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Abstrakt

Vzacna onemocnéni jsou heterogenni skupinou onemocnéni, jejichz molekularni podstata je
casto neznamad. Pro jejich studium nebyly donedavna z divod( malého poctu pacientl k dispozici
vyhovujici metodické postupy. Diky novym pfistuplm ke studiu genomu, predevsim diky
technologiim DNA cipl a s rozmachem sekvenovani nové generace, je v soucasné dobé mozno
studovat vzacna onemocnéni i u jednotlivych rodin nebo u sporadickych ptipadd.

Tato dizertacni prace se zabyva aplikaci novych genomickych technik pfi studiu vzacnych
dédic¢nych chorob. Popisuje vyuziti technologie DNA CipQ pro ucely vazebné analyzy, analyzy zmén
genové exprese, analyzy zmén poctu kopii a homozygotniho mapovani a déle vyuziti sekvenovani
nové generace. Kombinace téchto metodickych postupli byly pouZity pro studium molekularni
podstaty adultni formy neurondlni ceroidni lipofuscindzy, Rotorova syndromu, izolovaného defektu
ATP syntazy a mukopolysacharidozy typu llIC.

Klicova slova

vzacna onemocnéni, technologie DNA Cipli, exomové sekvenovani, neuronalni ceroidni lipofuscindza,
Rotorliv syndrom, izolovany defekt ATP syntézy, mukopolysacharidéza typu IlIC

Abstract

Rare diseases are a heterogeneous group of disorders. Knowledge of their molecular basis is
poor and till recently there were no appropriate methodical approaches due to a limited number of
patients. Novel genomic techniques, especially the DNA array technology and the next generation
sequencing emerging in last few years, enabled studies of these diseases even in small families and
sporadic cases.

This PhD thesis focuses on application of novel genomic techniques in studies of rare
inherited diseases. It describes a use of DNA array technology in linkage analysis, analysis of
differential gene expression, analysis of copy number variations and homozygous mapping, and a use
of next generation sequencing technology. Combination of these methods was used for identification
of molecular basis of adult neuronal ceroid lipofuscinosis, Rotor syndrome, isolated defect of ATP
synthase and mucopolysaccharidosis type IlIC.
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CAST I. Vzacné choroby a pfistupy k jejich studiu

Uvod

Tato dizertacni prace se zabyva studiem nékolika vybranych vzacnych dédiéné podminénych
onemocnéni. Pro jejich studium byly pouZzity genomické techniky zaloZzené na celogenomové analyze
pomoci technologie DNA ¢&pd a na novych sekvenaénich metodach. V Ustavu dédiénych
metabolickych poruch, kde tato prace vznikla, jsme prosli nékolika fazemi vyvoje téchto technik. Na
pocatku jsme sami navrhovali a vyrdbéli DNA Cipy vhodné pravé pro ndmi studované choroby.
Pozdéji byla dostupna stale se rozsitujici paleta komercné dostupnych cipl, u kterych laboratorni a
zakladni analyticka ¢ast probihala v servisnich laboratofich. V posledni dobé je technologie DNA Cipu
Castecné nahrazovana celoexomovym sekvenovanim pomoci sekvenator(i nové generace.

Ve své dizertacni praci bych chtéla prezentovat vyuZitelnost téchto technik na pfikladech
nékolika vzacnych chorob, kterymi jsem se béhem svého studia zabyvala. Zaroven by prace méla
ukazat, jak se diky rychlému technologickému vyvoji méni pfistupy k jejich studiu a jak Ize v zavislosti
na typu dédi¢nosti a velikosti studovaného souboru vyuZivat kombinace pravé téch metod, které
vedou nejrychleji a nejefektivnéji k cili — tedy k poznani genetické podstaty studované choroby.

Vzhledem k spise metodickému zaméreni této prace jsou zde prezentovany vysledky studia
raznych vzacnych onemocnéni — mitochondridlnich, lysozomalnich stfadavych, neuropsychiatrickych
a hepatologickych, které maji rlzny typ dédi¢nosti. Hlavnim smyslem vsak neni popis jednotlivych
chorob, ale variabilni metodologicky pfistup zavisejici na povaze a dostupnosti vzorkd pro studium.



Vzacna onemocnéni - definice a soucasny stav poznani

Vzdcna onemocnéni jsou definovdna jako takova onemocnéni, jejichZ prevalence je v Evropé
mensi nez 1:2000 a v USA mensi nez 1:1250 (Remuzzi and Garattini 2008). Vétsina onemocnéni
zahrnuta do této skupiny je vSak mnohem vzacnéjsi, napfiklad Huntingtonova choroba (7 : 100 000),
achondroplazie (4,5 : 100 000) nebo Fabryho choroba (1,75 : 100 000).! Danou vzicnou chorobou
Casto trpi jen desitky nebo stovky pacientll na celém svété. Napriklad incidence dédi¢nych
metabolickych poruch coby celé skupiny onemocnéni se v nasi republice udava mezi 1:1000 az 1:600,
u konkrétnich chorob se pak pohybuje mezi 1: 10 000 a7 1: 1 000 000 (Stastna et al. 2010). Casto je
na nasem uUzemi jen jedna Ci dvé rodiny trpici danou metabolickou poruchou. Jednotlivé vzacné
varianty vSak nemusi byt vzacné v izolovanych etnickych skupinach. Pfikladem muzZe byt vyssi
prevalence Gaucherovy choroby typu | u askendzskych ZidG (Vallance and Ford 2003) nebo
nesyndromické hluchoty u izolovanych skupin arabskych muslimd ze severniho Izraele (Zlotogora
2007).

Svétova zdravotnicka organizace (World Health Organization, WHO) zahrnuje do kategorie
vzacnych chorob vice nez 5000 onemocnéni, které dohromady postihuji asi 30 milion( jedinct
v Evropské unii a 25 miliond jedincl v USA (Schieppati et al. 2008, Remuzzi and Garattini 2008).

Vzacna onemocnéni jsou velmi heterogenni skupinou nemoci postihujici rizné organy a
majici nejriznéjsi klinické projevy. Jejich disledkem je ¢asto vyrazné zhorseni kvality Zivota jedinc( i
jejich rodin. Znalosti o molekularni podstaté jednotlivych chorob - a znich plynouci pfipadné
moznosti diagnostiky a nasledné Iécby - jsou velmi malé. Pacienti tak ziskavaji jen malo informaci o
chorobé, kterou trpi, nebo by trpét mohli, a ¢asto podstupuji fadu naroénych vysetieni ve snaze o
zpresnéni diagndzy.

Financovani studia vzacnych onemocnéni nardzi na mnohé limitace. Hlavnimi argumenty
proti investicim do tohoto typu vyzkumu jsou nedmérné ndklady a sloZitost vyzkumu ve srovnani
s malym ekonomickym ziskem, kterého Ize dosahnout pfi pfipadném Uspéchu s dopadem pouze na
velmi malou cilovou skupinu (Senior 1999, Remuzzi and Schieppati 2011). Z téchto divodu jsou proto
upfednostfiovany projekty zabyvajici se spiSe populacné castymi multifaktoridlnimi komplexnimi
onemocnénimi (Antonarakis and Beckmann 2006).

Casto jsou vzacnd onemocnéni oznalovéna za sirotky (,orphan diseases”) — védomosti o
jejich pri¢inach a moZnostech efektivni terapie jsou prakticky nulové. Pfitom je ziejmé, Ze tato
onemocnéni postihuji funkéné vyznamné esencidlni geny propojené do interakcénich siti a jejich
budouci studium pfinese rfadu praktickych aplikaci (Zhang et al. 2011).

Lze najit mnoho divod(, proc studovat vzacna onemocnéni.

