodobné
obsahuji genetickou variantu podminujici fenotyp. Homozygotni mapovani lze provadét
s vyuZitim genotypovacich Cipl s vysokou hustotou nebo genotypl ziskanych pomoci

exomového sekvenovani.

Asocia¢ni analyza
Asociacni analyza je pfistupem pro mapovani gen(, ktery pfimo testuje vztah mezi konkrétni

alelou, genotypem nebo haplotypem a studovanym znakem (onemocnénim). Asociacni
studie jsou vhodnym nastrojem pro posouzeni kandidatnich gen(, upfesnéni oblasti
definovanych vazebnou analyzou a diky dostupnosti DNA CipU s vysokou hustotou také pro
celogenomové mapovani oblasti spojenych s populaéné castymi, komplexnimi
onemocnénimi (Cardon L. R. and Bell J. I., 2001). V typickém usporadani, pfipad-kontrola, je
porovnavana alelicka frekvence urcitého genetického markeru mezi skupinou nepfibuznych
kontrol a skupinou nepfibuznych jedincl nesoucich studovany znak. Tyto dvé skupiny musi
byt srovnatelné z hlediska etnického plvodu. Pokud je nalezena asociace mezi zkoumanou
genetickou variantou a onemocnénim, lze predpokladat, Ze tato varianta néjakym zplisobem
souvisi s onemocnénim, nebo je ve vazebné nerovnovaze s pri¢innou mutaci. Nevyhodou
asociacni analyzy je mnozstvi falesné pozitivnich vysledku, v disledku rizného populacniho
rozvrstveni porovnavanych skupin (Cardon L. R. and Palmer L. J., 2003). Vyhodou naopak

schopnost detekovat geny s relativné malym prispévkem ke studovanému onemocnéni.

Variantou kombinujici pfistup vazebné analyzy a asociace je test nerovnovahy pfenosu
(TDT)(Ewens W. J. and Spielman R. S., 1995). Tento test srovnava frekvenci prenosu nebo
neprenosu daného genetického markeru na postizené potomky od heterozygotnich rodica.
V pripadé, Ze testovany marker zvySuje riziko onemocnéni, je prenasen na postizené
potomky se zvysenou frekvenci. Vyhodou tohoto pfistupu je odolnost proti popula¢nimu
rozvrstveni, nevyhodou muzZe byt obtiZznost shromazdit dostatecny pocet rodin k provedeni

analyzy, zejména u chorob s pozdnim nastupem.
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Analyza poctu zmén kopii DNA
Delece a duplikace, typy strukturnich variant s velikosti vétsi nez 50bp jsou oznaCovany jako

CNV (copy number variants) (MacDonald J. R. et al., 2014). CNV vyznamnym zpUsobem
prispivaji ke genetické variabilité populace — v soucasné dobé bylo identifikovano vice nez
350 tis. CNV ovliviujicich priblizné 9.5% lidského genomu (Zarrei M. et al., 2015), mohou byt
zdédény nebo vznikaji de-novo v pribéhu meotického déleni. CNV jsou asociovany s fadou
patologickych stav(, jako jsou napftiklad schizofrenie (Malhotra D. and Sebat J., 2012),
autismus (Pinto D. et al., 2014), Crohnova choroba (Wellcome Trust Case Control C. et al.,
2010) a mnoha dalSich. Informace o CNV zrdznych projektd jsou shromazidovany
v databazich. Prikladem jsou Database of Genomic Variants (lafrate A. J. et al., 2004)
obsahujici varianty nalezené v kontrolnich souborech a databaze DECIPHER obsahujici

varianty nalezené v souborech pacientu (Firth H. V. et al., 2009).

Identifikace CNV je moznd s vyuZitim genotypovacich nebo CGH cipl, pomoci kterych je
mozné v zavislosti na pouZité platformé spolehlivé detekovat zmény vétsi nez 10kb
(Haraksingh R. R. et al., 2011). Dalsi, zejména v posledni dobé vyuZivanou metodou je
celogenomové sekvenovani, které oproti DNA Ciplim umoznuje presné uréeni pozice a je

vhodné i pro identifikaci velmi malych zmén (Mills R. E. et al., 2011).

Exomové sekvenovani
Nedavny pokrok v sekvenacnich technologiich zdsadné zménil zplsob, jakym jsou

identifikovany geny podminujici nezndma onemocnéni. PfestoZe je mozné sekvenovat celé
lidské genomy, analyza téchto dat je velmi naro¢na. U vzacnych Mendelovskych
onemocnéni se predpokladd, Ze mutace maji velky efekt a proto se unikatné vyskytuji pouze
u pacientl nebo s velmi malou frekvenci v populaci, jsou lokalizovany v oblastech genomu
kdédujicich proteiny a pfimo ovlivriuji funkci proteinu kddovaného mutovanym genem (Ng S.
B. et al., 2010). Efektivnim pristupem proto je zaméfit se pouze na oblasti genomu kddujici
proteiny (exom). Exomové sekvenovani je proces, ve kterém jsou analyzovany vsechny
oblasti kddujici proteiny v celém genomu (Ng S. B. et al., 2009). V soucasnosti existuje
mnoho komeréné dostupnych reSeni pro pripravu exomovych sekvenacnich knihoven, které

se liSi velikosti cilené oblasti (Clark M. J. et al., 2011). Nékteré obsahuji pouze kddujici
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oblasti - exony, jiné i dalsi funkéné vyznamné elementy napf. miRNA nebo neprekladané

oblasti gen.

Vysledkem exomového sekvenovani jsou desetitisice variant, je proto dUlezité zvolit ptistup
umozniujici efektivné vybrat kandidatni varianty. Pocet kandidatnich variant je mozné
vyrazné omezit i spravnym vybérem vzorkl pro analyzu (Cheung C. Y. et al., 2014). Napriklad
pro dominantni onemocnéni je vhodnym pfistupem vybrat jedince, které oddéluje nejvétsi

pocet meidz.

Analyza exomovych dat je zaloZena na filtrovani nalezenych variant, které se obvykle
provadi dle kvality genotypu (napf. pocet nezavislych ¢teni podporujicich variantu, procento
¢teni obsahujici variantu), efektu varianty na sekvenci proteinu, popula¢ni frekvenci varianty
(1000Genomes, EVS, ExAC, dbSNP), pritomnosti varianty v databazi patogennich variant
(HGMD (Stenson P. D. et al., 2009), ClinVar (Landrum M. J. et al., 2014)), genomické pozici
varianty - pokud jsou k dispozici vysledky vazebné analyzy nebo homozygotniho mapovani,
evoluc¢ni konzervovanosti (PhyloP (Pollard K. S. et al., 2010), GERP (Cooper G. M. et al.,
2005)), predikce Skodlivosti varianty (SIFT (Ng P. C. and Henikoff S., 2001), PolyPhen
(Adzhubei I. A. et al., 2010), CADD (Kircher M. et al., 2014)), pfedpokladaného modelu
dédi¢nosti onemocnéni (segregace varianty v rdmci rodiny a u postiZzenych jedinc(), exprese
genu v tkanich postizenych studovanym onemocnénim a relevanci znamé funkce genu ke
studovanému onemocnéni. Parametry pro filtrovani je nutné nastavit podle
predpokladaného modelu dédi¢nosti a prevalence studovaného onemocnéni. Nespravné

nastaveni filtracnich krokl m(Ze odstranit i pfi¢innou variantu.

Uspédnost exomového sekvenovani pti identifikaci gend podmifiujicich Mendelovska
onemocnéni se pohybuje okolo 60% (Gilissen C. et al., 2012). Hlavni nevyhodou exomového
sekvenovani jsou predevsim technickd omezeni (problematické pokryti GC bohatych a
sekvencné nespecifickych oblasti) a omezeni dana principem této metody (zavislost na
definici oblasti v pouzitém kitu, nemoznost detekovat nekddujici varianty, omezena moznost

detekce CNV).
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Cast III. Studium genetické podstaty vzacnych onemocnéni

Rotortiv syndrom

Rotorlv syndrom (RS, OMIM#237450) je typem vzacné dédicné konjugované
hyperbilirubinémie spojené s koproporfyrinurii a snizenym jaternim vstfebavanim mnoha
diagnostickych latek vcéetné cholescintigrafickych radiofarmak (Fretzayas A. M. et al., 1994).
Svlj nazev nese po filipinském |ékafi Arturovi Bellezovi Rotorovi, ktery syndrom s velmi
vzadcnou prevalenci popsal jiZz v roce 1948 (A. B. Rotor L. M., A. Florentin, 1948). RS je
autozomdlné recesivni onemocnéni, které je klinicky podobné dalSimu typu vrozené
hyperbilirubinémie, Dubin-Johnsonovu syndromu (DJS, OMIM#237500). Hlavnim rozdilem
oproti DJS je nepfitomnost pigmentovych deposit v hepatocytech. Bilirubin je latka vznikajici
rozkladem hemu a jeho metabolismus byl dosud popisovan jako jednosmérny proces
skladajici se ze dvou krok(. Nejprve je nekonjugovany bilirubin pfenesen do hepatocytu, kde
se konjuguje s glukuronovou kyselinou za pomoci glukuronosyltransferdzy a nasledné je

vyloucéen do Zluce.

RS jsme zacali studovat vroce 2006 ve spolupraci s Institutem klinické a experimentalni
mediciny. Vzhledem k dosud nejasné molekuldrni podstaté RS a jeho podobnosti s DJS byla
nejprve testovdna hypotéza, Zze RS by mohl byt alelickou variantou DJS, ktery je zplsoben
mutacemi v genu ABCC2 (Paulusma C. C. et al., 1997). Proto byla u dvou pacient(i provedena
mutacéni analyza genu ABCC2 s vyuzitim Sangerova sekvenovani s negativnim vysledkem.
Také imunohistochemické nalezy neukazaly zadny rozdil oproti zdravym kontrolam. Pro
vylouceni velkych deleci vgenu ABCC2, které nejsou detekovatelné Sangerovym
sekvenovanim, byl navrzen DNA Cip pro komparativni genomovou hybridizaci (CGH). Pomoci
CGH nebyly nalezeny Zadné zmény v poctu kopii u vSech exonll genu ABCC2. Tyto vysledky

vyloucily moznost, Ze RS je alelickou variantou DJS (ptiloha 1a).

Ve studiu RS jsme dale pokracovali genotypovanim 11 pacientd z 8 rodin s vyuZitim DNA
Cipu Affymetrix SNP 6.0. Homozygotni mapovani definovalo u vSech pacientll jedinou
spole¢nou oblast na chromozomu 12 pfitomnou na tfech rGznych haplotypech. Soubézné
provedend analyza poc¢tu zmén kopii odhalila dvé zmény ve stejné oblasti, homozygotni
deleci ¢asti genu SLCO1B3 prfitomnou na haplotypu R1 a homozygotni deleci v oblasti genl

SLCO1B3, SLCO1B7 a SLCO1B1 na haplotypu R2. Nasledna sekvenacni analyza odhalila
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homozygotni mutace v genu SLCO1B3 u haplotypu R1 a v genech SLCO1B3 a SLCO1B1 u
haplotypu R3. U vSech probandul byly nalezeny delece nebo mutace postihujici obé alely
genu SLCO1B3 a SLCO1B1. Absence proteind OAPT1B3 a OATP1B1, které jsou kdédovany
geny SLCO1B3 a SLCO1B1 byla potvrzena imunohistochemickym barvenim jaternich biopsii
pacientl. Tyto vysledky potvrdily, Ze RS je zplsoben kompletnim defektem obou alel gent

SLCO1B1 a SLCO1B3.

Proteiny OATP1B1 a OATP1B3 lokalizované na sinusoidni membrané hepatocytu jsou
hlavnimi jaternimi transportéry prevainé organickych aniontl ale i dalSich latek. Bylo
prokdzano, Ze jejich substraty je fada endogennich, ale i exogennich latek, jako jsou
napriklad Zlu¢ové kyseliny, steroidni sulfaty, thyroidni hormony, konjugovany bilirubin,
statiny, paclitaxel, rifampicin a mnoho dalSich (Hagenbuch B. and Gui C., 2008; Niemi M. et
al., 2011).

Nezdvisle byl skupinou z The Netherlands Cancer Institute v Amsterdamu studovan
transport bilirubinu na mysim modelu s deficienci proteinid Oatpla/lb, Abcc3 a Abcc2 ,
mysSich homologu lidskych proteiniit OATP1B1, OATP1B3, ABCC3 a ABCC2. U Slcola/lb'/'
mysSi byly pozorovany zvysené hodnoty bilirubinu v plazmé, ty jsou vyznamné snizeny u
Slcola/1b; Abce3” mysi, prficemzZ bylo dokazano, ze Abcc3 protein odpovida z nejvétsi ¢asti
za zvySené hodnoty bilirubinu v plazmé. Z vysledkl prace vyplyva, Ze Abcc3 transportuje
konjugovany bilirubin z hepatocyt(i zpét do krve a proteiny Oatpla a Oatplb transportuji
tento bilirubin z krve zpét do hepatocytl. Transgenni exprese lidského OATP1B3 nebo
OATP1B1 proteinu v Slcola/1b-/- mysi vede k normalizaci hladin bilirubinu v plazmé. Tim
bylo potvrzeno, Ze oba lidské proteiny OATP1B3 i OATP1B1 transportuji konjugovany
bilirubin z plazmy zpét do hepatocytu. Tyto vysledky ukazuji, Ze exkrecéni draha bilirubinu
neni jednosmérnym transportem bilirubinu z krve do hepatocytu a nasledné do Zluce. Ale
Ze ¢ast konjugovaného bilirubinu je z hepatocytu vylou¢ena pomoci transportéru ABCC3 do
krve, odkud je zpétné reabsorbovana pomoci OATP1B3 a OATP1B1 a nésledné je vyloucena

do Zlu¢e pomoci transportéru ABCC2.

Propojeni vysledkl téchto studii umozZnilo objasnit pricinu a projevy Rotorova syndromu a

definovat novy mechanismus transportu bilirubinu v jatrech.
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Deficit ATP syntazy
Mitochondridlni ATP syntdza je kliCovym enzymem mitochondridlniho energetického

metabolismu katalyzujicim syntézu ATP v procesu oxidativni fosforylace. ATP syntadza je
proteinovy komplex sloZeny z 16 typu podjednotek (Collinson I. R. et al., 1996), dvé z téchto
jednotek jsou kdédovany mtDNA (ATP6,ATP8) a zbytek jadernou DNA. Mitochondrialni
onemocnéni spojend sizolovanym deficitem ATP syntazy jaderného puvodu
(OMIM#604273) jsou charakterizovana snizenim mnozstvi enzymu pod 30% spojenym se
ztratou syntetické i hydrolytické aktivity (Houstek J. et al., 1999). Onemocnéni se projevuje
jiz v novorozeneckém nebo kojeneckém obdobi, nejcastéjSimi priznaky jsou laktatova
acidoza, hypertroficka kardiomyopatie, poskozeni CNS a 3-metylglutakonova acidurie (Sperl
W. et al., 2006). S cilem identifikovat gen podmiriujici onemocnéni jsme navrhli vlastni ip
pro studium genové exprese h-MitoArray obsahujici celkem 1632 prevainé
mitochondridlnich genl a vyufZili jej ke studiu genové exprese ve fibroblastech pacientu
s popsanym defektem ATP syntdzy. Porovndni expresnich profilQ, funkéni anotace a metoda
genového obohaceni rozdélila pacienty do tfi specifickych skupin, kandidatni gen vsak nebyl
nalezen (priloha 2a). Proto jsme ve studiu dale pokracovali a pomoci genotypovacich cipua
Affymetrix analyzovali 8 postizenych jedincd a 13 jejich rodicd nebo nepostizenych
sourozencli celkem z6 rodin. Pomoci homozygotniho mapovani byla nalezena jedina
spolecna oblast na chromozomu 8 o velikosti pfiblizné 1 Mb obsahujici celkem 7 gen.
Soucasné byla analyzovana genova exprese v pacientskych a kontrolnich fibroblastech
s vyuzitim DNA Cipu Agilent 44k. Propojeni vysledk( téchto analyz definovalo kandidatni gen
- TMEM?70, ktery se nachazel ve sdilené homozygotni oblasti a zaroven mél vyznamné
snizenou expresi oproti kontrolnim vzorkdm. Sekvenacni analyzou tohoto genu byla
nalezena homozygotni mutace 317-2A > G (NMO017866) vedouci k aberantnimu sestfihu a
ztraté transkriptu. Nasledné byla shodnd mutace identifikovdana u 23 z25 dostupnych
pacientl. Funkcni vyznam této mutace byl potvrzen komplementacni studii. Vneseni wt
formy genu TMEM?70 do pacientskych fibroblast vedlo ke zvySeni mnozZstvi ATP syntdzy a
obnoveni funkce respiracniho fetézce. Fylogeneticka analyza potvrdila pfitomnost homologl
genu TMEM?70 u vyssich eukaryot a rostlin, ne vSak u kvasinek a hub. Bylo tak prokazano, ze
TMEM70 se Ucastni biogeneze ATP syntazy u vysSich eukaryot a jeho defekt je relativné

¢astou pric¢innou mitochondridlnich onemocnéni, zvlasté v romské populaci.
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Mukopolysacharidoza typu IIIC
Mukopolysachariddézy (MPS) patfi do skupiny stfadavych lysozomalnich onemocnéni, jejichz

pricinou je  deficit enzymi katalyzujicich ~ degradaci  glykosaminoglykand.
Mukopolysacharidéza typu [IC (MPSIIIC, Sanfilippo syndrom C, OMIM #252930) je
autozomdlné recesivni onemocnéni zplsobené deficitem enzymu alfa-glukosamin N-
acetyltransferazy (Klein U. et al., 1978), které se projevuje prevadzné postizenim centralniho
nervového systému. Gen pro N-acetyltransferazu byl jiz dfive mapovan do 8.3 cM oblasti na
chromozému 8 (Ausseil et al. 2004). Pro upfesnéni jiz dfive reportované kandidatni oblasti
na chromozému 8 byla provedena vazebna analyza s vyuZitim STR marker( u 5 pacient(l ze 4
nepribuznych rodin a jejich 49 rodinnych pfislusnik( diagnostikovanych na zakladé vysetieni
aktivity N-acetyltransferazy. Vysledkem byla kandidatni oblast o velikosti 2.6 cM obsahujici
32 zndmych nebo predikovanych gen(l. Nasledné byla provedena expresni analyza téchto
genu v leukocytech pacientl s vyuZitim pripraveného DNA Cipu. HGSNAT(dfive TMEM?76) byl
vybran jako kandidatni gen na zdkladé zndmych vlastnosti enzymu (pfedpokladand velikost
proteinu, pritomnost transmembrdnovych domén) a snizené exprese tohoto genu u
pacientl. Svyuzitim sekvenacni analyzy na rozSifeném souboru pacientl byly nalezeny
v genu HGSNAT 4 nesmysIiné mutace, 11 mutaci ménicich smysl, 2 mutace zpUsobuji posun
¢teciho ramce, 6 sestfihovych mutaci a jedna rozsahla delece. Funkéni vyznam genu HGSNAT

byl potvrzen komplementacni studii.

Autozomalné dominantni ANCL
Neuronalni ceroidni lipofuscindzy (NCL) jsou heterogenni skupinou vzacnych dédi¢né

podminénych neurodegenerativnich onemocnéni, jejichz spolecnym znakem je na bunécné
urovni stradani autofluorescentniho materialu (lipufuscinu) v lysozomech neuront CNS a v
perifernich tkanich. Mezi charakteristické projevy onemocnéni patfi progresivni porucha
zraku, epilepsie, parkinsonismus a zhorseni kognitivnich funkci vedouci k demenci. Podle
véku nastupu onemocnéni jsou NCL déleny na infantilni, pozdné infantilni, ¢asné juvenilni,
juvenilni a adultni formy (Mole S. E. et al.,, 2011). Lécba Zadné zforem NCL neni v
soucasnosti dostupna, jedinou mozZnosti je prevence onemocnéni s vyuZitim postupl
prenatdlni a preimplantaéni diagnostiky. Ve spojeni s NCL bylo doposud popsano dvanact

genu(PPT1,TPP1,CLN3,CLN5,CLN6,MFSD8,CLN8,CSTD,CTSF,GRN,ATP13A2,KCTD7). Geneticka
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podstata autozomalné dominantni adultni formy neurondlni ceroidni lipofuscinézy (ANCL)

(CLN4B, OMIM#162350) nebyla zatim objasnéna.

Pro studium molekularni podstaty autozomalné dominantni ANCL byla vyuZita kombinace
metod vazebné analyzy, expresni analyzy, analyzy poctu zmén kopii a exomového
sekvenovani. Vysledky vazebné analyzy nejprve definovaly pét kandidatnich oblasti na
chromosomech 1, 4, 15, 20 a 22. Paralelné provedend analyza zmén poctu kopii u 7 pacientt
neodhalila Zddné CNV vetSi nez 10kb segregujici s onemocnénim. Nasledné byla s cilem
identifikovat varianty ovliviujici mnoZstvi transkripu provedena analyza genové exprese v
leukocytech 4 pacientd a kontrol. Vysledkem této analyzy byl seznam 2131 rozdilné
exprimovanych gend, z nichZ se 65 nachdzelo v oblastech definovanych vazebnou analyzou.
Vzhledem ke stale velkému poctu kandidatnich genl bylo provedeno exomové sekvenovani
jednoho pacienta na sekvenatoru SOLID 4. Pomoci exomového sekvenovani bylo
identifikovdno u tohoto pacienta celkem 957 unikatnich variant nepfitomnych v populacnich
databdzich (dbSNP, 1000Genomes). Propojenim vysledkl vazebné analyzy, expresni analyzy
a exomového sekvenovani byla nalezena heterozygotni mutace vgenu DNAJCS
c.346_348delCTC (p. Leull6del). Segregace této mutace byla u dalSich postizenych ¢len(
rodiny ovérena Sangerovym sekvenovanim. Diky spolupraci s Rare NCL Gene Consortium
byla sekvenacni analyzou ndsledné nalezena stejnd mutace u dalSiho nepfibuzného pacienta
a zaroven identifikovana druha varianta ¢.344T>G(p.Leul15Arg) u 3 dalSich nepfibuznych

pacientd.

DNAJC5 kéduje cysteine-string protein alpha (CSPa), evoluéné konzervovany membranovy
protein lokalizovany v synaptickych membranach neuron( (Tobaben S. et al., 2001). Jeho
mutace vedou u modelovych organismi k neurodegeneraci a zkraceni délky Zivota (Schmitz
F. et al., 2006; Zinsmaier K. E. et al., 1994). Vyznam nalezenych variant na funkci proteinu
byl ovéren pomoci in-silico analyzy, kdy nalezené mutace snizuji hydrofobicitu a palmitoylaci
proteinu, studii v tkdnovych kulturach neuronalnich buriek byla zjiSténa zména lokalizace
mutovaného proteinu a imunohistochemické barveni ukdzalo snizené mnoiZstvi nebo
absenci proteinu v Sedé hmoté mozkové kiry pacientl. Prokdzali jsme tak, Ze mutace v genu

DNAJCS jsou pfi¢inou autozomdlné dominantni formy ANCL.
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GAPO syndrom
Gapo syndrom (OMIM#230740) je velmi vzacné autozomalné recesivni onemocnéni. Nazev

syndromu je zkratkou anglickych slov popisujicich hlavni projevy syndromu - Growth
retardation (rlstovou retardaci), Alopecia (pleSatost), Pseudoanodontia (porucha
profezavani zubl) a Optic atrophy (atrofie optického nervu) (Tipton R. E. and Gorlin R. J.,
1984). Doposud bylo celosvétové popsano pouze okolo 40 pacientl. VétSina postizenych

timto syndromem pochazi z pfibuzenskych svazkd.

Ve spoluprdci s Klinikou détského a dorostového |ékarstvi jsme méli moznost studovat jiz
drive reportovanou rodinu sjednim postizenym potomkem (Baxova A. et al., 1997).
S vyuzitim DNA Cipu Affymetrix SNP 6.0 bylo provedeno genotypovani celé rodiny. Analyza
poctu kopii neidentifikovala Zadnou deleci nebo amplifikaci vétsi nez 10 kb, kterd by
odpovidala predpokladanému modelu dédi¢nosti. Pomoci homozygotniho mapovani byly
nalezeny dvé rozsahlé homozygotni oblasti na chromozomu 2 a 4, obsahujici 114 a 29 gen0.
Vzhledem k velikosti nalezenych oblasti bylo provedeno exomové sekvenovani celé rodiny.
Analyza exomovych dat idenfikovala tfi kandidatni mutace odpovidajici autozomalné
recesivnimu modelu dédi¢nosti, z nichZ se pouze jedna nachdzela v homozygotni oblasti.
Nalezend homozygotni mutace vgenu ANTXR1 (c.C505>T; p.R169X) nebyla pfitomna
v zadné z populacnich databazi. Sekvenacni analyzou genu ANTXR1 dalSiho dostupného
pacienta byla nalezena mutace (c.C262>T; p.R88X) a rekurence byla ddle potvrzena diky
mezindrodni spolupraci analyzou dalSich dvou rodin (c.C262>T; p.R88X a sestfihova mutace
€.1435-12A>G). ANTXR1 (dfive TEMS8, tumor endothelial marker 8) je transmembranovy
glykoprotein typu | lokalizovany na plazmatické membrdané, ktery byl plivodné popsan jako
nadorové specificky endotelidlni marker, jehoz exprese je zvysend béhem procesu nadorové
angiogeneze (St Croix B. et al., 2000). Kratce poté, byl nezavisle identifikovan jako receptor
pro toxin Bacillus anthracis (ATR) (Bradley K. A. et al., 2001). Mezi jeho funkce patfi
zprostfedkovani interakce buriky s komponentami extracelularni matrix (Hotchkiss K. A. et
al., 2005), vazba ligandl k aktinovému cytoskeletu (Yang M. Y. et al., 2011) a regulace
bunécné adheze (Werner E. et al., 2006). Funkcni vyznam nalezenych mutaci byl potvzen
podstatné snizenym mnozZstvim transkriptu, nepfitomnosti proteinu ve fibroblastech
pacientl a barveni phalloidinem také prokazalo vyrazné zmény v siti aktinovych vldken

cytoskeletu fibroblastu.
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Cast IV. Vysledky

Tato dizertacni prace predstavuje moznosti vyuziti novych genomickych technik ve
studiu genetické podstaty fady vzacnych onemocnéni a jejich ispésnou aplikaci.

Predkladanymi vysledky jsou:

1. Objasnéni genetické podstaty Rotorova syndromu (SLCO1B1 a SLCO1B3) a popsani
nového mechanismu transportu bilirubinu vjatrech s vyuZitim vlastnich
oligonukleotidovych cipld, homozygotniho mapovéani a analyzy zmén poctu kopii DNA
(pfiloha 1a a 1b).

2. Identifikace genu odpovédného za izolovany deficit ATP syntdzy (TMEM70) pomoci
vlastniho Cipu H-MitoArray, analyzy genové exprese, vazebné analyzy a homozygotniho
mapovani (pfiloha 2a a 2b).

3. Identifikace genu podminujiciho mukopolysacharidézu typu IlIC (TMEM76) s vyuzitim
vazebné analyzy a analyzy genové exprese na vlastnich DNA Cipech (ptiloha 3).

4. Objasnéni genetické podstaty adultni formy autozomalné dominatni neurondlni ceroidni
lipofuscindzy (DNAJC5) s vyuzitim kombinace vazebné analyzy, analyzy genové exprese,
analyzy zmén poctu kopii DNA a exomového sekvenovani (ptiloha 4).

5. Objasnéni genetické podstaty GAPO syndromu (ANTXR1) s vyuzitim analyzy zmén poctu

kopii DNA, homozygotniho mapovani a exomového sekvenovani (pfiloha 5).
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Zaver

M4 prace vyznamné prispéla k zavedeni technologie masivné paralelniho sekvenovani, k
rozvoji technologie DNA CipQ, zavedeni postupl bioinformatické analyzy a interpretace
takto ziskanych dat v Ustavu dédiénych metabolickych poruch. Tyto metody a postupy jsou
dnes zakladnim pfFistupem pro studium molekuldrni podstaty geneticky podminénych

onemocnéni a DNA diagnostiku znamych onemocnéni.

1. Zavedeni téchto metod a postupl umoznilo jejich UspéSné vyuziti ve vice nez 20
projektech a vedlo k objasnéni genetické molekuldrni priciny MPSIIIC (pfiloha 3), deficitu
ATP syntazy (priloha 2a a2b), Rotorova syndromu (pfiloha 1a a 1b), Kufsovy choroby (pfiloha
4), GAPO syndromu (ptiloha 5), X-vazané familiarni kardiomyopatie (Hartmannova H. et al.,
2013), poruchy glykosylace (Park E. J. et al., 2014) a détské slepoty (Kmoch S. et al., 2015).
S jejich vyuZitim byl také studovan mechanismus leukemogeneze (Takacova S. et al., 2012),
hypercholesterolémie (Kolarova H. et al., 2014), pfi¢ina mitochondridlnich onemocnéni
(Vondrackova A. et al., 2014), pfi¢ina dédicné hemochromatézy (Neroldova M. et al., 2015)
a pri¢ina deficitu OTC (Storkanova G. et al., 2013).

2. Tyto metody a postupy predstavuji univerzalni technologickou platformu pro studium
genetickych pFi¢in nemoci v CR. V soulasnosti jsou tyto postupy vyuZivany ve spolupraci
sIKEM, VFN, FN Motol a Fyziologickym Ustavem AV vrfadé dalSich projektd — studiu
vzacnych nemoci, familiarnich kardiomyopatii, rakoviny prsu, pfi¢in statinové myopatie,
genetické komponenty nasilného chovani, familidrnich nefropatii, neurodegenerativnich

onemochnéni a mitochondrialnich onemocnéni.

2. ldentifikace kauzdlnich gend umoznila diagnostiku a prevenci onemocnéni s vyuzitim

postupl prenatalni a preimplantacni diagnostiky.

3. Souhrnnd data tvofi zaklad ¢eské populaéni databdze variant pro efektivni analyzu dat

produkovanych masivné paralelnim sekvenovanim.

4. Ziskané zkuSenosti umoznily vyvoj kitll pro obohaceni DNA o vybrané oblasti a zavedeni
metod DNA diagnostiky zalozené na NGS pro mitochondridlni, metabolickd a onkologicka

onemochnéni.
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Cast V. Prilohy
Seznam pfiloh

Pfiloha 1a

Hrebicek, M., Jirasek, T., Hartmannova, H., Noskova, L., Stranecky, V., Ivanek, R., Kmoch, S., Cebecauerova,
D., Vitek, L., Mikulecky, M., Subhanova, |., Hozak, P., Jirsa, M. Rotor-type hyperbilirubinaemia has no defect in
the canalicular bilirubin export pump, 2007, Liver International, 27 (4), pp. 485-491.

Pfiloha 1b

Van De Steeg, E*., Stranecky, V*., Hartmannova, H., Noskova, L., Hfebicek, M., Wagenaar, E., Van Esch, A,
De Waart, D.R., Oude Elferink, R.P.J., Kenworthy, K.E., Sticova, E., Al-Edreesi, M., Knisely, A.S., Kmoch, S.,
Jirsa, M., Schinkel, A.H. Complete OATP1B1 and OATP1B3 deficiency causes human Rotor syndrome by
interrupting conjugated bilirubin reuptake into the liver, 2012, Journal of Clinical Investigation, 122 (2), pp. 519-
528.

Priloha 2a

Cizkova, A., Stranecky, V., lvanek, R., Hartmannova, H., Noskova, L., Piherova, L., Tesafova, M., Hansikova,
H., Honzik, T., Zeman, J., Paul, J., Sperl, W., Mayr, J.A., Seneca, S., Housték, J., Kmoch, S. Development of a
human mitochondrial oligonucleotide microarray (h-MitoArray) and gene expression analysis of fibroblast cell
lines from 13 patients with isolated F1FO ATP synthase deficiency, 2008, BMC Genomics, 9, art. no. 38.

Ptiloha 2b

Cizkova, A., Stranecky, V., Mayr, J.A., Tesafova, M., Havlickova, V., Paul, J., lvanek, R., Kuss, AW.,
Hansikova, H., Kaplanova, V., Vrbacky, M., Hartmannova, H., Noskova, L., Honzik, T., Drahota, Z., Magner, M.,
Hejzlarova, K., Sperl, W., Zeman, J., Housték, J., Kmoch, S. TMEM70 mutations cause isolated ATP synthase
deficiency and neonatal mitochondrial encephalocardiomyopathy, 2008,Nature Genetics, 40 (11), pp. 1288-1290.

Priloha 3

Hrebicek, M., Mrazova, L., Seyrantepe, V., Durand, S., Roslin, N.M., Noskova, L., Hartmannova, H., Ivanek, R.,
Cizkova, A., Poupétova, H., Sikora, J., Ufinovska, J., Stranecky, V., Zeman, J., Lepage, P., Roquis, D., Verner,
A., Aussell, J., Beesley, C.E., Maire, |., Poorthuis, B.J.H.M., Van De Kamp, J., Van Diggelen, O.P., Wevers, R.A.,
Hudson, T.J., Fujiwara, T.M., Majewski, J., Morgan, K., Kmoch, S., Pshezhetsky, A.V. Mutations in TMEM76*
cause mucopolysaccharidosis IlIC (Sanfilippo C syndrome, 2006, American Journal of Human Genetics, 79 (5),
pp.807-819.

Ptiloha 4

Noskova, L*., Stranecky, V*., Hartmannova, H., Pfistoupilova, A., BareSova, V., lvanek, R., Hlkova, H., Jahnova,
H., Van Der Zee, J., Staropoli, J.F., Sims, K.B., Tyyneld, J., Van Broeckhoven, C., Nijssen, P.C.G., Mole, S.E.,
Elleder, M., Kmoch, S. Mutations in DNAJC5, encoding cysteine-string protein alpha, cause autosomal-dominant
adult-onset neuronal ceroid lipofuscinosis, 2011, American Journal of Human Genetics, 89 (2), pp. 241-252.

Ptiloha 5

Stranecky, V., Hoischen, A., Hartmannova, H., Zaki, M.S., Chaudhary, A., Zudaire, E., Noskova, L., BareSova,
V., Pfistoupilova, A., Hodanova, K., Sovova, J., Hllkova, H., Piherova, L., Hehir-Kwa, J.Y., De Silva, D.,
Senanayake, M.P., Farrag, S., Zeman, J., Martasek, P., Baxova, A., Afifi, H.H., St. Croix, B., Brunner, H.G.,
Temtamy, S., Kmoch, S. Mutations in ANTXR1 cause GAPO syndrome, 2013, American Journal of Human
Genetics, 92 (5), pp. 792-799.

35



Literatura

A. B. Rotor L. M., A. Florentin, 1948, Familial non-hemolytic jaundice with direct van den Bergh
reaction. Acta medica Philippina. 5: p. 37-49.

Adzhubei I. A., Schmidt S., Peshkin L., et al., 2010, A method and server for predicting damaging
missense mutations. Nat Methods. 7(4): p. 248-249.

Albert T. J., Molla M. N., Muzny D. M., et al., 2007, Direct selection of human genomic loci by
microarray hybridization. Nat Methods. 4(11): p. 903-905.

Ansorge W., Sproat B., Stegemann J., et al., 1987, Automated DNA sequencing: ultrasensitive
detection of fluorescent bands during electrophoresis. Nucleic Acids Res. 15(11): p. 4593-
4602.

Antonarakis S. E. and Beckmann J. S., 2006, Mendelian disorders deserve more attention. Nat Rev
Genet. 7(4): p. 277-282.

Bainbridge M. N., Wang M., Burgess D. L., et al., 2010, Whole exome capture in solution with 3 Gbp
of data. Genome Biol. 11(6): p. R62.

Bamshad M. J., Ng S. B., Bigham A. W.,, et al., 2011, Exome sequencing as a tool for Mendelian
disease gene discovery. Nat Rev Genet. 12(11): p. 745-755.

Baxova A., Kozlowski K., Obersztyn E., et al., 1997, GAPO syndrome (Radiographic clues to early
diagnosis). Radiol Med. 93(3): p. 289-291.

Bell G. I, Horita S., and Karam J. H., 1984, A polymorphic locus near the human insulin gene is
associated with insulin-dependent diabetes mellitus. Diabetes. 33(2): p. 176-183.

Bolstad B. M., Irizarry R. A., Astrand M., et al., 2003, A comparison of normalization methods for high
density oligonucleotide array data based on variance and bias. Bioinformatics. 19(2): p. 185-
193.

Bradley K. A., Mogridge J., Mourez M., et al., 2001, Identification of the cellular receptor for anthrax
toxin. Nature. 414(6860): p. 225-229.

Cardon L. R. and Bell J. I., 2001, Association study designs for complex diseases. Nat Rev Genet. 2(2):
p. 91-99.

Cardon L. R. and Palmer L. J., 2003, Population stratification and spurious allelic association. Lancet.
361(9357): p. 598-604.

Clark M. J., Chen R.,, Lam H. Y., et al., 2011, Performance comparison of exome DNA sequencing
technologies. Nat Biotechnol. 29(10): p. 908-914.

Cohen S. N., Chang A. C., Boyer H. W,, et al., 1973, Construction of biologically functional bacterial
plasmids in vitro. Proc Natl Acad Sci U S A. 70(11): p. 3240-3244.

Collinson I. R., Skehel J. M., Fearnley |. M., et al., 1996, The F1FO-ATPase complex from bovine heart
mitochondria: the molar ratio of the subunits in the stalk region linking the F1 and FO
domains. Biochemistry. 35(38): p. 12640-12646.

36



Consortium I. H. G. S., 2001, Initial sequencing and analysis of the human genome. Nature.
409(6822): p. 860-921.