1

http://www.orpha.net/orphacom/cahiers/docs/GB/Prevalence_of rare_diseases_by decreasing_prevalence
or_cases.pdf



V roviné sociopolitické, kulturni a etické je studium vzacnych onemocnéni podloZeno pravem
pacientl a jejich rodin na to, profitovat z moZnosti rozvoje biotechnologii a metodologického
pokroku, prdvem na ziskani védomosti o své chorobé a pravem na diagnézu ([Anonymous] 2008).
Spolecensky tlak na studium vzacnych onemocnéni byl v USA roku 1983 pficinou vzniku ndrodni
organizace pro vzacna onemocnéni (National Organisation of Rare Disorders, NORD) zastresujici
v soucasné dobé vice nez 2000 organizaci sdruZujicich pacienty s danou vzacnou nemoci. V roce 1986
byla zaloZena Genetické aliance (Genetic Alliance), jejimZ cilem je podpora pacientskych komunit a
podpora spoluprace vyzkumnych organizaci, pramyslu a verejného sektoru. V Evropé byla po vzoru
organizace NORD vytvorena v roce 1997 aliance pacientskych sdruzeni Eurordis (Schieppati et al.
2008, Ayme, Kole and Groft 2008). V Japonsku byla podobna iniciativa zaloZzena dokonce jiz v roce
1972 pod nazvem ,National Programme on Rare and Intractable Diseases” (Hayashi and Umeda
2008).

V roviné zakladniho vyzkumu pfispiva studium vzacnych onemocnéni vyznamné k pochopeni
zakladni biologie. Definuje kauzalni geny a mlze vysvétlit jejich biologické funkce, které dosud u
vétsiny genl nejsou znamy. Databaze OMIM, Online Mendelian Inheritance in Man, shromazduijici
udaje o chorobach s genetickou komponentou a provadéjici jejich katalogizaci, popisuje k 18. lednu
2013 pouze 3 683 fenotypl s vysvétlenou molekularni podstatou z celkového poctu 21 600 zaznam
(viz tabulka 1). Studium monogennich vzacnych onemocnéni proto muZe prfinést jesté mnoho
informaci, které v databazich stale chybi.

Tab. 1 Pocéet zaznami v databazi OMIM k 18. lednu 2013

Autozomalni X-vazané Y-vazané Mitochondriadlni | Celkem
Geny se znamou sekvenci 13 396 652 48 35 14131
Geny se zndmou sekvenci a fenotypem 124 4 0 2 130

Fenotyp se zndmou molekularni podstatou 3380 271 4 28 3683

Fenotyp nebo lokus s neznamou molekularni
1628 133 5 0 1766

podstatou
Ostatni, predevsim fenot:

’ P yeye 1763 125 2 0 1890

s pravdépodobnou mendelovskou dédi¢nosti
Celkem 20291 1185 59 65 21 600

zdroj: http://omim.org/statistics/entry

Vzhledem k tomu, Ze vzacné nemoci jsou v naprosté vétSiné monogennimi onemocnénimi,
jsou pacienti s danym defektem unikatnimi modely pro pochopeni zakladnich fyziologickych a
patofyziologickych mechanismu v lidskych burnkach a tkanich. Diky studiu vzacnych monogennich
onemocnéni byly popsdny nékteré nové genetické mechanismy jako napfiklad uniparentdlni disomie
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(SPENCE et al. 1988) nebo expanze tripletd (Pearson, Edamura and Cleary 2005). Popsané defekty
pak mohou byt studovany vizolovanych bunécnych modelech, které dale umozini pochopeni
zakladnich mechanismu. | pres existenci nespocetnych mysich i jinych zvifecich modell je ¢lovék sam
nejlepsim modelem, nebot jeho fenotyp je velmi podrobné prostudovan. Ne vidy existuji zvifeci
ortology lidskych gend, klinicky relevantni fenotypy mohou mit také projevy specifické pouze pro
¢lovéka (mentalni retardace, zmény kognitivnich funkci) (Antonarakis and Beckmann 2006).

Mnoho novych poznatkl muzZe prinést také studium vzacnych monogennich onemocnéni u
izolovanych populaci nebo populaci s vysokou mirou pfibuzenského kfizeni, kde mohou segregovat
mnohé vzacné recesivni monogenni fenotypy. Prispévek téchto populaci k biologickému poznani
muZze byt jisté nemaly, nebot se odhaduje, Ze podil pfibuzenskych sratkd tvori celosvétové 20 — 50 %
(Bittles 2001).

Definice kauzalnich gend mulze déle pfispét i ke studiu komplexnich onemocnéni, nebot
prispiva k pochopeni Sirsiho kontextu metabolickych, signalnich a regulacnich drah. Napfiklad pohled
na patogenezi Alzheimerovy choroby (AD) je zaloZen na popisu mutaci v genech APP (amyloid-
prekurzor protein), PSEN1 (presenilin 1) a PSEN2 (presenilin 2) u familidrnich forem AD, diky kterym
byla formulovdna hypotéza centrdlni role B-amyloid proteinu. Mutace v uvedenych genech vysvétluji
jen zhruba 1 % vsech pfipadd AD, studium role mutovanych proteini muizZe vsak vyznamné pfispét
k pochopeni molekuldrni patogeneze AD (Bekris et al. 2010). LepSimu pochopeni obecnych
molekularnich mechanisml neurologickych a psychiatrickych onemocnéni mohou obdobné
napomoci vysledky studia vzacnych nesyndromickych mentalnich retardaci (Caliskan et al. 2011).

Informace ziskané studiem vzacnych onemocnéni mohou dale umoznit popis efektu rdznych
mutaci v jednom genu na fenotypovou a klinickou variabilitu onemocnéni a umoziuje definovat
genetické faktory a modifikujici geny. Pfikladem je gen ABCA1 (ATP-binding cassette transporter 1), u
kterého byly nalezeny mutace u pacientl s Tangierovou chorobou projevujici se nizkou hladinou
plazmatického HDL cholesterolu a jeho depozici (Bodzioch et al. 1999, Brooks-Wilson et al. 1999);
varianty v tomto genu modifikuji hladinu HDL cholesterolu i v béZné populaci (Frikke-Schmidt et al.
2004). Jinym prikladem je diabetes druhého typu, kde byly asocia¢nimi studiemi identifikovany
polymorfismy v genech, u nichZz byly popsany mutace i u vzacnych variant monogennich forem
diabetu (Sandhu et al. 2007, Winckler et al. 2007).

Dalsim dasledkem studia vzacnych onemocnéni je moZnost vyuZiti znalosti vyplyvajicich
z popisu molekularni podstaty vzacnych onemocnéni pfi hledani novych zplsobU |écby. Identifikace
metabolickych, regulac¢nich nebo signdlnich drah ovlivnénych danou nemoci umoZiuje cilené
vyhledavat inhibitory, regulatory nebo katalyzatory pfislusnych proteind.

Studium vzacnych onemocnéni je cestou k spravné diagndze, cilené |écbé a prevenci jak
vzacnych chorob, tak i chorob dalsich, nebot poznatky na dGrovni zdkladniho fungovani déji v burice
mohou pfispét i pochopeni podstaty dalsich fyziologickych i patofyziologickych jevu.
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Metodické pfristupy ke studiu vzacnych onemocnéni

V poslednim desetileti se diky technologickému pokroku znacné rozsitily moznosti studia
molekuldrnich mechanism( a bunécnych déja. Nové technologie umoZiuji studovat nejen izolované
jevy a procesy, ale postihuji také komplexitu v rozsahu celého genomu, exomu, transkriptomu,
metabolomu... Mezi takové technologie patti predevsim metody DNA Cipl a metody
celogenomového, respektive celoexomového sekvenovani.

Nasledujici kapitola obsahuje prehled a princip téchto metod a specifikuje jejich vyuZitelnost
pro studium vzacnych onemocnéni.

Technologie DNA ¢ipl a jeji vyuZiti pro studium vzacnych chorob

DNA cipy (DNA microarrays) jsou analytickym ndstrojem umoZznujicim simultanni detekci
tisich a desitek tisic fragmentl DNA najednou. Jejich zakladnim principem je hybridizace
fluorescenéné znacenych komplementarnich fetézcd fragmentd DNA na imobilizované proby daného
Cipu, jejich fluorescencni detekce a nasledna analyza.

Prvopocatky technologie DNA Cipu se datuji do devadesatych let 20. Stoleti. Prvni praktické
vyuziti bylo publikovano vroce 1995 pro studium expresni analyzy 45 gen( u Arabidopsis thaliana
(SCHENA et al. 1995). Rozmach metody pftisel s dokonéenim sekvenace lidského genomu vydaného
Human Genome Sequencing Consortium (Consortium 2004, Lander et al. 2001),
(http://genome.wellcome.ac.uk), s rozsifenim technologickych mozZnosti vyroby DNA ¢ipl a se
vstupem komercnich firem zabyvajicich se vyvojem a prodejem téchto Cip( na trh.

V soucdasné dobé jsou pouzivany tfi technologie vyroby DNA CipU a imobilizace prob — in situ
syntéza, imobilizace na silikatové kuli¢ky a tisténé Cipy.

Pfi in situ syntéze jsou na povrchu DNA cipu postupné imobilizovany jednotlivé baze za
pouziti systéml deprotekce funkcnich skupin a systémU masek (Affymetrix (obr. 1A)), mikrozrcatek
(Roche NimbleGen (obr. 1C)), nebo nekontaktnich tiskovych hlav (Agilent Technologies (obr.1B)).

Jinou technologii je imobilizace na silikatové kuli¢ky (lllumina (obr. 1D)), pfi které dochazi
k nejprve k ndahodnému umisténi prob a poté k jejich naslednému dekddovani pfi sekvenéni
hybridizaci (Gunderson et al. 2004).

Obé vyse zminéné technologie umoznuji vyrobu vysokodenzitnich Cipl obsahujicich miliony
jednotlivych prob a umoznuji tak studium na celogenomové urovni.

U tisténych cipl jsou proby (oligonukleotidy, dfive cDNA knihovny) nanaseny na povrch
podloZniho skla pomoci robotického stroje. Tento pristup byl v minulosti pouZivan fadou laboratofri
pfi vyrobé ,,custom" DNA Cipl - tedy CipQ ,Sitych na miru” jednotlivym vyzkumnym projektim. Jejich
vyhodou byla mozZnost vybéru dané sady genUl a nizsi finan¢ni narocnost.
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Obr. 1 Technologie vyroby komerénich DNA Cipu
A/ fotolitografickd syntéza se svételnou deprotekci za pouziti systému masek (Affymetrix) —

modifikovano podle www. affymetrix.com

B/ syntéza nekontaktni tiskovou hlavou (Agilent Technologies) — modifikovano podle

(http://www.genomics.agilent.com/GenericB.aspx?PageType=Custom&SubPageType=Custom&Pagel
D=2011)
C/ syntéza pomoci systému mikrozrcatek bez pouziti masek (Roche Nimblegen) — modifikovéano podle

http://www.nimblegen.com/company/technology/index.html

D/Imobilizace na silikatové kuli¢ky (technologie BeadArray) (lllumina)- modifikovano podle

http://www.illumina.com/technology/beadarray_technology.ilmn
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V Ustavu dédiénych metabolickych poruch byl v poéatcich rozvoje technologie DNA ¢&ipd ve
spolupraci s firmou GeneAge Technologies (http://www.geneagetech.com/) navrzen, vyroben a
testovan prototyp ,DNA spotteru”, pristroje pro pripravu DNA Cip(. Jednalo se o robotické nanaseci
zafizeni — GeneSurfer, ktery umoznoval pfipravit vjednom cyklu az 60 Ccipl (podloZznich
mikroskopickych skel) o maximalni hustoté 4900 prob/cm?, tedy a? 80 000 prob na efektivni plochu
(viz obrazek 2A,B). Pro pripravu Cipl byly optimalizovany metody imobilizace na povrch, metody
pripravy fluorescenc¢né znacenych vzork(l a metody obrazové analyzy a statistického zpracovani.

DNA ¢ipy vlastni vyroby byly v Ustavu dé&di¢nych metabolickych poruch vyuZity v ramci
nékolika projekt(. Projekt h-MitoArray (viz obrazek 2C) byl uréen pro studium exprese gend u
mitochondridlnich chorob. Pomoci tohoto dCipu byla studovana genovd exprese u pacientl
s izolovanym deficitem ATP syntazy, u kterych byla nasledné identifikovdna mutace v genu TMEM70
(Cizkova et al. 2008a, Cizkova et al. 2008b); viz publikace 5 a 6. Dal$im ¢ipem pfipravenym na UDMP
byl expresni <Cip navrieny pro studium lysozomalniho stfddavého onemocnéni -
mukopolysachariddzy typu IlIC (MPSIIIC) (Hrebicek et al. 2006); viz publikace 7. DNA cipy byly na
UDMP pouzity i pro metodu komparativni genomové hybridizace, a to pfi studiu molekuldrni
podstaty Rotorova syndromu (Hrebicek et al. 2007); viz publikace 3.

c/
Obr. 2 Technologie vyroby tisténych ,,custom” DNA Cip0.

A/ Robotické zafizeni Genesurfer vyuzivané na UDMP pro vyrobu ,,custom” DNA Cipl

B/ Genesurfer - detail tiskové hlavy

C/ h-Mitoarray vyuzivana pro studium diferencialni genové exprese u pacientli s mitochondrialnimi
chorobami.
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MozZnosti aplikace technologie DNA Cipll jsou v soucasné dobé velmi bohaté. Expresni Cipy
umoznuji detekci pomérného mnozstvi mRNA v daném vzorku ¢i vzorcich. U genotypovacich Cipl Ize
odetitat pfitomnost jednonukleotidovych polymorfismti (SNPs) a variant v poctu kopii (CNVs). Cipy
uréené pro komparativni genomovou hybridizaci se vyuZivaji pro detekci velkych genomovych zmén.
Komerc¢ni Cipy v sobé ¢asto kombinuji nékolik moznych typt analyz (detekce SNPs, CNVs i rozsahlych
inzerci a deleci). Dnes jsou dostupné také Cipy pro chromatinovou precipitaci, epigeneticka studia,
analyzu miRNA, promotorovou analyzu a proteinové Cipy.

Pro studium vzacnych chorob jsou vyuzivany predevsim genotypovaci Cipy. Diky nim Ize
efektivné provadét vazebné analyzy v postiZzenych rodinach, detekovat malé inzerce a delece a
identifikovat homozygotni oblasti. VyuZivaji se také Cipy pro komparativni genomovou hybridizaci
(CGH), které umoznuji vysetfit jedince na ptritomnost rozsahlych inzerci a deleci. Expresni ¢ipy mohou
hrat pomocnou roli p¥i prioritizaci kandidatnich genl z oblasti vymezenych vazebnymi studiemi.

Vazebna analyza

Principem vazebné analyzy je sledovani segregace polymorfnich marker( s fenotypem
v rodinach se studovanou dédic¢nou chorobou. Nejprve je provedeno genotypovani informativnich
markert podél celého genomu u co nejvétsiho poctu rodinnych pfislusnik( s cilem nalézt lokusy,
které jsou statisticky vyznamné dédény pouze u postizenych jedincll. Genotypovaci data jsou pak
analyzovana s ohledem na typ dédicnosti, penetranci onemocnéni, frekvenci alely v populaci a
predpokladany vliv vnéjsiho prostredi. Vysledkem analyzy je identifikace kandidatnich oblasti, které
by mély obsahovat kauzalni gen (y).

V soucasné dobé se pro vazebnou analyzu Uspésné vyuzivaji genotypovaci Cipy, které
obsahuji desetitisice aZ statisice genetickych marker(. Jedna se predevsim o jednonukleotidové
zamény (SNPs). Tyto genotypovaci ¢ipy umoznuji zaroven detekovat malé genomové duplikace a
delece v fadu nékolika kilobazi.

Genotypovaci Cipy funguji na principu alelové specifické hybridizace (Affymetrix) nebo jsou
zaloZeny na metodé jednobdazové extenze (Illumina).