Cooper G. M., Stone E. A,, Asimenos G., et al., 2005, Distribution and intensity of constraint in
mammalian genomic sequence. Genome Res. 15(7): p. 901-913.

Danecek P., Auton A., Abecasis G., et al., 2011, The variant call format and VCFtools. Bioinformatics.
27(15): p. 2156-2158.

Dressman D., Yan H., Traverso G., et al., 2003, Transforming single DNA molecules into fluorescent
magnetic particles for detection and enumeration of genetic variations. Proc. Natl. Acad. Sci.
USA. 100: p. 8817-8822.

Ewens W. J. and Spielman R. S., 1995, The transmission/disequilibrium test: history, subdivision, and
admixture. Am J Hum Genet. 57(2): p. 455-464.

Fedurco M., Romieu A., Williams S., et al., 2006, BTA, a novel reagent for DNA attachment on glass
and efficient generation of solid-phase amplified DNA colonies. Nucleic Acids Res. 34(3): p.
e22.

Firth H. V., Richards S. M., Bevan A. P, et al., 2009, DECIPHER: Database of Chromosomal Imbalance
and Phenotype in Humans Using Ensembl Resources. Am J Hum Genet. 84(4): p. 524-533.

Fretzayas A. M., Garoufi A. I., Moutsouris C. X., et al., 1994, Cholescintigraphy in the diagnosis of
Rotor syndrome. J Nucl Med. 35(6): p. 1048-1050.

Garrod A. E., 1902, About Alkaptonuria. Med Chir Trans. 85: p. 69-78.

Genomes Project C., Abecasis G. R., Auton A, et al., 2012, An integrated map of genetic variation
from 1,092 human genomes. Nature. 491(7422): p. 56-65.

Gentleman R. C., Carey V. J., Bates D. M., et al., 2004, Bioconductor: open software development for
computational biology and bioinformatics. Genome Biol. 5(10): p. R80.

Gilissen C., Hoischen A., Brunner H. G., et al., 2012, Disease gene identification strategies for exome
sequencing. Eur ) Hum Genet. 20(5): p. 490-497.

Gusella J. F.,, Wexler N. S., Conneally P. M., et al., 1983, A polymorphic DNA marker genetically linked
to Huntington's disease. Nature. 306(5940): p. 234-238.

Hagenbuch B. and Gui C., 2008, Xenobiotic transporters of the human organic anion transporting
polypeptides (OATP) family. Xenobiotica. 38(7-8): p. 778-801.

Hall J. M., Lee M. K., Newman B., et al., 1990, Linkage of early-onset familial breast cancer to
chromosome 17q21. Science. 250(4988): p. 1684-1689.

Haraksingh R. R., Abyzov A., Gerstein M., et al., 2011, Genome-wide mapping of copy number
variation in humans: comparative analysis of high resolution array platforms. PLoS One.
6(11): p. e27859.

Hartmannova H., Kubanek M., Sramko M., et al., 2013, Isolated X-Linked Hypertrophic

Cardiomyopathy Caused by a Novel Mutation of the Four-and-a-Half LIM Domain 1 Gene.
Circ Cardiovasc Genet.

37



Hodges E., Xuan Z., Balija V., et al., 2007, Genome-wide in situ exon capture for selective
resequencing. Nat Genet. 39(12): p. 1522-1527.

Hotchkiss K. A., Basile C. M., Spring S. C., et al., 2005, TEM8 expression stimulates endothelial cell
adhesion and migration by requlating cell-matrix interactions on collagen. Exp Cell Res.
305(1): p. 133-144.

Houstek J., Klement P., Floryk D., et al., 1999, A novel deficiency of mitochondrial ATPase of nuclear
origin. Hum Mol Genet. 8(11): p. 1967-1974.

Hsueh H. M., Chen J. J., and Kodell R. L., 2003, Comparison of methods for estimating the number of
true null hypotheses in multiplicity testing. J Biopharm Stat. 13(4): p. 675-689.

Huang da W., Sherman B. T., and Lempicki R. A., 2009, Bioinformatics enrichment tools: paths
toward the comprehensive functional analysis of large gene lists. Nucleic Acids Res. 37(1): p.
1-13.

Hughes T. R., Mao M., Jones A. R., et al., 2001, Expression profiling using microarrays fabricated by
an ink-jet oligonucleotide synthesizer. Nat Biotechnol. 19(4): p. 342-347.

Chee M., Yang R., Hubbell E., et al., 1996, Accessing genetic information with high-density DNA
arrays. Science. 274(5287): p. 610-614.

Cheung C. Y., Marchani Blue E., and Wijsman E. M., 2014, A statistical framework to guide
sequencing choices in pedigrees. Am J Hum Genet. 94(2): p. 257-267.

lafrate A. )., Feuk L., Rivera M. N., et al., 2004, Detection of large-scale variation in the human
genome. Nat Genet. 36(9): p. 949-951.

International HapMap C., 2005, A haplotype map of the human genome. Nature. 437(7063): p. 1299-
1320.

International Human Genome Sequencing C., 2004, Finishing the euchromatic sequence of the
human genome. Nature. 431(7011): p. 931-945.

Jackson D. A, Symons R. H., and Berg P., 1972, Biochemical method for inserting new genetic
information into DNA of Simian Virus 40: circular SV40 DNA molecules containing lambda
phage genes and the galactose operon of Escherichia coli. Proc Natl Acad Sci U S A. 69(10): p.
2904-2909.

Jacob F. and Monod J., 1961, Genetic regulatory mechanisms in the synthesis of proteins. ) Mol Biol.
3: p. 318-356.

Kan Y. W. and Dozy A. M., 1978, Polymorphism of DNA sequence adjacent to human beta-globin
structural gene: relationship to sickle mutation. Proc Natl Acad Sci U S A. 75(11): p. 5631-
5635.

Kircher M., Witten D. M., Jain P., et al., 2014, A general framework for estimating the relative
pathogenicity of human genetic variants. Nat Genet. 46(3): p. 310-315.

Klein R. J., Zeiss C., Chew E. Y., et al., 2005, Complement factor H polymorphism in age-related
macular degeneration. Science. 308(5720): p. 385-389.

38



Klein U., Kresse H., and von Figura K., 1978, Sanfilippo syndrome type C: deficiency of acetyl-
CoA:alpha-glucosaminide N-acetyltransferase in skin fibroblasts. Proc Natl Acad Sci U S A.
75(10): p. 5185-5189.

Kmoch S., Majewski J., Ramamurthy V., et al., 2015, Mutations in PNPLAG6 are linked to
photoreceptor degeneration and various forms of childhood blindness. Nat Commun. 6: p.
5614.

Koenig M., Hoffman E. P., Bertelson C. J., et al., 1987, Complete cloning of the Duchenne muscular
dystrophy (DMD) cDNA and preliminary genomic organization of the DMD gene in normal
and affected individuals. Cell. 50(3): p. 509-517.

Kolarova H., Tesarova M., Svecova S., et al., 2014, Lipoprotein Lipase Deficiency: Clinical, Biochemical
and Molecular Characteristics in Three Patients with Novel Mutations in the LPL Gene. Folia
Biol (Praha). 60(5): p. 235-243.

Koschmieder A., Zimmermann K., Trissl| S., et al., 2012, Tools for managing and analyzing microarray
data. Brief Bioinform. 13(1): p. 46-60.

Lander E. S. and Botstein D., 1987, Homozygosity mapping: a way to map human recessive traits
with the DNA of inbred children. Science. 236(4808): p. 1567-1570.

Landrum M. J,, Lee J. M,, Riley G. R., et al., 2014, ClinVar: public archive of relationships among
sequence variation and human phenotype. Nucleic Acids Res. 42(Database issue): p. D980-
985.

Levy S., Sutton G., Ng P. C., et al., 2007, The diploid genome sequence of an individual human. PLoS
Biol. 5(10): p. e254.

Li H. and Durbin R., 2009, Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics. 25(14): p. 1754-1760.

Li H., Handsaker B., Wysoker A, et al., 2009, The Sequence Alignment/Map format and SAMtools.
Bioinformatics. 25(16): p. 2078-2079.

MacDonald J. R,, Ziman R., Yuen R. K., et al., 2014, The Database of Genomic Variants: a curated
collection of structural variation in the human genome. Nucleic Acids Res. 42(Database
issue): p. D986-992.

Malhotra D. and Sebat J., 2012, CNVs: harbingers of a rare variant revolution in psychiatric genetics.
Cell. 148(6): p. 1223-1241.

Mamanova L., Coffey A. J., Scott C. E., et al., 2010, Target-enrichment strategies for next-generation
sequencing. Nat Methods. 7(2): p. 111-118.

Manolio T. A., Collins F. S., Cox N. J., et al., 2009, Finding the missing heritability of complex diseases.
Nature. 461(7265): p. 747-753.

Margulies M., Egholm M., Altman W. E., et al., 2005, Genome sequencing in microfabricated high-
density picolitre reactors. Nature. 437(7057): p. 376-380.

Matsuzaki H., Loi H., Dong S., et al., 2004, Parallel genotyping of over 10,000 SNPs using a one-
primer assay on a high-density oligonucleotide array. Genome Res. 14(3): p. 414-425.

39



McClellan J. and King M. C., 2010, Genetic heterogeneity in human disease. Cell. 141(2): p. 210-217.

McKenna A., Hanna M., Banks E., et al., 2010, The Genome Analysis Toolkit: a MapReduce framework
for analyzing next-generation DNA sequencing data. Genome Res. 20(9): p. 1297-1303.

McKusick V. A., 2007, Mendelian Inheritance in Man and its online version, OMIM. Am J Hum Genet.
80(4): p. 588-604.

Metzker M. L., 2010, APPLICATIONS OF NEXT-GENERATION SEQUENCING Sequencing technologies -
the next generation. Nature Reviews Genetics. 11(1): p. 31-46.

Michael K. L., Taylor L. C., Schultz S. L., et al., 1998, Randomly ordered addressable high-density
optical sensor arrays. Anal Chem. 70(7): p. 1242-1248.

Miki Y., Swensen J., Shattuck-Eidens D., et al., 1994, A strong candidate for the breast and ovarian
cancer susceptibility gene BRCA1. Science. 266(5182): p. 66-71.

Mills R. E., Walter K., Stewart C., et al., 2011, Mapping copy number variation by population-scale
genome sequencing. Nature. 470(7332): p. 59-65.

Mole S. E., Williams R. E., and Goebel H. H., 2011, The neuronal ceroid lipofuscinoses (Batten
disease). 2nd ed, Oxford: Oxford University Press. xxx, 444 p.

Morgan T. H., 1910, Sex Limited Inheritance in Drosophila. Science. 32(812): p. 120-122.
Morgan T. H., 1911, Chromosomes and Associative Inheritance. Science. 34(880): p. 636-638.

Morgan T. H., 1911, The Origin of Five Mutations in Eye Color in Drosophila and Their Modes of
Inheritance. Science. 33(849): p. 534-537.

Morton N. E., 1955, Sequential tests for the detection of linkage. Am J Hum Genet. 7(3): p. 277-318.

Mullis K. B. and Faloona F. A., 1987, Specific synthesis of DNA in vitro via a polymerase-catalyzed
chain reaction. Methods Enzymol. 155: p. 335-350.

Neroldova M., Frankova S., Stranecky V., et al., 2015, Hereditary haemochromatosis caused by
homozygous HJV mutation evolved through paternal disomy. Clin Genet. 87(1): p. 96-98.

Ng P. C. and Henikoff S., 2001, Predicting deleterious amino acid substitutions. Genome Res. 11(5): p.
863-874.

Ng S. B., Turner E. H., Robertson P. D., et al., 2009, Targeted capture and massively parallel
sequencing of 12 human exomes. Nature. 461(7261): p. 272-276.

Ng S. B., Bigham A. W., Buckingham K. J., et al., 2010, Exome sequencing identifies MLL2 mutations
as a cause of Kabuki syndrome. Nat Genet. 42(9): p. 790-793.

Ng S. B., Nickerson D. A., Bamshad M. J,, et al., 2010, Massively parallel sequencing and rare disease.
Hum Mol Genet. 19(R2): p. R119-124.

Niemi M., Pasanen M. K., and Neuvonen P. J., 2011, Organic anion transporting polypeptide 1B1: a

genetically polymorphic transporter of major importance for hepatic drug uptake. Pharmacol
Rev. 63(1): p. 157-181.

40



Nirenberg M. W. and Matthaei J. H., 1961, The dependence of cell-free protein synthesis in E. coli
upon naturally occurring or synthetic polyribonucleotides. Proc Natl Acad Sci U S A. 47: p.
1588-1602.

O'Rawe J,, Jiang T., Sun G., et al., 2013, Low concordance of multiple variant-calling pipelines:
practical implications for exome and genome sequencing. Genome Med. 5(3): p. 28.

Park E. J., Grabinska K. A., Guan Z., et al., 2014, Mutation of Nogo-B receptor, a subunit of cis-
prenyltransferase, causes a congenital disorder of glycosylation. Cell Metab. 20(3): p. 448-
457.

Paulusma C. C., Kool M., Bosma P. )., et al., 1997, A mutation in the human canalicular multispecific
organic anion transporter gene causes the Dubin-Johnson syndrome. Hepatology. 25(6): p.
1539-1542.

Pease A. C., Solas D., Sullivan E. J., et al., 1994, Light-generated oligonucleotide arrays for rapid DNA
sequence analysis. Proc Natl Acad Sci U S A. 91(11): p. 5022-5026.

Pinto D., Delaby E., Merico D., et al., 2014, Convergence of genes and cellular pathways dysregulated
in autism spectrum disorders. Am J Hum Genet. 94(5): p. 677-694.

Pollard K. S., Hubisz M. J., Rosenbloom K. R., et al., 2010, Detection of nonneutral substitution rates
on mammalian phylogenies. Genome Res. 20(1): p. 110-121.

Porreca G. J., 2007, Multiplex amplification of large sets of human exons. Nat. Methods. 4: p. 931-
936.

Remuzzi G. and Garattini S., 2008, Rare diseases: what's next? Lancet. 371(9629): p. 1978-1979.
Rohn J., 2013, Billions spent on rare diseases. Nat Biotech. 31(5): p. 368-368.

Ronaghi M., Karamohamed S., Pettersson B., et al., 1996, Real-time DNA sequencing using detection
of pyrophosphate release. Anal Biochem. 242(1): p. 84-89.

Rosner F., 1995, Medicine in the Bible and the Talmud : selections from classical Jewish sources.
Augm. ed. The library of Jewish law and ethics, Yeshiva University Press, New York.

Sanger F. and Coulson A. R., 1975, A rapid method for determining sequences in DNA by primed
synthesis with DNA polymerase. Journal of Molecular Biology. 94(3): p. 441-448.

Sanger F., Nicklen S., and Coulson A. R., 1977, DNA sequencing with chain-terminating inhibitors.
Proc Natl Acad Sci U S A. 74(12): p. 5463-5467.

Shendure J., Porreca G. J., Reppas N. B., et al., 2005, Accurate multiplex polony sequencing of an
evolved bacterial genome. Science. 309(5741): p. 1728-1732.

Schena M., Shalon D., Davis R. W., et al., 1995, Quantitative monitoring of gene expression patterns
with a complementary DNA microarray. Science. 270(5235): p. 467-470.

Schmitz F., Tabares L., Khimich D., et al., 2006, CSPalpha-deficiency causes massive and rapid
photoreceptor degeneration. Proc Natl Acad Sci U S A. 103(8): p. 2926-2931.

Siva N., 2008, 1000 Genomes project. Nat Biotechnol. 26(3): p. 256.

41



Smith H. O. and Wilcox K. W., 1970, A restriction enzyme from Hemophilus influenzae. I. Purification
and general properties. ) Mol Biol. 51(2): p. 379-391.

Smith L. M., Sanders J. Z., Kaiser R. J,, et al., 1986, Fluorescence detection in automated DNA
sequence analysis. Nature. 321(6071): p. 674-679.

Smyth G. K. and Speed T., 2003, Normalization of cDNA microarray data. Methods. 31(4): p. 265-
273.

Solinas-Toldo S., Lampel S., Stilgenbauer S., et al., 1997, Matrix-based comparative genomic
hybridization: biochips to screen for genomic imbalances. Genes Chromosomes Cancer.
20(4): p. 399-407.

Sperl W., Jesina P., Zeman J., et al., 2006, Deficiency of mitochondrial ATP synthase of nuclear genetic
origin. Neuromuscul Disord. 16(12): p. 821-829.

St Croix B., Rago C., Velculescu V., et al., 2000, Genes expressed in human tumor endothelium.
Science. 289(5482): p. 1197-1202.

Stenson P. D., Ball E. V., Howells K., et al., 2009, The Human Gene Mutation Database: providing a
comprehensive central mutation database for molecular diagnostics and personalized
genomics. Hum Genomics. 4(2): p. 69-72.

Storkanova G., Vlaskova H., Chuzhanova N., et al., 2013, Ornithine carbamoyltransferase deficiency:
molecular characterization of 29 families. Clin Genet. 84(6): p. 552-559.

Takacova S., Slany R., Bartkova J., et al., 2012, DNA damage response and inflammatory signaling
limit the MLL-ENL-induced leukemogenesis in vivo. Cancer Cell. 21(4): p. 517-531.

Tewhey R., 2009, Microdroplet-based PCR enrichment for large-scale targeted sequencing. Nat.
Biotechnol. 27: p. 1025-1031.

Tipton R. E. and Gorlin R. J., 1984, Growth retardation, alopecia, pseudo-anodontia, and optic
atrophy--the GAPO syndrome: report of a patient and review of the literature. Am J Med
Genet. 19(2): p. 209-216.

Tobaben S., Thakur P., Fernandez-Chacon R., et al., 2001, A trimeric protein complex functions as a
synaptic chaperone machine. Neuron. 31(6): p. 987-999.

Tsui L. C., Buchwald M., Barker D., et al., 1985, Cystic fibrosis locus defined by a genetically linked
polymorphic DNA marker. Science. 230(4729): p. 1054-1057.

Turner E. H., Lee C., Ng S. B., et al., 2009, Massively parallel exon capture and library-free
resequencing across 16 genomes. Nat Methods. 6(5): p. 315-316.

Van der Auwera G. A., Carneiro M. O, Hartl C,, et al., 2013, From FastQ data to high confidence
variant calls: the Genome Analysis Toolkit best practices pipeline. Curr Protoc Bioinformatics.
11(1110): p. 111011-11 10 33.

Venter J. C., Adams M. D., Myers E. W., et al., 2001, The sequence of the human genome. Science.
291(5507): p. 1304-1351.

42



Vondrackova A., Vesela K., Kratochvilova H., et al., 2014, Large copy number variations in
combination with point mutations in the TYMP and SCO2 genes found in two patients with
mitochondrial disorders. Eur ) Hum Genet. 22(3): p. 431-434.

Wang K., Li M., and Hakonarson H., 2010, ANNOVAR: functional annotation of genetic variants from
high-throughput sequencing data. Nucleic Acids Res. 38(16): p. e164.

Watson J. D. and Crick F. H., 1953, Molecular structure of nucleic acids; a structure for deoxyribose
nucleic acid. Nature. 171(4356): p. 737-738.

Wellcome Trust Case Control C., Craddock N., Hurles M. E., et al., 2010, Genome-wide association
study of CNVs in 16,000 cases of eight common diseases and 3,000 shared controls. Nature.
464(7289): p. 713-720.

Welter D., MacArthur J., Morales J., et al., 2014, The NHGRI GWAS Catalog, a curated resource of
SNP-trait associations. Nucleic Acids Res. 42(Database issue): p. D1001-1006.

Werner E., Kowalczyk A. P., and Faundez V., 2006, Anthrax toxin receptor 1/tumor endothelium
marker 8 mediates cell spreading by coupling extracellular ligands to the actin cytoskeleton.
Biol Chem. 281(32): p. 23227-23236.

Wettenhall J. M. and Smyth G. K., 2004, limmaGUI: a graphical user interface for linear modeling of
microarray data. Bioinformatics. 20(18): p. 3705-3706.

Wheeler D. A., Srinivasan M., Egholm M., et al., 2008, The complete genome of an individual by
massively parallel DNA sequencing. Nature. 452(7189): p. 872-876.

Yang M. Y., Chaudhary A., Seaman S., et al., 2011, The cell surface structure of tumor endothelial
marker 8 (TEMS8) is regulated by the actin cytoskeleton. Biochim Biophys Acta. 1813(1): p.
39-49.

Zarrei M., MacDonald J. R., Merico D., et al., 2015, A copy number variation map of the human
genome. Nat Rev Genet. 16(3): p. 172-183.

Zinsmaier K. E., Eberle K. K., Buchner E., et al., 1994, Paralysis and early death in cysteine string
protein mutants of Drosophila. Science. 263(5149): p. 977-980.

43



Kopie publikovanych praci

44



CLINICALSTUDIES

Liver International ISSN 1478-3223

Rotor-type hyperbilirubinaemia has no defect in the canalicular

bilirubin export pump

Martin Hrebi¢ek', Tomas Jirasek?, Hana Hartmannova', Lenka Noskova’, Viktor Stranecky'-3,
Robert Ivanek*’, Stanislav Kmoch'-3, Dita Cebecauerova®, Libor Vitek®, Miroslav Mikulecky’,
Iva Subhanova®, Pavel Hozak* and Milan Jirsa®®

1 Institute of Inherited Metabolic Diseases, Charles University 1st Faculty of Medicine, Prague, Czech Republic

2 Department of Pathology, Charles University 3rd Faculty of Medicine, Prague, Czech Republic

3 Center for Applied Genomics, Charles University 1st Faculty of Medicine, Prague, Czech Republic

4 Institute of Molecular Genetics, Academy of Sciences of the Czech Republic, Prague, Czech Republic

5 Institute for Clinical and Experimental Medicine, Prague, Czech Republic

6 Institute of Clinical Biochemistry and Laboratory Diagnostics, Charles University 1st Faculty of Medicine, Prague, Czech Republic
7 1% Medical Clinic, Teaching Hospital, Comenius University, Bratislava, Slovak Republic

Keywords

ABCC2 - Dubin-Johnson syndrome —
hereditary jaundice — MRP2 — Rotor syndrome
- UGT1A1

Correspondence
Milan Jirsa, MD, PhD, Laboratory of
Experimental Hepatology, Institute for Clinical

and Experimental Medicine, Videnska 1958/9,

140 21 Praha 4-Kr¢, Czech Republic.
Tel: +420 261362 773

Fax: +420 241721 666

e-mail: milan.jirsa@medicon.cz

Received 28 August 2006
accepted 22 December 2006

DOI:10.1111/1.1478-3231.2007.01446.x

Abstract

Background: The cause of Rotor syndrome (RS), a rare-familial conjugated
hyperbilirubinaemia with normal liver histology, is unclear. We hypothesized that
RS can be an allelic variant of Dubin—Johnson syndrome, caused by mutation in
ABCC2, and investigated ABCC2 (gene) and ABCC2 (protein) in two patients with
RS. Methods: A 57-year-old male presented with a 5-year history of predominantly
conjugated hyperbilirubinaemia (170 pmol/l). Urinary porphyrin excretion was
increased; cholescintigraphy revealed no chromoexcretion. A 68-year-old male
presented with lifelong conjugated hyperbilirubinaemia (85 pmol/l). Bromosul-
fophthalein elimination was typical for RS. Both patients had histologically normal
liver, without pigment. ABCC2 expression was investigated by confocal fluores-
cence microscopy. ABCC2 was sequenced from genomic DNA and cDNA, and
exon deletions/duplications were sought by comparative genomic hybridization on
a custom micro-array. Results: In both patients, ABCC2 was expressed unremark-
ably at the apical membrane of hepatocytes and no sequence alterations were
found in 32 exons, adjacent intronic regions and the promoter region of ABCC2.
Conclusions: Rotor-type hyperbilirubinaemia is not an allelic variant of ABCC2

deficiency.

The bilirubin excretory pathway consists of two
steps: conjugation of unconjugated bilirubin with
glucuronic acid, catalyzed by uridine diphosphate-
glucuronosyl transferase 1A1 (UGT1Al), and
secretion of conjugated bilirubin into bile via ABCC2,
the canalicular bilirubin export pump. Mutations
in ABCC2, encoding ABCC2, are known to cause
Dubin-Johnson syndrome (DJS, OMIM No. 237500)
(1), a rare benign predominantly conjugated hyperbi-
lirubinaemia with typical deposits of melanin-like
pigment within hepatocyte lysosomes. Rotor syndrome
(RS, OMIM No. 237450) represents another form of
hereditary jaundice with predominantly conjugated
hyperbilirubinaemia. Unlike most patients with DJS,
patients with RS have no abnormal hepatic pigmenta-
tion. Total porphyrin excretion in urine is increased and
the ratio of coproporphyrin isomers LIII is lower than
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in DJS (2). Unlike patients with DJS, patients with RS
exhibit marked retention of bromosulfophthalein
(BSP) after injection (3). Neither the liver nor the
biliary tree is visualized by cholescintigraphy in RS
(4, 5). The molecular basis of RS is unknown.

The definition of RS as a pathophysiological entity
distinct from D]JS is based on the differences in BSP
clearance and total urinary coproporphyrin output.
Other features of both disorders such as liver pigmen-
tation and visualization of the gallbladder by choles-
cintigraphy are less specific (6), making the diagnosis
of RS difficult to establish. We hypothesized that the
phenotypic differences between RS and DJS do not
exclude the possibility that RS and D]JS are allelic
variants. In our study, we investigated the potential role
of ABCC2 as a candidate gene responsible for Rotor-
type hyperbilirubinaemia in two affected subjects.
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Patients and methods
Case 1

A 57-year-old male had scleral icterus since birth.
Generalized jaundice appeared for the first time at age
7 years and was diagnosed as posthepatitic. At age 18
years, he was judged unfit for compulsory military
service because of jaundice. He was hospitalized, aged
52 years, owing to an acute occlusion of the central
retinal artery. His total serum bilirubin concentration
was 170 pmol/l, with a direct-reacting fraction of
120 umol/l. Blood counts were within the normal
ranges. Serum concentrations of aspartate amino-
transferase (AST), alanine transaminase (ALT) and
v-glutamyl transferase activities and of o, -antitrypsin,
copper, ceruloplasmin and bile salts were normal. No
serologic evidence of infection with hepatitis A, B and
C viruses or with other hepatotropic viruses was
found. Urinary coproporphyrin output ranged be-
tween 80 and 500 pg/24h (normal < 200 pug/24h);
isomer I represented 57% of total coproporphyrin.
Except for multiple gallstones, which were asympto-
matic, no pathological changes of the liver and biliary
tree were observed on ultrasonography and endo-
scopic retrograde cholangiopancreatography (ERCP).
In contrast, **™Tc-HIDA cholescintigraphy revealed
no uptake of the radionuclide by the liver, and the bile
ducts and gallbladder were not visualized (Fig. 1). No
abnormality was found on microscopy of a percuta-
neous needle liver biopsy specimen. Jaundice has
persisted, with biochemical documentation, for the
subsequent 5 years, with serum concentrations of total
and direct bilirubin oscillating around 170 and
120 pumol/l respectively.

patient 1

normal cholescintigram

Fig. 1. Cholescintigraphy of patient 1 (left). In contrast to the
normal situation (right), the radionuclide was retained in the
circulation and no uptake of ®™Tc-HIDA by the liver and
visualization of bile ducts and gallbladder was observed.
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The family history of the patient was of potential
interest because his daughter and one of his four
sisters had Gilbert syndrome.

Case 2

Our second patient (7), a 68-year-old male with no
family history of liver disease, had scleral jaundice
since childhood. Clinical and laboratory investigations
on military conscription aged 19 years revealed pre-
dominantly direct hyperbilirubinaemia with no other
clinical-biochemistry evidence of hepatobiliary injury
and without serologic evidence of viral hepatitis. One
year later, the patient was re-examined in the Central
Military Hospital (Bratislava, Slovak Republic) for
fatigue, lack of appetite, weight loss, abdominal pain,
dark urine and jaundice. Aside from jaundice, chronic
tonsillitis and skin rash, the physical examination was
unremarkable. Total serum bilirubin concentrations
ranged from 41 to 121 pmol/]; direct-reacting bilirubin
represented 53-72%. Total urinary coproporphyrin
output was repeatedly increased, but coproporphyrin
isomers were not quantitatively differentiated. Other
laboratory values were within the normal ranges. BSP
retention 30 min after administration of 2 mg/kg was
77.5% (normal < 10%). The gallbladder was repeat-
edly not visualized by oral cholecystography. Explora-
tory laparotomy revealed a normal appearance of the
liver, bile ducts and gallbladder. Normal architecture
without any pigment or signs of cholestasis was found
on microscopy of a biopsy specimen of liver. RS was
diagnosed (7). During the subsequent 48 years, the
patient’s liver was assessed twice at surgery as normal
in contour and color (ureterotomy for ureterolithiasis,
age 44 years; cholecystectomy for gallstones, age 56
years). Persistent jaundice with predominantly con-
jugated hyperbilirubinaemia (total serum bilirubin
ranging between 42 and 170 umol/l with seasonal
fluctuations) has been repeatedly documented.

Histology

Liver from Patient 1 was fixed in formalin; liver from
Patient 2 was fixed in formalin or in Carnoy’s fixative.
All specimens were embedded in paraffin. Sections
were stained with haematoxylin/eosin and with peri-
odic acid—Schiff technique.

Antibodies

Mouse anti-ABCC2 monoclonal antibody (clone
M,III-6) was purchased from Kamiya (Seattle, WA,
USA). Rabbit polyclonal anti-human carcino-
embryonic antigen antibody, which recognizes
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carcinoembryonic antigen-related adhesion molecule
1 (CEACAM1) on bile canaliculi of the human liver,
was purchased from DAKO (Glostrup, Denmark)
together with the EnVision Peroxidase Kit and
LSAB+Kit. Fluorescein isothiocyanate-conjugated
donkey anti-rabbit antibody and Cy5-conjugated goat
anti-mouse antibody were obtained from Jackson
(West Grove, PA, USA).

Confocal laser scanning microscopy (CLSM)

For immunohistochemical procedures, 5pum sections
cut from formalin-fixed (Patient 1) and Carnoy’s-fixed
(Patient 2), paraffin-embedded tissue samples were
deparaffinized and treated with 2.7% hydrogen per-
oxide and 0.1% sodium azide. Double immunolabel-
ling was performed as described (8). The slides were
observed in a CLSM Leica TCS SP (Leica Microsys-
tems, Wetzlar, Germany). Simultaneous excitation with
an argon—krypton laser (wavelength 488 nm) for fluor-
escein isothiocyanate and a helium-neon laser (wave-
length 633 nm) for Cy5 was used. Sections incubated
without primary antibodies were used as negative
controls. Sections of a liver-biopsy specimen assessed
as exhibiting minimal changes, obtained from an adult
patient, were used as positive controls. Sections of a
liver-biopsy specimen from a patient with proven
ABCC2 deficiency (8) served as a negative control.

Mutation analysis

Written informed consents were obtained from the
patients and family members before genetic investiga-
tion and skin biopsy. ABCC2 was analyzed by direct
sequencing of polymerase chain reaction (PCR) pro-
ducts amplified from genomic DNA extracted from
peripheral blood leukocytes. All exons and the 1500-
bp-long promoter region were amplified by PCR using
reported intronic oligonucleotide primers (8). All
amplicons were gel-purified, extracted with QIA
quick spin columns (Qiagen, Hilden, Germany) and
sequenced on an automated fluorescent DNA sequencer
(AlfExpress, Amersham-Pharmacia, Uppsala, Sweden).

Analysis of copy number changes caused by exon
deletions or duplications was performed by compara-
tive hybridization of the patient’s and control male
genomic DNAs. As probes, the micro-array contained
PCR amplified products representing each ABCC2
exon and 5’-aminomodified 40-mer oligonucleotides
corresponding to specific regions of ABCC2 exons.
Oligonucleotide sequences were designed using Oligo-
picker software and purchased from Illumina (San
Diego, CA, USA). The PCR products (100 ng/pl) and
oligonucleotides (20 M) in 3 x SSC were printed in
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triplicate on aminosilane-modified slides and immo-
bilized by standard techniques that combined baking
and UV cross-linking. The slides were pretreated by
baking at 80 °C; after UV cross-linkage, they were then
washed twice in 0.1% sodium dodecyl sulfate (SDS)
for 2 min, twice in 0.2 x SSC for 2 min and four times
in MilliQ water, followed by denaturation in boiling
water for 2 min. Prehybridization was performed in
prehybridization buffer (6 x SSC, 0.5% SDS, 1% bo-
vine serum albumin). Genomic DNA was extracted by
the phenol/chloroform method from peripheral blood
leukocytes, fragmented with Mbol restriction endonu-
clease (New England Biolabs, Ipswich, MA, USA) and
labelled using Cy3-AP3-dUTP or Cy5-AP3-dUTP
(Amersham Biosciences, Piscataway, NJ, USA). Patient
samples, control samples and 5pug of human Cot-1
(Invitrogen, Carlsbad, CA, USA) were combined and
dissolved in hybridization buffer (50% formamide,
6 x SSC, 0.5% SDS, 5 x Denhardt’s). Hybridizations
were performed at 37 °C in an Arraylt Hybridization
Cassette chamber (TeleChem International, Sunny-
vale, CA, USA). Patient and control samples were
analyzed in a dye swap mode with two replicates of
each mode. The hybridized slides were scanned using a
GenePix 4200A scanner (Axon Instrument, Union
City, CA, USA) with photomultiplier gains adjusted
to obtain highest-intensity unsaturated images. Data
analysis was performed in the R statistical environment
(version 2.2.1) using the Linear models for Microarray
data package Limma 2.2.0, which is part of the Biocon-
ductor project (www.bioconductor.org) (9). Raw data
were processed using lowess normalization and mo-
vingmin. Correlation between three duplicate spots
per gene in each array was used to increase robustness.
The linear model was fitted for each exon given from a
series of arrays using ImFit function. The empirical
Bayes method (10) was used to rank differential
expression signal-fold changes of individual gene
exons using eBayes function.

ABCC2 mRNA was isolated from cultured skin
fibroblasts and subjected to reverse transcription.
Overlapping ~ 800bp fragments were amplified by
nested PCR from cDNA (see Table 1 for primer
sequences), gel purified and sequenced.

Mutations in UGTI1AI known to be associated with
Gilbert syndrome in Caucasians were detected as
described (8).

Results
Histology

Routine light microscopy of haematoxylin/eosin-
stained sections of liver from both patients found no
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Table 1. Sequences of PCR primer pairs used to amplify the overlapping fragments of ABCC2 from cDNA

Pair number Forward primer Reverse primer

1 5'-TAGAAGAGTCTTCGTTCCAGACGCAG-3’ 5’-AGTGCCCGCCTGGCTTTC-3’

2 5’-TTCTGAAAGGCTACAAGCGTCCTC-3/ 5’-ATTGGGATTACAAGCACCATCACC-3’
3 5'-AACTTCATGCACATGCTGTGGTC-3’ 5-CCTTTATGGTGCCATTCTGAATCC-3’

4 5/-AATCCTCCTTGATATCAGCCATGC-3/ 5'-TCAAGGAGTTTCTCAGGGACTTCAG-3’
5 5’-ACAGCTTTCGTCGAACACTTAGCC-3’ 5-GGATAACTGGCAAACCTGATACGG-3’
6 5/-ACCATCATCGTCATTCCTCTTGG-3’ 5-TGTTGAAAGGGTCGAGATTCATCC-3’
7 5/-ATATTGCTTCCATTGGGCTCCAC-3/ 5-TGGGTAGTAGGTTCATGGGTGTTC-3’

abnormalities (Fig. 2). Pigment accumulation, the
characteristic histomorphological feature of DJS, was
not detected. No autofluorescence was observed on
fluorescence microscopy.

ABCC2 protein expression

Immunohistochemical staining showed linear mark-
ing for CEACAMI1 in the canalicular membrane of
hepatocytes in both our patients, as well as in the
positive control. CLSM with double immunofluores-
cence staining confirmed the localization of ABCC2 in
the canalicular membrane of hepatocytes (Fig. 3). In
contrast, no ABCC2 immunostaining was observed in
sections of a liver-biopsy specimen from a patient with
proven ABCC2 deficiency (negative control).

DNA analysis

In Patient 1, sequence analysis of ABCC2 disclosed
heterozygosity for the known synonymous poly-
morphism  3972C/T (113241, GenBank dbSNP
rs3740066) in exon 28 (11) and for the polymor-
phism — 1023G/A (GenBank dbSNP rs7910642). The
sequence of cDNA corresponded with the genomic
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sequence. Heterozygosity for the 3972C/T poly-
morphism indicated that both alleles of the gene
were expressed at the RNA level in cultured
skin fibroblasts. A heterozygous polymorphism
A(TA),TAA of the TATAA-box and a heterozygous
polymorphism —3263T/G in the phenobarbital-
responsive enhancer module were detected in the
promoter region of the UGTIAI gene. Family analysis
revealed homozygosity for both variants, A(TA),TAA
and —3263G, in the proband’s daughter, indicating
that both heterozygous polymorphisms are located on
the same chromosome in the proband, Patient 1.
Finally, Patient 1 was homozygous for the wild-type
211G allele.