Pti alelové specifické hybridizaci se pro kazdy SNP uZivaji proby s presnou sekvenci a se
zaménami v sekvenci proby (perfect match a mismatch proby) (Wang et al. 1998). Software pak
hodnoti intenzitu signalu u obou téchto typl prob a vypocitava genotypy pro jednotlivé SNP. Pro
vazebnou analyzu se c¢asto vyuZivaji Affymetrix GeneChip® Human Mapping 10K Array; poskytuji
informace o genotypech pfiblizné 10 000 jednonukleotidovych zamén, coZ umoziuje definovat
vazebné oblasti s presnosti na jednotky megabazi. Pro podrobné;jsi genotypovani vybranych jedinct
je hojné vyuzivana Affymetrix Genome-Wide Human SNP Array 6.0 obsahujici vice nez 900 000
jednonukleotidovych zamén, zaroven lze pomoci tohoto Cipu detekovat vice nez 946 000 variant
v poctu kopii.

Metoda jednobazové extenze je zaloZena na hybridizaci vzorku na specifickou probu a
nasledné inkorporaci fluorescencné znaceného dideoxynukleotidu pomoci polymerazy. (Steemers et
al. 2006). Alternativné je detekovana ligace mezi lokus specifickymi oligonukleotidy a alelové
specifickymi oligonukleotidy, kdy ligacni produkt slouzi jako templat pro nasledné PCR (lllumina
GoldenGate assay)(Fan et al. 2003). Pro vazebnou analyzu jsou v systému lllumina dostupné systémy
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HumanlLinkage V Panel Set obsahujici pfes 6 000 SNPs nebo Omni Whole-Genome Arrays pro
podrobnéjsi analyzy.

Vazebna analyza je vhodna predevsim pro identifikaci kandidatnich oblasti u velkych
vicegeneracnich rodin s autozomalné dominantni dédi¢nosti. Pro takovou analyzu je vhodné
genotypovat alespon 6-12 postiZzenych jedincll a co nejvice zdravych pribuznych; dostatecny pocet
jedincll pro vazebnou analyzu se tak stava nejéastéjsi prekazkou pro smysluplné vyuziti této metody
(Kuhlenbaumer, Hullmann and Appenzeller 2011). | mensi pocet vysSetfenych jedinci a z toho
plynouci vétsi pocet rozsahlejsich kandidatnich oblasti vSak mliZe napomoci pfi prioritizaci
kandidatnich gen(, pokud je metoda kombinovana s dalSimi pristupy (analyza genové exprese,
exomové sekvenovani).

Genotypovaci Cipy s vys$si hustotou genetickych marker( se vyuZivaji pfi populacnich studiich
a celogenomovych asociacnich studiich (genome-wide associaton studies, GWAS). Zakladem vyuziti
asociacnich studii je predstava, ze nékteré bézné polymorfni markery mohou byt asociovany
s vyskytem komplexnich chorob. Tento pfistup aplikovany v poslednich letech na fadu komplexnich
onemocnéni vSak dosud objasnil jen malé procento jejich genetické komponenty (Manolio et al.
2009).

Analyza diferencidlni genové exprese

Zakladni myslenkou pfi aplikaci metody analyzy genové exprese je porovnani hladiny exprese
transkriptl mezi dvéma Ci vice stavy (napfiklad pomér exprese genl u pacienta v porovnani
s kontrolou, porovnani exprese v tumorové a normalni tkani). Typicky je studovanym materidlem
RNA, z které je reverzni transkripci pfipravena cDNA. Ta je dale amplifikovana a fluorescencné
naznacena. Vzorky, které jsou porovnavany, mohou byt hybridizovany na jeden expresni Cip; pak jsou
znaceny dvéma fluorofory - nejcastéji Cy3 a Cy5 (Agilent Technologies, Roche Nimblegen, tisténé
¢ipy), nebo je kazdy vzorek hybridizovan na vlastni expresni ¢ip (Affymetrix, lllumina).

V soucasné dobé obsahuji komercéné dostupné expresni Cipy proby pro transkripty vSech
znamych jaderné i mitochondrialné kédovanych gen(, nékdy jsou zahrnuty i nekddujici RNA. Proby
jsou aktualizovany podle informaci z databazi. Celogenomové expresni Cipy obsahuji proby pro 24
0000 — 30 000 transkriptl. Jsou vyuzivany predevsim pro popis molekularnich zmén spojenych se
specifickymi biologickymi podminkami, umoZiuji popsat funkéni a systémové zmény na Urovni
bunky.

Expresnich Cipl Ize pro studium vzacnych onemocnéni vyuzit pfi prioritizaci kandidatnich
genl. Predpoklada se pfitom, Ze mutace v daném genu mUzZe zpUsobit snizeni mnozstvi ¢i naprostou
absenci transkriptu. MnoZstvi transkriptu mlze byt i zvySené jako dlsledek snahy kompenzovat
zménénou ¢i chybéjici funkci mutovaného proteinu.

Expresni analyza pomoci DNA cCipU je ¢im dal vice nahrazovana novymi sekvenacénimi
metodami, predevsim sekvenovanim RNA. Diky nému Ize identifikovat a kvantifikovat i vzacné
transkripty bez predchozi znalosti jejich sekvenci a transkripcnich variant (Metzker 2010).
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Analyza zmén poctu kopii a homozygotni mapovadni

Zmény v poctu kopii (copy number variations, CNVs) jsou povazovany za nejvyznamnéjsi zdroj
genetické variability u ¢lovéka. Vykazuje je zhruba 12% lidského genomu. Jedna se o delece, inzerce
novych sekvenci nebo mobilnich elementd, tandemové ¢i segmentové duplikace, inverze nebo
translokace (Alkan, Coe and Eichler 2011). Vznikaji de-novo, ¢asto postihuji funkéné neutralni oblasti;
ty jsou v databazich uvadény jako populacné ¢asté polymorfismy v poctu kopii (copy number
polymorphisms, CNPs). Nékteré CNVs mohou postihovat i funkéné vyznamné oblasti a byt tak
pri¢inou vzacnych, ale i populacné castych onemocnéni. Geny lokalizované v CNV oblastech pak
slouzi jako kandidati pro studium danych onemocnéni. Informace o CNVs jsou shromazdovany v
databazich genomickych variant, jednou z nejpouzivanéjsich databazi je Toronto Database of
Genomic Variants (http://projects.tcag.ca/variation/). Ta v sou¢asné dobé obsahuje pfes 66 000
CNVs. Pro vylouceni, pfipadné potvrzeni vyznamu nalezenych CNV je vidy nutna analyza rodi¢d.

Zmény poctu kopii Ize detekovat bud na CGH ¢ipech nebo na genotypovacich SNP Cipech
s vysokym pokrytim. Dostupné CGH Cipy obsahuji pfes dva miliony prob na ¢ip (Agilent SurePrint
microarrays, Roche NimbleGen CGH whole-genome tiling arrays), jsou ¢asto vyuzivané na klinickych
pracovistich a jsou schopny nahradit analyzu karyotypu. SNP Cipy umoznuji detekovat az milion
nepolymorfnich strukturnich zmén (Affymetrix Genome-Wide Human SNP Array, Illumina Infinium
HD BeadChips).

Data ziskana z CGH a SNP cipU Ize s Uspéchem vyuZivat také pro homozygotni mapovani. Tato
metoda se s Uspéchem vyuZiva predevsim pro autozomalné recesivni onemocnéni u rodin
s pribuzenskym kfizenim (Collin et al. 2010, Iseri et al. 2010). Principem je hledani homozygotnich
oblasti v genomu, kdy postizené déti dédi stejnou homozygotni zaiménu od obou rodica.
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Sekvenovani nové generace a jeho vyuziti pro studium vzacnych chorob

PFi studiu extrémné vzacnych onemocnéni se Casto stava, Ze je k dispozici pouze malé
mnozstvi proband( v malych rodinach, i se jedna o nepribuzné rodiny nebo o sporadické pripady.
V téchto ptipadech nelze efektivné pouzit ani metodu vazebné analyzy (nedostatecny pocet
informativnich jedincd v rodiné), ani homozygotniho mapovani (neptibuznost, nelze predpokladat
existenci genového defektu lokalizovaného ve spolecné sdilené homozygotni oblasti). Geneticka
podstata takovych chorob zlistdvala az donedavna neznama.

vvvvv

metody genomového, pfipadné exomového sekvenovani pomoci sekvenatord nové generace (next-
gen sequencing). Diky tomuto pfistupu byly v poslednich letech odhaleny kauzalni mutace u rady
vzacnych chorob, napfiklad u Kabukiho syndromu (Ng et al. 2010), Fowlerova syndromu (Lalonde et
al. 2010) nebo onemocnéni Charcot-Marie-Tooth (Lupski et al. 2010).