Sequence analysis of ABCC2 in Patient 2 revealed
homozygosity for two known polymorphisms: 3972C/
T (11324I) in the protein-coding region and — 24C/T
(GenBank dbSNP rs717620) in the 5’-untranslated
region (11). As in Patient 1, the sequence of cDNA
corresponded with the genomic sequence. In contrast
to Patient 1, the expression of individual alleles could
not be addressed because no heterozygous sequence
variation was present in the transcribed mRNA. The
patient was found to be homozygous for the wild-type

patient 2

Fig. 2. Liver histology of Patient 1 (centrizonal area, needle biopsy taken at the age of 52 years) and Patient 2 (periportal area, liver
excision performed in 1958 at the age of 20 years). Normal histology and cytology with no liver pigment was found in both specimens.
The absence of lipopigment in hepatocytes in Patient 1 at the age of 52 is uncommon. Haematoxylin&eosin, original magnification
% 400.
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Fig. 3. Confocal laser scanning micrographs with double immunofluorescence staining for CEACAM1 (left column) and ABCC2

(middle column). In the control liver as well as in both samples from the patients with RS, ABCC2 and CEACAM1 colocalize with the
canalicular membrane of hepatocytes (right column — yellow color, and graphs). In the liver of a patient with proven ABCC2 deficiency
(bottom slides), ABCC2 protein is absent both at canalicular membranes and in the cytoplasm of hepatocytes, whereas expression of

CEACAM1 is not affected. Bar =20 um, original magnification x 400.

alleles A(TA)sTAA and — 3263T of the UGTIAI gene
promoter and for the wild-type 211G allele in the first
exon of UGTIAL

Comparative genomic hybridization to a custom
micro-array revealed no significant copy number
changes in any of 32 exons of ABCC2 in either Patient
1 or 2.
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Discussion

We attempted to investigate the role of ABCC2 in two
subjects with Rotor-type hyperbilirubinaemia; to our
knowledge, ours is the first such attempt. Normal
expression and localization of ABCC2 on the canali-
cular membrane of hepatocytes ruled out the most
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common findings seen in DJS, when mutations in
both alleles of ABCC2 abolish ABCC2 expression.
Normal localization of ABCC2 excluded potential
defects in RDX, encoding radixin, a cytoskeletal pro-
tein essential in anchoring ABCC2 to the canalicular
membrane (12). The immunohistologic findings,
however, did not exclude two possibilities. Firstly, a
mutation-impairing function but not expression of
ABCC2 might be present in at least one allele of
ABCC2. Secondly, a mutation in the regulatory region
of ABCC2 might decrease but not abolish ABCC2
expression. Both possibilities were checked by se-
quence analysis of the coding and promoter regions
of ABCC2. In addition to conventional mutational
screening, a thorough search for less common types of
mutations — exon deletions and duplications — was
performed; none was found. Finally, a contribution of
Gilbert syndrome to the unconjugated fraction of
elevated serum bilirubin was excluded by UGTIAI
genotyping.

The rationale for investigation of ABCC2 and
ABCC2 in RS, which is considered a disorder of
hepatic bilirubin storage (13), can be questioned.
Significant reduction in the actual or apparent capa-
city of hepatocytes to store unconjugated bilirubin,
unconjugated BSP and indocyanine green (which does
not undergo conjugation) can result from decreased
concentrations of ‘ligandin’ in cytosol of hepatocytes;
from decreased hepatocellular uptake of unconjugated
bilirubin, BSP and indocyanine green; and from
occupation of binding sites of intracellular ‘ligandin’
— proteins belonging mainly to the o-class of the
glutathione-S-transferase family (GST-o.).

The hypothesis that RS is a primary disorder of
hepatic bilirubin storage is supported by the kinetics
of selected anionic dyes and by the immunohistologi-
cal findings of Abei M et al. (14). To the best of our
knowledge, these findings have not been confirmed by
quantitative analysis of GST-o isoenzymes or by
mutational analysis of the corresponding GSTAI-5
genes. A compensatory upregulation of GST-o family
proteins in the liver has been detected in Gsta4 null
mice; no jaundice has been observed in these animals
(15). If the same is true for single gene defects in
GSTAI or GSTA2 (less likely in GSTA3 and GSTA5
because their expression is low), such defects cannot
be expected to reduce substantially the total concen-
tration of GST-a family proteins in the liver.

Defective uptake of unconjugated bilirubin and
other organic anions is not compatible with predomi-
nantly conjugated hyperbilirubinaemia in RS.

Thirdly, reduction of hepatic bilirubin storage capa-
city can be caused by occupation of the binding sites of
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‘ligandin’. Retention of ‘ligandin’-binding substrates in
cytosol may arise from changes in affinity of mutated
ABCC2 for a subgroup of ABCC2 substrates. ABCC2
can be mutated in such a way that retained nonbilir-
ubin substrates do not upregulate expression of
ABCC3 in compensation for impaired function of
ABCC2. Mutations affecting the affinity of ABCC2 for
various substrates have been documented by Ito et al.
(16-18). Our presented results exclude this possibility
in these patients.

Alternatively, ‘ligandin’-binding substrates may be
retained in cytosol of hepatocytes owing to deficient
transport of polar conjugates from the endoplasmic
reticulum (ER) to the cytoplasm. Conjugation takes
place on the luminal aspect of ER (19, 20). Transport
of highly polar conjugates is likely mediated by an
ATP-independent permease specific for conjugates of
bilirubin (and possibly other substrates) with glucuro-
nic acid (19, 21). Production of bilirubin glucuronides
in the ER lumen and activity of the canalicular
bilirubin export pump ABCC2, which keeps cytoplas-
mic concentrations of bilirubin glucuronides low,
constitute the driving force for translocation of con-
jugated bilirubin across the ER membrane. In the case
of impaired export, conjugated bilirubin should be
retained in the ER lumen and secreted into the plasma
via exocytosis. Increased intra-ER concentrations of
conjugated bilirubin (and perhaps other glucuronides)
may decrease the rates of conjugation of the corre-
sponding substrates. Unconjugated substrates retained
in cytosol (owing to deficient export of conjugates
from the ER to the cytoplasm) bind to GST-o and
decrease hepatic storage capacity for unconjugated
bilirubin, unconjugated BSP and indocyanine green
as well as the transport maximum for BSP.

In conclusion, we have shown that RS is not an
allelic variant of DJS. The discovery of the molecular
background of RS would be helpful in differentiating
among forms of hereditary conjugated jaundice.
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Complete OATP1B1 and OATP1B3
deficiency causes human Rotor syndrome
by interrupting conjugated bilirubin
reuptake into the liver
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Bilirubin, a breakdown product of heme, is normally glucuronidated and excreted by the liver into bile. Failure
of this system can lead to a buildup of conjugated bilirubin in the blood, resulting in jaundice. The mechanistic
basis of bilirubin excretion and hyperbilirubinemia syndromes is largely understood, but that of Rotor syn-
drome, an autosomal recessive disorder characterized by conjugated hyperbilirubinemia, coproporphyrinuria,
and near-absent hepatic uptake of anionic diagnostics, has remained enigmatic. Here, we analyzed 8 Rotor-
syndrome families and found that Rotor syndrome was linked to mutations predicted to cause complete and
simultaneous deficiencies of the organic anion transporting polypeptides OATP1B1 and OATP1B3. These
important detoxification-limiting proteins mediate uptake and clearance of countless drugs and drug conju-
gates across the sinusoidal hepatocyte membrane. OATP1B1 polymorphisms have previously been linked to
drug hypersensitivities. Using mice deficient in Oatpla/1b and in the multispecific sinusoidal export pump
Abcc3, we found that Abcc3 secretes bilirubin conjugates into the blood, while Oatpla/1b transporters medi-
ate their hepatic reuptake. Transgenic expression of human OATP1B1 or OATP1B3 restored the function
of this detoxification-enhancing liver-blood shuttle in Oatpla/1b-deficient mice. Within liver lobules, this
shuttle may allow flexible transfer of bilirubin conjugates (and probably also drug conjugates) formed in
upstream hepatocytes to downstream hepatocytes, thereby preventing local saturation of further detoxifica-
tion processes and hepatocyte toxic injury. Thus, disruption of hepatic reuptake of bilirubin glucuronide
due to coexisting OATP1B1 and OATP1B3 deficiencies explains Rotor-type hyperbilirubinemia. Moreover,
OATP1B1 and OATP1B3 null mutations may confer substantial drug toxicity risks.

Introduction

Rotor syndrome (RS; OMIM %237450) is a rare, benign hereditary
conjugated hyperbilirubinemia, also featuring coproporphyrinuria
and strongly reduced liver uptake of many diagnostic compounds,
including cholescintigraphic tracers (1-6). RS is an autosomal
recessive disorder that clinically resembles another conjugated
hyperbilirubinemia, the Dubin-Johnson syndrome (DJS; OMIM
#237500) (7, 8). In both RS and DJS, mild jaundice begins shortly
after birth or in childhood. There are no signs of hemolysis, and
routine hematologic and clinical-biochemistry test results are nor-
mal, aside from the primarily conjugated hyperbilirubinemia. RS
is, however, distinguishable from DJS by several criteria (1, 2,9, 10):
(a) it lacks the hepatocyte pigment deposits typical of DJS; (b) in
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RS, but not DJS, there is delayed plasma clearance of unconjugated
bromsulphthalein (BSP), an anionic diagnostic dye, and no conju-
gated BSP appears in plasma (4); (c) the liver in RS is scarcely visu-
alized on *™Tc-N[2,6-dimethylphenyl-carbamoylmethyl] iminodi-
acetic acid (**™Tc-HIDA) cholescintigraphy, with slow liver uptake,
persistent visualization of the cardiac blood pool, and prominent
kidney excretion (S); and (d) total urinary excretion of copropor-
phyrins is greatly increased in RS, with coproporphyrin I being the
predominant isomer (11).

DJS is caused by mutations affecting ABCC2/MRP2, a canalicu-
lar bilirubin glucuronide and xenobiotic export pump, thus dis-
rupting bilirubin glucuronide excretion into bile (7, 8). Excretion
of bilirubin glucuronides is then redirected into plasma by the
action of ABCC3/MRP3, a homolog of ABCC2 that is present in
the sinusoidal membrane and is upregulated in DJS (12, 13). The
molecular mechanism of DJS is in line with the generally accepted
paradigm of normal hepatic bilirubin excretion, according to which
a unidirectional elimination pathway is postulated: first, uptake of
unconjugated bilirubin (UCB) from blood into hepatocytes; subse-
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Figure 1

Increased plasma bilirubin glucuronide in Slco7a/1b~- mice is in part dependent on Abcc3. (A) BMG, (B) BDG, and (C) UCB levels in plasma
of male wild-type, Abcc3-, Abcc2--, Abcc2--Abcc3-, Sicolal/1b-, Slcolal/1b;Abcc3-, Sico1al/1b;Abcc2--, and Slcolal/1b;Abcc2;Abcc3-
mice (n = 4-7). +Oatp1a/1b denotes strains possessing Oatp1a/1b proteins, and —Oatp1a/1b denotes strains lacking Oatp1a/1b proteins. Data
are mean = SD. *P < 0.05, ***P < 0.001 compared with wild-type mice. Bracketed comparisons: tP < 0.05, 1P < 0.01, ttP < 0.001. ND, not

detectable; detection limit was 0.1 uM.

quent glucuronidation; and finally, secretion of bilirubin glucuro-
nide into bile via ABCC2. Individuals with RS, however, lack ABCC2
mutations (14), and the mechanistic basis of RS is unknown.

Organic anion transporting polypeptides (OATPs, genes: SLCOs)
contain 12 plasma membrane-spanning domains and mediate
sodium-independent cellular uptake of highly diverse compounds,
including bilirubin glucuronide, bile acids, steroid and thyroid hor-
mones, and numerous drugs, toxins, and their conjugates (15, 16).
Human OATP1B1 and OATP1B3 localize to the sinusoidal mem-
brane of hepatocytes and mediate the liver uptake of, among other
compounds, many drugs (15-19). Various SNPs in SLCO1B1 cause
reduced transport activity and altered plasma and tissue levels
of statins, methotrexate, and irinotecan in patients, potentially
resulting in life-threatening toxicities (20-24).

In a Slcola/1b- mouse model recently generated by our group,
the importance of Oatpla/1b proteins in hepatic uptake and clear-
ance of drugs was confirmed, but the mice also displayed marked
conjugated hyperbilirubinemia (25). We therefore hypothesized
that sinusoidal Oatps in the normal, healthy mouse liver function
in tandem with the sinusoidal efflux transporter Abcc3 to mediate
substantial hepatic secretion and reuptake of bilirubin glucuro-
nides and other conjugated compounds (25).

Here we describe how a combination of functional studies in
mice to address this hypothesis and independent genetic studies in
humans has resulted in elucidation of the genetic and mechanistic
basis of Rotor syndrome.

Results

To test our hypothesis regarding the involvement of Abcc3 in
the sinusoidal cycling of bilirubin glucuronides, and to assess a
possible interplay with Abcc2, we generated Slcola/1b~~Abcc3~/~
(Slcola/1b;Abcc377), Slcola/1b7-Abcc2~/~ (Slcola/1b;Abcc27/), and
Slcola/1b/~Abcc27/-Abce37/~ (Slcola/1b;Abcc2;Abec3~~) mice by
crossbreeding of existing strains. All strains were fertile, with nor-
mal life spans and body weights. As previously found for Abcc2~/~
and Abcc27/-Abcc37/~ mice (26, 27), liver weights of Slcola/1b;
Abcc27~ and Slcola/1b;Abcc2;Abec37~ mice were significantly
increased (~30% and ~50%, respectively) compared with wild-type
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mice (data not shown). Quantitative RT-PCR analysis of function-
ally relevant uptake and efflux transporters in liver, kidney, and
intestine of the single and combination knockout strains revealed
only some modest expression changes (Supplemental Table 1 and
Supplemental Results; supplemental material available online
with this article; doi:10.1172/JCI59526DS1). Hepatic UDP-gluc-
uronosyltransferase 1al (Ugtlal) expression was not significantly
altered in any of the strains.

Importantly, the markedly increased plasma bilirubin mono-
glucuronide (BMG) and bilirubin diglucuronide (BDG) lev-
els observed in Slcola/1b~~ mice were substantially reduced in
Slcola/1b;Abce3~~ mice, demonstrating that Abcc3 is necessary for
most of this increase (Figure 1, A and B). Plasma BMG levels in
Slcola/1b;Abcc2~/~ mice, even further increased owing to strongly
reduced biliary BMG excretion (Figure 2, A and B), were simi-
larly decreased in Slcola/1b;Abcc2;Abec3~~ mice (Figure 1, A and
B). Thus, Abcc3 secretes bilirubin glucuronides back into blood,
and Oatpla/1b proteins mediate their efficient hepatic reuptake,
thereby together establishing a sinusoidal liver-blood shuttling
loop. The incomplete reversion of plasma bilirubin glucuronide
levels in the Oatpla/1b/Abcc3-deficient strains (Figure 1, A and
B) suggests that additional sinusoidal exporter(s), e.g., Abcc4 (28),
can partly take over the sinusoidal bilirubin glucuronide extru-
sion function of Abcc3.

The biliary output of bilirubin glucuronides in the single and
combination knockout mice showed that, as long as Oatpla/1b
was functional, Abcc3 improved the efficiency of biliary bilirubin
glucuronide excretion, even though it transports its substrates
initially from liver to blood, not bile (Figure 2, A and B, strains
+QOatpla/1b). This suggests that, within liver lobules, the biliru-
bin glucuronide extruded by Abcc3 in upstream hepatocytes is
efficiently taken up in downstream hepatocytes via Oatpla/1b
and then excreted into bile. The resulting relief of possible satu-
ration of (or competition for) biliary excretion in the upstream
hepatocytes may explain why the overall biliary excretion is
enhanced by this transfer to downstream hepatocytes. However,
when Oatpla/1b was absent, Abcc3 instead decreased biliary bili-
rubin glucuronide excretion (Figure 2, strains -Oatpla/1b) and
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In the presence of Oatpia/1b, but not in its absence, Abcc3 enhances biliary excretion of bilirubin glucuronides. (A) BMG, (B) BDG, and (C) UCB
output in bile of male wild-type, Abcc3--, Abcc2--, Abcc2--Abcc3--, Slcolal/1b-, Slco1a/1b;Abcc3--, Slcol1a/1b;Abcc2--, and Slco1a/1b;
Abcc2;Abcc3- mice. Bile collected during the first 15 minutes after gall bladder cannulation was analyzed. +Oatp1a/1b denotes strains pos-
sessing Oatp1a/1b proteins, and —Oatp1a/1b denotes strains lacking Oatpia/1b proteins. Data are shown as mean + SD (n = 4-7). **P < 0.01,

***P < 0.001 compared with wild-type mice. Bracketed comparisons: tP < 0.05, 1tP < 0.01.

redirected excretion toward urine via the increased plasma biliru-
bin glucuronide levels (Supplemental Figure 1). Obviously, in the
absence of Oatpla/1b-mediated hepatic reuptake, Abcc3 activity
can only decrease hepatocyte levels of bilirubin glucuronide in
upstream and downstream hepatocytes alike, and will therefore
reduce overall biliary excretion. Thus, both components of the
Abcc3 and Oatpla/1b shuttling loop are necessary to improve
hepatobiliary excretion efficiency.

Human hepatocytes express only two OATP1A/1B proteins at
the sinusoidal membrane, OATP1B1 and OATP1B3 (15). To test
whether these could mediate the identified Oatpla/1b functions,
and in a liver-specific manner, we generated Slcola/1b7~ mice with
liver-specific expression of either human OATP1B1 or OATP1B3.
Liver-specific expression was obtained using an apoE promoter
(29). These strains were viable and fertile, and displayed normal life
spans and body weights. Liver levels of transgenic OATP1B1 and
OATP1B3 proteins were similar to those seen in pooled human
liver samples (data not shown). Both of the transgenic rescue
strains displayed a virtually complete reversal of the increases in
plasma and urine levels of BMG and BDG seen in Slcola/1b~/~ mice
(Figure 3, A and B, and Supplemental Figure 2). This indicates that
both human OATP1B1 and OATP1B3 effectively reabsorb biliru-
bin glucuronides from plasma into the liver, in line with their dem-
onstrated in vitro role in bilirubin glucuronide uptake (30). The
modest (~1.8-fold) increase in plasma UCB in Slcola/1b~~ mice was
also reduced in the rescue strains (Figure 3C), suggesting an ancil-
lary role of these proteins in hepatic UCB uptake.

These findings collectively raised the question as to whether
humans with a severe deficiency in OATP1B1 and OATP1B3,
possibly leading to a conjugated hyperbilirubinemia, might exist.
Aliterature search suggested RS as a candidate inborn metabolic
disorder. A search for RS subjects by part of the present group led
to collaboration with another team already working on mapping
of the RS gene(s).

Inan unbiased approach, scanning the whole genome, we mapped
the genomic candidate intervals for RS in 11 RS index subjects
from 8 different families, 4 Central European (CE1-CE4), 3 Saudi-
Arabian (A1-A3), and 1 Filipino (P1) (Figure 4A and Supplemen-
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tal Table 2). Homozygosity mapping identified a single genomic
region on chromosome 12 for which 8 tested index subjects and
no healthy siblings or parents were homozygous (Figure 4B),
suggesting inheritance of both alleles from a common ancestor.
Three distinct homozygous haplotypes (R1-R3) segregated with
RS: R1 in families CE1, CE2, and CE4; R2 in families CE3, A1, A2,
and A3; and R3 in family P1 (Figure 4B; for genotyping details,
see Methods). Intersection of these haplotypes defined a candi-
date genomic region spanning the SLCO1CI1, SLCO1B3, SLCO1B1,
SLCO1A2, and IAPP genes (Figure 4B). A parallel genome-wide
copy number analysis detected a homozygous deletion within the
SLCO1B3 gene in the R1 haplotype and a homozygous approxi-
mately 405-kb deletion encompassing SLCO1B3 and SLCO1B1 and
the LST-3TM12 pseudogene in the R2 haplotype (Figure 4B and
Supplemental Figure 3).

Sequence analysis revealed predictably pathogenic mutations
affecting both SLCO1B3 and SLCO1BI in each of the haplotypes
(Figure 4, B-D, Table 1, Supplemental Figure 3, and Supplemental
Table 3). In the R1 haplotype, a 7.2-kb deletion removes exon 12
of SLCO1B3, encoding amino acids 500-560 of OATP1B3 (702 aa
long) and introduces a frameshift and premature stop codon, thus
removing the C-terminal 3 transmembrane domains. Further-
more, a nonsense mutation in exon 13, c.1738C—T, introduces a
premature stop codon (p.R580X) in R1-linked OATP1B1 (691 aa
long), removing the C-terminal one-and-a-half transmembrane
domains. The 405-kb R2 deletion encompasses exons 3-15 of
SLCO1B3 (sparing only a small N-terminal region) and the whole
of SLCO1BI1, but not SLCOIA2. The R3 haplotype harbors a splice
donor site mutation, ¢.1747+1G—A, in intron 13 of SLCO1B3. If
SLCO1B3 is still yielding functional mRNA, this would truncate
OATP1B3 after amino acid 582, deleting the C-terminal one-and-
a-half transmembrane domains. A nonsense mutation, c¢.757C—T,
in exon 8 of R3-linked SLCOIBI introduces a premature stop
(p-R253X), truncating OATP1B1 before the C-terminal 7 trans-
membrane domains. All of these mutations would severely dis-
rupt or annihilate proper protein expression and function. More-
over, they all showed consistent autosomal recessive segregation
with the RS phenotype in the investigated families (Table 1). No
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Figure 3

Increased plasma bilirubin glucuronide in Slco7a/1b~- mice is reversed by human OATP1B1 and OATP1B3. (A) BMG, (B) BDG, and (C) UCB
levels in plasma of male wild-type and Slco7a/1b~- mice, and of the derived OATP1B1- and OATP1B3-transgenic strains (Slco7a/1b~-1B19 and
Sico1a/1b"-1B3!9, respectively) (n = 5-8). Data are mean + SD. **P < 0.01, ***P < 0.001 compared with wild-type mice. Bracketed comparisons:

1P < 0.001. Detection limit was 0.1 uM.

SLCO1A2 sequence variation was found in probands represent-
ing the 3 haplotypes, rendering involvement of OATP1A2 in
RS unlikely. The severity of the identified mutations affecting
SLCO1B3 and SLCO1B1 and their strict cosegregation with the RS
phenotype indicate that RS is caused by co-inherited complete
functional deficiencies in both OATP1B3 and OATP1B1.

The severity of the mutations was independently supported by
immunohistochemical studies of the sparse RS liver biopsy mate-
rial available. Given their sparseness, immunostaining of these
liver biopsies was performed using one antibody recognizing the
N terminus of both OATP1B1 and OATP1B3 (31). This revealed
absence of detectable staining in probands representing each hap-
lotype (Figure 5). In controls, basolateral membranes of centrilob-
ular hepatocytes stained crisply, as previously reported (31). Thus,
the SLCO1B1 and SLCO1B3 mutations in each haplotype result in
absence of a detectable signal for OATP1B protein in the liver.

In family A2, a heterozygous splice donor site mutation,
c.481+1G—T, in intron 5 of SLCO1B1 would result in dysfunc-
tional RNA or protein. Its co-occurrence with the 405-kb R2 dele-
tion in two asymptomatic family members (Table 1) indicates that
a single functional SLCO1B3 allele can prevent RS.

A search for copy number variations (CNVs) in existing data-
bases and CNV genotyping of more than 2,300 individuals from
various populations (see Supplemental Results) revealed addi-
tional heterozygous small and large deletions predicted to disrupt
SLCO1B1 or SLCO1B3 function, including several approximately
400-kb deletions similar or identical to the R2 haplotype-linked
deletion. One individual without jaundice, heterozygous for the
R1 haplotype-associated ¢.1738C—T (p.R580X) mutation in
SLCO1B1, was also homozygous for the R1 haplotype-associated
deletion in SLCO1B3. Thus, a single functional SLCOIB1 allele
can also prevent RS. Combined with the findings in family A2
described above, this demonstrates that only a complete deficiency
of both alleles of SLCO1B1 and SLCO1B3 will result in RS.

Discussion

We demonstrate here that RS is an obligate two-gene disor-
der, caused by a complete deficiency of the major hepatic drug
uptake transporters OATP1B1 and OATP1B3. We further identi-
fied individuals with a complete deficiency of either OATP1B1
or OATP1B3, which was not recognizable by obvious jaundice.
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In spite of the documented important functions of especially
OATP1B1 in drug detoxification, apparently such deficiencies
are compatible with relatively normal life.

Using Oatpla/1b-knockout mice, which can, retrospectively, be
considered to be a partial model for RS, we showed that Abcc3 is
an important factor for the RS-like conjugated hyperbilirubinemia.
Our data imply that in the normal human liver ABCC3, OATP1B1,
and OATP1B3 may form a liver-blood shuttling loop for bilirubin
glucuronide, similar to that driven by Oatpla/1b and Abcc3 in the
mouse (Figure 6). A substantial fraction of bilirubin conjugated in
hepatocytes is secreted back into the blood by ABCC3 and subse-
quently reabsorbed in downstream hepatocytes by OATP1B1 and
OATP1B3. In RS this reuptake is hampered, causing increased
plasma bilirubin glucuronide levels and jaundice. The flexible
“hepatocyte hopping” afforded by this loop facilitates efficient
detoxification, presumably by circumventing saturation of further
detoxification processes in upstream hepatocytes, including excre-
tion into bile. Indeed, we could show that, counterintuitively, but
in accordance with the hepatocyte hopping model, loss of Abcc3 in
mice resulted in decreased biliary excretion of bilirubin glucuronide,
as longas Oatpla/1b was present (Figure 2). This process likely also
enhances hepatic detoxification of numerous drugs and drug conju-
gates (e.g., glucuronide, sulfate, and glutathione conjugates) trans-
ported by OATP1B1/3 and ABCC3. Moreover, this principle may
also apply to other saturable hepatocyte detoxifying processes, such
as phase I and phase II metabolism, as long as the substrate com-
pounds involved are transported by ABCC3 and OATP1B proteins.
Additional sinusoidal efflux and uptake transporters (e.g., ABCC4,
OATP2B1, NTCP) will further widen the scope of compounds
affected by this hepatocyte hopping process. Results obtained with
the Slcola/1b;Abcc3-knockout mice indeed show that in addition to
Abcc3 there must be other sinusoidal efflux processes for bilirubin
glucuronides. Preventing accumulation of drug glucuronides may
be particularly important, since protein adduction by acyl-glucuro-
nides is a well-established cause of drug (hepato)toxicity (32).

One should exercise caution when extrapolating mouse data
to humans, and the individual Oatpla/1b proteins are not
straightforward orthologs of human OATP1B1 and OATP1B3.
However, there is a strong analogy between the bilirubin phe-
notypes of Oatpla/1b-knockout mice and human Rotor sub-
jects. Moreover, the hepatic transgenic expression of human
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RS families display deficiencies in SLCO7B1 and SLCO1B3. (A) Pedigrees of the investigated families. Black symbols denote RS index subjects.
Parents in family CE4 had a documented common ancestor. Families CE1—-CE3 (only single individuals analyzed) are not shown. (B) Homozy-
gosity regions in 8 RS index subjects and overview of detected mutations and polymorphisms. The genome map shows number and location
of overlapping homozygosity regions in RS index subjects, gene content of the top candidate region on chromosome 12, and the genotypes
forming all 3 identified RS haplotypes. Mutations crucial for RS are shown in red. chr, chromosome. (C) Sequences and electropherograms
of the R1 and R2 deletion breakpoints. (D) Pathogenic point mutations in R1 and R3 haplotypes. Electropherograms indicate the ¢.1738C—T
(p.R580X) mutation in SLCO7B1 in probands CE1, CE2, and CE4 1.1 and the ¢.757C—T (p.R253X) and c¢.1747+1G—A mutations in SLCO1B1

and SLCO1B3, respectively, in family P1.

OATP1B1 or OATP1B3 resulted in virtually complete rescue
of the Oatpla/lb-knockout phenotype for bilirubin handling
(Figure 3). This strongly supports that the principles governing
bilirubin handling by Oatpla/1b in mouse liver also apply to
OATP1B1 and OATP1B3 in human liver.

Analogous to the mouse data for Oatpla/1b (25), the extensive gluc-
uronidation of bilirubin in Rotor subjects suggests that OATP1B1
and/or OATP1B3 are not strictly essential for uptake of UCB into
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the liver. Passive transmembrane diffusion is one likely candidate
to take over this process, in hepatocytes and probably many other
cell types as well (e.g., ref. 33), but we do not exclude that additional
uptake transporters (perhaps OATP2B1) can also contribute to UCB
uptake. However, OATP1B1 and/or OATP1B3 probably do contrib-
ute to hepatic UCB uptake, since in RS subjects a significant increase
in plasma UCB is usually observed and reduced clearance of UCB
has been reported (34, 35). Moreover, polymorphisms in SLCO1B1
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Table 1

Mutations in SLCO1B genes detected in RS subjects and their family members

Haplotype R1-linked mutations

Subject Family SLCO1B3 SLCO1B1
status 7.2-kb ¢.1738C—T
deletion (p-R580X)
rs71581941
CE1 Proband del/del T
CE2 Proband del/del T
CE4 1.1 Father del/WT T/C
CE4 1.2 Mother del/WT T/C
CE4 111 Proband del/del T
CE3 Proband
A1 11 Father
A11.2 Mother
LYRIA] Proband
YRV Brother
A2 11 Father
A2 1.2 Mother
A211.1 Brother
A211.2 Proband
A2 11.3 Sister
A2 11.4 Sister
A2 11.5 Brother
A3 1.1 Father
A3 1.2 Mother
A3 111 Sister
A3 11.2 Proband
A3 11.3 Sister
A3 1.4 Sister
A3 11.5 Sister
A3 11.6 Brother
A3 1.7 Brother
A3 11.8 Sister
A311.9 Brother
A311.10 Brother
P11.1 Father
P11.2 Mother
P111.1 Proband

Haplotype R2-linked mutations

Haplotype R3-linked mutations

SLCO1B SLCO1B1 SLCO1B3 SLCO1B1
locus c.481+1G—T c.1747+1G—A €.757C—T
405-kb splice site splice site (p-R253X)
deletion mutation mutation
del/del —/-
del/WT -G
del/WT -G
del/del -/~
WT/WT G/G
del/WT -G
del/WT -/T
del/del -/~
del/del —/-
del/WT =T
del/WT -G
WT/WT G/T
del/WT -G
del/WT /G
WT/WT G/G
del/del /-
del/WT -G
del/WT -G
del/WT -G
del/del /-
del/WT -G
del/WT -G
del/del /-
WT/WT G/G
G/A C/T
G/A C/T
AA 7

Boldface indicates index subjects with RS (n = 11; 8 probands, 3 affected siblings); 405-kb deletion (assembly NCBI36/hg18) — g.(20898911)_
(21303509)del(CA)ins; 7.2-kb deletion (assembly NCBI36/hg18) — g.(20927077)_(20934292)del(N205)ins. WT, wild-type sequence, i.e., sequence from
which all exons of SLCO71B1 and SLCO17B3 could be amplified. Genotypes for all empty entries were wild-type in sequence and/or heterozygous or homo-

zygous for the large haplotype R2-linked deletion as predicted.

and SLCO1B3 have been associated with increased serum UCB levels
(36, 37). There was also a significant, nearly 2-fold increase in plasma
UCB in the Slcola/1b7~ mice, and this was partially reversed by both
human OATP1B1 and OATP1B3 expression (Figure 3C).

It should be noted that UGT1A1-mediated glucuronidation may
also occur in extrahepatic tissues, for instance, colon (38), and we
cannot exclude that some of the bilirubin glucuronide observed in
RS plasma has resulted from such extrahepatic glucuronidation,
possibly enhanced by the increased plasma UCB levels. It seems
unlikely, however, that all bilirubin glucuronide in RS subjects
would derive from extrahepatic glucuronidation. This would require
a complete block of hepatic UCB uptake (due to the OATP1B1
and OATP1B3 deficiency), but at the same time require efficient
uptake of UCB into UGT1A1-containing extrahepatic cells (e.g.,
colonocytes) that do not normally express OATP1B1 and OATP1B3,
and certainly not in Rotor subjects. If UCB transmembrane dif-
fusion can do this efficiently, it is hard to see why this would not
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mediate substantial uptake into the liver as well. Only if hepatic
diffusion uptake is negligible (which seems physically unlikely)
and an unknown efficient UCB uptake system would function in
colonocytes (and not in liver), could one envisage such a situation.
On balance, this seems rather implausible.

Elucidation of OATP1B1 and OATP1B3 deficiency as the cause
of RS can also readily explain the other diagnostic traits of the dis-
order. Absence of OATP1B1/3-mediated liver uptake would cause
the decreased plasma clearance of anionic diagnostic dyes such as
indocyanine green and BSP, an excellent substrate of OATP1B1 and
OATP1B3 (15),and the greatly reduced or delayed visualization of the
liver by anionic cholescintigraphic radiotracers such as ™ Tc-HIDA
and ?"Tc-mebrofenin (5, 6). " Tc-mebrofenin, for instance, is effi-
ciently transported by both OATP1B1 and OATP1B3 (39).

The markedly increased urinary excretion of coproporphyrins,
and the increased preponderance of isomer I over IIT in urine of
RS subjects, could be simply explained by reduced (re)uptake of
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Figure 5

Liver expression of OATP1B proteins in RS subjects and control. With
an anti-OATP1B1/3 antibody, basolateral membrane immunostaining
of hepatocytes in centrilobular areas was intense in control. Asterisks
indicate central veins, arrowheads bile canaliculi, and crosses sinu-
soids. OATP1B proteins were not detectable in RS subjects CE1 (hap-
lotype R1), CES3 (haplotype R2), and P1 1.1 (haplotype R3). Scale
bars: 25 um (original magnification of CE1 and CE3, x400; original
magnification of P1 11.1 and control, x200); inset: 5 um (original mag-
nification, x1,000).

these compounds into the liver, partly shifting the excretion route
from hepatobiliary/fecal to urinary, especially for isomer I. Copro-
porphyrin I and IIT thus most likely are transported substrates of
OATP1B1 and OATP1B3. Indeed, interaction of several porphyrins
with OATP1B1 has recently been demonstrated (40).

Phenotypic abnormalities in RS subjects are surprisingly moder-
ate. Perhaps OATP1B1 and OATP1B3 functions are partly taken
over by other sinusoidal uptake transporters, such as OATP2B1.
Nevertheless, since even reduced-activity OATP1B1 polymor-
phisms can result in life-threatening drug toxicities (20-24, 41, 42),
such risks are likely increased substantially in RS subjects. Their
evident jaundice, however, may have been a warning sign for physi-
cians to prescribe drugs with caution.

The obligatory deficiency in two different, medium-sized genes
explains the rarity of RS, with a roughly estimated frequency of
about 1 in 109, although it might be several-fold lower or higher
in different populations. Complete deficiency of either OATP1B1
or OATP1B3 alone will occur much more frequently but will not
cause jaundice. For instance, the p.R580X mutation in OATP1B1
occurred at an allele frequency of 0.008 (3 of 354) in a Japanese
population (43), suggesting that about 1 in 14,000 individuals
in this population would be homozygous for this full-deficiency
mutant. Such individuals might demonstrate idiosyncratic hyper-
sensitivity to OATP1B1 substrate drugs, including statins or iri-
notecan. Similarly, in the present study we identified a non-jaun-
diced individual homozygously deficient for SLCO1B3 in our CNV
screening of approximately 2,300 individuals, in line with a non-
negligible incidence of fully OATP1B3-deficient individuals.

Some drugs, such as high-dose cyclosporine A, can transiently
increase plasma levels of conjugated bilirubin without evoking
other markers for liver damage (44, 45). Until now, such increases
were thought to be primarily mediated by inhibition of ABCC2
as the main biliary excretion factor for bilirubin glucuronide.
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However, given the insights from the present study, direct inhi-
bition of OATP1B1 and/or OATP1B3 by the applied drug may
be an additional or even the main cause of such drug-induced
conjugated hyperbilirubinemias. This might for instance apply
to cyclosporine A, rifampin, rifamycin SV, or other drugs that
are established inhibitors of OATP1B proteins (23). Moreover,
heterozygous carriers of the various full-deficiency mutations in
OATP1B1/3 might be more susceptible to such inhibitory effects.
This also applies to drug-drug interactions mediated through
OATP1B1/3 inhibition.

The molecular mechanism we identified in RS may also underlie
a similar disorder called hepatic uptake and storage syndrome, or
conjugated hyperbilirubinemia type III (OMIM %237550) (46). This
hypothesis can now be tested by mutational analysis of OATP1B1
and OATP1B3 in the only reported family to date. Furthermore, a
mutant strain of Southdown sheep has also been described as dis-
playing a similar hepatic uptake and storage syndrome (46), and it
would not surprise us if these animals would likewise have a deficien-
cy of one or more hepatic sinusoidal OATPs. The observation that
mutant Southdown sheep, like the Sleola/1b~~ mice (25), also display
strongly reduced clearance of (unconjugated) cholic acid, but not of
(conjugated) taurocholic acid (47), further supports this idea.

Collectively, our findings explain the genetic and molecular basis
of RS. The demonstration of an Abcc3-, OATP1B1-,and OATP1B3-
driven detoxification-enhancing liver-blood shuttling loop in mice
and, by implication, most likely also in humans challenges the view
of one-way excretion from blood through liver to bile of bilirubin
and drugs detoxified by conjugation. Furthermore, the identified
full-deficiency alleles of SLCO1BI and SLCO1B3 may contribute to
various “idiosyncratic” drug hypersensitivities.

Methods
Mouse strains and conditions. Mice were housed and handled according to
institutional guidelines complying with Dutch legislation. Slcola/1b7/",
Abcc27/~, Abce3 /-, and Abce27/-Abce37/~ mice have been described (25-27, 48).
Human OATP1B1 transgenic mice have been described (29), and human
OATP1B3 transgenic mice were generated in an analogous manner, using
an apoE promoter to obtain liver-specific expression of the transgene. Each
transgene was crossed back into an Slcola/1b~~ background to obtain the
corresponding humanized rescue strains. Routine mouse conditions and
analyses of mouse samples are described in Supplemental Methods.