V principu je moZné sekvenovat cely lidsky genom a zda se, Ze je to smér, kam se budou
technologie v pristich letech ubirat. Celogenomové sekvenovani totiz umoznuje detekovat i ty
strukturni varianty, které zlstavaji , neviditelné” pro bézné celoexomové sekvenovani a CGH Cipy,
tedy inverze, translokace a komplexnéjsi prestavby genomu. Tento pfistup je vSak zatim vyuzivan
minoritné, a to jednak z divodu c¢asové a financni nakladnosti, jednak kvuli zatim nedostacujicim
moznostem bioinformatické analyzy. Vzhledem k tomu, Ze vétsina kauzalnich mutaci byla dosud
nalezena v kddujicich oblastech DNA a v prilehlych intronovych oblastech, vyuziva se pro hledani
kauzalnich genl sekvenovani lidského exomu. Jeho velikost je pfiblizné 30 Mb a tvofi tak asi 1%
celého genomu. Sekvenovani je tedy rychlejsi a pro analyzu postacuje mnohem méné sekvenacnich
dat.

Exomové sekvenovani zahrnuje pfipravu knihovny genomové DNA, provedeni cileného
obohaceni a vybéru fragmentl obsahujicich kédujici oblasti, specifickou amplifikaci a samotnou
sekvencni reakci.

Pfiprava DNA knihovny
PFi pripravé DNA knihovny je DNA (typicky 2-3 ug) nejprve fragmentovana (nebulizaci,
sonikaci). Na konce DNA fragment( jsou po Upravé jejich koncl pfipojeny specifické adaptory,
fragmenty jsou pomoci téchto adaptori amplifikovany a nasledné jsou vybrany fragmenty o vhodné
délce (podle typu nasledného cileného obohacovani). Vzorky je mozno pfi amplifikacnim kroku
oznacit specifickym kédem v primeru a pracovat s vice vzorky najednou. Tento krok vyznamné snizuje
pracnost i finan¢ni narocnost pripravy knihovny.

Metody cileného obohacovdni
Metody cileného obohaceni umoznuji sekvenovat pouze vybrané oblasti genomu, nejcasté;i
exom Ci specifické kandidatni oblasti nebo geny. Jsou dostupné diky technologiim vyvinutym
nékterymi komercnimi firmami, lisi se svymi principy a jejich efektivita je odliSnd. Dnes jsou na trhu
dva hlavni zpUsoby cileného obohaceni — obohaceni v roztoku nebo na pevné fazi (Mamanova et al.
2010, Summerer 2009).
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Jednou z variant cileného obohaceni v roztoku je vyuzZiti multiplex PCR vyuzitelné pro
nasledné cilené sekvenovani malého mnozstvi vybranych PCR produktd. MozZnosti je vyuZziti PCR
v mikroreaktorech, kdy kazdy mikroreaktor obsahuje samostatny par primer( a probiha v ném
samostatnd PCR reakce (obr. 3A). Tento pfistup nabizi platforma RainDrop™ Digital PCR System
(RainDance Technologies), umoznuje cilené obohaceni az 20 000 genomickych oblasti v jednom
vzorku a nabizi nékolik screeningovych panell (http://www.raindancetech.com/applications/next-
generation-sequencing-technology.asp). DalSim pfistupem je vyuZziti molekuldrnich inverznich prob
(molecular inversion probes, MIP). Principem je vyuZiti jednovlaknovych oligonukleotid(, které
obsahuiji jak univerzalni sekvenci, tak sekvenci specifickou pro cileny Usek. Po navazani na specificky
usek je oligonukleotid cirkularizovdn pomoci ligdzy a amplifikovan pomoci univerzalni sekvence (obr.
3B). Tento pfistup je pouZitelny spiSe pro mensi mnozstvi vybranych cilovych sekvenci.
Nejvyuzivanéjsi metodou cileného obohaceni v roztoku je vyuZziti hybridizace DNA knihovny se
souborem specifickych prob znacenych biotinem, izolace hybridnich molekul afinitni vazbou na
streptavidinové magnetické kulicky a nasledna amplifikace obohacené knihovny pomoci
univerzalnich adaptor( (obr. 3C). Jako specifické proby slouzi bud biotinylované RNA fragmenty
(Agilent Technologies) nebo cDNA fragmenty (Roche Nimblegen, lllumina). Dostupné jsou sady pro
cilené obohaceni celého exomu (Agilent SureSelect All Exon kits, Roche Nimblegen SeqCap EZ Human
Exome Library, TruSeq Exome Enrichment Kit), stejné tak je mozné navrhnout si pro vlastni potreby
sady specifickych prob az do souhrnné velikosti cilené oblasti do 7Mb (Agilent SureSelect Target
Enrichment Platform a HaloPlex™ Target Enrichment System, Roche Nimblegen SeqCap EZ Choice
Library). Dostupné jsou také validované sety pro cilené obohaceni napfiklad X chromozomu, kinomu
nebo panel pro sekvenovani kandidatnich gend u nékterych typ( rakovinnych onemocnéni.

Cilené obohacovani na pevné fazi vyuziva technologii DNA CipU pro imobilizaci specifickych
prob, naslednou hybridizaci komplexniho vzorku fragmentované DNA, zachyceni specifickych
sekvenci, odmyti nespecifickych vazeb a uvolnéni a amplifikace obohacené knihovny (obr. 3D). Stejné
jako u predchozi metody jsou k dispozici jak Cipy pro obohaceni celého exomu ( Agilent SureSelect
DNA Capture Array, Roche Nimblegen Sequence Capture Human Exome 2.1M Array), stejné tak
existuje i moznost navrzeni vlastniho DNA ¢ipu na obohaceni sekvenci z oblasti zajmu, maximalni
souhrnna velikost oblasti se v tomto pfipadé pohybuje kolem 3,5 -5Mb.

Metody cileného obohaceni exomu na principu selektivni hybridizace jsou dnes
nejvyuzivanéjsi metodou pro celoexomové sekvenovani, byly vyuzity naptiklad pro projekty 1000
genom a sekvenovani exomu. Limitaci je pfedevsim problematicka hybridizace a tedy obohaceni GC
bohatych Usek(, blokovani nespecifickych vazeb, vybér prob pro repetitivni Useky a hybridizace
homolognich Usek(. Zadna z dostupnych metod nepokryva z téchto diivodd kompletné cely exom.
Databaze také dosud pravdépodobné neobsahuji vSechny existujici exony, lidsky genom navic mize
obsahovat i dosud neidentifikované geny. Zadné nabizené sady nezahrnuji regulaéni oblasti genomu
(promotory, enhancery, konzervované oblasti), které mohou obsahovat funk¢né vyznamné
patogenni varianty.
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Obr. 3 Metody cileného obohaceni

A/ RainDrop™ Digital PCR System (http://www.raindancetechnologies.com/applications/next-
generation-sequencing-technology.asp)

B/ Molekularni inverzni proby - upraveno podle (Mamanova et al. 2010)

C/Cilené obohaceni v roztoku pomoci hybridizace specifickych prob
(http://www.nimblegen.com/products/lit/SeqCapEZChoice_20May2011_LR.pdf)

D/ Cilené obohaceni na pevné fazi
(http://www.chem.agilent.com/Library/usermanuals/Public/G4458-

90000_SureSelect_ DNACapture.pdf)