Western blot analysis. Isolation of crude membrane fractions from mouse
liver, kidney, and small intestine and Western blotting were as described pre-
viously (29). For detection of Abcc2 and Abcc3 primary antibodies, MIII-5
(dilution 1:1,000) and M;-18 (dilution 1:25) were used, respectively. For
detection of transgenic OATP1B1 and OATP1B3 in mouse liver, the rab-
bit polyclonal antibodies ESL and SKT, provided by D. Keppler (Deutsches
Krebsforschungszentrum, Heidelberg, Germany) were used (17, 18).

RNA isolation, cDNA synthesis, and RT-PCR. RNA isolation from mouse liver,
kidney, and small intestine and subsequent cDNA synthesis and RT-PCR
were as described previously (49). Specific primers (QIAGEN) were used to
detect expression levels of Slcolal, Slcola4, Slcola6, Slco1b2, Slco2b1, Sle10al,
Slc10a2, Abec2—4, Abcbla, Abcb1b, Abcb11, Abcg2, Osta, Ostb, and Ugtlal.

Analysis of bilirubin in mouse plasma, bile, and urine. Gallbladder cannula-
tions and collection of bile and urine in male mice of the various strains
(n = 4-7) as well as bilirubin detection were as described (25, 50, 51). For
details, see Supplemental Methods.

RS families. We examined 11 RS index subjects (8 probands, 3 siblings
of probands) of 8 families and 21 clinically healthy members of 5 of these
8 families. Family members of 3 probands (CE1-CE3) were not available.
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Hepatocytes

Hepatocyte hopping distributes the biliary excretion load of bilirubin glucuronides across the liver lobule. (A) Schematic of liver lobule.
Hepatocytes are organized around portal tracts, with branches of the portal vein (PV), hepatic artery (HA), and bile ducts (BD). The PV
and HA deliver nutrient- and oxygen-rich blood, respectively, which flows through the sinusoids toward the central vein (CV). Basolateral
(sinusoidal) membranes of hepatocytes are flushed with perisinusoidal plasma. Bile flows in the opposite direction toward bile ducts through
canaliculi lined by canalicular membranes of hepatocytes. (B) Hepatocyte hopping cycle. UCB enters the hepatocytes via passive diffusion
and/or transporters, which may include OATP1B1 and/or OATP1B3 in non-Rotor subjects. Conjugation with glucuronic acid by UGT1A1 to
bilirubin glucuronides (BG) takes place in endoplasmic reticulum. BG is secreted into bile mainly by ABCC2. ABCG2 also can contribute
to this process. Even under physiological conditions, a substantial fraction of the intracellular BG is rerouted by ABCC3 to the blood, from
which it can be taken up by downstream hepatocytes via OATP1B1/3 transporters. This flexible off-loading of BG to downstream hepatocytes
prevents saturation of biliary excretion capacity in upstream hepatocytes. Relative type sizes of UCB and BG represent local concentrations.

Schematic modified, with permission, from ref. 54.

Families CE1-CE4 are of mixed Central European descent by family report.
Three families (A1-A3) are Saudi Arabs, and one family (P1) is from the
Philippines. Central European families were ascertained at the Institute for
Clinical and Experimental Medicine, Prague, and Saudi Arab and Filipino
families at the Saudi Aramco Dhahran Health Center. Medical histories
were obtained by referring consultants. Subjects CE1 and CE2 were report-
ed as case 1 and case 2, respectively (14).

ABCC2 mutation screening. ABCC2 mutation screening was performed in 8
probands representing all studied families as described previously (14).

Genotyping. Genotyping was performed using Affymetrix GeneChip Map-
ping 6.0 Arrays (Affymetrix) according to the manufacturer’s protocol. Raw
feature intensities were extracted from Affymetrix GeneChip Scanner 3000
7G images using GeneChip Control Console Software 2.01. Individual SNP
calls were generated using Affymetrix Genotyping Console Software 3.02.
Details of the experiment and individual genotyping data are available at
the GEO repository (http://www.ncbi.nlm.nih.gov/geo) under accession
number GSE33733.

Multipoint nonparametric and parametric linkage analysis. Multipoint non-
parametric and parametric linkage analysis along with determination of
the most likely haplotypes was performed with version 1.1.2 of Merlin
software (52). Parametric linkage was carried out assuming an autosomal
recessive mode of inheritance with a 1.00 constant, age-independent pene-
trance, 0.00 phenocopy rate, and 0.0001 frequency of disease allele. Results
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were visualized in version 1.032 of HaploPainter software (53) and in ver-
sion 2.9.2 of R-project statistical software (http://www.r-project.org/).

Homozygosity mapping. Extended homozygosity regions were identified in
Affymetrix Genotyping Console Software version 3.02 using the algorithm
comparing values from the user’s sample set and SNP-specific distribu-
tions derived from a reference set of 200 ethnically diverse individuals.
Distribution of extended homozygosity regions in affected and healthy
individuals was analyzed and visualized using custom R-script.

Copy number changes. Copy number changes were identified in Affymetrix
Genotyping Console Software version 3.02. Data from both SNP and copy
number probes were used to identify copy number aberrations compared
with built-in reference. Only regions larger than 10 kb containing at least
5 probes were reported.

Quantitative PCR. Quantitative PCR was carried out in duplicate on a
LightCycler 480 System (Roche Applied Science). Data were analyzed by
LightCycler 480 Software, release 1.5.0. Absolute quantification was used
to determine copy number status of a given fragment in analyzed samples.
Genomic positions of the analyzed fragments and control genes, corre-
sponding primer sequences, and Universal ProbeLibrary probes used for
amplification and quantitation are provided in Supplemental Table 4.

Mutation analysis. Long-range PCR products encompassing the genomic
regions of deletion breakpoint boundaries were gel-purified and sequenced
using a primer walking approach. DNA sequencing of PCR products and
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genomic fragments covering 1 kb of the promoter regions and all of the
exons, with their corresponding exon-intron boundaries, of SLCOIBI,
SLCO1B3,and SLCO1A2 was performed. For details, see Supplemental Meth-
ods. Confirmation and segregation of both identified copy number changes
and missense mutations in the families, as well as frequency of the muta-
tions in a control population of mixed European descent, were assessed by
PCR, PCR-RFLP, and direct sequencing of corresponding genomic DNA
fragments. For primer sequences, see Supplemental Table 4.

Histology and immunobistochemistry. Archival liver biopsy specimens were
available from S unrelated RS index subjects (probands, families CE1, CE2,
CE3, and P1; brother [A3 I1.9] of proband from family A3). Sections of paraf-
fin-embedded material (formalin or Carnoy solution fixative; 4-6 um thick)
were routinely stained with hematoxylin and eosin and periodic acid-Schiff
techniques. For OATP1B1, OATP1B3, and ABCC2 immunostaining, rou-
tine techniques were applied (see Supplemental Methods). OATP1B1 and
OATP1B3 detection was performed with a primary mouse anti-OATP1B
antibody (clone mMDQ, GeneTex; recognizing the N terminus of both
OATP1B1 and OATP1B3), 1:100 dilution, overnight at 4°C (31).

Statistics. One-way ANOVA followed by Tukey’s multiple comparison test
was used to assess statistical significance of differences between data sets.
Results are presented as mean + SD. Differences were considered statisti-
cally significant when P was less than 0.05.

Study approval. All mouse studies were ethically reviewed and carried out
in accordance with European directive 86/609/EEC and Dutch legislation
and the GlaxoSmithKline policy on the Care, Welfare and Treatment of
Laboratory Animals. Experiments were approved by the Animal Experi-
mentation Committee (DEC) of the Netherlands Cancer Institute. Inves-
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tigations involving humans were approved by the Institutional Review
Boards of the Institute for Clinical and Experimental Medicine, Prague,
Czech Republic, and the Saudi Aramco Dhahran Health Centre, with writ-
ten informed consent received from participants or their guardians, and

conducted according to Declaration of Helsinki principles.
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Abstract

Background: To strengthen research and differential diagnostics of mitochondrial disorders, we
constructed and validated an oligonucleotide microarray (h-MitoArray) allowing expression
analysis of 1632 human genes involved in mitochondrial biology, cell cycle regulation, signal
transduction and apoptosis. Using h-MitoArray we analyzed gene expression profiles in 9 control
and |3 fibroblast cell lines from patients with F|F, ATP synthase deficiency consisting of 2 patients
with mt9205ATA microdeletion and a genetically heterogeneous group of | | patients with not yet
characterized nuclear defects. Analysing gene expression profiles, we attempted to classify patients
into expected defect specific subgroups, and subsequently reveal group specific compensatory
changes, identify potential phenotype causing pathways and define candidate disease causing genes.

Results: Molecular studies, in combination with unsupervised clustering methods, defined three
subgroups of patient cell lines — M group with mtDNA mutation and NI and N2 groups with
nuclear defect. Comparison of expression profiles and functional annotation, gene enrichment and
pathway analyses of differentially expressed genes revealed in the M group a transcription profile
suggestive of synchronized suppression of mitochondrial biogenesis and G1/S arrest. The NI group
showed elevated expression of complex | and reduced expression of complexes lll, V, and V-type
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ATP synthase subunit genes, reduced expression of genes involved in phosphorylation dependent
signaling along MAPK, Jak-STAT, JNK, and p38 MAP kinase pathways, signs of activated apoptosis
and oxidative stress resembling phenotype of premature senescent fibroblasts. No specific
functionally meaningful changes, except of signs of activated apoptosis, were detected in the N2
group. Evaluation of individual gene expression profiles confirmed already known ATP6/ATP8 defect
in patients from the M group and indicated several candidate disease causing genes for nuclear
defects.

Conclusion: Our analysis showed that deficiency in the ATP synthase protein complex amount is
generally accompanied by only minor changes in expression of ATP synthase related genes. It also
suggested that the site (ntDNA vs nuclear DNA) and the severity (ATP synthase content) of the
underlying defect have diverse effects on cellular gene expression phenotypes, which warrants
further investigation of cell cycle regulatory and signal transduction pathways in other OXPHOS

http://www.biomedcentral.com/1471-2164/9/38

disorders and related pharmacological models.

Background

Mitochondria generate most of the cellular energy in the
form of ATP, regulate cellular redox state, cytosolic con-
centration of Ca2+, are a source of endogenous reactive
oxygen species, and integrate many of the signals for initi-
ating apoptosis. By means of retrograde signaling mito-
chondria communicate all these events to the nucleus and
thus modulate nuclear gene expression and cell cycle.

In humans, mitochondrial dysfunction leads to a vast
array of pathologies, and hundreds of diseases result from
various defects of mitochondrial biogenesis and mainte-
nance, respiratory chain complexes, or individual mito-
chondrial proteins [1].

The most frequent group of mitochondrial diseases results
from genetic defects of the oxidative phosphorylation sys-
tem (OXPHOS) [2]. OXPHOS defects form a highly
diverse group of diseases that affect primarily energy
demanding tissues, such as the central nervous system,
heart, and skeletal muscles. Their prevalence is estimated
as at least 1:5000 [3]. About half of the OXPHOS defects
result from mtDNA mutations [4]. Diseases resulting
from mtDNA mutations usually show maternal mode of
inheritance and variable penetrance of the disease pheno-
type, reflecting levels of mtDNA heteroplasmy and thresh-
old effects in affected tissues. Remaining OXPHOS defects
result from mutations in genes encoded in nuclear DNA.
The majority of the nuclear encoded diseases are inherited
as autosomal recessive traits and produce severe and usu-
ally fatal phenotypes in infants [5]. Up to now, mutations
in approximately 50 nuclear genes have been identified,
but most of nuclear genetic defects remain unknown and
can involve any of approximately 1000 mitochondria
related genes [6]. These genes play an essential role in the
assembly or maintenance of individual OXPHOS com-
plexes, in maintenance of mtDNA integrity, and mito-
chondrial biogenesis.

Diagnostic process of OXPHOS defects requires a combi-
nation of biochemical, enzymatic, immunohistochemical
and molecular biology methods. To distinguish between
isolated and combined OXPHOS deficiencies, the diag-
nostic process starts with measurements of selected mito-
chondrial enzyme activities and activities of individual
OXPHOS complexes. The diagnostic procedure continues
with analysis of OXPHOS complex protein composition.
The origin of the molecular defect (mtDNA vs ncDNA) is
often apparent from clinical presentation and family his-
tory. If not, it can be determined by using transmitochon-
drial cybrid cell analysis. Final steps in the diagnosis
represent mutation analysis either in mtDNA or in nuclear
encoded candidate genes in accordance with observed
clinical and biochemical phenotypes. The diagnostic
process is experimentally demanding and time-consum-
ing and in majority of cases leads only to biochemical
diagnosis. The molecular basis of the disease, especially in
nuclear encoded defects, mostly remains unknown.

Identification of nuclear gene defects in OXPHOS defi-
ciencies requires combination of positional cloning, func-
tional complementation, and candidate gene analysis.
Application of these "standard" procedures is however
greatly hampered by limited number of affected patients,
complexity and overlap of observed diseases phenotypes,
difficulties in measurement of biochemical phenotypes in
vitro, and by the existence of many candidate nuclear
genes [7].

Another method having potential to contribute to differ-
ential diagnosis and research of OXPHOS defects relies on
gene expression profiling. This type of analysis has a
potential to provide information on putative diseases sub-
types [8], suggest candidate disease causing genes
[7,9,10], reveal pathogenic mechanism of the disease [11]
and define specific gene expression profiles usable in
future disease class prediction [12].
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One of the possibilities for long term studies selectively
targeted to mitochondrial gene expression analysis
involves development and application of a focused micro-
array interrogating set of all known and hypothetical
human mitochondrial genes, and several human mito-
chondria focused microarrays were prepared recently [13-
16]. All these microarray platforms were based on PCR
amplified probes prepared from selected IMAGE consor-
tium cDNA clones. This approach however poses a
number of technical obstacles. High rate of miss-annota-
tion and contamination in the commercially distributed
subset of the IMAGE Consortium cDNA clone collection
[17] requires resequencing of individual clone inserts, and
subsequent PCR preparation of individual probes is labo-
rious and time consuming. Given these difficulties it has
become very attractive to use sets of oligonucleotide
probes that obviate much of the probe preparation work.
Since the yield of long oligonucleotides has improved and
cost has fallen recently, the current trend in preparation of
low density, tailor-made microarrays favours oligonucle-
otide microarrays [18].

In this paper, we describe development and validation of
a focused oligonucleotide microarray for expression pro-
filing of human mitochondria related genes - "h-MitoAr-
ray" and report gene expression analysis of fibroblast cell
lines from 9 controls and 13 patients with isolated defi-
ciency of F,F, ATP synthase caused either by microdele-
tion of mtDNA encoded ATP6 gene [19,20] or by
mutation of unknown nuclear genes [21,22].

Results

Microarray design and preparation

For microarray preparation we selected genes coding for
known or predicted mitochondrial proteins, genes known
to be involved in cell cycle growth and regulation, and
genes involved in apoptosis and free radical metabolism.

The final set contained 1632 genes, of which 992 are
"mitochondrial" genes, 42 lysosomal genes, 277 genes are
associated with apoptosis, and 321 are "oncogenes". For
normalization and background correction we included
146 human "housekeeping" genes, 10 Arabidopsis genes
and 32 blanks. Full list of selected genes with correspond-
ing symbols, accession and LocusLink codes is provided
[see Additional file 1]. Functional annotation of selected
genes and comparison of the gene content against whole
human genome set is provided [see Additional file 2].

Microarray validation

Hybridization properties and performance of designed
oligonucleotide probes and control features placed on h-
MitoArray were tested by hybridization of fluorescently
labeled panomers and fluorescently labeled cDNA pre-
pared from a pool of total RNA isolated from several cell
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lines (test RNA). Gene expression signal was detected in >
77% of 1820 elements when fluorescently labeled cDNA
pool was used.

Following comparison of various labeling strategies and
optimization of hybridization conditions a series of self-
to-self experiments was performed using test RNA. Data
analysis showed acceptable reproducibility with Pearson
correlation coefficient ranging 0.987 - 0.991.

Gene expression analysis in ATP synthase deficient
fibroblasts

Fluorescent cDNA probes labeled with Cy5 were prepared
from 13 patient and 9 control cell lines and were hybrid-
ized to common reference cDNA probe labeled with Cy3
in two technical replicates for each sample. Following
data acquisition, transformation, normalization and rep-
licate averaging, gene expression signals were obtained for
1264 genes. Ratios of Log2 sample gene intensities against
Log2 common reference gene intensities (M) were calcu-
lated and are provided [see Additional file 3]. Calculated
ratios of individual patient Log2 gene intensities against
the Log2 of average of controls gene intensities (M) are
provided [see Additional file 4].

Principal component analysis

To assess overall data quality and visualize relations
between analyzed samples, we removed from the original
data set 47 genes showing low expression variability
(based on criteria [Mmin; Mmax| < 0.58, less than 1-fold
change across all the samples) and subjected resulting
data set to principal components analysis. Visual inspec-
tion of resulting plots showed no gross differences among
the individual samples but suggested that several samples
from nuclear defect patients group might be distinct from
the others (Figure 1B).

Hierarchical clustering

To reveal gene expression changes, survey variation in
patient samples, and better interpret the results of princi-
pal component analysis (PCA), gene expression signals
from individual patient samples were compared to aver-
age of gene expression signals from all controls. Hierarchi-
cal clustering of all gene ratios across all patient samples
was performed using Euclidean distance metrics and aver-
age linkage clustering algorithm. Resulting expression
map (not shown) and sample dendrogram shown in Fig-
ure 1A defined, in agreement with previous PCA, two dis-
tinct subgroups of patients with nuclear defect, (N1 and
N2 group) which were considered in subsequent gene
expression comparisons and functional evaluations.
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Figure |

Results of unsupervised clustering methods. A) Den-
drogram resulting from two-dimensional hierarchical cluster-
ing of all genes across all patient samples performed using
Euclidean distance metrics and average linkage clustering
algorithm. B) Two-dimensional PCA plot of all expression
data showing the separation of samples forming NI group.
Patients from M, NI and N2 groups are shown in blue, black
and red, respectively.

Overall gene expression changes triggered by ATP synthase
deficiency

Comparison of gene expression patterns between ATP
synthase deficient and control fibroblast cell lines was
performed in R statistical environment as described in
methods. This analysis revealed 78 genes to be differen-
tially expressed at adjusted P < 0.01 significance level [see

http://www.biomedcentral.com/1471-2164/9/38

Additional file 5]. Detailed inspection of expression map
and evaluation of individual gene expression profiles
showed, that although defined as significant, majority of
the identified genes was not uniformly altered across all
the patient samples.

Identification of subgroup specific gene expression profiles

To identify the subgroup specific gene expression changes,
the subgroups of patients defined by a mutation of the
MTATPG6 gene of the mtDNA (M group), PCA and hierar-
chical clustering (N1 and N2 groups) were compared.
ANOVA analysis performed in MeV software revealed 97
genes to be differentially expressed at unadjusted P < 0.01
(Figure 2), [see Additional file 6].

Inspection of resulting data showed that the M group was
specifically characterized by reduced expression of mito-
chondria encoded ATP synthase subunit genes MTATPG,
MTATPS8, nuclear encoded ATP synthase assembly factor
ATPAF1, cytochrome ¢ oxidase subunit II gene MTCO2,
mitochondrial transcription factors TFAM and TFBIM,
peroxisome  proliferator-activated  receptor  alpha
(PPARA), regulatory genes H2AFX, CCNBI1, Cllorf13
(RASSF7), TPR and ACO?2. This was accompanied by
induction of NRFI.

The N1 group was characterized by reduced expression of
genes involved in cell growth, differentiation and trans-
duction pathways (FOS, NOV, MAGEDI, IL15RA,
RARRES3, CTSK, UPLC1, PIM1), mitochondrial proteo-
synthesis (MRPS5), lysosomal metabolism and function
(cathepsins S, K and D, GBA, PPGB, NPC, CLN2, FUCA1,
HEXB), protein transport (AP2A1), protein phosphoryla-
tion (CDK5, PPAP2A), hydrolase activity (LIPA, LYPLA3),
reactive oxygen species metabolism (GPX4) and mem-
brane transport (SLC17A5, CTNS). This was accompanied
by elevated expression of several cell cycle regulatory
genes such WNT5A, IL3, CSNK1A1, BID, EIF4A1, and
ACO2.

The N2 group showed reduced expression of WNT5A,
EMP2, ADK, MDH2, SMAC and elevated expression of
PPARG and GLS. Extent and range of detected changes
were much less than that observed in M and N1 groups.

Following ANOVA analysis, which revealed only inter-
group specific differences, a list of group specific gene
expression changes was obtained by comparison between
defined patient subgroups and controls in R statistical
environment as described in Methods. The analysis
revealed 61, 215, and 54 genes to be differentially
expressed at adjusted P < 0.01 in the M, N1 and N2
groups, respectively. In addition to the above mentioned
genes revealed by ANOVA, we found in the M group ele-
vated expression of mitofusin and coordinately reduced
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Figure 2

Differentially expressed genes defined by ANOVA
analysis. Heatmap of genes detected as differentially
expressed between defined patient groups using ANOVA
analysis and unadjusted P < 0.01 significance level. The results
are shown as Log? ratio of relative gene expression signal in
each patient sample to average of this of control samples.
Ratio values are represented as the pseudo-color whose
scale is shown in corresponding lookup picture.
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expression of genes regulating G1/S phase transitions
(E2F1, MYC, CDC2, GAS1, CCNA2, CCNB, CDK2,
CDC25A, PCNA), thymidine metabolism (TK, TYMS) and
DNA topology (H2AFX, TOP2, LMN2). In the N1 group,
we observed reduced expression of genes regulating cell
growth and signaling (JUNB, MAPK3, WT1, CEBPA,
CEBPB) and lysosomal metabolism. We found elevated
expression in genes involved in apoptosis (FAS, CYTC,
SMAC, IGFBP3). In the N2 group, we found signs of
started apoptosis (SMAC, CASP8). Group specific gene
lists with expression values and corresponding P-statistics
are provided [see Additional file 7, 8, 9].

Biological consequences of identified gene expression
changes

To reveal biological consequences and to identify path-
ways potentially involved in the pathogenesis of the stud-
ied defects, we extracted from original expression data for
each of the three defined groups all genes found to be dif-
ferentially expressed at unadjusted P < 0.05 and showing
expression change [M| > 0.2. Resulting expression datasets
were uploaded into the DAVID database [23] and gene
enrichment analysis was performed against h-MitoArray
gene list. Results are provided in Table 1.

As the enrichment analysis suggested group specific dys-
regulation of several metabolic and signaling pathways,
we further uploaded identical datasets into KEGGArray
software (KEGG pathway databases - Kyoto Encyclopedia
of Genes and Genomes) and inspected gene expression
changes in all the indicated pathways.

In the M group, generally reduced expression was
observed in cell cycle regulation (Figure 3), Krebs cycle
(OGDH, IDH1, ACO2) and gluconeogenesis (ALDOA,
LDHA, PGAM1) pathways. With an exception of MTATPG,
MTATP8 and MTCOX2, no multiple changes in OXPHOS
system, valine, leucine, isoleucine, lysine, f-oxidation and
MAP kinase pathway were observed. Reduced expression
of CytC and NFxB and elevated expression of FAS were
detected in the apoptotic pathway. In contrast to the N1
group, elevated expression of genes involved in N-glycan
and heparan sulfate was detected.

In the N1 group, the analysis revealed elevated expression
of several complex I subunit genes (ND1, ND2, ND4,
ND4L, Ndufs1, Ndufv2, Nufa9, Ndufb9 and Ndufal0) and
generally reduced expression of complex IV (COX4,
COX5A, COX6A, COX6B, COX6C and COX15) and com-
plex V subunit genes (ATPAF1, ATP5G2) in OXPHOS sys-
tem. Generally reduced expression of V-type ATP synthase
subunit genes was observed. Elevated transcription activ-
ity was found along valine, leucine, isoleucine, lysine and
fatty acid B-oxidation pathways. Elevated expression of
FGF, FGFR, Ras and PKC and reduced expression of Raf1,
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Table I: Functional annotation of defined patient subgroups.
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M NI N2
category n p category n p category n p
DAVID IDs
258 383 238
Biological processes
230 344 203
DNA replication 13 5E-3 endodome transport 7 IE-3  development 38 9E-3
taxis 9 7E-3  vacuole organization and biogenesis 7 9E-3  reactive oxygen species metabolism 6 1E-2
carbohydrate metabolism 25 9E-3 response to chemical stimuli 23 IE-2  response to oxidative stress 5 3E-2
negative regulation of biological 26 IE-2  regulation of enzyme activity 20 3E-2 dephosphorylation 6 2E-2
processes
nucleic acid metabolism 69  2E-2 vesicle mediated transport 18  3E-2 intracellular protein transport 18  3E-2
Molecular function
238 347 211
DNA binding 39 2E-2 protein dimerization activity 14  2E-2 protein domain specific binding 6 3E-2
protein dimerization activity 10 5E-2 hydrolase activity on glycosyl bonds 12 5E-2  GTPase activity 7 5E-2
nucleic acid binding 54  5E-2
Cellular component
285 342 195
chromosome Il 2E-3 vacuole 44  2E-8 chromosome 8 4E-2
chromatin 7 9E-3  lytic vacuole 39 2E-7
nucleus 70  6E-3 lysosome 39  |E-7 lytic vacuole 17 4E-2
lytic vacuole 20  2E-3  extracellular region 32 2E-2 lysosome 17 4E-2
lysosome 20 2E-3 endosome 8 4E-2 non-membrane bound organelle 28  4E-2
KEGG pathway
122 185 125
N-glycan degradation 5 2E-2  antigen processing 9 2E-3  Toll-like receptor signaling 10 2E-2
hematopoetic cell lineage 8 3E-2  glycosphingolipid metabolism 7 2E-2  glycosylaminoglycan degradation 6 2E-2
hematopoetic cell lineage 10 4E-2
Biocarta pathway
68 92 57
cyclins and cell cycle regulation 9 2E-2  role of ERB2 in signal transduction 9 5E-3 activation of Src 4 3E-2
IL 3 signaling pathway 7 IE-2  phospholipid signaling intermediates 5 4E-2
IL 6 signaling pathway 8 1E-2
Erk and PI-3 kinase pathway 7 2E-2
signaling pathway from G-protein 7 3E-2

families

n", number of genes involved in the corresponding annotation category; p, modified Fisher exact p-value of the gene enrichment for each category.

MEF1, ERK, Elk1 and FOS were found in classical MAP
kinase pathway (Figure 4A). Reduced expression of IL1,
IL1R, AKT, Elk1, GADD153 and JunD with elevated expres-
sion of p53, p38 and Evil were found in JNK and p38 MAP
kinase pathways (Figure 4A). Reduced expression of STAT,
CPB, Pim-1, AKT and BcIXL and elevated expression of

IL2/3 and IL3R were found in Jak-STAT signaling pathway.
Elevated expression of Bid and CytC with reduced expres-
sion of Bcl-2/XL and CASP9 were detected in the apoptotic
pathway. General decrease in expression of genes
involved in N-glycan, glycosylaminoglycan, and ganglio-
side degradation was found. In conjunction with 3-meth-
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Figure 3

Gene expression changes detected in selected pathways in M group. General changes in cell cycle pathway detected
in patients with mtDNA mutation (M group) using KEGGArray software.

ylglutaconic aciduria, which is a characteristic
biochemical feature of the patients from this group,
inspection of leucine degradation pathway showed mod-
erately reduced expression of 3-methylglutaconyl-CoA
hydratase gene, AUH, (Figure 4B). Although the extent of
the AUH expression changes neither directly implicates
the deficiency of 3-methylglutaconyl-CoA hydratase nor
explains 3-methylglutaconic aciduria present in these
patients, it is possible that such changes might be much
more pronounced and have functional effects during met-
abolic stress and/or in metabolically active tissues. In the
N2 group, reduced expression of GRB2, RAS and ERK and
elevated expression of FOS, JUND and Evil was found in
MAP kinase pathway. This was accompanied by elevated
expression of genes involved in N-glycan, glyco-
sylaminoglycan and ganglioside degradation. No multi-
ple changes in the apoptotic and valine, leucine,
isoleucine, lysine, B-oxidation degradation pathways were
found. All mentioned pathways and gene expression
changes identified by KEGGArray software are provided
[see Additional file 10 and 11].

Identification of patient specific gene expression profiles and
definition of candidate disease causing genes

To get specific information on patient mitochondrial
genome expression, we extracted and clustered gene
expression data for all 37 mtDNA genes. Resulting mito-
chondrial genome expression map (Figure 5A) reflects rel-
ative mitochondrial DNA amount with generally elevated
expression in P11, P3, P10 and P6 and generally reduced
expression in P2, P4 and P8. Specific gene expression
changes were detected in P1 and P2, where the expression
map revealed reduced amount of MTATP6, MTATP8 and
MTCOXII transcript reflecting disease causing microdele-
tion of MTATPG, and in P12 with specifically reduced
expression of tRNAGIy.

To obtain the information on patient specific ATP syn-
thase complex expression, we extracted and clustered gene
expression data for all of its structural genes and assembly
factors. Resulting expression map is provided in Figure 5B.
In P1 and P2, it shows reduced expression of mitochon-
drial subunits MTATP6, MTATP8 and also of ATPAFI.
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Figure 4

Gene expression changes detected in selected pathways in NI group. A) Changes in MAPK, JNK and p38 MAP
kinase pathways, B) reduced expression of AUH, 3-methylglutaconyl-CoA hydratase gene in leucine degradation pathway,
detected in patients with nuclear defect (NI group) using KEGGArray software.

With the exception of reduced expression of ATP5G2 in P5
and maybe also ATP5C1 in P3 no additional subgroup
and/or patient specific profile were found.

To define potential candidate disease genes, we finally
compared gene expression data of individual patients
with a group of controls in R statistical environment as
described in methods, and searched for genes showing
significantly reduced expression and having known func-
tion either in ATP synthase biogenesis, mitochondrial
protein trafficking or mitochondrial biogenesis. In P1 and
P2, we detected reduced expression of ATP synthase struc-
tural subunits MTATP6, MTATP8 and also of ATPAFI. In
P3 we detected reduced expression of ATP5CI and
ATP50. In P4 and P8 we detected reduced expression of
TOM 7. Mitochondrial carrier homolog 1 (C. elegans)
(MTCH1) transcript was reduced in P6, P10, P11 and P12.

In P10 we detected reduced expression of mitochondrial
elongation factor EFG1 and TOM22. In P11 we found
reduced expression of TIM23, TIM8 and TOM34
homologs, ATP5H and ATP5E. In P12 we found reduced
expression of mitofusin and ATP5H. The lists of all the dif-
ferentially expressed genes are shown [see Additional file
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24].

Confirmation of the hybridization results

To rule-out platform specific bias, we re-analyzed all RNA
samples from the N1 and control groups using the same
common reference RNA on Agilent 44 k arrays. We used
available annotations and extracted from the Agilent data
gene expression values for the genes identified as signifi-
cantly (P < 0.05), differentially expressed in the N1 group
on our platform. Correlation coefficient of expression val-
ues of 102 identified genes was 0.925.
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Figure 5

Two-dimensional hierarchical clustering of patient
samples. A) Expression matrix of all 37 mtDNA encoded
genes. B) Expression matrix of structural and assembly fac-
tor genes involved in ATP synthase complex biogenesis.
Selected genes were clustered across all patient samples
using Euclidean distance metrics and average linkage cluster-
ing algorithm.

Correlation of expression data with available RT-PCR and
Western blot results

ATP synthase deficiency of nuclear genetic origin is char-
acterized at the protein level by pronounced decrease of

http://www.biomedcentral.com/1471-2164/9/38

the individual subunits and the mature ATP synthase pro-
tein complex amounts (Table 2). However, our data in
patient cell lines, in agreement with previous Q-PCR anal-
yses, did not show pronounced alterations in ATP syn-
thase subunits or of ATP synthase-specific assembly
factors mRNA levels that could explain it easily. Only in
the M group, the data showed decrease of MTATP6 and
MTATP8 mRNA levels which correspond with previously
performed Northern blot and Q-PCR analysis showing
that this mutation affects processing of ATP8/ATP6/COX-
III polycistronic transcript and results in decreased levels
and/or stability of mature ATP8/ATP6 mRNA [19,24].
Many of mitochondrial diseases are associated with com-
pensatory changes in the cellular content of mitochondria
and/or the content of one or more OXPHOS complexes.
Western blot analysis of fibroblasts with ATP synthase
deficiency has previously shown increased mitochondrial
content of complex I and complex III [25]. In agreement
with this observation, our data showed elevated expres-
sion of complex I subunit genes in N1 group. Expression
of complex III subunit genes was however decreased. Par-
allel analyses of the fibroblasts with nuclear ATP synthase
defects used in this study revealed variable changes in
fibroblast COX and/or SDH specific content (Table 2).
These changes were not associated with generally elevated
expression of COX and SDH subunit genes. Detailed
inspection of individual gene expression profiles [see
Additional file 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
23, 24] however suggested that elevated expression of
COX7A2L and SDHA may correlate with this observation
(P3, P5, P6, P8, P10).

Discussion

Platform selection and evaluation

In our work, we attempted to set up an experimental plat-
form which will allow in a cost-effective way prospective
gene expression analysis of cell lines and tissues from
patients with various genetically determined OXPHOS
defects. We considered availability of biological materials
for the analysis, estimated the number of informative
genes, evaluated gene content of commercially available
microarrays and took into account instrumentation avail-
ability and platform related running costs. Since cultured
skin fibroblasts are the most accessible, relatively well
standardized, and multiple analysis amendable source for
gene expression analysis especially in nuclear encoded
OXPHOS defects, we estimated (based on Gene Expres-
sion Omnibus database data), that in fibroblasts, reliable
expression signal may be obtained for approximately
6000 (HG-U95 array) to 10000 (HG-U133 Plus 2.0 Array)
genes, of which only part may be meaningful to detect
and understand anticipated changes in mitochondrial
biology and related basic cell responses. In addition, we
also evaluated representation of mitochondria encoded
genes on available whole genome arrays. We found that
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Table 2: Clinical, biochemical and molecular description of patients (Pl - P13).

Patient (group) Phenotype Biochemical data  Genetic defect ATPase  SDH COX Ref.
(%of C) (%of C) (% ofC)
Pl (M) PMR, encephalomyopathy, spastic quadruparesis, lactate: 1.0-3.4 mt9205ATA *80—120 120200 80-120 [I9]
microcephalia, 3 MGA: <I5
P2 (M) transient lactic acidosis, nystagmus, GR lactate: 3.9-10 mt9205ATA *80-120 80-120 80-120 [20]
P3 (N2) PMR, HCMP, hypotonia, peripheral neuropathy,  lactate: [.4-10 ncDNA, unknown <30 120-200 120200 [21]
3 MGA: 133-28I
P4 (NI) Fatal lactic acidosis, HCMP lactate: 30-36 ncDNA, unknown <30 120200 80-120 [82]
P5 (N2) PMR, HCMP, hypotonia, dysmorphy, lactate: 1.6-8 ncDNA, unknown <30 >200 >200 [21]
microcephaly 3 MGA: 22225
P6 (N1) PMR, HCMP, hypotonia, dysmorphy, lactate: 3.6—4.5 ncDNA, unknown <30 >200 >200 NR
microcephaly 3 MGA: 28-260
P7 (NI) PMR, HCMP, hypotonia, dysmorphy, lactate: 2.2-6.0 ncDNA, unknown <30 80-120 120-200 NR
microcephaly, epilepsy 3 MGA: 28161
P8 (N1) PMR, hypotonia, dysmorphy, microcephaly lactate: 3.6-6.7 ncDNA, unknown <30 120200 >200 NR
3 MGA: 56-252
P9 (NI) PMR, hypotonia, dysmorphy, microcephaly lactate: 2.2-10 ncDNA, unknown <30 >200 >200 [21]
3 MGA: 62-150
P10 (NI) PMR, hypotonia, dysmorphy, microcephaly lactate: 1.4-4.6 ncDNA, unknown <30 120-200 120200 NR
3 MGA: 64-270
PI1 (N2) PMR, hypotonia, GR, HCMP dysmorphy, lactate: 1.5-8.2 ncDNA, unknown <10 80-120 80-120 [21]
microcephaly 3 MGA: 34-254
P12 (N2) PMR, hypotonia, HCMP lactate: 2-6.0 ncDNA, unknown <10 80-120 80-120 [25]
3 MGA: | 15460
P13 (N2) PMR, GR, microcephaly, mild spasticity, lactate: 1.2-3.9 ncDNA, unknown <30 120-200 120-200 [21]

hepatopathy

3 MGA: 37-132

Patient assignment to groups is based on DNA sequencing data (M) and results of PCA and hierarchical clustering (NI, N2). PMR — psychomotor
retardation, HCMP — hypertrophic cardiomyopathy, GR — growth retardation, lactate — blood lactate (mmol/l), 3 MGA — 3-methylglutaconic
aciduria (mg/g creatinine). ATPase (complex V), SDH (complex Il) and COX (complex |V) represent enzyme protein content in fibroblast
homogenates quantified by SDS PAGE/WB as in [19], using specific primary antibodies (MitoSciences, OR), Alexa Fluor® 680-labeled secondary
antibodies and an Odyssey® Infrared Imaging System (LI-COR Biotechnology, Lincoln, NE). Data are presented as % of control values. * Decreased

content of subunit a (ATP6). NR means not reported.

(at the time of project planning) no complete coverage of
mitochondrial tRNA, rRNA and OXPHOS structural subu-
nits have been available on() Affymetrix HG_U95Av2
Array (contained just TRNC, TRNY and TRNSI), HG-
U133 Plus 2.0 Array (no tRNAs, rRNAs and ND1, ND4L,
CYTB) and Agilent 44 k Array (no tRNAs, rRNAs and
ND4L). Considering this data and also available instru-
mentation, we then decided to construct focused an oligo-
nucleotide microarray and employ competitive two-color
hybridization approach with common reference experi-
mental design.

Selected gene content allows gene expression analysis of
the entire mitochondrial genome and almost all of "mito-
chondria" related genes in context of key DNA synthesis,
growth response, regulatory and apoptotic genes. Hybrid-
ization signal was obtained from 78% of the designed oli-
gonucleotides. Vast majority of the oligonucleotides
giving no hybridization signal were designed to detect reg-
ulatory genes and transcription factor transcripts probably
not transcribed in the analyzed materials. Interestingly,
we detected hybridization signals for almost all mito-
chondrial tRNA and rRNA probes which is, in respect to

oligo-dT labeling strategy, suggestive that all those tran-
script are also at least partially polyadenylated [26].

Gene expression analysis in patients with defect of FF,
ATP synthase

In the work presented herein, we analyzed and compared
gene expression profiles in fibroblast cell lines from 9 con-
trol individuals and 13 patients with biochemically
proven but genetically heterogeneous F,F, ATP synthase
deficiency. We aimed to identify gene expression changes
indicating how affected cells react to and compensate for
the common biochemical defect, use gene expression data
to assign patients into already defined and/or putative dis-
ease subgroups, identify candidate disease causing genes,
and define potential pathogenetic mechanisms associated
with the disease.

The magnitude of observed expression changes was mod-
erate with only several dozens of genes exceeding 2-fold
changes. Comparing all the patient cell lines with all con-
trol cell lines, we have not identified any common and
meaningful gene expression changes attributable to ATP
synthase deficiency per se. It has been suggested recently
that the degree and compartmentalization of ATP deple-
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tion may be defect specific and may thus have also specific
biological consequences [27]. Our data support this view.

Cell lines with mtDNA mutation (M group) showed gene
expression changes suggestive of suppressed mitochon-
drial biogenesis and metabolism characterized by down
regulation of TFAM and TFBIM, master regulators of
mitochondrial transcription, accompanied by reduced
expression of other mitochondria encoded transcripts
(MTCO2, MTATP6, MTATPS, and MTNDG), reduced
expression of ATPAF1, E2F1, ACO2 (component of mito-
chondria to nucleus retrograde pathway) and PPARA. This
"mitochondria silencing" activity seems to be sensed and
counterbalanced by elevated expression of NRF1, which is
however not accompanied by expression changes of any
NRF-1 target and/or coactivator genes [28,29]. Inhibition
of mitochondrial biogenesis is synchronized with reduced
expression of genes regulating the G1/S phase transition
(E2F1, MYC, Rb, CycA, CycD, CDK2, Cdc7, Cdc25A, PCNA)
and associated thymidine metabolism (TK, TYMS) [30].
We interpret this gene expression pattern as an ATP deple-
tion mediated G1/S arrest [31] associated with synchro-
nized replication arrest of mitochondrial genome [32]
and repression of NRF-1 activity [33]. Our observations
are quite similar to that made in Drosophila mutants, in
which low ATP levels lead to arrest in the G1 phase with-
out affecting cellular differentiation and cell viability
[34,35]. Furthermore, our observation conforms to the
view that mitochondria co-regulate cell cycle progression
and that this regulation is executed not only at posttran-
scriptional [34] but also at transcriptional level.

The N1 group differed from M group in that it showed
very minor signs of mitochondrial response suggested
only by slightly elevated expression of PPGC-1, TFAM,
TFB2M and ACO2. More significant and distinct changes
were however observed in signal transduction pathways
regulating mitochondrial oxidative phosphorylation [36].
The gene expression portrait, reduced expression of many
transcription factors and cytokines regulating cell growth
and differentiation (FOS [37], JUNB and MAPK3 [38],
CEBPA and CEBPB, CXCL1 and CXCL2 [39]), elevated
expression of IGFBP3 [40] and CAV2 [41], together with
activated apoptosis (BCL2L1, SMAC, CYCS, FAF1), signs
of oxidative stress (TR2) [42] and general decrease in lys-
osomal activities [43], resemble characteristic signs of
senescent fibroblasts [44,45]. However all the cell lines

Table 3: Growth characteristics of the fibroblast cell lines.
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from the N1 group have originated from very young
donors, all but one were in their early passages and all
showed the same passage frequency of 5-6 days, (Table
3). It has been shown that inhibition of oxidative phos-
phorylation may play an active role in the process of cel-
lular senescence in human fibroblasts [46], and that
changes in transcription activity may be governed by
changes in protein phosphorylation [47]. We therefore
interpret the observed gene expression pattern as acceler-
ated stress induced premature senescence phenotype
resulting from impaired oxidative phosphorylation and
profoundly reduced ATP availability for critical energy-
dependent cellular processes. Our explanation of N1 cel-
lular phenotype is the following. Mitochondrial ATP syn-
thesis is markedly decreased in fibroblasts derived from
patients with nuclear DNA-related disorders but only var-
iably so in patients with mtDNA mutations [48]. ATP
depletion is sensed by AMP-activated protein kinase
which acts as a metabolic sensor or "fuel gauge" that mon-
itors cellular AMP and ATP levels [49]. Once activated, the
enzyme switches off ATP-consuming anabolic pathways
and switches on ATP-producing catabolic pathways [50],
such as fatty acid oxidation (elevated expression of ECH1,
ECHS1, ETFDH, CABCI1) and amino acid catabolism.
Despite this compensatory effort, mitochondrial ATP
depletion persists due to intrinsic ATP synthase defect,
activation of AMPK persist and leads to accelerated p53-
dependent cellular senescence [51]. AMPK activity also
leads to decrease of HuR cytosolic translocation, which
influences the mRNA-stabilizing function of HuR [52]
and diminishes the expression and half-lives of HuR tar-
get transcripts, such as FOS [53] or CDKN1A [54] which
also leads to the premature senescence phenotype [55].
ATP availability probably modulates cytoplasmic translo-
cation and recruitment of other RNA-binding proteins sta-
bilizing various mRNAs [56]. In this context it is
interesting that we have detected reduced expression (or
transcript abundance) of two RNA-binding protein genes
CUGBP1 and AUH. CUGBP1 affects translation of
CDKNI1A [57] and CEBPB [58], and our data show
decrease in those two transcripts as well. AUH stabilizes
FOS and other immediate early mRNA's [59], and its defi-
ciency is also causing methylglutaconic aciduria [60], a
characteristic biochemical phenotype observed specifi-
cally in this group of nuclear encoded ATP synthase defi-
cient patients [21] (Table 2).

patients controls

| 2 3 4 5 6 7 8 9 1o 112 13 1 2 3 4 5 6 7 8 9
passage number 17 19 I5 4 20 9 6 6 28 12 28 17 12 22 22 14 27 16 17 Il 16 13
passage frequency (days) 5 5 6 6 6 6 6 6 5 6 6 7 7 9 3 3 4 4 5 4 4 7
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Resulting transcriptional silencing and other ATP deple-
tion mediated disturbances of intracellular signal trans-
duction cascades lead thus to premature senescence
phenotype, reduced proteasome activity and accumula-
tion of oxidized proteins, which may explain observed
discrepancies between gene expression and Western blot
data. Patients forming this group are of common ethnic
origin, and this is suggestive that common genetic defect
may underlie this specific gene expression profile.

The N2 group showed neither signs of mitochondria
response observed in the M group, nor signs of premature
senescence observed in the N1 group. Expression profile is
suggestive of partly activated apoptosis (SMAC) and dis-
turbances of intracellular signaling transduction cascades
(down regulation of several cytokines, early genes, and
regulatory proteins). However, all these changes were not
uniformly present in all cell lines, which together with
variability in clinical and biochemical data is suggestive of
further genetic heterogeneity within this group of
patients.

Selection of candidate disease causing genes

As gene expression changes may be used for selection of
candidate disease causing genes [9,61], we evaluated
group specific and individual gene expression profiles.
This approach was successful in both patients from the M
group, in whom detected alterations clearly indicated the
involvement of ATP6/ATP8/COXIII transcript. In other
patients we first focused on expression of ATP synthase
subunits. Inspection of this expression profile (Figure 5B)
suggested involvement of ATP synthase assembly factor
ATPAF?2 in several patients from N1 group. Mutation of
ATPAF2 has been found in the case with ATP synthase
deficiency [62] and this warrant sequence analysis of this
gene in this group of patients. Other candidate genes may
be ATP5G2, the expression of which is decreased in P5
and possibly also ATP5C1 found lowered in P3. From
other genes, no clear candidates for immediate sequence
analysis may be defined yet. However, more focused inter-
pretation will be possible once candidate disease genomic
intervals are defined by ongoing linkage studies.

Conclusion

We designed, produced, and validated an oligonucleotide
microarray focused on expression profiling of human
mitochondria related genes, and searched for gene expres-
sion changes in genetically heterogeneous group of 13
patients with F,Fj ATP synthase deficiency. The analysis
classified patients into three distinct groups and suggested
that site (mtDNA vs nucleus) and severity (residual con-
tent of ATP synthase) of underlying biochemical defect
have diverse effects on cell gene expression phenotype.
Comparisons with controls, between defined groups and
among individual patient cell lines did not show any uni-
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form transcription changes explaining pronounced
decrease in ATP synthase content and alterations of the
other OXPHOS complexes observed at the protein level.
The analysis nevertheless confirmed the already known
and indicated candidate disease causing genes, and sug-
gested that defects in ATP synthesis lead to deregulation of
signal transduction pathways and affect mitochondrial
and nuclear DNA replication. These may be important
pathogenic mechanisms involved not only in F,F, ATP
synthase deficiency but also in other OXPHOS defects.
Observed gene expression changes therefore warrant fur-
ther investigation of major cell cycle regulatory and signal
transduction pathways in other OXPHOS disorders and
pharmacological models. Full potential of the constructed
h-MitoArray platform will be further revealed in ongoing
positional cloning studies in herein analyzed patients and
in gene expression studies in other groups of OXPHOS
deficient cell lines.

Methods

Database of human mitochondrial genes

Lists of "mitochondrial" and "mitochondria related"
genes were extracted and merged from various public
databases such as Mitomap [63], Mitop [64], Migenes
[65], Mitoproteom [66], Molecular Signature Database
[67], OMIM, RefSeq and Unigene sections at NCBI [68],
Gene Ontology database [69] and UniProt resource [70].
Full annotation of selected genes has been obtained and
deposited in a locally installed database BASE [71].

Microarray preparation

For each of the selected 1632 genes, a single 5'-ami-
nomodified 40-mer oligonucleotide was designed using
Oligopicker software [72]. Blast searches were performed
with each candidate probe to exclude possibility of cross
hybridization with homologous genes prior to the synthe-
sis of oligonucleotide probes. Synthesized oligonucle-
otides, Generi Biotech (Czech Republic) and Illumina
(San Diego, CA), were resuspended at 20 uM concentra-
tion in 3 x SSC, printed in triplicates on aminosilane
modified slides, and immobilised by standard technique
using combination of baking and UV cross-link as previ-
ously described [61]. Qualities of arrays from individual
printing series were assessed using fluorescently labelled
panomers (Invitrogen, Carlsbad, CA).

Mixed RNA for microarray validation

As a standard for microarray optimisation, standardiza-
tion and validation total RNA was isolated from HelLa G,
ECV 304, 293, U 937, JURKAT and A 301 cell lines using
the TRIZOL solution (Invitrogen, Carlsbad, CA). Isolated
RNA samples were pooled, and aliquots were stored at -
80° C until the analysis.

73



BMC Genomics 2008, 9:38

Reference RNA preparation

As a common reference RNA for gene expression studies,
total RNA from cultured HeLa cells was chosen. Total RNA
was extracted as above. Concentration was determined
spectrophotometrically at A 260 by NanoDrop (Nano-
Drop Technologies, Wilmington, DE) and quality was
checked on Agilent 2100 bioanalyser - RNA Lab-On-a-
Chip (Agilent Technologies, Santa Clara, CA). Aliquots of
isolated RNA were stored at -80°C until the analysis.

Control group

Selected control fibroblasts cell lines were used repeatedly
in previous diagnostic biochemical tests and showed no
signs of any mitochondrial or other metabolic defect.

Patients

Fibroblast cell lines from 13 patients were used in this
study. All the patients showed major clinical symptoms
associated with OXPHOS defect. Biochemical diagnosis of
ATP synthase deficiency was based on absence or signifi-
cant decrease of mature ATP synthase complex and of its
subunits in electrophoretic analysis of OXPHOS com-
plexes in cultured fibroblasts and other available tissues
[73]. Mitochondrial genome sequencing performed in all
patients revealed disease causing mitochondrial DNA
mutations in two patients (P1, P2, M group) [19]. Molec-
ular basis of defect in the other patients has not yet been
defined. Relevant clinical, biochemical and molecular
data and references on individual patients included in this
study are provided in Table 2.

Cell culturing

Growth characteristics of the cell lines used in this study
are provided in Table 3. Skin fibroblasts were cultured in
the Dulbecco's modified Eagle's medium supplemented
by 10% fetal calf serum, 20 mM HEPES pH 7.5, 0.2%
NaHCOj; and gentamycin 0.02 mg/ml at 37°C in a 5%
CO, humidified atmosphere. For experiments, confluent
cell were harvested using 0.05% trypsine and 0.02%
EDTA. Detached cells were diluted in ice-cold culture
medium, sedimented by centrifugation (600 g) and
washed twice in phosphate buffered saline (140 mM
NaCl, 5.4 mM KCl, 8 mM Na,HPO,, 1.4 mM KH,PO,, pH
7.2).

RNA preparation, cDNA labeling and hybridization
Total RNA was extracted from cultured cells and QC con-
trolled as described above.

Five ng of total RNA was reverse transcribed and labeled
by Array 900 Expression Detection Kit (Genisphere, Hat-
field, PA) according to the manufacturer protocol. The
slides were pretreated by baking at 80°C, UV cross-linked
and washed twice in 0.1% SDS for 2 minutes, twice in 0.2
x SSC for 2 min, four times in MilliQ water, followed by
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denaturation in boiling water for 2 minutes. Prehybridiza-
tion was performed using hybridization buffer (Geni-
sphere, Hatfield, PA) according to the manufacturer
protocol. All hybridizations were performed in humid
hybridization chamber, Arraylt Hybridization Cassette
chamber (TeleChem International, Sunnyvale, CA).

Microarray scanning

The hybridized slides were scanned with GenePix 4200A
scanner (Axon Instruments, Union City, CA) with PMT
gains adjusted to obtain highest intensity unsaturated
images. GenePix Pro software (Axon Instruments, Union
City, CA) was used for image analysis of the TIFF files, as
generated by the scanner.

Experimental setup and data normalization

All 13 patient samples and 9 controls were hybridized to
common reference (HeLa cell lines) in two replicates of
each sample. All arrays were hybridized with a Cy5-
labeled sample cDNA and a Cy3-labeled reference cDNA.

Expression data were obtained using GenPix Pro software.
Comparative microarray analysis was performed accord-
ing to MIAME guidelines [74]. Normalization was per-
formed in R statistical environment [75] using Limma
package [76] which is part of the Bioconductor project
[77]. Raw data from individual arrays were processed
using Loess normalization and normexp background cor-
rection. Gquantile function was used for normalization
between arrays. The correlation between 3 replicate spots
per gene on each array was used to increase the robust-
ness. Linear model was fitted for each gene given a series
of arrays using ImFit function. The empirical Bayes
method was used to rank differential expression of genes
using eBayes function. Multiple testing correction was per-
formed using Benjamini & Hochberg method [78].

Quality control

Variation among feature replicates on the array was calcu-
lated by conversion of raw data to log-ratios. Data were
further normalized using Loess function. Features with
less than double background intensity (A < 8.5) were
removed. For each feature on the array the deviation from
the mean computed as the difference between the ratio of
the feature and the mean of the set of feature replicates
was calculated. Standard deviation of the error distribu-
tion using all of the replicates was calculated and con-
verted to coefficient of variability using equation.

CV = Jexp|[(In2 # SD2)?| -1

The variability between the duplicate spots ranged from
8.1% to 27.5%. Arrays with variability higher then 18%
were removed from the analysis.
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Statistical analysis

Principal component analysis, hierarchical clustering,
ANOVA and SAM analyses were performed in TIGR Mul-
tiexperiment Viewer (MeV), version 4.0 [79], available
[80]. Significant gene expression changes between defined
subgroups were identified using t-test in R statistical envi-
ronment [75]. Applied parameters are provided in corre-
sponding result sections.

Functional annotation

Functional annotation and pathway enrichment analysis
was performed in DAVID (The Database for Annotation,
Visualization and Integrated Discovery [23]). Visualiza-
tion of gene expression changes along affected pathways
was performed in KEGGArray software (KEGG pathway
databases - Kyoto Encyclopedia of Genes and Genomes)
[81].

Data accession

Description of h-MitoArray platform and gene expression
data reported in this study are stored and available in
Gene Expression Omnibus repository under accessions
GPL5150 and GSE8648.

Ethics

The project was approved by the Scientific Ethics Commit-
tee of the 1st Faculty of Medicine of Charles University of
Prague under reference NR/8069-3. Patient participation
in the project was made on a voluntary basis after oral and
written information and consent according to the Hel-
sinki V Declaration.
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Additional material

Additional file 1

Annotation of h-MitoArray. List of selected genes with corresponding sym-
bols, accession and LocusLink codes. Probes showing hybridization signal
with fluorescently labeled panomers and fluorescently labeled cDNA are
presented as "signal detected".

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S1.xIs]

Additional file 2

Functional annotation of the h-MitoArray. Functional annotation of
selected genes and comparison of the h-MitoArray gene content against
whole human genome reference set.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-52.xls]

Additional file 3

Expression matrix — samples compared to common reference. Ratios of
Log2 sample gene intensities against Log2 gene intensities of common ref-
erence.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S3 .xIs]

Additional file 4

Expression matrix — patients compared to controls. Ratios of individual
patient Log2 gene intensities against the average of the Log2 controls
intensities.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-54 xls]

Additional file 5

Differentially expressed genes between all patients and controls. List of
genes detected as differentially expressed between all studied ATP synthase
deficient and control fibroblast cell lines at adjusted P < 0.01 significance
level.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S5 .xIs]

Additional file 6

Characterization of defined patient groups using ANOVA analysis. List of
genes detected as differentially expressed between defined patient groups
using ANOVA analysis and unadjusted P < 0.01 significance level.
Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S6.xls]

Additional file 7

Lists of differentially expressed genes in M group. Lists of genes detected
as differentially expressed in M group, when compared to controls at
adjusted P < 0.01 significance level.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-

2164-9-38-S7 xls]
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Additional file 8

Lists of differentially expressed genes in N1 group. Lists of genes detected
as differentially expressed in N1 group, when compared to controls at
adjusted P < 0.01 significance level.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-58 xls]

Additional file 9

Lists of differentially expressed genes in N2 group. Lists of genes detected
as differentially expressed in N2 group, when compared to controls at
adjusted P < 0.01 significance level.

Click here for file
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2164-9-38-S9.xls]

Additional file 10

Pathway analysis in M group. Pathways and gene expression changes
identified by KEGGArray software in M group.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S10.PDF]

Additional file 11

Pathway analysis in N1 group. Pathways and gene expression changes
identified by KEGGArray software in N1 group.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S11.PDF]|

Additional file 12

Differentially expressed genes in patient P1. Lists of genes detected as dif-
ferentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
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2164-9-38-S12.xls|

Additional file 13

Differentially expressed genes in patient P2. Lists of genes detected as dif-
ferentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
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2164-9-38-S13.xls]

Additional file 14

Differentially expressed genes in patient P3. Lists of genes detected as dif-
ferentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
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Additional file 15

Differentially expressed genes in patient P4. Lists of genes detected as dif-
ferentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
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2164-9-38-S15.xls]

Additional file 16

Differentially expressed genes in patient P5. Lists of genes detected as dif-
ferentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S16.xls]

Additional file 17

Differentially expressed genes in patient P6. Lists of genes detected as dif-
ferentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S17 xls]|

Additional file 18

Differentially expressed genes in patient P7. Lists of genes detected as dif-
ferentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S18.xls|

Additional file 19

Differentially expressed genes in patient P8. Lists of genes detected as dif-
ferentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S19.xs]

Additional file 20

Differentially expressed genes in patient P9. Lists of genes detected as dif-
ferentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S20.xls]

Additional file 21

Differentially expressed genes in patient P10. Lists of genes detected as
differentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
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Additional file 22

Differentially expressed genes in patient P11. Lists of genes detected as
differentially expressed in individual patients comparing to controls at
adjusted P < 0.01 significance level.

Click here for file
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TMEM?70 mutations cause
isolated ATP synthase deficiency
and neonatal mitochondrial
encephalocardiomyopathy

Alena Cizkoval2, Viktor Stréneck}'ll, Johannes A Mayr3,
Markéta Tesarova?, Vendula Havlickova?, Jan Paul?,
Robert Ivanek!, Andreas W Kuss®, Hana Hansikova?,
Vilma Kaplanova?, Marek Vrback}'rz, Hana Hartmannoval,
Lenka Noskova!, Tomas Honzik?* Zdenék Drahota?,
Martin Magner?, Katefina Hejzlarova?, Wolfgang Sperl?,
Jifi Zeman?, Josef Housték? & Stanislav Kmoch!

We carried out whole-genome homozygosity mapping, gene
expression analysis and DNA sequencing in individuals with
isolated mitochondrial ATP synthase deficiency and identified
disease-causing mutations in TMEM?70. Complementation of the
cell lines of these individuals with wild-type TMEM?70 restored
biogenesis and metabolic function of the enzyme complex. Our
results show that TMEM70 is involved in mitochondrial ATP
synthase biogenesis in higher eukaryotes.

Mitochondrial ATP synthase, a key enzyme of mitochondrial energy
provision, catalyzes synthesis of ATP during oxidative phosphorylation.
ATP synthase is a 650-kDa protein complex composed of 16 types of
subunits; 6 form the globular F; catalytic part and 10 form the
transmembraneous F, part with two connecting stalks'. Two mamma-
lian ATP synthase subunits, ATP6 and ATPS8, are encoded by mtDNA;
all the others are encoded by nuclear DNA. Biogenesis of ATP synthase
is a stepwise process requiring a concerted action of assembly factors.
Several of these factors have been described in yeast (for example,
ATP10, ATP11, ATP12, ATP22, ATP23 and FMCI1)? but only three
have been found in mammals—homologs of F;-specific factors ATP11
and ATP12 (refs. 2—4) essential for assembly of F; subunits o and f3, and
a homolog of the F,-related ATP23 with unclear function in mammals®.

Inherited disorders of ATP synthase belong to most deleterious
mitochondrial diseases, which typically affect the pediatric popula-
tion®. Maternally transmitted ATP synthase disorders are caused by
heteroplasmic mutations of MT-ATP6 (ref. 7) and rarely of MT-ATP8
(ref. 8). These defects impair the energetic function of the F, proton
channel and thus prevent ATP synthesis, although the rate of ATP
hydrolysis and the concentration of the enzyme complex remain
largely unchanged. In contrast, ATP synthase defects of nuclear genetic

origin (MIM604273) are characterized by selective decrease of ATP
synthase concentrations (to <30%) and a profound loss of both
synthetic and hydrolytic activities’. Most affected individuals show
neonatal lactic acidosis, hypertrophic cardiomyopathy and/or variable
central nervous system involvement and 3-methylglutaconic aciduria.
The disease outcome is severe, and half of affected individuals die in
early childhood'’. During the last decade, an increasing number of
affected individuals, mostly of Roma (Gypsy) ethnic origin, have been
reported'®13, but a mutation affecting the Fi-specific factor ATP12
was only found in one case!'l. To identify the genetic defect in the
other affected individuals with isolated deficiency of ATP synthase we
used Affymetrix GeneChip Mapping 250K arrays and genotyped eight
index affected individuals, their healthy siblings and parents from
six families (Supplementary Methods and Supplementary Fig. 1
online) and performed linkage analysis (Supplementary Fig. 2 online)
and homozygosity mapping (Fig. la and Supplementary Fig. 3
online). To prioritize candidate genes, we intersected the mapping
information with Agilent 44K array gene expression data!®. This
analysis illuminated a single gene, TMEM0, as it has previously
been localized in a top-candidate region on chromosome 8 (Fig. 1a),
showed reduced transcript amount in fibroblast cell lines from affected
individuals (Fig. 1b,c,d) and encodes what has been characterized as a
mitochondrial protein'4. Through sequence analysis of genomic DNA
(Supplementary Table 1 online), we identified in affected individuals
a homozygous substitution, 317-2A>G, located in the splice site of
intron 2 of TMEM70 (NM-017866; Fig. 1e), which leads to aberrant
splicing and loss of TMEM?70 transcript (Fig. 1b,d). We carried out
PCR-RFLP analysis in investigated families and proved autosomal
recessive segregation of the mutation, as all the affected individuals
were homozygous, all parents were heterozygous and unaffected
siblings showed either the wild-type or heterozygous genotype. We
screened for the 317-2A > G mutation among 25 individuals with low
ATP synthase content being studied in our institutions, and found 23
who were homozygous for the mutation (Supplementary Table 2
online). In an additional single heterozygous individual, P27, we
identified on the second allele the frameshift mutation 118_119insGT
(Supplementary Fig. 4 online), which encodes a truncated TMEM?70
protein, Ser40CysfsX11. We did not find any mutation in affected
individual P3, in whom TMEM70 transcript amount was also
unchanged (Fig. 1c). We did not find any of the identified mutations
in 100 control individuals.

To prove that TMEM?70 is necessary for the biogenesis of the ATP
synthase, we carried out RT-PCR analysis of several human tissues
(Fig. 1d) and found no evidence of distinct TMEM?70 splicing variants
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Figure 1 Positional cloning of TMEM70. (a) A genome map showing the number and location of overlapping s

homozygosity regions identified in eight index individuals with ATP synthase deficiencies. Physical position and

gene content of the top-candidate region on chromosome 8 are shown above. (b) Gene expression changes

between the case and control fibroblast cell lines. The logarithm of the probability that the gene is differentially

expressed (log odds) is plotted as a function of the logarithm of the expression ratio (log, expression ratio)

between the case and control samples. (¢) Expression matrix of the genes located in the candidate region showing reduced TMEM?70 transcript amount in all
but one case (P3) with a nuclear defect. Normal TMEM 70 transcript amount is present in cases P1 and P2, as these individuals had the mt9205ATA
microdeletion and not the TMEM70 mutation. The results are shown as logy ratios of gene expression signal in each sample to that of a common reference
sample. (d) TMEM70 cDNA analysis. L, M, K, P and F lanes show presence of a single RT-PCR product in control human liver, muscle, kidney, pancreas and
fibroblasts, respectively. Abnormal RT-PCR products were observed in fibroblasts from affected individulas (lanes P11, P8, P13 and P7). (e) Chromatograms
of TMEM?70 genomic DNA sequence showing 317-2A>G substitution.
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Figure 2 TMEM70 complementation of ATP synthase deficiency. (a) TMEM70 cDNA is present after transfection. (b) SDS-PAGE protein blot of fibroblasts
shows a specific increase of the content of ATP synthase subunits relative to the respiratory chain complexes and porin. (c) BN-PAGE protein blot of
mitochondria shows increase of the full-size assembled ATP synthase 650-kDa complex relative to respiratory chain complexes. (d) Oligomycin-sensitive ATP
synthase hydrolytic activity is restored. (e) ADP stimulation is enhanced in digitonin-permeabilized cells. (f) Analysis of ATP formation shows restoration of
mitochondrial ATP synthesis. (g) TMRM cytofluorometric measurements in permeabilized cells show restoration of the ADP-induced drop of mitochondrial
membrane potential at state 4. Data in d and f are shown as mean + s.d.; n = 3.

NATURE GENETICS VOLUME 40 | NUMBER 11 | NOVEMBER 2008

81



http://www.nature.com/naturegenetics

© 2008 Nature Publishing Group

npg

BRIEF COMMUNICATIONS

the vector restored oligomycin-sensitive ATP hydrolysis (Fig. 2d),
ADP-stimulated respiration (Fig. 2e), mitochondrial ATP synthesis
(Fig. 2f) and ADP-induced decrease of mitochondrial membrane
potential (Fig. 2g).

TMEM70 contains the conserved domain DUF1301 and two
putative transmembrane regions. Using phylogenetic analysis, we
found TMEM70 homologs in genomes of multicellular eukaryotes
and plants, but not in yeast and fungi (Supplementary Fig. 5 online).
This indicates that the evolution of TMEM70 may be an important
factor accounting for differences in the ATP synthase assembly process
in higher eukaryotes, yeast and bacteria®?.

We have identified TMEM70 as a protein involved in the biogenesis
of the ATP synthase in higher eukaryotes and shown that its defect is
relatively frequent among individuals, particularly Romanies, with
mitochondrial energy provision disorders. Existence of the prevalent
mutation and co-occurrence of cases with severe and milder
phenotypes, probably representing varying quality and func-
tionality of individual nonsense-mediated RNA decay systems, open
a way for investigation of translational bypass therapy in this
group of individuals.

Note: Supplementary information is available on the Nature Genetics website.
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ARTICLE

Mutations in TMEM76* Cause Mucopolysaccharidosis I11C

(Sanfilippo C Syndrome)

Martin HfebiCek, Lenka Mrdzova, Volkan Seyrantepe, Stéphanie Durand, Nicole M. Roslin,

Lenka Noskovd, Hana Hartmannovd, Robert Ivanek, Alena Cizkovd, Helena Poupétovd,

Jakub Sikora, Jana Ufinovskd, Viktor Stranecky, Jifi Zeman, Pierre Lepage, David Roquis,

Andrei Verner, Jérome Ausseil, Clare E. Beesley, Iréne Maire, Ben J. H. M. Poorthuis,

Jiddeke van de Kamp, Otto P. van Diggelen, Ron A. Wevers, Thomas J. Hudson, T. Mary Fujiwara,
Jacek Majewski, Kenneth Morgan, Stanislav Kmoch,” and Alexey V. Pshezhetsky

Mucopolysaccharidosis IIIC (MPS IIIC, or Sanfilippo C syndrome) is a lysosomal storage disorder caused by the inherited
deficiency of the lysosomal membrane enzyme acetyl-coenzyme A:a-glucosaminide N-acetyltransferase (N-acetyltrans-
ferase), which leads to impaired degradation of heparan sulfate. We report the narrowing of the candidate region to a
2.6-cM interval between D8S1051 and D8S1831 and the identification of the transmembrane protein 76 gene (TMEM76),
which encodes a 73-kDa protein with predicted multiple transmembrane domains and glycosylation sites, as the gene
that causes MPS IIIC when it is mutated. Four nonsense mutations, 3 frameshift mutations due to deletions or a dupli-
cation, 6 splice-site mutations, and 14 missense mutations were identified among 30 probands with MPS IIIC. Functional
expression of human TMEM76 and the mouse ortholog demonstrates that it is the gene that encodes the lysosomal N-
acetyltransferase and suggests that this enzyme belongs to a new structural class of proteins that transport the activated

acetyl residues across the cell membrane.

Heparan sulfate is a polysaccharide found in proteogly-
cans associated with the cell membrane in nearly all cells.
The lysosomal membrane enzyme, acetyl-coenzyme A
(CoA):a-glucosaminide N-acetyltransferase (N-acetyltrans-
ferase) is required to N-acetylate the terminal glucosamine
residues of heparan sulfate before hydrolysis by the «-N-
acetyl glucosaminidase. Since the acetyl-CoA substrate
would be rapidly degraded in the lysosome," N-acetyl-
transferase employs a unique mechanism, acting both
as an enzyme and a membrane channel, and catalyzes
the transmembrane acetylation of heparan sulfate.” The
mechanism by which this is achieved has been the topic
of considerable investigation, but, for many years, the iso-
lation and cloning of N-acetyltransferase has been ham-
pered by its low tissue content, instability, and hydro-
phobic nature.*?

Genetic deficiency of N-acetyltransferase causes muco-
polysaccharidosis IIIC (MPS IIIC [MIM 252930], or San-
filippo syndrome C), a rare autosomal recessive lysosomal
disorder of mucopolysaccharide catabolism.*® MPS IIIC is
clinically similar to other subtypes of Sanfilippo syn-

drome.’ Patients manifest symptoms during childhood
with progressive and severe neurological deterioration
causing hyperactivity, sleep disorders, and loss of speech
accompanied by behavioral abnormalities, neuropsychi-
atric problems, mental retardation, hearing loss, and rel-
atively minor visceral manifestations, such as mild he-
patomegaly, mild dwarfism with joint stiffness and
biconvex dorsolumbar vertebral bodies, mild coarse faces,
and hypertrichosis.” Most patients die before adulthood,
but some survive to the 4th decade and show progressive
dementia and retinitis pigmentosa. Soon after the first 3
patients with MPS IIIC were described by Kresse et al.,®
Klein et al.*' reported a similar deficiency in 11 patients
who had received the diagnosis of Sanfilippo syndrome,
therefore suggesting that the disease is a relatively fre-
quent subtype. The birth prevalence of MPS IIIC in Aus-
tralia,"" Portugal,’* and the Netherlands' has been esti-
mated to be 0.07, 0.12, and 0.21 per 100,000, respectively.

The putative chromosomal locus of the MPS IIIC gene
was first reported in 1992. By studying two siblings who
received the diagnosis of MPS IIIC and had an apparently

From the Institute for Inherited Metabolic Disorders (M.H.; L.M.; L.N,; H.H.; R1; A.C;; H.P; ].S,; J.U,; V. Stranecky; J.Z.; S.K.) and Center for Applied
Genomics (R.I.; AC; V. Stranecky; J.Z.; S.K.), Charles University 1st School of Medicine, and Institute of Molecular Genetics, Academy of Sciences of
the Czech Republic (R.I.), Prague; Hopital Sainte-Justine and Départements de Pédiatrie (V. Seyrantepe; S.D.; J.A.; A.V.P) and Biochimie (A.V.P), Université
de Montréal, and Research Institute of the McGill University Health Centre (N.M.R.; TJ.H.; TM.E; K.M.), McGill University and Genome Quebec
Innovation Centre (P.L.; D.R;; A.V,; TJ.H.; J.M.), and Departments of Human Genetics (T.J.H.; TM.E; J.M.; KM.), Medicine (T.J.H.; TM.E; KM.), and
Anatomy and Cell Biology (A.V.P.), McGill University, Montreal; Biochemistry, Endocrinology & Metabolism Unit, UCL Institute of Child Health, London
(C.E.B.); Hopital Debrousse, Lyon, France (I.M.); Department of Medical Biochemistry, Academic Medical Center UVA (B.J.H.M.P.), and Department of
Clinical Genetics, VU University Medical Center (J.v.d.K.), Amsterdam; Department of Clinical Genetics, Erasmus University Medical Center, Rotterdam,
The Netherlands (O.P.v.D.); and Laboratory of Pediatrics and Neurology, University Medical Center, Nijmegen, The Netherlands (R.A.W.)

Received June 8, 2006; accepted for publication August 8, 2006; electronically published September 8, 2006.

Address for correspondence and reprints: Dr. Alexey V. Pshezhetsky, Service de Génétique Médicale, Hopital Sainte-Justine, 3175 Cote Sainte-Catherine,
Montreal, Quebec H3T 1CS5, Canada. E-mail: alexei.pchejetski@umontreal.ca

* Footnote added in proof: the gene name has been changed to HGSNAT.

* S.K. has led the Prague team.

Am. ]. Hum. Genet. 2006;79:807-819. © 2006 by The American Society of Human Genetics. All rights reserved. 0002-9297/2006/7905-0004$15.00

www.ajhg.org The American Journal of Human Genetics Volume 79 November 2006

83



balanced Robertsonian translocation, Zaremba et al."* sug-
gested that the mutant gene may be located in the peri-
centric region of either chromosome 14 or chromosome
21, but no further confirmation of this finding was pro-
vided. Previously, we performed a genomewide scan on
27 patients with MPS IIIC and 17 unaffected family mem-
bers, using 392 highly informative microsatellite markers
with an average interspacing of 10 cM. For chromosome
8, the scan showed an apparent excess of homozygosity
in patients compared with their unaffected relatives." Ad-
ditional genotyping of 38 patients with MPS IIIC for 22
markers on chromosome 8 identified 15 consecutive
markers (from D851051 to D852332) in an 8.3-cM interval
for which the genotypes of affected siblings were identical
in state. A maximum multipoint LOD score of 10.6 was
found at marker D8S519, suggesting that this region in-
cludes the locus for MPS IIIC." Recently, localization of
the MPS IIIC causative gene on chromosome 8 was con-
firmed by microcell-mediated chromosome transfer in cul-
tured skin fibroblasts of patients with MPS IIIC."

Here, we report the results of linkage analyses that nar-
rowed the candidate region for MPC IIIC to a 2.6-cM in-
terval between D8S1051 and D8S1831 and the identifi-
cation of the TMEM76 gene, located within the candidate
region, as the gene that codes for the lysosomal N-ace-
tyltransferase and, when mutated, is responsible for MPS
IIC.

Material and Methods
Families

In Montreal, 33 affected individuals and 35 unaffected relatives
comprising 15 families informative for linkage were genotyped.
The families came from Europe, North Africa, and North America.
An additional 27 affected individuals and 9 unaffected relatives
in uninformative pedigrees, as well as 40 controls, were also ge-
notyped. Eleven of these families and the controls have been
reported elsewhere." In addition, 54 individuals from four MPS
ITIIC-affected families from the Czech Republic were studied in
Prague (fig. 1). One family had two affected brothers, whereas
the remaining three families each had one affected individual.
The families came from various regions of the Czech Republic
and were not related within the four most-recent generations.
The diagnosis for affected individuals was confirmed by the mea-
surement of N-acetyltransferase activity in cultured skin fibro-
blasts or white blood cells.