Amplifikace obohacené DNA knihovny

V zavislosti na sekvenatoru a sekvencni metodé se vyuziva nékolik metod amplifikace
obohacené DNA knihovny. Emulzni PCR vyuZziva imobilizaci DNA knihovny na mikrokuli¢ky pomoci
univerzalniho adaptoru, vytvoreni mikroreaktoru s komponentami PCR, které obsahuji pravé jednu
takovou mikrokuli¢ku a naslednou PCR reakci (Roche Nimblegen, Life Technologies, Polonator).
Amplifikace na pevné fazi (lllumina) vyuzivd metodu mustkové amplifikace, pfi které se vytvari
prostorové oddélené shluky amplifikovanych fragmentl. Nékteré sekvenacni strategie vyuzivaji
sekvenovani jednotlivych molekul DNA templatu (Helicos Biosciences, Pacific Biosciences),
amplifikacni krok tedy neni potiebny.
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Sekvenacni strategie

Sekvenacni strategie zavisi na zvolené pripravé DNA knihovny, jeji amplifikaci a metodach
imobilizace. Cyklicka reverzibilni terminace (obr. 4A) vyuziva inkorporace fluorescen¢né znaceného
nukleotidu, jeho detekce a nasledné odstépeni fluoroforu, pficemz je zajisténa inhibice inkorporace
dalSich znacenych nukleotidi pomoci rliznych typl reverzibilnich blokatorl (lllumina, Helicos
Biosciences, LaserGen, Pacific Biosciences). Sekvenovani pomoci ligace (sequencing by ligation) (obr.
4B) vyuziva hybridizace specialné navrzenych fluorescenéné znacenych prob, jejich ligace k primeru
nebo k predchozi probé a detekce fluorescence podle specifického kddu (kédovani pomoci dvou
bazi). Po péti ligacnich cyklech jsou proby odstépeny a pro hybridizaci jsou pouZity nové primery
v pozici (n-1) vici predchozim, tento cyklus se opakuje pétkrat; celkova délka ¢teni je tedy 25 bp,
pfitomnost kazdé baze je ovéfena dvéma nezavislymi ligacemi (Life Technologies). Pfi
pyrosekvenovani (obr. 4C) jsou k amplifikované DNA imobilizované v pikotitracnich desti¢kach
pridavany v limitujicim mnozstvi jednotlivé dideoxynukleotidy. Uvolnény pyrofosfat je detekovan
pomoci luciferdazové reakce (Roche Nimblegen).
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Obr. 4 Sekvenacni strategie sekvenatord nové generace

A/ Cyklicka reverzibilni terminace sekvenatoru Illumina, upraveno podle (Metzker 2010)
B/ Sekvenovani pomoci ligace (http://www.invitrogen.com)

C/Pyrosekvenovani (http://454.com/)
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Vsechny technologie maji své limity, vyvoj a aplikace novych strategii a metod je proto stale
hnacim motorem soucasného biotechnologického vyzkumu. Perspektivni metody, které se zacinaji
prosazovat, jsou zaloZeny na sekvenovani jedné molekuly DNA. Jejich principy se rlzni, mohou byt
zaloZeny na detekci inkorporace noveé syntetizované baze pomoci zmény pH (Personal Genome
Machine, Life Technologies), na metodé FRET (Fluorescent Resonance Energy Transfer), principu
optickych pasti, nanoporového sekvenovani nebo real-time sekvenovani (Blow 2008).

Zpracovadni dat a jejich filtrovdni

Vsechny typy sekvenator( nové generace jsou zaloZeny na detekci fluorescenéniho nebo
chemiluminiscentniho signdlu. Primarnimi daty je tedy detekce svételnych kvant ve formé obrazkd, ty
jsou softwarem transformovany do jednotlivych bazi a sekvenci, pro kazdou bazi je vypoctena jeji
kvalita. Dalsi analyza spociva v mapovani kratkych sekvenci na referenéni genom a nasledné urceni
odlisnosti sekvenovaného vzorku od referencni sekvence. Vsechny tyto kroky Ize provadét mnoha
komercnimi i vefejné dostupnymi algoritmy (Dalca and Brudno 2010) a jejich spravna volba je ukolem
pro zkuseného bioinformatika.

Vystupem bioinformatické analyzy sekvenacnich dat je anotovany seznam odchylek
sekvenovaného vzorku od referenéniho genomu. Sekvenovani exomu jednoho jedince generuje
radové 20 000- 25 000 variant (Singleton 2011). Vétsinu variant tvofi jednonukleotidové zamény,
zatimco inzerce a delece tvofi pouze 1-2% detekovanych variant (Ng et al. 2008). Pfevazna vétsina
variant je benignich, jedna se o synonymni zdmény nebo funkéné neutrdlni zameény, inzerce ¢i delece.

Prvnim krokem ve filtrovani exomovych dat je pritomnost ¢i nepfitomnost variant ve verejné
dostupnych databazich a frekvence jejich vyskytu. V soucasné dobé jsou volné dostupna data
z nékolika genomovych projektd, ktera toto filtrovani umozniuji. Databaze dbSNP (Smigielski et al.
2000) (http://www.ncbi.nlm.nih.gov/projects/SNP/) je centralni databazi NCBI, obsahuje
v soucasnosti pres 60 000 zaznamU polymorfism v lidské DNA. Je v3ak zatizena pomérné vysokym
procentem falesné pozitivnich zaznamU (Day 2010). Dal$im vyznamnym zdrojem je projekt 1000
Genomu (Altshuler et al. 2010) (http://www.1000genomes.org), ktery je zaméren na identifikaci
vzacnych sekvencnich variant s frekvenci alespon 1% ve studovanych populacich nebo mezindrodni
projekt HapMap (http://hapmap.ncbi.nlm.nih.gov/), ktery si klade za cil vytvofit databazi genetickych
variant u jednotlivych populaci. VyuZzivanym zdrojem je také databaze exomovych variant (Exome
variant server, http://evs.gs.washington.edu/EVS/), ktery je vysledkem projektu sekvenovani exomu
(Tennessen et al. 2012). Kromé verejné dostupnych databazi slouzi pro efektivni filtrovani variant
databaze exomovych dat jednotlivych laboratofi, diky kterym Ize odhalit varianty, které jsou pouze
castymi sekvenacnimi chybami danymi pouzitou sekvenacni strategii, metodou cileného obohaceni a
moznymi systematickymi chybami dané laboratore.

Standardné jsou za kandidatni varianty povazovany nesynonymni zamény, zdmény vnasejici
nebo rusici terminacni kodon, sestfihové varianty a inzerce a delece zpUsobujici posun ¢teciho ramce.
Synonymni zamény, které Casto tvofi vice nez polovinu seznamu variant, jsou pro zjednoduseni
povaZovany za funkéné nevyznamné.

Dalsimi logickymi kroky pfi filtrovani seznamu variant jsou filtry na odpovidajici typ dédi¢nosti
a na pfitomnost variant ve stejném genu i u dalSich rodin ¢i sporadickych pripadd. Kandidatni
varianta musi také segregovat ve studovaném souboru s danym fenotypem. Jinymi uzite¢nymi
22



nastroji jsou predikce patogenity dané varianty pomoci programui SIFT (Sorting Intolerant From
Tolerant, http://sift.jcvi.org), Polyphen (http://genetics.bwh.harvard.edu/pph2/) a SNAP (Screening
for Nonacceptable Polymorphisms, http://cubic.bioc.columbia.edu/services/SNAP ). Pro dalsi
filtrovani Ize dale hodnotit evolucni konzervovanost varianty nebo pfitomnost varianty v genu, ktery
je exprimovan v relevantni tkani. Casto mohou velmi napomoci Gdaje z literatury, popis jinych mutaci
ve stejném genu a Sirsi biologické souvislosti znamych informaci o proteinu a jeho role

v metabolickych ¢i jinych drahach.

Kombinaci pfistupl k filtrovani variant je dnes mozné rychle a efektivné ziskat seznam radové
jednotek, maximalné desitek kandidatnich variant, u kterych jsou nasledné provadény dalsi funkéni
studie nebo jsou aplikovany pfislusné diagnostické postupy.

Vybér strategie pro studium vzacnych chorob podle typu dédicnosti

Prvnim krokem pfi vybéru strategie pro studium genetické podstaty konkrétni nezndmé
choroby musi byt stanoveni, jedna-li se o familiarni ¢i sporadicky vyskyt. V pfipadé familidarniho
vyskytu je pak nutno ziskat informace o co nejvétsim poctu postizenych i nepostizenych pfibuznych
minimalné ve tfech generacich. Z rodokmene Ize pak odhadnout, o jaky typ dédi¢nosti by se v daném
pfipadé mohlo jednat. VZdy je také vyhodné zajistit maximum biologického materialu, ktery Ize vyuZzit
pro pozdé;jsi molekularni, biochemické a bunécéné studie.

Obecné se predpokladd, Ze vétsina geneticky podminénych onemocnéni je zplsobena
bodovymi mutacemi, inzercemi a delecemi malého rozsahu nebo variantami v poctu kopii (CNVs).
Zmény malého rozsahu jsou detekovatelné béznymi sekvenénimi metodami i sekvenatory nové
generace, detekce CNVs se provadi pomoci genotypovacich Cipl. Detekce CNVs je tedy dosud bézné
provadéna paralelné s vazebnymi analyzami nebo homozygotnim mapovanim a po prokazani
nepritomnosti velkych deleci ¢i duplikaci se pfistupuje k celoexomovému sekvenovani. Je vsak snaha
upravit algoritmy pro analyzu celoexomovych dat a modifikovat celoexomové sekvenovani tak, aby
bylo mozné ziskat validni a spolehlivé informace o variantach v poctu kopii i jen z celoexomovych dat.

U autozomalné dominantnich onemocnéni je zlatym standardem metoda vazebné analyzy.
V zavislosti na velikosti studované rodiny, pfipadné na poctu rodin je tak mozné ziskat kandidatni
oblasti a analyzou jejich obsahu pfimo vytipovat kandidatni geny. Tento pfistup sdm o sobé jiz mize
vést k identifikaci kauzalniho genu, pokud jsou kandidatni oblasti dostatecné malé a existuji dalsi
biologicka voditka, ktera umozni vybrat ,,spravny” kandidatni gen (biochemicka charakteristika
proteinu, jeho lokalizace, predpokladana funkce). Timto zplsobem byl identifikovan kauzalni gen
napfiklad u mukopolysacharidézy typu IlIC (Hrebicek et al. 2006) nebo familiarni juvenilni
hyperurikemické nefropatie (Zivna et al. 2009). Casto viak neni k dispozici dostateény pocet
informativnich jedincd pro vymezeni dostatec¢né uzké kandidatni oblasti, vazebna analyza provedend
na vice rodinach zase muze selhat z divodu heterogenity daného onemocnéni. Proto byva vazebna
analyza u malych rodin v soucasnosti dale doplfiovana celoexomovym sekvenovanim rodicl a jejich
déti. Vhodné filtrovany seznam vzdcnych variant je pak propojen s Udaji z vazebné analyzy;
vysledkem byvaji jednotky variant, u nichz je dale kandidatni zdména prioritizovana s ohledem na
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funkci genu, jeho expresi, patogenitu varianty a informace z literatury. Kombinaci vazebné analyzy a
celoexomového sekvenovani byly v nedavné dobé identifikovany napriklad kauzalni geny pro
autozomalné dominantni amyotrofni lateralni sklerézu (Johnson et al. 2010). U velmi malych rodin se
vazebnad analyza neprovadi a pfistupuje se pfimo k exomovému sekvenovani; tehdy je vhodné zvolit
pro sekvenovani jedince, ktefi jsou v rodokmenu nejvice vzdaleni a jsou tedy geneticky nejodlisnéjsi.
Validitu vybranych zamén je nutno ovéfit Sangerovym sekvenovanim a prokazat jeji segregaci

s fenotypem. S ohledem na typ varianty se pak pripadné provadéji dalsi funkéni studie.

Pti studiu autozomalné recesivnich onemocnéni lze opét uplatnit kombinaci genotypovani a
celoexomového sekvenovani se stejnymi vyhodami i nevyhodami popsanymi vyse. Filtrovanim na
recesivni typ dédi¢nosti (tedy hledani zamén v homozygotnim stavu nebo sloZzenych heterozygotl
v rdmci jednoho genu) je vétSinou ziskdno mnohem méné kandidatnich variant nez u dominantniho
typu dédicnosti. V pfipadé, Ze se jedna o pacienty z rodin s pfibuzenskym krizenim, je vyhodné
analyzovat v rdmci genotypovaci analyzy také ztratu heterozygocie; takovy pristup umozni definovat
spolecné homozygotni oblasti, ve kterych by se mél nachazet kauzalni gen. Takto byl definovan
napfiklad kauzalni gen pro izolovany deficit ATP syntazy (Cizkova et al. 2008b) nebo pro jednu z
variant spinalni muskularni atrofie (Renbaum et al. 2009). Kombinace homozygotniho mapovani a
celoexomového sekvenovani umozniuje definovat varianty v homozygotnich oblastech u chorob,
které nebylo z divodu malého poctu pacientd mozno studovat jinymi metodami (Bolze et al. 2010,
Ku, Naidoo and Pawitan 2011).

X- vazand onemocnéni je mozné efektivné studovat diky moznostem cileného obohaceni a
nasledného sekvenovani pouze kddujicich oblasti X-chromozomu. Ty jsou dnes bézné nabizeny
komercnimi firmami (Agilent SureSelect X-Chromosome kit, Roche Nimblegen SeqCap EZ Choice,
RainDance XSeq panel). Tento pfistup byl jiz vyuZit napfiklad pfi studiu X-vazanych syndroma (Zhu et
al. 2011, Huebner et al. 2011). Diky mozZnosti specifického kddovani vzork( je mozné analyzovat
cenové efektivné vice vzork( najednou. Podobné Ize studovat také mitochondrialni onemocnéni
podminéna mutacemi v mitochondrialni DNA, kdy je vstupnim materidlem misto celogenomové DNA
pouze amplifikovana mtDNA.

Celoexomové sekvenovani umoZniuje objasnit také genetickou podstatu sporadickych
onemocnéni a vzacnych syndromd. V téchto pripadech ¢asto nelze pfedem urcit typ dédic¢nosti, mize
se jednat o homozygotni varianty, sloZzené heterozygoty nebo o de-novo mutace (predpoklada se, ze
v exomu kazdého jednotlivce je pfitomna jedna aZz dvé de-novo vzniklé mutace (Nachman and
Crowell 2000)). Casto se jedna o jednotky & desitky nepfibuznych pacient( s danym syndromem ¢&i
onemocnénim. Vyhodné je proto provadét celoexomové sekvenovani rodic¢d a postizeného jedince,
vysledny seznam kandidatnich variant filtrovat s ohledem na mozné typy dédi¢nosti a na pfitomnost
variant nepritomnych u rodicl. V ptipadé, Ze nejsou pro analyzu k dispozici ani rodi¢e postizeného
jedince, Ize provést celoexomové sekvenovani a jeho vysledky porovnat s variabilitou v populaci.