Genotyping

The samples in Montreal were genotyped for 22 microsatellite
markers in the pericentromeric region of chromosome 8 spanning
8.9 ¢M on the Rutgers map, version 2.0."” The genotyping was
performed as described by Mira et al.'® at the McGill University
and Genome Quebec Innovation Centre on an ABI 3730x1 DNA
Analyzer platform (Applied Biosystems). Alleles were assigned us-
ing Genotyper, version 3.6 (Applied Biosystems). The random-
error model of SimWalk2, version 2.91,"?° was used to detect
potential genotyping errors, with an overall error rate of 0.025.
Nine genotypes for which the posterior probability of being in-
correct was >0.5 were removed before subsequent analyses. In

addition, nine genotypes for one marker in one family were re-
moved because of a suspected microsatellite mutation. The sam-
ples from the Czech Republic were genotyped in Prague for 18
microsatellite markers in an 18.7-cM region that includes the 8.9-
cM region mentioned above. The genotyping was performed on
an LI-COR IR2 sequencer by use of Saga genotyping software (Li-
Cor) as described elsewhere.”’ Genotypes were screened for errors
by use of the PedCheck program.**

Linkage Analysis

For the families genotyped in Montreal, multipoint linkage anal-
ysis was performed using the Markov chain-Monte Carlo
(MCMC) method implemented in SimWalk2, version 2.91," since
one pedigree was too large to be analyzed by exact computation.
A fully penetrant autosomal recessive parametric model was used
with a disease-allele frequency of 0.0045. Marker-allele frequen-
cies were estimated by counting alleles in the available parents
of patients with MPS IIIC and in control individuals. To check
the consistency of the results, the MCMC analysis was repeated
four times.

N-acetyltransferase activity was measured in all participants of
the four families from the Czech Republic.* Individuals were clas-
sified as affected, carriers, or unaffected on the basis of the results
of this assay. Mean affected and carrier activities were determined
from the five affected individuals and their seven obligate het-
erozygote parents, respectively, whereas the mean control activity
was determined from a sample of 89 unrelated individuals. Four
individuals were unable to be classified because their values were
within 2 SDs of the means of both the control and carrier groups.
Multipoint linkage analysis was performed using a codominant
model with a penetrance of 0.99 and a phenocopy rate of 0.01,
to account for the possibility of misclassification or genotyping
errors. The same disease-allele frequency of 0.0045 was used.
Marker-allele frequencies were estimated by counting all geno-
typed individuals. Exact multipoint linkage analysis was run on
18 microsatellite markers by use of Allegro 1.2¢,** which was also
used to infer haplotypes.

Gene-Expression Analysis

For each of 32 genes located in the candidate interval, a single
S'-amino-modified 40-mer oligonucleotide probe (Illumina) was
spotted in quadruplicate on aminosilane-modified microscopic
slides and was immobilized using a combination of baking and
UV cross-linking. Total RNA (250-1,000 ng) from white blood
cells of two patients with MPS IIIC (patients AIV.8 and BIIL.5) and
four healthy individuals were amplified using the SenseAmp plus
RNA Amplification Kit (Genisphere) and were reverse transcribed
using 300 ng of poly(A)-tailed mRNA. Reverse transcription and
microarray detection were done using the Array 900 Expression
Detection Kit (Genisphere) according to the manufacturer’s pro-
tocol. The two patient samples and four control samples were
analyzed in dye-swap mode, in two replicates of each mode. The
hybridized slides were scanned with a GenePix 4200A scanner
(Molecular Devices), with photomultiplier gains adjusted to ob-
tain the highest-intensity unsaturated images. Data analysis was
performed in the R statistical environment (The R Project for
Statistical Computing, version 2.2.1) by use of the Linear Models
for Microarray Data package (Limma, version 2.2.0).** Raw data
were processed using loess normalization and a moving mini-
mum background correction on individual arrays and quantile
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Figure 1.

Four families from the Czech Republic used in the linkage and mutation analyses. Fully blackened symbols indicate individuals

with MPS IIIC; arrowheads indicate probands. Measurements in seven obligate heterozygotes from these pedigrees (mean += SD 11.6
+ 1.5 nmol/h/mg) and 89 controls not known to be related to members of the pedigree (mean = SD 24.4 = 5.7 nmol/h/mg) were
used to establish N-acetyltransferase activity ranges for heterozygotes (symbols with blackened inner circle) and normal homozygotes
(open symbols). An individual was assigned to a class if his or her enzyme activity was within 2 SDs of the class, unless the value was
within the overlap of the upper end of the obligate heterozygotes and the lower end of the controls. Individuals with values within

the open interval 13.0-14.6 nmol/h/mg were classified as unknown

(symbols with gray inner circle). A symbol with a question mark

(?) indicates that no material was available for the enzyme assay. DNA was available for individuals with ID numbers, and N-acetyl-
transferase activity measurements in white blood cells are shown below the ID numbers.

normalization between arrays. The correlation between four du-
plicate spots per gene on each array was used to increase the
robustness. A linear model was fitted for each gene given a series
of arrays by use of the ImFit function. The empirical Bayes
method®® was used to rank the differential expression of genes
by use of the eBayes function. Correction for multiple testing was
performed using the Benjamini and Hochberg false-discovery—

rate method.”” We considered genes to be differentially expressed
if the adjusted P value was <.01.

DNA and RNA Isolation and Sequencing

Cultured skin fibroblasts from patients with MPS IIIC and normal
controls were obtained from cell depositories (Hopital Debrousse,
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Figure 2. Multipoint linkage analysis of MPS IIIC on chromosome 8. A, Multipoint LOD scores in an 8.9-cM interval from two sets of
families. Symbols above the marker names indicate the map position. Marker names are listed in the correct order but may be displaced
from the symbols for visibility. The dashed line is based on families genotyped in Montreal, and the dotted line on families genotyped
in Prague. Straight lines next to marker names indicate that the markers were typed in both data sets. Triangles pointing down indicate
markers typed only in the Montreal data set, and triangles pointing up indicate markers typed only in the Prague data set. For the
Montreal data, the SimWalk2 run with the highest likelihood is shown. TMEM76 lies between D85S1115 and D851460, and, according to
the March 2006 freeze of the human genome sequence from the University of California-Santa Cruz Genome Browser,*® the order is
D851115-(500 kb)-TMEM76-(800 kb)-centromere-(200 kb)-D851460. B, Multipoint LOD scores from the Montreal data from four runs
of SimWalk2, version 2.91," showing the variation between runs.

86



H.sapiens
M.musculus
R.norvegicus
B.taurus
C.familiaris
P.troglodytes

A AEQRIRAGIR 5| ARER
G- S|S[SRR EERS|S (T E| SR -
G-SNSRR EERS[S ERjs s[EJR|E|-

[Ty

H.sapiens 41
M.musculus 44
R.norvegicus 44
B.taurus 49
C.familiaris 58 QTGAPHAVELCIATSSSHADLGAG[R
P.troglodytes 101 RCAAGEEPRRRRWGRGLQOPGPGR

H.sapiens 61 AQAAPPROLDKKRHPELKMDQALLLIHNELL

P-EPPTYDS SLISQRIVECNHGVIM=-
EMPTVPPVESE TKIWGLEVSVEW --
ARBSAAKH] cRlec 6 LEs GRRDPTNWQPGGGPAVDQGGSDSPCTQS TVRRDLEQGPFPEGLAPEDVAPERPCDP LASHG

PARMMDWNQPLQGEEFRMWE

ASAWGEGWA|SGLoHMEW
unvn PAEGLNLR

QE--—==-==—==——mmmmmmmmm o= RTHLR
™
-
s
=

3]
EYRCLFQVLVNV|PRS|P[KAGKP SJARR

VSTQHGSILQLNDTLEEKEVCRLEYR[FGEF

M.musculus 64 -=----=-- L DIE[K ELKMDQALLLIHNELLGT[S|LTVYWKS[D DK YQCT|F offjL ANV SIHG GIK P KPS SVSTQHGSIL(Q EE[RAMCRLEYKFGEF
R.norvegicus 64 ----=----f 1. DIE[K vELKanhLLL[HNELLGTLTYuxsm’ '{c FOP|ILANVSHGRKPRIKPS[VERVSVSTQHGSILQ) LEERAAICRLEYKFGEF
B.taurus 124 HTLAVVDY[LDK ELKMDQhLL[HNEL TNLTVYWNFDRC YHCL] QVLAE[VSQSRKA PGIRAVAVSTQHGSILQL) [CKEVCRLEYKFGEF
C.familiaris 113 LGCGGKDDLDKKKEVELKMDQALLLIHNEL] VY W[N[SE] CYHCLF‘QEILVNVS GKPGKP 5] sTQHGSELQLnDTLEEKEkLBYKPGEF
P.troglodytes 201 IGSFGRVY|LDKKRHRAELKMDQALLLIHNELIWINLTVYWKSE/CICYECLFQVLVNV[POS|PKAGKPS|AAARISVSTQHGSTLOLNDTLEEKEVCRLEYRFGEF

H.sapiens 161 GNE
M.musculus 156 GNY¥SLLVIQH
R.norvegicus 156 GNY¥SL L VIRH|

B.taurus 224 Gl!SLLVKHIiGVSEIECDLVVN&iPVDSNLP IAFLVG

C.familiaris 213 GN¥SLLVKH[V| NGVIEIEIACD V VNI NPJHDSHLP AFLVG|
P.troglodytes 301 GNY¥SLLVKNIHNGVSEIACDI]

SLLVEKNIHNGVSEIACDL| N PVDSNLPVSIAFLIIGL IIVISFLRLLLSLDDEN|--[NWISKAT
ANKIACD NENPVDSNLPVSIAFLVGLALI VS[LLRLLLS LD D[VIN|- -| HISKEI
ADDJIACDLVVNENPVDSNLPVSIAFLVGLALNVIAILS)

PVDSNLPVSTAFL{TIGL

PISRETDRLINS-------------------
[AASRETDRLINS|-- -
LLLSLDD|IN|--NWISKAIASRETDRLINS[-~
LMIVVSFL LLSLED Q- -[NWISKAINSRETDRLINS|- -
LI[RVSEL LLSLDDFH--NWISKAINSRETDRLINS|--=-=-===cccccccc=ax

IIVISFLRLLLS[TRLIFNEQ LMTILGGGRCTE[|PSPSLALSPEAPSSPAAQPLPA

H.sapisns 240 ~===crmerrmemrcnmcrrn - ELGSPS@DPLDGDV
M.musculus 235 -- ELGSPSRADPL

R.norvegicus 235 -- ELGSPSE\ADP“V‘ll C|

B.taurus 303 -- ELGSPSRAF-- - s|DfF|
C.familiaris 292 —--------—---------——— -~ ELGS PEJRALG S I GGE Aofd]
P.troglodytes 401 QASGGTDVCLVAVLLDLARTPCPLELGSFPSR[TDFLD

o ]

5
RLRSVDTFRGIALILMVFVNYGGGKYWY FKEHSWNG LTVADLVEFPWEV

[RLRCVDTFRG|LJA MYFVNYGGGKYWYFKHSSWNGLTVADLVFPWEV
[RLRCVDTFRGVALI LMVFVNYGGGKYWYFKHSSWNGLTVADLVEPWEY
[RLRCVDTFRGMALI LMVFVNYGGGKYWYFKHSSWNGLTVADLVEFHWEY
RLRSE]D'I‘FEG RLILMVFVNYGGGKYWYFKHSSWNGLTVADLVEFPWEYV
RLRSVDTFRGIALILMVFVNYGGGKYWYFKHAISWNGLTVADLVEFWEY

Ui
an

e 2

oo
H.sapiens 315 FIMGSSIFLSMTSILQRGCSKFRLLGKIAWRSFLLICIGIIIVNPNYCLGPLSWDKVRIPGVLORLGVTYFVVAVLELLFAKPVPEHCASERSCLSLRDI

M.musculus 308 FIMGTSIFLSMTSILQRGCSKLKLLGKI| RSFLLICIG-EIIVH?NYCLGPLSHDKVR[PEVLQRLEVTY!‘V\I’BVLE & BV B|DfS Ci ISCFSLRDI
R.norvegicus 310 FIHGSSIFLSMTSBLDRGCS IKLLGKIAWRSFLLICIGIIIVNPNYCLGPLSWOKVRIPGVLQRLGVTYFVV. E KPV SE [T N[r[T]T

B.taurus 374 FIMGESIE‘LSMTSILQRGCSKE’RLLGKIA‘IRS!‘LLICIGI
C.familiaris 367 EIMESSI!‘LSMTSLQRGCSKE‘RLLGKIAHRS!‘LLECI

NPEYCLGPLSW| IPGVLQRLG YFVVAVLELLFAKPVP ASERSCFS DT
il

Tvn ?NY[‘.LGPLSHDKVR[PGVLQRLGVTYI‘V\I’AVLEFAK PVPESCASEREJCFSLRDI

P.troglodytes 500 FIMGSSIFLSMTSILORGCSKFRLLGKIAWRSFLLICIGIIIVNPNYCLGPLSWDKVRIPGVLORLGVTYFVVAVLELLFAK FVPEIE'CASERSCLS LRDI

n

-
- -
=

H.sapiens 415
M.musculus 408

R.norvegicus 410 ATR---scecccecccccccccccacaan o] YLGPGGIGDLGKYPHCTGGAAGYIDRLLLG

B.taurus 474
C.familiaris 467
P.troglodytes 600

LA TFFLPVPGCPTGYLGPGGIGDLGKYPHCTGGAAGYI DRLLLG%HLYQHPSST

1A
I LGLTFFLPVPGCRTGYLGPGGIGDLGKY PNETGGAAGY IDRLLLGDDH[IYQHPSS
LGLTELEVPGCPTGYLGPGGIGDFGKYPNCTGGAAGY IDRLLLGDDHLYQHPSSA-

——
KYPNCTGGAAGYIDRLLLGDDHLYQHPSSA-~~========-| LYHTEVAYDPEGIL
ffffffffffff VLYHTEVAYDPE
HLYQHPSSATVTGTLSFCFLKVLYHTEVAYDPE

RENETGGAAGY[DRLLLGDQHLYQHPS SA- ==~~~ ==~~~ VLYHTEVAYDPEGIL

VLYHTV[EYDPEGIL

LYHTEVAYDPEGIL
o ! = x
= & ] o
0 @ @

n
" w n

H.sapiens 503 GTINSIVMAFLGVQAGKILLYYK|
M.musculus 496 GTINSIVMAFLGVQAGKILEJY¥xDOTKAfL]
R.norvegicus 482 GTINSIVMAFLGVQAGKILLYYKDQTK]

C.familiaris 555 GT I@sxvmame@qasxxLLnynQT Ko

ILIRFAAWCCILGLIS[I[ALT KMs|
B.taurus 562 GTIHSIVMAFLGVQ!GKILLYYKDQTREILIRF%A"aﬂLGLESVALTKASENEGFIPENKNLNSISYUTTLSS
ILIR

w
© a &
IIIREMAWCCILGL]SVALT ISENEGFI PEHKN LWSLSYVTTLSSFIFFILL!FYPVVEVKGLHTGT PFFY

FAAWCCILGLIS[IVLT S@:EGE‘IF[HKNLWSIS!VTTLSFAPFILLILYPVVDVKGLNTGTPFFY
CIF

EGFIPINKNLWSISYVTTLS AgﬁILLILYPVVEUKGLH!‘GTPPFY

TLLELYPVVDVKGLUTGRPFFY

P.troglodytes 688

We LGLISVALTKI|SENEGFIPINKNLWSISYVTTLSSFAFFILLILYPINVODVKGLWTGTPFFY
I N e M R sl — — — — — ~ e~ -~~~ ~ ~ ~ — ~ — ~ -~~~ ~ - ~ -] 1394 FLTIYOT--------- TF

B

-

-

H
H.sapiens 603 PGMNSILVYVGHEVFENYFPFQWK OSHKEHL[TONIVATALWV.
M.musculus 596 PGMNSILVYVGHE (OSHKEHLIONIVATALWV.

ENYFPFQWKLA
R.norvegicus 582 PGELAVA WK

B.taurus 662 PGMNSILVYVGHEVEANYFPFOWK
C.familiaris 655 PGMNSILVYVGHEVFENYFPFQWK

OSHKEHL[IOQNIVATALWV.
0S8 HKE ELVONFEVATALWV
OSHKEHL|TRNIVATALWVL

KKKVFWK [
A EKKKVEWKJ]

P.trogledytes 720 THLEKT|Ijs====------------ [ e

Figure 3. Predicted amino acid sequence of the TMEM76 protein. Amino acid sequence alignment of Homo sapiens TMEM76 with
orthologs from Mus musculus (cloned sequence), Canis familiaris (GenBank accession number XP_539948.2), Bos taurus (XP_588978.2),
Rattus norvegicus (XP_341451.2), and Pan troglodytes (XP_519741.1) by use of BLAST. All cDNA sequences are predicted except the
sequence for M. musculus. The identical residues are boxed, the residues with missense mutations in patients with MPS IIIC are shown
in red, and the amino acid changes are indicated above the sequence. The first 67 aa of the human sequence shown as black on yellow
comprise the predicted signal peptide. The predicted transmembrane domains in the human sequence are shown as black on turquoise.
The topology model>” strongly predicts that the N-terminus is inside the lysosome and the C-terminus is outside. Four predicted N-
glycosylation sites are shown as black on pink, and the predicted motifs for the lysosomal targeting, as black on green.

France; NIGMS Human Genetic Mutant Cell Repository; Montreal
Children’s Hospital, Canada; and Department of Clinical Genet-
ics, Erasmus Medical Center, The Netherlands). Blood samples
from patients with MPS IIIC, their relatives, and controls were
collected with ethics approval from the appropriate institutional
review boards. DNA from blood or cultured skin fibroblasts was
extracted using the PureGene kit (Gentra Systems). Total RNA

from cultured skin fibroblasts and pooled tissues (spleen, liver,
kidney, heart, lung, and brain) of a C57BL/6] mouse was isolated
using Trizol (Invitrogen), and first-strand cDNA synthesis was pre-
pared with SuperScript II (Invitrogen). DNA fragments containing
TMEM76 exons and adjacent regions (~40 bp from each side;
primer sequences are shown in appendix A) were amplified by
PCR from genomic DNA and were purified with Montage PCR96
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Figure 4. Volcano plot of genes located within the MPS IIIC candidate region, showing significantly reduced expression of the TMEM76
gene in white blood cells of two patients with MPS IIIC: AIV.8 and BIII.5. The natural logarithm of the probability that the gene is
differentially expressed (Log odds) is plotted as a function of the logarithm of the gene-expression log, fold change (Log fold change)

between the patient and control samples.

filter plates (Millipore). Each sequencing reaction contained 2 ul
of purified PCR product, 5.25 ul of H,0, 1.75 pl of 5 x sequencing
buffer, 0.5 ul of 20 uM primer, and 0.5 pl of Big Dye Terminator
v3.1 (all from Applied Biosystems). In Montreal, PCR products
were analyzed using an ABI 3730x] DNA Analyzer (Applied Bio-
systems). In Prague, PCR products were analyzed on an ALFex-
press DNA sequencer (Pharmacia), as described elsewhere.”® In-
cluded in the sequencing analysis were 30 probands with MPS
IIIC who were considered unrelated and 105 controls. The con-
trols were unrelated CEPH individuals, and amplified DNAs were
combined in pools of two before sequencing.
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Figure 5. Northern-blot analysis of TMEM76 mRNA in human tis-
sues. A 12-lane blot containing 1 ug of poly A+ RNA per lane
from various adult human tissues was hybridized with a [**P]-
labeled 220-bp cDNA fragment corresponding to exons 8-10 of
the TMEM76 gene or (3-actin, as described in the Material and
Methods section.

Northern Blotting

A 12-lane multiple-tissue northern blot containing 1 ug of poly
A+ RNA per lane from various human tissues (BD Biosciences
Clontech) was hybridized with the 220-bp ¢cDNA fragment cor-
responding to exons 8-10 of the human TMEM76 gene or the
entire cDNA of human g-actin labeled with [**P]-dCTP by random
priming with the MegaPrime labeling kit (Amersham). Prehybri-
dization of the blot was performed at 68°C for 30 min in
ExpressHyb (Clontech). The denatured probes were added directly
to the prehybridization solution and were incubated at 68°C for
1 h. The blots were washed twice for 30 min at room temperature
with 2 x sodium chloride-sodium citrate (SSC) solution and
0.05% SDS and once for 40 min at 50°C with 0.1 x SSC and 0.1%
SDS and were exposed to a BioMax film for 48 h.

Mouse and Human TMEM76 cDNA Cloning

Mouse coding sequence was amplified by PCR (forward primer
5-GAATTCATGACGGGCGGGTCGAGC-3'; reverse primer 5'-
ATATGTCGACGATTTTCCAAAACAGCTTC-3) and was cloned
into pCMV-Script, pPCMV-Tag4A (Stratagene), and pEGFP-N3 (BD
Biosciences Clontech) vectors by use of the EcoRI and Sall restric-
tion sites of the primers. The cloned sequence was identical to
GenBank accession number AK152926.1, except that an “AT” was
needed to complete an alternate ATG initiation codon. GenBank
accession number AK149883.1 provides what we consider to be
the complete clone and encodes a 656-aa protein. The GenBank
sequences differ by 1 aa and three silent substitutions.

A 1,907-bp fragment of the human TMEM76 cDNA (nt +75 to
+1992) was amplified using Platinum High Fidelity Taq DNA
polymerase (Invitrogen), a sense primer with an HindIII site (5
AAGCTTGGCGGCGGGCATGAG-3/), and an antisense primer
with an Sall site (5-GTCGACCTCAGTGGGAGCCATCAGATTTT-
3') and was cloned into pCMV-Script expression vector (Strata-
gene). Since high GC content (85%) of the 5’ region of human
TMEM76 cDNA prevented its amplification by PCR, a synthetic
186-bp codon-optimized double-stranded oligonucleotide frag-
ment (5-AAGCTTATGACCGGAGCGAGGGCAAGCGCCGCCG-
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AACAAAGAAGAGCCGGACGGTCCGGCCAGGCTAGGGCCGC-
AGAGCGAGCTGCTGGCATGTCAGGTGCAGGGCGCGCACTTG-
CCGCCTTGCTGCTCGCCGCGAGTGTGCTGAGCGCTGCCCTC-
CTGGCTCCCGGAGGCTCTTCCGGGCGGGAC-3)) correspond-
ing to nt +1 to +186 of human TMEM76 cDNA was purchased
from BioS&T. A 177-bp 5’ fragment was combined with rest of
the cDNA by use of HindlIIl and Sapl sites. The cloned sequence
is identical to GenBank accession number XM_372038.4 from nt
131 to nt 1946, except for the presence of SNP rs1126058.

Cell Culture and Transfection

Skin fibroblasts and COS-7 cells were cultured in Eagle’s minimal
essential medium (Invitrogen) supplemented with 10% (v/v) fetal
bovine serum (Invitrogen) and were transfected with the full-size
mouse Tmem76 (Hgsnat) coding sequence subcloned into pCMV-
Script, pCMV-Tag4A, and pEGFP-N3 vectors or with the full-size
human TMEM76 coding sequence subcloned into pCMV-Script
vector by use of Lipofectamine Plus (Invitrogen) according to the
manufacturer’s protocol. The cells were harvested 48 h after trans-
fection, and N-acetyltransferase activity was measured in the ho-
mogenates of TMEM76-transfected and mock-transfected cells
(i.e., transfected with only the cloning vector).

Enzyme Assay

N-acetyltransferase enzymatic activity was measured using the
fluorogenic substrate 4-methylumbelliferyl B-p-glucosaminide
(Moscerdam) as described elsewhere.?® Protein concentration was
measured according to the method of Bradford.?” This assay was
used for the activity measurements in cultured skin fibroblasts or
white blood cells from patients and all participating members of
the Czech families and for the functional expression experiments.

Confocal Microscopy

To establish colocalization of the tagged protein with the lyso-
somal compartment, the skin fibroblasts expressing mouse
TMEM76-EGFP were treated with 50 nM LysoTracker Red DND-
99 dye (Molecular Probes), were washed twice with ice-cold PBS,
and were fixed with 4% paraformaldehyde in PBS for 30 min.
Slides were studied on an LMS 510 Meta inverted confocal mi-
croscope (Zeiss).

Results
Linkage Analysis

Previously, we performed a genomewide linkage study
that indicated that the locus for MPS IIIC is mapped to
an 8.3-cM interval in the pericentromeric region of chro-
mosome 8. To reduce this interval, we genotyped the
families from that study as well as newly obtained MPS
IIIC-affected families for 22 microsatellite markers (Mon-
treal data). Linkage analysis under an autosomal recessive
model resulted in LOD scores >14 in the 4.2-cM region
spanning D8S1051 to D8S601, which included the cen-
tromere (fig. 2). The results of multiple MCMC runs
showed consistent trends. Linkage was also performed in
four families from the Czech Republic by use of an au-
tosomal codominant model (Prague data). For these data,
linkage analysis produced a maximum LOD score of 7.8
at 66.4 cM at D8S531 and reduced the linked region for

the Montreal data to a 2.6-cM interval between D8S1051
and D8S51831. This region was defined by inferred recom-
binants at D8S1051 in one family in each of the Montreal
and Prague data sets, and a recombinant at D8§1831 in
an additional family in the Prague data set. This interval
contains 32 known or predicted genes and ORFs.

Identification of a Candidate Gene

On the basis of our previous studies that defined the mo-
lecular properties of the lysosomal N-acetyltransferase,®
we searched the candidate region for a gene encoding
a protein with multiple transmembrane domains and
a molecular weight of ~100 kDa, which allowed us to
exclude the majority of the genes in the region. In con-
trast, the predicted protein product of the TMEM76 gene
has multiple putative transmembrane domains. The pre-
dicted coding region in GenBank accession number
XM_372038.4 was extended by 28 residues at the 5’ end
on the basis of the transcript in GenBank accession num-
ber DR000652.1 (which includes 14 of the 28 residues),
examination of the genomic sequence in NT_007995.14,
and comparison with mouse sequence AK149883.1. We
predict that the modified TMEM76 contains 18 exons, cor-
responding to an ORF of 1,992 bp, and codes for a 73-kDa
protein. A comparison of human TMEM76 with five ver-
tebrate orthologs is shown in figure 3. Furthermore, of all
the genes present in the candidate interval, only TMEM76
showed a statistically significant reduction of the tran-
script level in the cells of two patients with MPS ITIC (AIV.8
and BIILS; adjusted P values < .001) in the custom oli-
gonucleotide-based microarray assay (fig. 4). Further, we
showed that both patients carried nonsense mutations
presumably causing mRNA decay (R534X and L349X; see
table 2).

Analysis of the TMEM76 Transcript by Northern Blot
and RT-PCR

Northern-blot analysis identified two major TMEM?76 tran-
scripts of 4.5 and 2.1 kb ubiquitously expressed in various
human tissues (fig. 5). The highest expression was detected
in leukocytes, heart, lung, placenta, and liver, whereas the
gene was expressed at a much lower level in the thymus,
colon, and brain, which is consistent with the expression
patterns of lysosomal proteins. Consistent with the north-
ern-blot results, a full-length 4.5-kb cDNA containing
1,992 bp of coding sequence and two polyadenylation
signals as well as two shorter transcripts were amplified
by RT-PCR from the total RNA of normal human skin
fibroblasts, white blood cells, and skeletal muscle. In one
transcript, exons 9 and 10 were spliced out, leading to an
in-frame deletion of 64 aa, which contains the predicted
transmembrane domains III and IV. Most likely, this tran-
script does not encode an active enzyme, since it was also
detected in the RNA of two patients with MPS IIIC (pa-
tients CIII.1 and CIII.2) who had almost complete loss of
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N-acetyltransferase activity. Another transcript lacked ex-
ons 3, 9, and 10.

The deduced amino acid sequence predicts 11 trans-
membrane domains and four potential N-glycosylation
sites (fig. 3), consistent with the molecular properties of
lysosomal N-acetyltransferase.?' The first 67 aa may com-
prise the signal peptide, with length and composition re-
sembling those of lysosomal proteins. According to the
predictions made by empirical computer algorithms,****
the C-terminus of the TMEM76 protein is exposed to the
cytoplasm and contains conserved Tyr-X-X-0 and Leu-Leu
sequence motifs involved in the interaction with the adap-
tor proteins responsible for the lysosomal targeting of
membrane proteins.*®

Mutation Analysis

We identified 27 TMEM76 mutations in the DNA of 30
MPS IlIC-affected families (table 1) that were not found
in DNA from 105 controls. Among the identified muta-
tions, there were 4 nonsense mutations, 14 missense mu-

tations, 3 predicted frameshift mutations due to deletions
or duplications, and 6 splice-site mutations. All the mis-
sense mutations occur at residues conserved among five
species with the most homologous TMEM76 sequences
(fig. 3), except for P265Q, which is not conserved in the
mouse, and W431C, which is not conserved in the rat.
There were three instances of two mutations on the same
allele that were found in patients who were homozygous,
and these are designated as complex mutations in table
1. cDNA sequencing of one of the patients homozygous
for the splice-site mutation in intron 2 and a missense
mutation (P265Q) demonstrated that the splice-site mu-
tation disrupts the consensus splice-site sequence between
exon 2 and intron 2 and causes exon 2 skipping and a
frameshift (not shown).

Consanguinity was reported in 4 of the 13 families in
which the patients were homozygous for TMEM76 mu-
tations: the two Moroccan families, the French family
with two missense mutations (W431C and A643T), and
the Turkish family with the splice-site mutation in intron

Table 1. Mutations in TMEM76 Identified in Patients from 30 Families
with MPS IIIC
Mutation Group Predicted Effect No. of Location
and Mutation® on Protein Alleles in TMEM76
Nonsense mutations:
c.1031G—A p.-W344X 2 Exon 10
€.1046T—G p.L349X 1 Exon 10
€.1234C-T p.R412X 8 Exon 12
€.1600C—>T p.R534X 1 Exon 15
Missense mutations:
€.311G6—-T p.C104F 1 Exon 2
c.932C-T p.P311L 3 Exon 9
c.1114C-T p.R372C 3 Exon 11
c.1115G—A p.R372H 1 Exon 11
c.1354G—A p.G452S 2 Exon 13
c.1495G—A p.E499K 3 Exon 14
€.1529T—A p-M510K 1 Exon 14
c.1706C—-T p.S569L 4 Exon 17
c.1769A-T p.D590V 1 Exon 17
c.1796C—-T p.P599L 1 Exon 17
Frameshift mutations:
€.1118_1133del p.I1373SfsX3 1 Exon 11
€.1420_1456dup p.V488GfsX22 1 Exon 13
.1834delG p.V612SfsX16 1 Exon 18
Splice-site mutations:
€.202+1G—A p.L69EfsX32° 1 Intron 1
c.577+1G—A p.P193HfsX20° 1 Intron 4
€.935+5G—A p.F313X 1 Intron 9
c.1334+1G—A p.G446X" 1 Intron 12
c.1810+1G—A p.S567NfsX14 2 Intron 17
Complex mutations:
c.[318+1G—A; 794C—A] p.[D68VfsX19; P265Q] 6 Intron 2; exon 7
c.[577+1G6—A; 1650A—C]  p.[P193HfsX20; K551Q] 2 Intron 4; exon 16
€.[1293G—T; 1927G—A] p-[W431C; A643T] 2 Exon 12; exon 18

* Mutation names were assigned according to the guidelines of the Human Genome Variation
Society and on the basis of the cDNA sequence from GenBank accession number NT_007995.14,
except that the first exon includes 84 nt 5’ of the stated ATG initiation codon. Thus, +1
corresponds to the A of the ATG at nt 13315945 (instead of nt 13316029).

® The mutations were named under the assumption that no exon skipping takes place; cDNA

sequencing was not done.
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17. The two Moroccan families were not known to be
related to each other or to the Spanish patient homozy-
gous for the same mutations (table 2). The parents of the
French patient are second cousins in two ways (see family
F1 in the work of Ausseil et al.'®).

The splice-site mutation in the above-mentioned Turk-
ish family disrupts the consensus splice-site sequence be-
tween exon 17 and intron 17 and causes exon 17 skipping
and a frameshift in all transcripts, as detected by sequenc-
ing of multiple RT-PCR clones (not shown). The two af-
fected siblings in this family (family F8 in the work of
Ausseil et al."®) had a severe form of MPS IIIC and showed
almost complete loss of N-acetyltransferase activity in cul-
tured skin fibroblasts. Among other severely affected pa-
tients with MPS IIIC, a patient of French origin was ho-
mozygous for a nonsense mutation (W344X) in exon 10,
which may result in the synthesis of a truncated protein
or RNA decay. A patient of Polish origin was a compound
heterozygote for a 37-bp duplication in exon 13 and a
missense mutation (S569L) in exon 17 (table 2). The du-
plication results in a frameshift, whereas the substitution
of a strictly conserved small polar Ser for a bulky hydro-
phobic Leu may have a significant structural impact (fig.
3).

The five patients from four Czech families are all com-
pound heterozygotes for eight different mutations (table
2). Five of the eight mutations are predicted to result in
truncated products (three nonsense mutations, one 16-bp

deletion, and one splice-site mutation leading to the in-
clusion of 89 bases from the 5 end of intron 9 and the
splicing out of exon 10 in the transcript, and the remain-
ing three are missense mutations affecting residues con-
served among multiple species and located either in the
predicted transmembrane regions (fig. 3) or in their close
vicinity, suggesting that they may have a serious structural
impact. In the Czech families, the mutations completely
segregated with reduced enzyme activity. That is, all in-
dividuals assigned to be heterozygotes on the basis of the
enzyme assay as well as the four individuals who were
within 2 SD of the lower end of the controls (symbols
with gray inner circle in fig. 1) were found to carry
TMEM?76 mutations.

Functional Expression Studies

The fibroblast cell line from a patient homozygous for a
splice-site mutation in intron 17 with negligible N-ace-
tyltransferase activity was transfected with plasmids con-
taining human TMEM76 cDNA or cDNA of the mouse
ortholog of TMEM76 carrying a FLAG tag on the C-ter-
minus or of a fusion protein of mouse TMEM76 with en-
hanced green fluorescent protein (EGFP). All constructs
increased the N-acetyltransferase activity in the mutant
fibroblast cells to approximately normal level (fig. 6A).
Significant increase in activity was also observed in trans-
fected COS-7 cells, confirming that the TMEM?76 protein

Table 2. TMEM76 Predicted Mutations in Probands from 30 Families with MPS IIIC

Patient Group and Mutation 1

Mutation 2 Patients

No. of Geographic Origin
of Patient(s)

Patients from Czech families:

p.I1373SfsX3 p.R534X 1 Czech Republic
p.L349X p-M510K 1 Czech Republic
p.F313X p.R412X 1 Czech Republic
p.R372H p.P599L 1 Czech Republic
Patients homozygous for TMEM76 mutations:
p.[D68VfsX19; P265Q] p.[D68VfsX19; P265Q] 3 Morocco, Morocco, and Spain
p.[P193HfsX20; K551Q] p.[P193HfsX20; K551Q] 1 France
p.P311L p.P311L 1 United Kingdom
p.W344X p.W344X 1 France
p.R372C p.R372C 1 United Kingdom
p.R412X p.R412X 2 Turkey and Poland
p.[W431C; A643T] p.[W431C; A643T] 1 France
p.G452S p.G452S 1 Canada
p-E499K p-E499K 1 Canada
p.S567NfsX14 p.S567NfsX14 1 Turkey
Patients compound heterozygous for TMEM76 mutations:
p.C104F 1 Belarus
p.E499K p.D590V 1 France
p.P193HfsX20 p.R412X 1 Canada
p.P311L p.R372C 1 France
p.R412X 1 Poland
p.R412X p.G446X 1 Poland
p.S569L 2 France and Portugal
p.S569L p.L69EfsX32 1 United States
p.V488GfsX22 p.S569L 1 Poland
p.V612SfsX16 1 Finland
Families with no mutations identified to date 2 North Africa and Portugal
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Figure 6. Functional expression of human and mouse TMEM76 protein. A, The full-size human and mouse TMEM76 coding sequences
subcloned into pCMV-Script, pCMV-Tag4A, and pEGFP-N3 vectors were expressed in COS-7 cells and in cultured skin fibroblasts from a
patient with MPS IIIC. The cells were harvested 48 h after transfection, and N-acetyltransferase activity was measured in the homogenates
of TMEM76-transfected and mock-transfected fibroblast or C0S-7 cells by use of the artificial fluorometric substrate 4-methylumbelliferyl-
3-b-glucosaminide.? Values represent means = SD of four independent experiments. B, The intracellular localization of TMEM76 was
studied by expressing the fusion protein of the mouse TMEM76 with EGFP. Before fixation, the cells were treated for 45 min with 50
nM lysosomal marker, LysoTracker Red DND-99 dye. Slides were analyzed on an LMS 510 Meta confocal microscope (Zeiss). Magnification
% 1000. The image was randomly selected from 30 studied panels, all of which showed a similar localization of TMEM76-EGFP. The
fluorescence of EGFP was not quenched as it would have been if the fluorophore had been exposed to the acidic lysosomal microen-
vironment, confirming that the C-terminus of TMEM76 faces the cytoplasmic side of the lysosomal membrane.

by itself has N-acetyltransferase activity. Confocal fluores-  zyme that transfers an acetyl group from cytoplasmically
cent microscopy shows that TMEM76-EGFP (fig. 6B) or  derived acetyl-CoA to terminal a-glucosamine residues of
TMEM-FLAG (not shown) peptides are targeted in human  heparan sulfate within the lysosomes, resulting in the ac-
fibroblasts to cytoplasmic organelles, colocalizing withthe  cumulation of heparan sulfate. Therefore, for identifica-
lysosomal-endosomal marker LysoTracker Red. tion of the molecular basis of this disorder, we used two
complementary approaches. First, we performed a partial
purification of human and mouse lysosomal N-acetyl-
transferase, which suggested that the enzyme has prop-
erties of an oligomeric transmembrane glycoprotein, with
an ~100-kDa polypeptide containing the enzyme active
site.’® Second, by linkage analysis, we narrowed the locus
for MPC IIIC to a 2.6 cM-interval (D851051-D8S1831)
and, third, compared the level of transcripts of the genes
present in the candidate region between normal control
cells and those from patients with MPS IIIC. Thus, an in-

Discussion

Degradation of heparan sulfate occurs within the lyso-
somes by the concerted action of a group of at least eight
enzymes: four sulfatases, three exo-glycosydases, and one
N-acetyltransferase, which work sequentially at the ter-
minus of heparan sulfate chains, producing free sulfate
and monosaccharides. The inherited deficiencies of four
enzymes involved in the degradation of heparan sulfate
cause four subtypes of MPS III: MPS IIIA (heparan N-sul- o ! )
fatase deficiency [MIM 252900]), MPS IIIB (a-N-acetylglu- tegrated bioinformatic search and gene-expression anal-
cosaminidase deficiency [MIM 252920]), MPS IIIC (acetyl- ~ YSIS both pinpointed a single gene, TMEM76, which en-
CoA:a-glucosaminide acetyltransferase deficiency), and ~ codes a 73-kDa protein with predicted multiple trans-
MPS IIID (N-acetylglucosamine 6-sulfatase deficiency membrane domains and glycosylation sites. DNA muta-
[MIM 252940]). Since the clinical phenotypes of all these ~ tion analysis showed that patients with MPS IIIC harbor
disorders are similar, precise diagnosis relies on the deter- ~TMEM76 mutations incompatible with the normal func-
mination of enzymatic activities in patients’ cultured skin ~ tion of the predicted protein, whereas expression of hu-
fibroblasts or leukocytes. The biochemical defect in MPS ~ man TMEM76 and the mouse ortholog proved that the
IIIC was identified 30 years ago as a deficiency of an en-  protein has N-acetyltransferase activity and lysosomal lo-
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calization, providing evidence that TMEM76 is the gene
that codes for the lysosomal N-acetyltransferase.

The TMEM76 protein does not show a structural simi-
larity to any known prokaryotic or eukaryotic N-acetyl-
transferases or to other lysosomal proteins, on the basis
of sequence homology searches. Thus, we think that it
belongs to a new structural class of proteins capable of
transporting the activated acetyl residues across the cell
membrane. Moreover, TMEM76 shares homology with a
conserved family of bacterial proteins COG4299 (unchar-
acterized protein conserved in bacteria) (Entrez Gene
GenelD 138050). All 146 members of this family are pre-
dicted proteins from diverse bacterial species, including
Proteobacteria, Cyanobacteria, and Deinococci. Since
many of these bacteria are capable of synthesizing heparan
sulfate and other structurally related glycosaminoglycans
and perform reactions of transmembrane acetylation, it is
tempting to speculate that this activity may also be per-
formed by the proteins of the COG4299 family. Previous
studies suggested two contradictory mechanisms of trans-
membrane acetylation. Bame and Rome****” proposed
that it is performed via a ping-pong mechanism. First, the
acetyl group of acetyl-CoA is transferred to an His residue
in the active site of the enzyme. This induces a confor-
mational change that results in the translocation of the
protein domain containing the acetylated residue to the
lysosome, where the acetyl residue is transferred to the
glucosamine residue of heparan sulfate. In contrast, Mei-
kle et al.*® were unable to demonstrate any specific acet-
ylation of the lysosomal membranes and proposed an al-
ternative mechanism that involved the formation of a
tertiary complex of the enzyme, acetyl-CoA, and heparan
sufate. Identification of N-acetyltransferase as a 73-kDa
protein with multiple transmembrane domains, together
with our previous data that showed that N-acetyltrans-
ferase is acetylated by [**Clacetyl-CoA in the absence of
glucosamine,® strongly supports the ping-pong mecha-
nism of transmembrane acetylation.

For 23 of the 30 probands included in this study for
mutation analysis, TMEM76 mutations were identified in
both alleles. Five probands were heterozygous for a mis-
sense mutation, with a second mutation yet to be iden-
tified. In two probands from North Africa and Portugal,

we did not identify any mutations in the coding regions
or immediate flanking regions. These patients are ho-
mozygous for the microsatellite markers throughout the
entire MPS IIIC locus and may be homozygous for a yet-
to-be-identified TMEM76 mutation; however, we cannot
formally exclude defects in other genes. Additional studies
have been initiated to search for mutations in the introns
and promoter regions. The patients with MPS IIIC with
the identified frameshift and nonsense mutations all have
a clinically severe early-onset form. The almost complete
deficiency of N-acetyltransferase activity in cultured skin
fibroblasts from these patients is consistent with the pre-
dicted protein truncations and/or nonsense-mediated
mRNA decay. Further expression studies are necessary to
confirm the impact of the identified substitutions of the
conserved amino acids on enzyme activity. Nevertheless,
the identification of the lysosomal N-acetyltransferase
gene which, when mutated, accounts for the molecular
defect in patients with MPS IIIC sets the stage for DNA-
based diagnosis and genotype-phenotype correlation
studies and marks the end of the gene-discovery phase for
lysosomal genetic enzymopathies.
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Appendix A

Table A1. Exon-Flanking Primers Used for PCR
Amplification and Sequencing of the Exons in the
Human TMEM76 Gene

Primer

Sequence
(5-3)

TMEM76_Exon1_F
TMEM76_Exon1_R
TMEM76_Exon2_F
TMEM76_Exon2_R
TMEM76_Exon3_F
TMEM76_Exon3_R
TMEM76_Exon4_F
TMEM76_Exon4_R
TMEM76_Exon5_F
TMEM76_Exon5_R
TMEM76_Exon6_F
TMEM76_Exon6_R
TMEM76_Exon7_F
TMEM76_Exon7_R
TMEM76_Exon8_F
TMEM76_Exon8_R
TMEM76_Exon9_F
TMEM76_Exon9_R
TMEM76_Exon10_F
TMEM76_Exon10_R
TMEM76_Exon11_F
TMEM76_Exon11_R
TMEM76_Exon12_F
TMEM76_Exon12_R
TMEM76_Exon13_F
TMEM76_Exon13_R
TMEM76_Exon14_F
TMEM76_Exon14_R
TMEM76_Exon15_F
TMEM76_Exon15_R
TMEM76_Exon16_F
TMEM76_Exon16_R
TMEM76_Exon17_F
TMEM76_Exon17_R
TMEM76_Exon18_F
TMEM76_Exon18_R

CTCCCGAAGACAAACACTCC
GCGAAGTCGCAGCAACAGC
AAGCTTTTGAGAAGCACTACTGG
GAAGGGCTTTAGACATGAGAGC
GGAAAAGTCATGTCAGGATCTCC
GAATAATACATGTTCCTGGGTACG
TTATTCTGCCTCCATGATATTAGC
CTACAGAAAGCGTCATGGACTGC
GGAAATTCAGCATGAGAATATAGG
GCCACTTGAGGGTGACAGC
GAATATGAGCTTTAATTTTATTTCC
TTAGGAATACGGGAGCTACAACC
CAAAATGAAATTTACCCCTTAGC
ACATCCAAGAAATCCTTCCTAGC
CCTTCCTTTTCACATAGCAAACC
GCTCTGTGAAGGACGTATATAAGC
CCCCTGGGTTTACTTTCTATACC
CCAGCATCATCTGAAAAACAGG
GGGGCTATATTCTGAACTCTTCC
ACCTGAGATGGAGGAATTGC
CTGGGATGAGAGGAGAAGTCC
ACTTGAAGCCAGGAGTGAGG
CCTTCTATTTGCATTTAGTTCACC
GAGAATTCCTCTGACTCGAGACC
TTTTATTCTTGTCCCTCTGTTCG
CACTTCTGAAAGCCTGAGTTCC
TTGGTCTAGGAGCTGTTTGTACG
CCATAGCACAAGAGAGAATATGC

TCTTTGTCAGGTAGTTAAGACAGTGG

GTGAAGGAAAGGAATTTTAGC
ACAAGTTTCAGCCCTCTCTACG
GTGGAGGAGACGTTTCAGTGC
ATGCTGAAATTGGATTTGTTCC
ACCAAGGATGCTCCAGAGG
AGTAGCCAACAATGGAAGTGC
GAGCCGTGTCACAGTTAACC

NoTe.—For bidirectional sequencing on the ALFexpress
DNA sequencer, all primers have the universal overhang syn-
thesized on the 5" end (AATACGACTCACTATAG for forward [F]
primers and CAGGAAACAGCTATGAC for reverse [R] primers).

Web Resources

Accession numbers and URLs for data presented herein are as
follows:

BLAST, http://www.ncbi.nlm.nih.gov/blast/ (used to identify or-
tholog protein sequences)

Entrez Gene, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db =
gene (for GeneID 138050)

GenBank, http://www.ncbi.nih.gov/Genbank/ (for accession
numbers AK152926.1, AK149883.1, DR000652.1, XM_372038.4,
NT_007995.14, XP_539948.2, XP_588978.2, XP_341451.2, and
XP_519741.1)

Human Genome Variation Society, http://www.hgvs.org/

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi
.nlm.nih.gov/Omim/ (for MPS IIIA, IIIB, IIIC, and IID)

The R Project for Statistical Computing, http://www.r-project.org/
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ARTICLE

Mutations in DNAJC5, Encoding Cysteine-String
Protein Alpha, Cause Autosomal-Dominant
Adult-Onset Neuronal Ceroid Lipofuscinosis

Lenka Noskova,1.29 Viktor Stranecky,2° Hana Hartmannova,2 Anna Pfistoupilova,1.2
Veronika Baresova,l.2 Robert Ivanek,1.2 Helena Hulkova,! Helena Jahnova,! Julie van der Zee,34
John F. Staropoli,> Katherine B. Sims,> Jaana Tyyneld,¢ Christine Van Broeckhoven,34

Peter C.G. Nijssen,” Sara E. Mole,3 Milan Elleder,!.2 and Stanislav Kmoch?!.2.*

Autosomal-dominant adult-onset neuronal ceroid lipofuscinosis (ANCL) is characterized by accumulation of autofluorescent storage
material in neural tissues and neurodegeneration and has an age of onset in the third decade of life or later. The genetic and molecular
basis of the disease has remained unknown for many years. We carried out linkage mapping, gene-expression analysis, exome
sequencing, and candidate-gene sequencing in affected individuals from 20 families and/or individuals with simplex cases; we identi-
fied in five individuals one of two disease-causing mutations, c.346_348delCTC and c.344T>G, in DNAJCS5 encoding cysteine-string
protein alpha (CSPa). These mutations—causing a deletion, p.Leull6del, and an amino acid exchange, p.Leul15Arg, respectively—
are located within the cysteine-string domain of the protein and affect both palmitoylation-dependent sorting and the amount of
CSPa in neuronal cells. The resulting depletion of functional CSPa might cause in parallel the presynaptic dysfunction and the progres-
sive neurodegeneration observed in affected individuals and lysosomal accumulation of misfolded and proteolysis-resistant proteins in
the form of characteristic ceroid deposits in neurons. Our work represents an important step in the genetic dissection of a genetically
heterogeneous group of ANCLs. It also confirms a neuroprotective role for CSPa in humans and demonstrates the need for detailed
investigation of CSPa in the neuronal ceroid lipofuscinoses and other neurodegenerative diseases presenting with neuronal protein
aggregation.

American family with English ancestry (UCL563 in this
study),S another family from Alabama, USA (UCL562),%7
and a third family from the Netherlands (N1)® were pre-
sented. Common characteristics of affected individuals

Introduction

The neuronal ceroid lipofuscinoses (NCLs) are a heteroge-
neous group of inherited neurodegenerative disorders

with an incidence of between 1 and 30 per 100,000. Com-
mon findings in the NCLs are an accumulation of auto-
fluorescent storage material in neural and peripheral
tissues and neurodegeneration. Although mutations in
eight genes—CLN1 (PPT1 [MIM 256730]), CLN2 (TPP1
[MIM 204500]), CLN3 (MIM 204200), CLN5 (MIM
256731), CLN6 (MIM 601780), CLN7 (MFSD8 [MIM
610951]), CLN8 (MIM 600143), and CLN10 (CTSD [MIM
610127])—have been identified in autosomal-recessive
childhood and juvenile NCLs' and recently also in auto-
somal-recessive adult-onset NCL (Kufs disease [MIM
204300])?, the genetic and molecular basis of adult-onset
NCL with dominant inheritance (Parry type [MIM
162350]) remains unknown.

Autosomal-dominant adult-onset neuronal ceroid lipo-
fuscinosis (ANCL) was first described in a family of British
descent from New Jersey, USA (Parry disease),® and in
a second family reported in Spain.* More recently, a large

included generalized seizures, movement disorders, cogni-
tive deterioration, and progressive dementia; the age of
onset varied between 25 and 46 years.

In this work we describe a Czech family (P1) with auto-
somal-dominant ANCL in whom, by using a combination
of linkage mapping, gene-expression analysis, and exome
sequencing, we identified a unique heterozygous muta-
tion in DNAJC5 encoding cysteine-string protein alpha
(CSPa. [MIM 611203]; information on CSPa. is accessible
in the National Center for Biotechnology Information
[NCBI] Gene Entrez database under GenelD 54968). The
same or a second heterozygous DNAJCS5 mutation was
found in four additional unrelated ANCL families that,
together with altered palmitoylation-dependent sorting
of mutant proteins in a cellular model and a reduced
amount of CSP« in neuronal cells of affected individuals,
confirmed the causality of CSPa mutations in autosomal-
dominant ANCL.
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Material and Methods

Subjects

The Czech family (P1) was ascertained at the Institute of Inherited
Metabolic Disorders in Prague. Some families were described
earlier—an American family from USA with English ancestry
UCL563,° a family from Alabama, USA (UCL562),%” and one
from the Netherlands (N1)%. Previously unpublished data from
families from the USA, France, the Netherlands, Belgium, Poland,
Austria, Italy, and Germany were collected under the auspices of
the Rare NCL Gene Consortium by Sara Mole. Enzyme assay or
analysis of known genes in which mutations lead to NCL had
excluded these mutations as the cause in some but not all subjects.
Diagnosis of ANCL disease is very challenging, partly because of its
rarity but also because for some cases it can only be verified by
finding the characteristic pathology in the brain, and not all
affected individuals undergo this procedure. The cases included
here were diagnosed by clinicians in different countries over two
decades. Because full documentation was not always accessible,
some medical histories could not be reviewed. However, we chose
to test as many likely cases as possible and to fully report negative
findings. Investigations were approved by participating centers’
institutional review boards and were conducted according to the
Declaration of Helsinki principles. Written, informed consent
was obtained from all subjects.

Genotyping and Linkage Analysis

Genomic DNA was isolated by standard technology. We geno-
typed DNA samples by using Affymetrix GeneChip Mapping
10K 2.0 arrays (Affymetrix, Santa Clara, CA) according to the
manufacturer’s protocol at the microarray core facility of the Insti-
tute of Molecular Genetics in Prague. We extracted raw feature
intensities from the Affymetrix GeneChip Scanner 3000 7G
images by using the GeneChip operating Software (GCOS) 1.4
and generated individual SNP calls by using Affymetrix Genotyp-
ing Analysis Software (GTYPE) 4.1.

We carried out multipoint parametric linkage analysis along
with a determination of the most likely haplotypes by using
affected-only analysis under the assumption of an autosomal-
dominant mode of inheritance with a 0.99 constant, age-indepen-
dent penetrance, 0.01 phenocopy rate, and 0.001 frequency of
disease allele; the analysis was performed with version 1.1.2 of
Merlin software.” The results were visualized in the version
1.032 of the HaploPainter software'® and in version 2.9.2 of
R-project statistical software.

Gene-Expression Analysis

We isolated leucocytes from freshly drawn blood by using a stan-
dard erythrocyte lysis protocol and isolated total RNA from freshly
isolated cells by using TRIZOL solution (Invitrogen, Carlsbad, CA).
RNA concentration was determined spectrophotometrically at
A260 nm by NanoDrop (NanoDrop Technologies), and quality
was checked on an Agilent 2100 Bioanalyser (Agilent Technolo-
gies). Aliquots of isolated RNA were stored at -80°C until analysis.
Expression analysis was performed on the Illumina HumanRef-
8_V2 BeadChip at the microarray core facility of the Institute of
Molecular Genetics in Prague. Hybridized slides were scanned on
an Illumina BeadArray Reader, and bead level data were summa-
rized by Illumina BeadStudio Software v3. Bead summary data
were imported into R-project statistical software v.2.9.2 and
normalized with the quantile method in the Lumi package. Differ-

ential gene-expression analysis was performed with the Limma
package and the ImFit function. A multiple testing correction
was performed with the Benjamini and Hochberg method. Data-
base for Annotation, Visualization and Integrated Discovery
version 6.7 (DAVID) was used for functional annotation. Details
on the experiment and raw expression data are available at the
Gene Expression Omnibus (GEO) repository under accession
GSE30369.

Copy-Number Analysis

DNA samples from seven individuals of family P1 (IL.2, IV.1, IV.2,
IV.3, IV.4, 1V.7, and IV.8) were genotyped with Affymetrix Gene-
Chip Mapping 6.0 array (Affymetrix, Santa Clara, CA) at the mi-
croarray core facility of the Institute of Molecular Genetics in
Prague according to the manufacturer’s protocol. Raw feature
intensities were extracted from the Affymetrix GeneChip Scanner
3000 7G images with the GeneChip Control Console Software
2.01. We generated individual SNP calls by using Affymetrix Gen-
otyping Console Software 3.02. Copy-number changes were iden-
tified in Affymetrix Genotyping Console Software (GTC version
3.02). We used data from both SNP and copy-number probes to
identify copy-number aberrations relative to a built-in reference.
Only regions larger than 10 Kb and containing at least five probes
were reported.

Exome Sequencing

We performed DNA enrichment by using 3 pug of DNA from indi-
vidual IV.7 and the SureSelect All Exome kit (Agilent, Santa Clara,
USA) according to the manufacturer’s protocol. DNA sequencing
was performed on the captured DNA library with one-quarter of
a SOLID 4 slide (Applied Biosystems, Carlsbad, USA) at CeGaT
(Tubingen, Germany). We aligned reads in color space to the refer-
ence genome (hg19) by using NovoalignCS version 1.01 (Novo-
craft, Malaysia) with the default parameters. Sequence variants
in the analyzed sample were identified with the SAMtools package
(version 0.1.8).!! The high-confidence variants list (SNP quality >
100 and indel quality > 50) was annotated with the SeattleSeq
Annotation server (hgl9). Sequence variants that were not anno-
tated in the dbSNP or 1000 Genomes databases were prioritized
for further analysis.

DNA Sequencing and Mutation Analysis

All exons and corresponding exon-intron boundaries of DNAJC5
(NM_025219.2), encoding CSPa, were amplified by PCR from
genomic DNA of the probands and sequenced with version 3.1
Dye Terminator cycle sequencing kit (Applied Biosystems, Foster
City, CA) with electrophoresis on an ABI 3500XL Avant Genetic
Analyzer (Applied Biosystems). Data were analyzed with Sequenc-
ing Analysis software. Segregation of the candidate mutations
was assessed by PCR and direct sequencing of the corresponding
genomic DNA fragments. Primer sequences are available in Table
S1, available online.

Homozygosity-Haplotype Analysis

DNAJCS5 genomic fragments containing multiple SNPs with high-
heterozygosity values were amplified by PCR from genomic DNA
of probands and sequenced as described above. Genotypes for
individual SNPs were obtained, and homozygous haplotypes
were defined as described recently.'> We compared the resulting
homozygous haplotypes across individuals to determine whether
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the chromosomal segments around the same identified mutations
could be identical by descent.

Bioinformatic Analysis of the Cysteine-String Domain
Hydrophobicity of the wild-type and mutant cysteine-string
domains were analyzed with a Kyte-Doolittle algorithm available
at Expasy server. Potential effects of detected mutations on CSPa
palmitoylation were assessed with the prediction program CSS-
Palm 2.0. Obtained hydrophobicity values and palmitoylation
score values were exported for each of the sequences and plotted
with an Excel function. We assessed possible impacts of the
p-Leul15Arg substitution on the structure and function of CSPa
by using SIFT and PolyPhen-2 servers.

CSPa-Expression Vectors

DNAJC5/CSPa. cDNA were amplified by RT-PCR from a control and
an affected individuals’ leucocytes with primers incorporating
a BspEl site at the 5’ end of PCR products. Resulting PCR products
were first cloned into pCR4 TOPO vector (Invitrogen) and, after
sequencing verification, these were further subcloned in frame
into a pEGFP-C1 vector with BspEl and Apal restriction sites.
The initiating methionine codon was removed from DNAJC5/
CSPo in all enhanced green fluorescent protein (EGFP)-CSPa
constructs.

Transient Expression of EGFP-CSPa

PEGFP-CSPa constructs were transfected into CAD-2A2DS5 (CADS)
cells derived from Cath.a-differentiated (CAD) cells (provided by
Sukhvir Mahal, The Scripps Research Institute, Jupiter, FL, USA).
One day before transfection, 8 x 10* cells/cm? were seeded with
OptiMEM medium (OptiMEM; Invitrogen) containing 9% BGS
(HyClone, Logan, UT), 90 units penicillin/ml, and 90 g of
streptomycin/ml. Cells were transfected by either 0.8 ng or
4.5 pg of plasmid constructs with Lipofectamine 2000 (Invitrogen)
in serum and antibiotics free OptiMEM medium according to the
manufacturer’s protocol. Transfection experiments were per-
formed in more than five replicates.

Immunofluorescence Analysis

Cells were fixed 24 hr after transfection with 4% paraformalde-
hyde, permeabilized in 0.1% TRITON, washed, blocked with 5%
bovine serum albumin (BSA), and incubated for 1 hr at 37°C
with anti-protein disulfide isomerase (PDI) mouse monoclonal
IgG1 (Stressgen, San Diego, CA) for endoplasmic reticulum (ER)
localization, anti-GS28 mouse IgG1 (Stressgen, San Diego, CA)
for Golgi localization, and anti-GFP rabbit polyclonal IgG (Abcam)
for EGFP-CSPa detection. For fluorescence detection, correspond-
ing species-specific secondary antibodies Alexa Fluor 488 and
Alexa Fluor 555 (Molecular Probes, Invitrogen, Paisley, UK) were
used. Nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI). Prepared slides were mounted in fluorescence mounting
medium Immu-Mount (Shandon Lipshaw, Pittsburgh, PA) and
analyzed by confocal microscopy.

Image Acquisition and Analysis

XYZ images sampled according to Nyquist criterion were acquired
with a TE2000E Cl1si laser scanning confocal microscope, a Nikon
PlanApo objective (40x, N.A.1.30), 488 nm and 543 nm laser
lines, and 515 = 15 nm and 590 + 15 nm band-pass filters. Images
were deconvolved with the classic maximum likelihood restora-
tion algorithm in Huygens Professional software (SVI, Hilversum,

The Netherlands)."® Colocalization maps employing single pixel
overlap coefficient values ranging from 0-1'* were created with
Huygens Professional software. The resulting overlap coefficient
values are presented as pseudocolor (the scale is shown in the
corresponding lookup tables).

Immunoblot Analysis

Transfected CAD5 Cells

Cells were harvested in PBS; centrifuged at 500 g for 7 min; and
resuspended in 10 mM Tris, 10 mM KCl, 2 mM EDTA, 4% glycerol,
1 mM DTT, and Complete Protease Inhibitor Cocktail (Roche);
homogenized by sonication followed by centrifugation at 20,000 g
for 15 min at 4°C; and assessed for protein content in the superna-
tant with the Bradford assay.

Brain Homogenates

Frozen autopsy materials were homogenized under liquid ni-
trogen; dissolved in 10 mM Tris, 10 mM KCl, 2 mM EDTA, 4% glyc-
erol, 1 mM DTT, and Complete Protease Inhibitor Cocktail
(Roche); centrifuged at 20,000 g for 15 min at 4°C; and assessed
for protein content in the supernatant with the Bradford assay.
Homogenate aliquots corresponding to 30 pg of total protein in
brain homogenates or 20 pg of total protein in CADS cells were
resolved on 12% SDS-PAGE under nonreducing or reducing condi-
tions and transferred to the polyvinylidene fluoride (PVDF) mem-
brane. Membranes were blocked by 5% BSA and 0.05% Tween 20
in PBS. CSPa or CSPa-EGFP protein was visualized by incubation
with rabbit CSP antibody (Stressgen) at 1: 500 in 5% BSA and
0.05% Tween 20 in PBS for 90 min or rabbit GFP antibody (Abcam)
at 1:5000 in 5% BSA and 0.05% Tween 20 in PBS for 90 min,
followed by incubation with goat anti-rabbit HRP (Pierce) at
1:10000 in 0.05% Tween 20 in PBS for 60 min and detection by
SuperSignal West Femto Maximum Sensitivity Substrate (Pierce).
For depalmitoylation studies, samples were depalmitoylated prior
to SDS-PAGE by treatment with neutral 1 M hydroxylamine or 1 M
Tris as a control for 20 hr at room temperature.

Immunohistochemical and Histochemical Studies
Formaldehyde-fixed brain samples were analyzed. Immunodetec-
tion of CSPa on paraffin sections was performed with rabbit CSP
antibody (Stressgen; diluted 1:750 in 5% BSA) in PBS. Synaptic
regions were detected with monoclonal mouse IgG1 synaptobre-
vin antibody (Sigma, Saint Louis, USA; diluted 1:8000 in 5%
BSA) in PBS, which was applied after heat-induced epitope
retrieval at pH 6.0. Detection of the bound primary antibody
was achieved with Dako EnVision + TM Peroxidase Rabbit kit
(Dako, Glostrup, Denmark) with 3,3’-diaminobenzidine as sub-
strate. The specificity of the antigen detection was always ascer-
tained by omitting of the primary antibody-binding step.

Stored ceroid material was best detected because of its promi-
nent autofluorescence via filter block with an excitation wave-
length of 400-440 nm (fluorescence microscope Nikon E800, filter
block BV-2A).

Results

Clinical Observations and Biochemical Findings

The diagnosis of ANCL in family P1 (Figure 1A) was based
on clinical presentation and examination of proband III.6,
who presented at age 30 with myoclonic epilepsy, gen-
eralized tonic-clonic seizures, and progressive cognitive
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Figure 1. Pedigree and Neuropathology Findings in Family P1

(A) Pedigree of the Czech family. Black symbols denote affected individuals; open symbols denote unaffected individuals. Age of onset is

shown above current age or age of death (indicated by t).

(B) Epifluorescence. Hippocampal pyramidal neurons with prominent lysosomal storage of autofluorescent material representing the
general neurolysosomal storage pattern in the brain cortex. The autofluorescence was demonstrated with the filter block with an

excitation wavelength of 400-440 nm.

(C) Electron micrograph. GROD-type ultrastructure of the storage lysosomes.

deterioration with depression; these symptoms were
followed by progressive motor neurological symptoms
leading to death at age 37 years. There was normal activity
of palmitoyl-protein-thioesterase 1 (PPT1) in leucocytes.
Neuropathological examination of postmortem brain tis-
sue showed characteristic neurolysosomal storage of auto-
fluorescent material with ultrastructural appearance
corresponding to granular osmiophilic deposits (GRODs)
(Figures 1B and 1C). A skin biopsy was free of lysosomal
storage at the ultrastructural level. An affected status in
other family members was assigned if a very similar clinical
course starting with myoclonic and/or generalized tonic-
clonic seizures followed after 1-2 years by progressive
cognitive deterioration and depressive symptomatology.
All affected individuals showed generalized epileptic dis-
charges in electroencephalograms and manifested brain-
stem and central pyramidal neurological symptomatology
in the later period of disease. Other ANCL families ana-
lyzed in this study are described in Table 1. Previously
unpublished families and cases with mutation in CSPa
are described in more detail below.

The proband of family UCL328 was a male of European
descent and in good health until his first generalized tonic-
clonic seizure at age 34. This was followed by evidence of
progressive confusion and dementia as well as more fre-
quent, medically refractory generalized seizures. Long-
term electroencephalography showed generalized periodic
epileptiform discharges superimposed on a background of
diffuse low-amplitude, high-frequency activity consistent
with a dementing process. A brain MRI at age 38 showed
prominence of cortical sulci and cerebellar folds and mild
enlargement of the lateral ventricles consistent with
diffuse cerebral and cerebellar atrophy. Concurrent neuro-
psychiatric testing showed a verbal IQ of 77, a performance
IQ of 71, and a full-scale IQ of 73. Regression of gross and
fine motor skills began at age 40, and there was ensuing

evidence of ataxia and myoclonus. By age 45, the proband
was wheelchair-bound and required nursing-home care.
Visual function was normal. A frontal lobe brain biopsy re-
vealed numerous neurons containing homogeneous eosin-
ophilic material with a golden-brown hue. The pigmented
material stained intensely by the periodic acid-Schiff reac-
tion and was found to be autofluorescent. Ultrastructural
examination showed multiple neurons distended by gran-
ular osmiophilic deposits. There was no family history of
seizures, early-onset dementia, or other neurologic abnor-
mality.

The proband of family UCLS519 is one of at least five
similarly affected individuals over three generations with
apparent autosomal-dominant inheritance. He showed
obsessive behavior starting in his mid-20s, and the first
seizure occurred when he was in his early 30s. His speech
regressed, his short-term memory became impaired, and
he had difficulty in walking without an aid. No further
details are available.

Identification of CSPa Mutation in Family P1
by a Combination of Linkage Analysis,
Copy-Number Analysis, Gene-Expression
Analysis, and Exome Sequencing
To map the disease locus, we used Affymetrix GeneChip
Mapping 10K v2.0 arrays, genotyped all available and
informative family members, and performed linkage anal-
ysis. We identified five candidate regions with positive
LOD scores on chromosomes 1, 4, 15, 20, and 22 (Fig-
ure 2A). In parallel, we used Affymetrix GeneChip Map-
ping 6.0 array, genotyped seven individuals, and assessed
copy-number changes; we found no indication for a poten-
tially disease-causing deletion or duplication.

To identify a mutation that affected the amount of tran-
script, we compared gene-expression profiles in leucocytes
isolated from four affected individuals to those from four
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Table 1.

ANCL Families Analyzed in This Study

Family No. Mutation in CSPa Country Diagnosis References

P1 p-Leullé6del Czech Republic ANCL, autosomal dominant

N1 p-Leull5Arg The Netherlands ANCL, autosomal dominant 831,32

UCLS563 p-Leull5Arg USA ANCL, autosomal dominant s

UCL328 p.Leul15Arg USA, French-Canadian Kufs

UCLS519 p-Leull6del USA Kufs, autosomal dominant

UCL417 - France Kufs, autosomal dominant

UCL562 - USA Kufs, autosomal dominant 67

UCLS572 - USA/Italy Kufs, autosomal dominant?

UCL327 - USA Kufs, with ALS in extended family

UCL385 - Belgium Kufs Type A or atypical juvenile NCL, autosomal recessive

UCL403 - France Kufs Type B, autosomal recessive

UCL450 - Poland variant juvenile or ANCL, autosomal recessive 33
(heterozygous change in CLCNG6 already known)

UCL472 - Germany variant juvenile or ANCL 34

UCL482 - The Netherlands ANCL

UCL508 - USA Kufs

UCL520 - USA Kufs

UCL522 - USA Kufs

UCL545 - Netherlands Kufs

UCL568 - Austria Kufs

UCL571 - Netherlands Kufs

Diagnosis is provided as reported by referring clinician. In all cases there was no visual failure, and no distinction was made according the mode of inheritance, if

apparent.

age-matched controls by using Illumina HumanRef-8v2
Expression BeadChips. This analysis identified a set of
2131 differentially expressed genes, of which 65 were local-
ized within candidate regions identified by linkage analysis
(Figure 2B and Table S2). At the same time, we analyzed
gene-expression changes by using gene-enrichment anal-
ysis and found that the identified profiles indicated sig-
nificant dysregulation of spliceosome, upregulation of
many components of respiratory chain complexes, altered
expression of genes active in pathways involved in neuro-
degenerative diseases, and accelerated proteolysis (Table 2
and Figures S1-S7).

To directly identify possible disease-causing mutation(s)
among the candidate genes defined by this combination
of linkage analysis and gene-expression profiling, we per-
formed exome sequencing in individual IV.7. From the
sequencing run we obtained 94.7 M sequencing reads, of
which we were able to map 50.2 M on the human genome
reference sequence. After removing PCR generated dupli-
cate reads (23.6 M), we obtained 26.6 M unique reads,
of which 19.5 M (73.3%) mapped on a targeted exome
sequence and were 92% covered at least once. When
the sequence of the proband was compared to the refer-
ence sequence, 22,617 single nucleotide variants (SNP

quality > 100) and 2604 indels (indel quality > 50) were re-
vealed in the proband, of which 957 (617 SNPs and 340 in-
dels) were novel (e.g., were not present in the dbSNP and
1000 Genomes databases).

We intersected the results of exome sequencing with the
mapping information and the gene-expression changes,
and this analysis illuminated a single gene, DNAJCS,
encoding the protein CSPa, located in the candidate region
on chromosomal region 20q13.33, (DNAJC5 hgl9 coor-
dinates chr20:62526518-62565394) and showing a sig-
nificant increase in transcript levels in affected individuals’
leucocytes (Figure 2B), and had a unique heterozy-
gous mutation ¢.346_348delCTC (p.Leull6del) compat-
ible with autosomal-dominant inheritance of the disease
(Table 3).

CSPa Mutations Segregate with ANCL in Additional
Families

Through sequence analysis of DNAJCS genomic DNA, we
found consistent segregation of the c¢.346_348delCTC
mutation with the ANCL phenotype within the Czech
family P1 (Figure 2C). Moreover, among 20 additional
ANCL families and/or simplex cases tested (Table 1), we
identified the same mutation in a previously unreported
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Figure 2. ldentification of DNAJC5 Mutations

(A) Awhole-genome parametric linkage analysis showing candidate regions reaching the theoretical maximum LOD scores of 2.1 attain-
able in this family on chromosomes 1 (1: 233,697,529-249,250,621), 4 (4: 23,561,661-28,920,119), 15 (15: 39,049,915-61,382,423;
65,139,935-67,296,086; 71,515,415-78,819,152), 20 (20:53,448,624-63,025,520), and 22 (22: 1-21,982,248). All coordinates refer
to hg19.

(B) Gene-expression changes in leucocytes from four affected individuals compared to those of four controls. The logarithm of the
probability that the gene is differentially expressed (log odds) is plotted as a function of the logarithm of the gene-expression fold
change (log fold change) between the patient and control samples. Differentially expressed genes located in the candidate regions
are shown as red dots, and DNAJCS is specifically indicated. The list of differentially expressed genes located within the linked
regions is, together with log fold changes and corresponding t test values, p-values and adjusted p-values, provided in Supplemental
Data.

(C) Chromatograms of DNAJCS5 genomic DNA sequences showing identified heterozygous mutations. (Upper panel) Sequence of an
unaffected individual, (middle panel) sequence showing heterozygous mutation c.346_348delCTC in the proband from family P1,
and (lower panel) sequence showing heterozygous mutation ¢.344T>G in the proband from family N1.

American family, UCL519, and a second heterozygous vZ2.0 arrays and are shown in Figures S8 and S9. For simplex
mutation (c.344T>G [p.Leull5Arg]) (Figure 1D) segre- cases, phased haplotypes could not be obtained. To reveal
gating with the phenotype in the Dutch family N1® and whether probands carrying the same mutation might be
the American family UCL563° and present in a previously ~ distantly related and share a mutation-carrying chromo-
unreported simplex case UCL328. Mutations were found somal segment from a common ancestor, we examined
in all 14 affected individuals (five Czech, six Dutch, and homozygosity haplotypes across the DNAJCS5 genomic
one in each of the other pedigrees) across these five region (Table S3). The ¢.346_348delCTC (p.Leullédel)
families and were absent in all seven unaffected siblings mutations in families P1 and UCL519 are present on two
(two Czech, six Dutch, and one from American family distinct haplotypes, indicating that these families are prob-
UCLS563) from whom DNA was available for testing. In  ably not related and that the mutations appeared indepen-
addition to this, the identified mutations were absent in  dently. The mutations ¢.344T>G (p.Leul15Arg) are also
200 control samples of European descent and were not present on two distinct haplotypes, one in UCL328 and
present in the dbSNP or 1000 Genomes databases. one shared by family N1 and UCLS563. This mutation

Haplotypes segregating with ANCL phenotype in Czech therefore probably also appeared independently in two
family P1 and Dutch family N1 were obtained from geno- different lineages, but it is possible that families N1 and
types generated with Affymetrix GeneChip Mapping 10K UCLS563 are identical by descent.
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Table 2.

Functional Annotation of Gene-Expression Changes and KEGG Pathways Defined by Gene-Enrichment Analysis

Term Count % p Value Population Hits Population Total Fold Enrichment FDR
hsa03040: spliceosome 41 248 23 x7' 126 5085 2.92 2.9 x~7
hsa05016: Huntington disease 46 278 7.7 x78 180 5085 2.29 9.5 x°°
hsa05010: Alzheimer disease 43 2.60 85x7® 163 5085 2.37 1.1 x7*
hsa05012: Parkinson disease 35 211 70x77 128 5085 2.45 8.7 x~*
hsa00190: oxidative phosphorylation 35 211 1.0x°° 130 5085 2.41 1.3 x73
hsa00520: amino sugar and nucleotide sugar 13 079 24 x3% 44 5085 2.65 2.9 x°
metabolism

hsa03050: proteasome 12 073 12x7? 47 5085 2.29 1.4 x!
hsa04120: ubiquitin mediated proteolysis 25 1.51 1.5x72 137 5085 1.64 1.7 x!
hsa04662: B cell receptor signaling pathway 16 097 1.7 x72 75 5085 1.91 1.9 x!
hsa04621: NOD-like receptor signaling 14 085 1.7 x72 62 5085 2.03 1.9 x!
pathway

hsa00052: galactose metabolism 8 0.48 2.0 x7? 26 5085 2.76 2.2 x!
hsa03010: ribosome 17 1.03 29x2% 87 5085 1.75 3.0 x!

Identified Mutations Affect Palmitoylation-
Dependent Sorting and the Amount of CSPa
in Neuronal Cells

Both identified mutations affect conserved dileucine resi-
dues located in the cysteine-string domain implicated in
palmitoylation and membrane trafficking of CSPa.'®. Using

in silico analysis, we found that p.Leul15Arg is predicted
to decrease the hydrophobicity of the cysteine-string
domain that is needed for initial binding of CSPa to
the endoplasmic reticulum (ER) (Figure 3A), whereas
p.Leullédel probably affects the efficiency of palmitoyla-
tion of adjacent cysteine residues (Figure 3B). SIFT analysis

Table 3. Exome Sequencing and a List of High-Confidence Novel Coding Variants Revealed by Exome Sequencing

Function Genome
Chromosome Position Reference Base  Sample Alleles  Variation Server Amino Acids Protein Position  Gene List
Single nucleotide variants
1 235,715,488 C C/T missense ARG.GLN 50/76 GNG4
1 236,987,512 C C/T synonymous none 286/1266 MTR
1 247,835,885 G C/G synonymous none 153/308 OR13G1
15 43,552,700 G G/T missense HIS.ASN 30/721 TGMS
15 43,900,153 C C/T synonymous none 1234/1776 STRC
15 45,028,847 G G/T utr-5 none NA TRIM69
15 59,500,166 A A/G missense ILE.VAL 343/382 MYOIE
15 65,555,518 A A/G synonymous none 220/324 PARP16
15 66,857,721 C C/T utr-5 none NA LCTL
15 75,116,809 G A/G missense VAL.MET 481/527 LMANIL
20 60,884,827 G A/G synonymous none 3631/3696 LAMAS
22 20,097,643 C C/T utr-3 none NA DGCRS
22 21,138,487 C C/T synonymous none 373/500 SERPIND1
Indels
4 25,678,161 TGC -TGC coding none NA SLC34A2
20 62,562,227 CTC —CTC coding none NA DNAJCS

All coordinates refer to hg19. SNP qualilty > 100 and indel quality > 50. Only Variants located within the linkage candidate regions and not present in dbSNP or
1000 Genomes databases are shown.
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Figure 3. In Silico Analysis of Properties of the Cysteine-String Domain

(A) p.Leul15Arg mutation decreases the hydrophobicity of this domain, which is needed for initial binding to the ER.
(B) The p.Leul16del mutation decreases the palmitoylation score, that is, the confidence that cysteine residues adjacent to Leu116 might

be efficiently palmitoylated.

(score = 0.00) predicted that the p.Leul15Arg mutation
affects protein function, and analysis with Polyphen
(overall score = 0.782; sensitivity = 0.85; and specificity =
0.93) predicted that it is possibly damaging. No such
predictions can be obtained for the identified deletion
p-Leullédel.

To study an effect of the identified mutations, we tran-
siently expressed wild-type EGFP-tagged CSPa. or mutant
protein containing either p.Leul15Arg or p.Leull6del in

CADS neuronal cells. Using immunofluorescence analysis,
we found wild-type EGFP-CSPa predominantly at the
plasma membrane, whereas both mutated proteins
showed diffuse intracellular staining and abnormal coloc-
alization with markers for the ER and Golgi apparatus
(Figure 4A). In addition, using immunoblot analysis of
transfected cell lysates, we found that both mutated
proteins were less efficiently palmitoylated than the wild-
type protein (Figure 4B).

A B C
wt pleullSArg pleutibdel EGFP-CSPa | [NCL4 bran_|_control brain_]
wt |p.Leu115Arg|p.Leu116del| paimitoylated B»HMAE - | - T - B * |
CSPa 50 e ——  ~—EGFP-CSPa 50
| — o «—nonpalmitoylated
40 EGFP-CSPa — 40
| —
palmitoylated - 35
35 CsPa  — e A
PDI 25 nonpalrrgtscgfted—- | — 25
merge
CSPa
GS28
merge

Figure 4. Characterization of Mutated CSPa

(A) Immunofluorescence analysis of transiently expressed EGFP-CSPa proteins in CADS cells showing prominent membrane localiza-
tion of wild-type CSPa compared to the diffuse cytoplasmic staining and marked colocalization of mutated CSPa with endoplasmic retic-
ulum represented by PDI and Golgi apparatus represented by Golgi-SNARE of 28 kDa (GS28).

(B) Immunoblot analysis of transiently expressed EGFP-CSPa. proteins showing higher levels of nonpalmitoylated protein precursors for
mutant proteins compared the wild-type (wt) protein.

(C) Immunoblot analysis of brain homogenates showing no soluble CSPa and the marked presence of CSPa-containing beta-mercaptoe-
thanol (B-ME)-resistant aggregate (indicated by the asterisk) released upon hydroxylamine (HA) treatment in the affected individual
(NCL4) compared to the brain homogenates of the control.

(D) Immunohistochemistry analysis of CSPa in gray matter of the cerebral cortex showing, at a low field, a significant decrease of CSPa in
affected individuals compared to the strong CSPa staining in the age-matched control.
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Figure 5. Brain Immunohistochemistry

(A-C) Detail of the CSPa staining in neuropil in the cerebral cortex that is absent in the individual with mutation p.Leul15Arg (A),
decreased in the individual with mutation p.Leull6del (B), and strong in the age-matched control (C). Note the prominent neuronal
storage, shown by large cell bodies, in both affected individuals.

(D-F) Staining pattern of the synaptic marker synaptobrevin in neuropil in the same regions in the individual with mutation
p-Leul15Arg (D), in the individual with mutation p.Leull6del (E), and in the age-matched control (F).

(G and H) Cerebellar cortex of the case with p.Leul15Arg mutation. Similar to that in the cerebral cortex, CSPa staining is absent (G).
This contrasts with a strong signal for synaptobrevin in the corresponding area in all three cerebellar cortical layers that are preserved
adjacent to areas undergoing neurodegeneration (H).

(I) Strong CSPa staining in a control cerebellum. Note that the CSPa signal in the control (I) as well as the synaptobrevin signal in the
individual with mutation p.Leul15Arg (H) are confined to the well defined synaptic regions (i.e., to the dendrites in the molecular layer,

to the surface of the Purkinje cells, and to the synaptic glomeruli in the granular cell layer). The scale bars represent 25 um.

To correlate these observed effects with in vivo, we
analyzed post-mortem brain specimens by immunoblot-
ting. Although both palmitoylated and nonpalmitoylated
CSPa were present in control brain lysates, we could not
detect any CSPa in brain lysates from a Dutch case (family
N1) with the p.Leul15Arg mutation. However, after chem-
ical depalmitoylation, we detected a chemiluminescence
signal, probably corresponding to an otherwise insoluble
CSPa-containing aggregate, which appeared much stron-
ger in brain lysate from the case, than in the control
(Figure 4C). Using immunohistochemical staining of
CSPa in paraffin-embedded brain sections, we consistently
found an absence of CSPa staining in synaptic regions in
both the cerebral and the cerebellar cortex of individuals
with the p.Leul15Arg mutation and significantly reduced
CSPa staining in the cerebral cortex of individuals with
the p.Leull6del mutation when we compared these indi-
viduals to age-matched controls (Figures 4D and 5).

Discussion

We carried out linkage mapping, gene-expression analysis,
exome sequencing, and candidate-gene sequencing in
affected individuals from 20 families and/or simplex cases
of European descent suffering from autosomal-dominant
adult-onset neuronal ceroid lipofuscinosis previously re-
ferred to as Parry disease. Using this approach, we
identified in five of these families two recurrent muta-
tions, ¢.346_348delCTC (p.Leullé6del) and c¢.344T>G
(p.Leul15Arg), in DNAJCS5 encoding cysteine-string protein
alpha (CSPa). To prove their causality, we performed haplo-
type analysis, which revealed that the mutations had to
appear independently in at least four lineages, and by using
targeted genotyping of seven unaffected siblings and 200
control individuals as well as searching the 1000 Genome
and dbSNP databases, we found that the mutations are
exclusively present in 14 affected individuals.
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CSPa is a highly conserved protein with no amino acid
sequence variant found in humans so far. The identified
mutations affect evolutionary conserved dileucine residues
located in the cysteine-string domain that is implicated in
palmitoylation and membrane targeting of CSPa.'"'7
Functional studies in transfected cell lines proved that
these mutations affect palmitoylation and intracellular
location of CSPa and thus decrease the level of the CSPa
protein in the brain of affected individuals.

The molecular mechanisms underlying the dominant
negative effect of the identified mutations on CSPa
amounts in neuronal cells are not clear. It is known that
CSPa forms detergent-resistant dimers'® and that the pres-
ence of these dimers correlates with an inhibition of
synapse formation and synaptic transmission.'® Immuno-
blot analysis of brain lysate from affected individuals
showed CSPa to be exclusively present in such an aggregate
form. It is probable that the presence of mutant protein
catalyzes accelerated aggregation and that the resulting
aggregates will be composed equally of both mutant and
wild-type proteins, and this will result in CSPa depletion.
Another explanation of the dominant negative effect—
nicely compatible with the observed lysosomal storage—
would be a gradual accumulation of nondegradable CSPa.
aggregates in the lysosomal system. We followed this lead
experimentally; however, we failed to identify CSPa in
storage lysosomes by using immunohistochemistry anal-
ysis of fixed brain samples as well as in storage granules iso-
lated from affected individuals’ brains by using immuno-
blot analysis (data not shown).

CSPa associates with 70 kDa heat-shock cognate protein
(Hsc70) and small glutamine-rich tetratricopeptide repeat
domain protein (SGT) and forms an enzymatically active
chaperone complex that is tethered to synaptic vesicles
and ensures, in cooperation with other chaperones such
as 40 kDa heat-shock protein (Hsp40),%° 90 kDa heat-shock
protein (Hsp90),%" Hsc70 interacting protein (HIP)*? and
Hsp70 organizing protein (HOP),?* correct conformation
of many proteins essential for the functionality of
synapses. It was shown that CSPa deletion causes progres-
sive neurodegeneration and reduced life span in Drosophila
melanogaster”® and knockout mice.?*?° Depletion of CSPa.
interferes with SNARE complex formation and has a
profound effect on presynaptic vesicle release and synaptic
function.'??*26-2° Thus, these CSPo. mutations might lead
to presynaptic dysfunction, explaining some of the neuro-
logical symptoms observed in affected individuals. In
parallel, dysfunction of the CSPa/Hsc70/SGT chaperone
complex might affect the folding quality of many client
proteins and make them vulnerable to aggregation and
degradation.*° This could, in the long term, lead to lysosomal
accumulation of misfolded and proteolysis-resistant proteins
in the form of characteristic ceroid deposits in neurons.

Our finding of neurodegenerative disease caused by mu-
tations in DNAJCS5 thus confirms a neuroprotective role for
CSPo in humans and advocates detailed investigation of
CSPa in the NCLs and other neurodegenerative diseases

presenting with neuronal protein aggregation. It is inter-
esting that there is no visual failure in the cases reported
here, in contrast to the rapid loss of vision in mice com-
pletely lacking CSPa function.?®

In this study we were able to explain ~25% of ANCL
cases tested, though not all were known to be autosomal-
dominant and some could have been misdiagnosed. Those
families that do not carry mutations in DNAJCS5 or other
known NCL genes provide a resource for identification of
further genes whose disruption causes late-onset NCL.

In conclusion, we believe that our work represents an
important step in the genetic dissection of a genetically
heterogeneous group of ANCLs. From a clinical perspec-
tive, and in the absence of specific biochemical markers,
our finding, together with the recent identification of
CLN6 mutations in adult-onset recessive Kufs type A
disease,” provide essential information allowing efficient
DNA-based testing in families as well as simplex cases
with ANCL presentation.

Supplemental Data

Supplemental Data include nine figures and three tables and can
be found with this article online at http://www.cell.com/AJHG/.
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Mutations in ANTXRT Cause GAPO Syndrome

Viktor Stranecky,l® Alexander Hoischen,2® Hana Hartmannova,1® Maha S. Zaki,3> Amit Chaudhary,*
Enrique Zudaire,* Lenka Noskova,! Veronika BareSova,! Anna Pristoupilova,! Katefina Hodanova,!
Jana Sovova,! Helena Hulkova,! Lenka Piherova,! Jayne Y. Hehir-Kwa,2 Deepthi de Silva,s

Manouri P. Senanayake,6 Sameh Farrag,” Jifi Zeman,” Pavel Martasek,” Alice Baxov4,® Hanan H. Afifi,3
Brad St. Croix,* Han G. Brunner,2 Samia Temtamy,3 and Stanislav Kmoch?!*

The genetic cause of GAPO syndrome, a condition characterized by growth retardation, alopecia, pseudoanodontia, and progressive vi-
sual impairment, has not previously been identified. We studied four ethnically unrelated affected individuals and identified homozy-
gous nonsense mutations (c.262C>T [p.Arg88*] and c.505C>T [p.Arg169*]) or splicing mutations (c.1435-12A>G [p.Gly479Phefs*119])
in ANTXR1, which encodes anthrax toxin receptor 1. The nonsense mutations predictably trigger nonsense-mediated mRNA decay,
resulting in the loss of ANTXR1. The transcript with the splicing mutation theoretically encodes a truncated ANTXR1 containing a neo-
peptide composed of 118 unique amino acids in its C terminus. GAPO syndrome’s major phenotypic features, which include dental
abnormalities and the accumulation of extracellular matrix, recapitulate those found in Antxrl-mutant mice and point toward an un-
derlying defect in extracellular-matrix regulation. Thus, we propose that mutations affecting ANTXR1 function are responsible for this

disease’s characteristic generalized defect in extracellular-matrix homeostasis.

GAPO syndrome (MIM 230740) is the acronym for a
complex disorder characterized by growth retardation, alo-
pecia, pseudoanodontia, and, in many but not all cases,
progressive optic atrophy.! Although variations of these
phenotypes have been associated with other syndromes,
their combination is unique to individuals with GAPO syn-
drome, and more than 30 cases of various ethnic origins
have been described.?>™® Most of the cases are from consan-
guineous parents, and inheritance patterns within these
families have suggested that the disease is inherited as an
autosomal-recessive trait. Altough affected individuals
have no readily identifiable biochemical or endocrine ab-
normalities, histopathologic studies have revealed an
abnormal accumulation of extracellular material,”’'® and
clinical presentation has shown predominant involve-
ment of connective tissue (fibroblasts, chondrocytes, and
osteoblasts), venous malformations, and heart, lung, and
ocular abnormalities. These clinicopathologic changes
point to a generalized defect in extracellular-matrix ho-
meostasis. However, prior research has been unable to
identify the genetic roots or reveal the basic molecular
mechanisms responsible for GAPO syndrome.

To identify the genetic defect in GAPO syndrome, we
performed genomic analysis in four unrelated and ethni-
cally diverse families (Figure 1). The study was approved
by institutional review boards, and the investigations
were performed according to the Declaration of Helsinki
principles. Adults provided informed consent, and the

affected child provided assent with parental consent. Con-
sents to publish clinical photographs in scientific journals
were also obtained.

We analyzed a previously reported Czech family trio'*
(called CZE1) with one affected child (II-1 [Figures 1A
and 1B]) who died from a heart attack at the age of 19 years,
a previously reported Egyptian family (EGY1) with one
affected child (V-3 [Figures 1C and 1D])'° who died from
renal failure at the age of 12 years, and two recently iden-
tified cases in families from Egypt (EGY2) (VI-4 [Figures 1E
and 1F]) and Sri Lanka (SRI1) (III-1 [Figures 1G and 1H]). All
four cases demonstrated the major clinical hallmarks of
GAPO syndrome as summarized in Table 1.

Participants provided venous blood samples, and
genomic DNA was isolated with standard technology. We
first genotyped genomic DNA from all three Czech family
members (i.e., both unaffected parents and the affected
child) by using Affymetrix GeneChip Mapping 6.0 Arrays.
We used data from both SNP and copy-number probes and
identified in all three individuals copy-number alterations
relative to a built-in reference as previously described.'? In
our analysis of the Czech proband, 1I-1, no rare or poten-
tially disease-causing deletion or amplification larger
than 10 Kb was revealed to be compatible with an expected
autosomal-recessive inheritance model. Because ~0.85% of
the proband genome was found to be autozygous, we esti-
mated that the parents might be fifth-degree relatives.
Accordingly, when we used the Affymetrix Genotyping
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Figure 1. Family Pedigrees, Segregation of the ANTXR1
Mutations, and Facial Appearance of the Probands with GAPO
Syndrome

(A) Pedigree of the Czech family, CZE1.

(B) Facial appearance of the Czech proband, II-1, after neurosur-
gery due to a posthemorrhagic malatic lesion in the frontal cortex.
(C) Pedigree of Egyptian family EGY1.

(D) Facial appearance of Egyptian proband V-3.

(E) Pedigree of Egyptian family EGY2. Note extensive consanguin-
ity and similarly affected relatives.

(F) Facial appearance of Egyptian proband VI-3.

(G) Pedigree of the Sri Lankan family, SRI1.

(H) Facial appearance of the Sri Lankan proband, III-1.

Black symbols denote affected individuals, and open symbols
denote unaffected parents and siblings. “NA” indicates that DNA
was not available for the investigation. The diagonal slash denotes
deceased individuals. The arrows indicate the probands displayed
in the corresponding pictures.

Console Software version 4.1 algorithm to compare values
from the user’s sample set and SNP-specific distributions
derived from a reference set of 200 ethnically diverse indi-
viduals,'> we identified in the proband sample two
extended autozygous regions on chromosome 2 (chr2:
60,738,227-74,103,186) and chromosome 4 (chr4:
20,458,688-32,646,855), and they contained 114 and 29
genes, respectively (Figure S1A, available online).

To directly identify potential disease-causing mutations,
we sequenced and analyzed the exomes of all three indi-
viduals from the Czech family as previously described.!®
In the resulting data set, we searched for variants that
were either private or present in the internal exome data-
base or in the National Heart, Lung, and Blood Institute
(NHLBI) Exome Sequencing Project Exome Variant Server
with allele frequencies lower than 0.1% and whose geno-
types were compatible with an expected autosomal-reces-
sive model of the disease. This analysis revealed 121 candi-
date variants in proband II-1. However, the only relevant
variant compatible with a recessive disorder was a homozy-
gous nonsense mutation (c.505C>T [p.Argl69*]) in
ANTXRI1, encoding anthrax toxin receptor 1, also known
as tumor endothelial marker 8 (TEMS8) (RefSeq accession
number NM_032208.2) (Table S1 and S2). This mutation
is localized in one of the extended homozygous regions
identified in the proband’s genome and was inherited
from both parents, who are heterozygous carriers. We
confirmed the presence of the c.505C>T mutation in the
parents and in the proband’s genomic DNA by Sanger
sequencing (Figure S2A). The identified mutation was not
reported in dbSNP, 1000 Genomes, the Exome Variant
Server, or an internal exome database (>120 exomes). It
was absent in an additional 200 control samples that we
analyzed with an Xhol-based restriction assay of the corre-
sponding PCR-amplified genomic DNA fragments. To
confirm the recurrence of ANTXRI mutations in another
affected family, we sequenced ANTXRI genomic DNA of
the proband (VI-4) from family EGY2 and identified a ho-
mozygous nonsense mutation (c.262C>T [p.Arg88*])
(Figure S2B), which was also localized in an apparently au-
tozygous region (according to the homozygous genotypes
for common SNPs present across the analyzed ANTXRI
genomic sequence and quantitative-PCR results verifying
the presence of both mutated alleles; Figure S3) and was
not reported in dbSNP, 1000 Genomes, the Exome Variant
Server, an internal exome database, or 200 control samples
analyzed with a BsaJI-based restriction assay performed on
PCR-amplified genomic DNA fragments.

In parallel, DNA samples from two other cases (V-3 from
family EGY1 and III-1 from family SRI1) were indepen-
dently analyzed by exome sequencing performed essen-
tially as above and as described previously.'*'” As in a
previous study,'* autozygous regions were identified
directly from the exome data of both samples. Strikingly,
this resulted in two large overlapping regions of homozy-
gosity on chromosome 2; the total overlap was a ~27 Mb
region (chromosome 2: 43-70 Mb) containing 144 genes
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Table 1. Main Clinical Findings in the Four Studied Individuals with GAPO Syndrome

Cases
Features V-3 from EGY1 VI-4 from EGY2 II-1 from CZE1 I-1 from SRI1
General
Age at evaluation (years) 3 10 18 4
Gender male male male male
Parental consanguinity + + — +
(first or second cousins)
Family history of similarly affected case - + - _
Height -2 SDs -3.7 SDs —4 SDs -4 SDs
Head circumference -2 SDs +2 SDs +1SD -2 SDs
Bone age delayed mild delay normal for age delayed
Craniofacial
Plagiocephaly + + + —
Frontal bossing + + + +
Broad forehead + + + +
Enlarged persistent anterior fontanel + + + +
Widely spaced eyes + + + 4
Epicantus + + — +
Depressed nasal bridge + + + +
Short nose + + + +
Long philtrum + + + +
Thick and anteverted nares + + + +
Thick lower lip + + + +
Micrognathia + + + 4
Pseudoanodontia + + + +
Skin and Hair
Sparse scalp hair (alopecia) + + + +
Scalp pigmented with scars and papules - + - -
Sparse eyebrows and eyelashes + + + +
Ophthalmologic
Megalocornea + + + NR
Nystagmus + — — +
Esotropia + — + _
Shallow anterior chamber - + + NR
Bilateral engorged tortuous retinal vessels - + + +
Bilateral optic atrophy + - + +
VEP (abnormal pattern) + - + NR
Other
Umbilical hernia + + + —
Hyperextensible joints + — - +
Mild webbing between fingers - + - _

(Continued on next page)
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Table 1. Continued
Cases
Features V-3 from EGY1 VI-4 from EGY2 II-1 from CZE1 1I-1 from SRI1
Facial nerve palsy + - - -
MRI brain changes bilateral high signal of deep white ND ND ND

matter at deep parietal and occipital
region and around the optic nerve

Abbreviations are as follows: VEP, visual-evoked potential; NR, not recorded; and ND, not done.

(Figures S1B and S1C). The only gene harboring private or
rare homozygous coding or splice-site variants within this
overlapping region was ANTXR]1. For the EGY1 case (V-3),
we identified the same nonsense mutation (c.262C>T
[p.Arg88*]) as for the EGY2 case (VI-4) (Figure S2C),
whereas in the SRI1 case (III-1), we identified a substitu-
tion, ¢.1435-12A>G (Figure S2D). This latter variant is pre-
dicted by ESE finder'®1? to generate an alternative strong
splice acceptor site 11 nucleotides upstream of the last
exon (Figure S4), and this would theoretically result in a
frameshift of the complete reading frame of the last exon
and proteosynthesis of a truncated ANTXR1 containing a
neopeptide composed of 118 unique amino acids in its C
terminus (p.Gly479Phefs*119) (Figure S5).

Two of the affected probands, V-3 and VI-4, from
Egyptian families EGY1 and EGY2, respectively, harbor
an identical c.262C>T [p.Arg88*] mutation. To determine
whether these two probands might be distantly related
and share a mutated chromosomal segment from a com-
mon ancestor, we examined ANTXR1 intragenic SNP hap-
lotypes obtained by exome sequencing (for V-3 from
EGY1) and Sanger sequencing (for VI-4 from EGY2). This
revealed that the c.262C>T mutations are present on two
distinct haplotypes, indicating that these mutations most
likely developed independently or that these families share
a very old ancestral allele (Figure S6). The ¢.262C nucleo-
tide belongs to a CpG doublet, making deamination of
the cytosine a possible explanation for the recurrence of
the mutation.

ANTXR1, also called TEMS, was initially identified as one
of the tumor endothelial markers (TEMs) that displays
elevated protein levels during tumor angiogenesis.?**!
Soon after its discovery, it was independently identified as
the anthrax toxin receptor (ATR).?? Several variants of hu-
man ANTXR1 have been proposed to exist on the basis of
the identification of rare alternative mRNA splice variants
(Figure 2A). The biosynthesis of all known variants is driven
by a common signal peptide (amino acids 1-27) and pro-
ceeds by cotranslational translocation in the endoplasmic
reticulum. The full-length ANTXR1 variant v1, (RefSeq
NM_032208.2) is by far the most prevalent transcript found
in databases of cDNA and expressed sequence tags. It en-
codes a single-pass type 1 transmembrane glycoprotein
that has a molecular weight of approximately 85 kDa and
that is composed of a predicted N-terminal extracellular
sequence (amino acids 28-322) containing a von Wille-

brand type A domain (amino acids 44-215), a transmem-
brane domain (amino acids 322-342), and large cyto-
plasmic domain (amino acids 343-564) (isoform 1).
Variant v2 (RefSeq NM_053034.2) encodes protein isoform
2, which is structurally similar to variant 1 but contains a
much shorter cytoplasmic domain (amino acids 343-
368).2% Variant v3 (RefSeq NM_018153.3) encodes protein
isoform 3, which does not contain the transmembrane or
cytoplasmic domains and is predicted to be secreted.??
Two other transcript variants have recently been identified:
v4 (GenBank accession number JX424838.1), potentially
encoding membrane-bound protein isoform 4, which,
compared to isoform 1, lacks 36 aa residues in its cyto-
plasmic domain, and v5 (GenBank JX424839.1), poten-
tially encoding secreted protein isoform S, which,
compared to isoform 3, has an alternative C-terminal
sequence.’* Because detecting cDNA for alternative splice
variants v2-vS5 is difficult in that it requires as many as 60 cy-
cles of nested PCR** and because similar conserved variants
in other species have not yet been described, it is currently
unclear whether they represent transcriptional noise
caused by inappropriate splicing events and whether the
encoded protein isoforms are produced at sufficient endog-
enous levels needed to impact biological function. Howev-
er, the full-length ANTXR1 isoform 1 has been shown to
promote interaction between cells and various components
of the extracellular matrix,?>° link extracellular ligands to
the actin cytoskeleton,?>?” and regulate cell spreading.?-3°

In three of the four GAPO cases, the identified mutations
introduce premature stop codons in ANTXR1 mRNA, and
in the fourth case (III-1 in SRI1), the mutation most likely
results in a loss-of-function allele. From cases 1I-1 (CZE1)
and VI-4 (EGY2), we studied skin fibroblast cell lines
harboring the ANTXR1 mutations encoding p.Argl69*
and p.Arg88*. To characterize the molecular consequences
of the identified mutations on ANTXR1 mRNA expression,
splicing, and stability, we isolated total RNA from two cases
and control skin fibroblasts and performed RT-PCR and
quantitative-PCR analyses. In fibroblasts from affected in-
dividuals, we found a single PCR product comparable in
size to a control specimen (Figure 2B). Sanger sequencing
demonstrated that the obtained PCR products corre-
sponded to ¢cDNA of the major transcript variant v1 of
ANTXRI1 and independently confirmed the presence of
the premature-stop-codon-encoding mutations previously
identified in corresponding genomic DNA in affected
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Figure 2. Effects of the Identified ANTXRT Mutations

(A) A schematic representation of ANTXR1 shows the protein
structure, cellular topology, and location of the p.Arg88* and
p-Argl69* substitutions. Two potential N-glycosylation sites are
depicted. The numbers denote amino acid residues defining the
boundaries of predicted ANTXR1 domains. Only ANTXR1 iso-
forms 1, 2, and 3 are depicted. Abbreviations are as follows: SP,
signal peptide; VWA, Von Willebrand factor type A domain; TM,
transmembrane domain; CYT, cytoplasmic domain; and PM,
plasma membrane.

(B) ANTXR1 cDNA analysis. Total RNA was isolated from pellets
from a cultured skin fibroblast cell line with the use of TRIZOL
solution (Invitrogen). RNA concentrations were determined spec-
trophotometrically at A260 nm by NanoDrop (NanoDrop Tech-
nologies), and RNA quality was verified with an Agilent 2100
bioanalyser, RNA Lab-on-a-Chip (Agilent Technologies). The
first-strand cDNA synthesis was carried out with an oligo-dT
primer and SuperScript III Reverse Transcriptase (Life Technolo-
gies). ANTXR1 cDNA was PCR amplified from the synthesized
first-strand cDNA with oligonucleotide primers designed to span
and amplify all three ANTXR1 variants in parallel (Table S2). Lanes
1 and 2 show reduced amounts of RT-PCR products from cases
with p.Arg169* and p.Arg88* substitutions, and lane 3 shows the
cDNA amount obtained under identical conditions from a control
cell line, C. Lane 4 is a negative control. Lane 5 is a 100 bp DNA
ladder.

(C) Relative expression levels of ANTXRI mRNA amounts normal-
ized to glyceraldehydes-3-phosphate dehydrogenase (GAPDH)
mRNA amounts in skin fibroblasts. Quantitative PCR was carried
out on a StepOne Plus Real Time System (Applied Biosystems).
The reactions were carried out in a 96-well plate in a 20 ul reaction
volume containing 10 pl 2 x Maxima SYBR Green qPCR Master
Mix (Thermo Scientific), 0.2 uM forward and reverse primer, and

samples (data not shown). The amounts of ANTXRI cDNA
were significantly reduced in GAPO compared to control
samples, most likely through partial degradation of
mutated transcripts via nonsense-mediated mRNA decay
(NMD) (Figure 2C). Next, we examined whether any
mRNAs might have escaped NMD and translated into
any form of ANTXR1. We immunoprecipitated ANTXR1
from skin fibroblast lysates and culture media by using a
rabbit monoclonal ANTXR1 antibody recognizing an
epitope between amino acid residues 28 and 81 of ANTXR1
(A.C. and B.S.C., unpublished data) and then performed
immunoblotting for ANTXR1. For immunodetection of
ANTXR1, we used either SBS mouse monoclonal anti-
bodies recognizing the extracellular region of ANTXR1
(amino acid residues 82-145)%>2731 or the rabbit mono-
clonal antibody. This analysis revealed the presence of
the full-length ANTXR isoform 1 in control fibroblasts
but a complete loss of ANTXR1 in both affected fibroblasts
(Figure 2D and data not shown). Specific chemiluminis-
cence signals indicating the presence of the secreted
ANTXR1 isoform 3 were not detected in immunoprecipi-
tates obtained from culture media of the control or
GAPO cases (not shown). In parallel, we studied and
were unable to detect any ANTXR1 in paraformaldehyde-
fixed cultured control and GAPO fibroblasts by immuno-
fluorescence analysis. This is in accordance with the results
of our immunoblot analysis and the available RNaseq data,
which both suggest that ANTXR1 levels and corresponding
mRNA amounts are very low in these cells. Next, we used
phalloidin staining to evaluate the actin cytoskeleton

5 ng cDNA. Data were analyzed by StepOne Software v.2.0. The
comparative Ct (AA Ct) method was used for normalizing target-
gene mRNA to GAPDH mRNA. The relative amounts of the
ANTXRI1cDNA were significantly reduced in cases compared to
control samples. The means + SD of three experiments performed
in triplicate are shown.

(D) Immunoblot (IB) analysis of immunoprecipitated (IP) total-
protein extracts showing absence of ANTXR1 in cultured skin fi-
broblasts from cases with p.Arg88* and p.Arg169* substitutions.
Cultured cells were lysed in TNT lysis buffer (50 mM Tris
[pH 7.5], 75 mM NaCl, and 1% Triton X-100 plus complete prote-
ase inhibitor cocktail [Roche]) and clarified by centrifugation.
Protein extracts were quantified with a BCA assay (Pierce), normal-
ized, and immunoprecipitated with a rabbit monoclonal ANTXR1
antibody (clone 37). This rabbit monoclonal antibody was pro-
duced as part of a collaboration between Epitomics and the
National Cancer Institute and will be described in more detail else-
where. After immunoprecipitation using protein A agarose, pro-
tein extracts were separated by SDS-PAGE, transferred to a PDVF
membrane (Millipore), and detected by immunoblotting with
SBS5 mouse monoclonal ANTXR1 antibodies followed by HRP-con-
jugated anti-mouse or anti-rabbit F(ab’)2 secondary antibodies
(Jackson). Chemiluminescence was visualized with the ECL plus
system (Amersham) according to the supplier’s instructions. Ly-
sates of 293 cells stably transfected with an empty vector (293),
293 cells stably expressing human ANTXR1 (293/ANTXR1), and
293 cells stably expressing ANTXR2 (293/ANTXR2) were used as
negative, positive, and specificity controls, respectively. Equal pro-
tein amounts in the original lysates were immunoprecipitated in
parallel with either control rabbit nonspecific IgG antibodies or
rabbit ANTXR1 antibodies.
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Figure 3. Immunofluorescence Analysis
of Cultured Skin Fibroblasts

The cells were grown on 70 mm? glass
chamber slides (Lab-Tek, Nalge Nunc In-
ternational) for 48 hr. Then the cells were
fixed with 4% paraformaldehyde in PBS,
permeabilized in 0.1% TRITON, washed,
blocked with 5% BSA in PBS, and incu-
bated in a humidified chamber at 4°C
overnight with mouse monoclonal
B-tubulin antibody (Sigma) or Vimentin
(V9) antibody (BioGenex). For fluores-
cence detection, species-specific secondary
antibodies Alexa Fluor 488 or 555 (Molec-
ular Probes, Invitrogen) were used. For
actin staining, Alexa Fluor 488 Phalloidin
(Molecular Probes, Invitrogen) was used.
Slides were mounted in fluorescence
mounting medium Immu-Mount (Shan-
don Lipshaw) and analyzed by confocal

Vimentin

microscopy. XYZ images were sampled according to Nyquist criterion with the Nikon TE2000E Cl1si laser-scanning confocal microscope
with a Nikon PlanApo objective (60x, numerical aperture 1.40) and 488 and 543 laser lines. Images were restored with a classic
maximume-likelihood restoration algorithm in the Huygens Professional Software (SVI, Hilversum, the Netherlands). Phalloidin staining
demonstrated remarkable alterations in the actin cytoskeletal network in cell lines from GAPO cases with p.Arg169* and p.Arg88*
substitutions. No abnormalities in microtubules or intermediate filaments were detected with B-tubulin or vimentin staining,

respectively.

because ANTXR1 has been previously shown to interact
with actin. These studies revealed a striking reorganization
of the actin cytoskeletal microfilaments specifically in the
GAPO fibroblasts, but B-tubulin and vimentin staining of
microtubules and intermediate filaments, respectively,
were unaltered (Figure 3). This suggests that ANTXR1, a
molecule mediating the coupling of extracellular ligands
to the actin cytoskeleton, is crucial for actin assembly
and that disruption of the actin network might be the ma-
jor pathogenetic event leading to altered cell-adhesion
properties and progressive extracellular-matrix buildup
observed in individuals with GAPO syndrome.
Unfortunately, we did not have the opportunity to study
mRNA processing, protein production, or the actin network
in the fourth GAPO case with ANTXRI mutation c.1435-
12A>G. In this case, the mutation theoretically affects
splicing of ANTXR1 mRNA and potentially encodes ANTX-
Rlisoforms 1 and 2 with altered C-terminal cytoplasmic
tails; if produced, these isoforms could potentially retain
some biological functions. In addition to this, the mutation
should not theoretically affect proteosynthesis of the
secreted ANTXR1 isoform 3. This could help to explain the
evidently milder clinical presentation of this case compared
to the other three cases with nonsense mutations.
ANTXR1 is most highly produced in tumor endothelial
cells and other tumor stromal cells, which might include
both pericytes and fibroblasts.>>**3* Antxri-mutant mice
with targeted deletion of exon 13—encoding the trans-
membrane domain—are viable and progressively develop
misaligned incisor teeth, and female mice are infertile.**
In another mutant mouse model, complete Antxr1 disrup-
tion due to removal of exon 1—encoding the start codon
and signal peptide—leads to a moderate excess of extracel-
lular matrix in many tissues, including the ovaries, uterus,
skin, hair follicles, cranial sutures of the skull, and the peri-

odontal ligament of the incisors, resulting in dental
dysplasia.>! These features are consistent with the clinical
presentation of individuals afflicted with GAPO syndrome.
It is also notable that some of the individuals with GAPO
syndrome have infantile hemangiomas,® which have
been associated with germline heterozygosity for missense
mutations in ANTXR1*® and dysfunction of the complex
formed by VEGFR2, B1 integrin, and ANTXR1.%” General-
ized extracellular-matrix-homeostasis defects observed in
GAPO-syndrome-affected individuals with ANTXRI muta-
tions are similar to those found in individuals with juve-
nile hyaline fibromatosis (MIM 228600) and infantile
systemic hyalinosis (MIM 236490), which are allelic disor-
ders caused by mutations in anthrax toxin receptor 2
(ANTXR2), also known as capillary morphogenesis gene
2 (CMG2), an ANTXR1 homolog.*®

We conclude that our data, together with recapitulation
of many of the phenotypic features characteristic of GAPO
syndrome in Antxrl-mutant mice and individuals with
ANTXR2 mutations, strongly suggest involvement of
ANTXR1 mutations in the generalized extracellular-ma-
trix-homeostasis defect characteristic of this disease.
From a clinical perspective, our finding provides essential
information for DNA testing in other families. In addition,
autopsy tissues and cultured skin fibroblasts from these
affected individuals represent an interesting cellular model
and potential resource for detailed studies on the patho-
genesis of individual clinical symptoms present in GAPO
syndrome and studies focused on ANTXR1 functions in
general.

Supplemental Data

Supplemental Data include six figures and three tables and can be
found with this article online at http://www.cell.com/AJHG.
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