S rostoucim poctem sekvenovanych lidskych genomd roste pocet variant v databazich (viz obrazek 5).
Odhaduje se, Ze s vyjimkou de-novo vzniklych unikatnich variant jsou jiz v databazich pritomny témér
vSechny varianty spolecné s jejich populacnimi frekvencemi (Altshuler et al. 2010). Pti hledani
kauzalni varianty pro vzacny sporadicky pfipad lze tedy pomérné jednoduse nalézt bud unikatni
variantu nepritomnou v databazi, nebo variantu, jejiz frekvence zhruba odpovida poctu popsanych
pripada.
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Uvedené kombinace metod maji potencidl i pro studium jinych neZ vzacnych monogennich
onemocnéni. Studium komplexnich onemocnéni bylo v poslednich deseti letech primarné zaméreno
na identifikaci populacné castych alel, které jsou asociovany s onemocnénimi, a to pomoci
asociacnich studii. Hlavnimi cili téchto studii byly neuropsychiatrické choroby schizofrenie a autismus,
obezita, diabetes nebo choroby srdce. Jejich Uspésnost vSak nebyla ve srovnani s vynaloZzenymi
naklady pfilis velka — napfiklad u Alzheimerovy choroby, kde se predpoklada vliv genetické
komponenty zhruba z 58 — 79%, byla identifikovana fada kandidatnich variant, ale podstata
onemocnéni byla dosud vysvétlena zhruba u 1% vsech ptipad(i Alzheimerovy choroby (Ertekin-Taner
2010). Fenomén ,,chybéjici genetické komponenty” (Maher 2008) a diivody k nému vedouci jsou
v soucasnosti velmi diskutovany. Alternativnim pfistupem pro studium komplexnich onemocnéni a
moznosti, jak tuto chybéjici genetickou komponentu odhalit, se jevi vyuziti sekvenovani jednotlivych
genomuU a detekce CNVs (Cirulli and Goldstein 2010, Manolio et al. 2009, Mardis 2008). Tento pfistup
by mél byt umoznén ocekavanym technologickym pokrokem a snizenim nakladd na celogenomové
sekvenovani. Analyza celogenomovych dat bude vsak vyZzadovat jesté fadu pokrokd predevsim
v oblasti bioinformatiky, nebot mapovani celogenomovych dat na referenéni sekvence, predevsim
oblasti repetitivnich sekvenci a mobilnich elementd, je zatim velmi problematické.

20 |
= Synon. full J
- 1 : - Non-synon. full
. | : LOF full I
SE 4 222 Romeynon.Lc |
T = 1 - === Non-synon. LC
£9 121 ‘
- Rl e
2 3 10 b
g2 '

s
§2 9 |
E 4

. e =2

0

0 50 100 150 200 250 300
Samples sequenced

Obr. 5 Prispévek analyzy dalsich vzork( k celkové genetické variabilité populace, The 1000 Genomes
Project Consortium et al. Nature 467, 1061-1173 (2010) doi:10.1038/nature09534. S pfibyvajicim
mnozstvim sekvenovanych vzork( klesa pocet novych variant; predpoklada se tedy, Ze v blizké dobé
budou databdze obsahovat vSsechny polymorfni oblasti dané populace spolecné s Udaji o jejich
frekvenci. Jednotlivé kfivky ukazuji predpokladany prabéh u nesynonymnich, synonymnich variant a
variant zpUsobujicich ztratu funkce (LOF) pfi plném sekvenovani a sekvenovani s nizkym pokrytim
(LC).
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CAST 1. Cile dizertaéni prace

Hlavnim cilem dizertacni prace bylo vyuZiti novych genomickych technik pti studiu vybranych
vzacnych dédi¢nych onemocnéni. Tyto techniky maji vidy za cil identifikovat kandidatni geny, u
kterych je pak nutné dalSimi molekuldrné-genetickymi, biochemickymi a bunécnymi metodami
potvrdit kauzalitu nalezenych genomovych zmén. | tyto ndsledné analyzy jsou proto nedilnou
soucasti této dizertacni prace.

Jednotlivé ¢asti této prace maji nasledujici cile:

1. VyuZiti kombinace vazebné analyzy, analyzy zmén genové exprese, analyzy zmén v poctu
kopii a celoexomového sekvenovani pfi hledani kauzalniho genu pro autozomalné
dominantni adultni formu neuronalni ceroidni lipofuscindzy.

2. Vyuziti homozygotniho mapovani a analyzy zmén v poctu kopii pti studiu Rotorova
syndromu.

3. VyuZiti homozygotniho mapovani, analyzy genové exprese a genotypovani pfi studiu
autozomalné recesivniho izolovaného deficitu ATP syntazy.

4. Studium diferenciadlni genové exprese u genll z kandidatni oblasti vymezené vazebnou studii
pacientl s mukopolysacharidézou typu IIC (MPSIIIC).
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CAST IlI. Studium vybranych vzacnych metabolickych poruch pomoci
kombinace novych genomickych technik.

Studium molekularni podstaty autozomalné dominantnich neuropsychiatrickych
onemocnéni.

a/ Objasnéni molekularni podstaty autozomalné dominantni adultni formy neuronalni ceroidni
lipofuscinézy (Kufsovy choroby).

Neuronalni ceroidni lipofuscindzy (NCL) jsou heterogenni skupinou vzacnych geneticky
podminénych neurodegenerativnich onemocnéni. Jejich incidence se pohybuje mezi 1 - 30 na 100
000 narozenych jedincu. Spolec¢nymi charakteristikami téchto onemocnéni je akumulace
autofluorescentniho materidlu v lysozomech neuralnich a perifernich tkani a neurodegenerace.
Povaha akumulovaného autofluorescentniho materialu neni pfesné zndma, jedna se o smés
proteind, proteolipidli a kovd (Palmer et al. 1997). Na Urovni elektronové mikroskopie se
morfologicky rozeznava nékolik ultrastruktur odlisujicich jednotlivé typy NCL — granularni osmiofilni
depozity (GRODy), kurvilinearni depozity nebo struktury podobné otiskim prstl (Goebel and
Wisniewski 2004). Hlavni slozku stfddavého materialu tvoti podjednotka c mitochondrialni ATP
syntazy (PALMER et al. 1992), u nékterych forem NCL byla popsana také pfitomnost saposinti A a D
(Seehafer and Pearce 2006).

Neuronalni ceroidni lipofuscindzy se projevuji progresivnim zhorSovanim kognitivnich i
fyzickych schopnosti, poruchami vidéni a epileptickymi zachvaty. Déli se tradicné podle véku prvniho
nastupu nemoci na infantilni, pozdné infantilni, juvenilni a adultni formy. Doposud bylo popsano vice
nez 400 mutaci v deviti genech - CLN1 (PPT1, MIM 256730), CLN2 (TPP1, MIM 204500), CLN3, (MIM
204200), CLN5 (MIM 256731), CLN6 (MIM 601780), CLN7 (MFSD8, MIM 610951), CLN8, CLN10 (CTSD,
MIM 610127), CLN13 (CTSF), mutace v dalSich tfech genech byly popsany vidy v jedné rodiné —
CLN11 (GRN)(Smith et al. 2012), CLN12 (ATP13A2)(Bras et al. 2012) a CLN11 (KCTD7)(Staropoli et al.
2012). Neddvno byla popsana mutace v CLN6 také u autozomalné recesivni adultni formy (Kufsova
choroba, MIM 204300)(Arsov et al. 2011).

Adultni forma NCL byla prvné popsana némeckym neuropatologem Hugo Kufsem v roce
1926. Jedna se o velmi vzacnou formu a informace o ni jsou ve srovnani s infantilnimi a juvenilnimi
formami minimalni. Sporadické nebo autozomdlné recesivni ptipady jsou popisovany jako Kufsova
choroba (CLN4A, MIM 204300), zatimco autozomalné dominantni adultni NCL je nazyvana jako
Parryho choroba, pfipadné Parryho typ Kufsovy choroby (CLN4B, MIM 162350).

Adultni NCL se objevuji ve véku mezi 10 az 50 lety (Nijssen 2011), projevuiji se epilepsii,
ataxii, parkinsonismem, kfecemi a zhorSovanim kognitivnich funkci. Na rozdil od ostatnich forem NCL
nejsou nikdy pfitomny poruchy vidéni.

Autozomalné dominantni adultni neuronalni ceroidni lipofuscindza (ANCL) byla poprvé
popsdana v roce 1971 v rodiné britského plvodu z New Jersey (,,rodina Parry") (Boehme et al. 1971).
Dalsi rodiny byly popsany ve Spanélsku (FERRER et al. 1980), v USA (Josephson et al. 2001, Burneo et
al. 2003) a v Holandsku (Nijssen et al. 2002, Nijssen et al. 2003, Nijssen, Brekelmans and Roos 2009).
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V Ustavu dédi¢nych metabolickych poruch 1. LF UK a VFN v Praze byla diagnostikovéna ¢eska
rodina s autozomalné dominantni adultni formou NCL. Genomovou DNA ¢len( této rodiny s jasné
stanovenou diagndzou jsme ziskali pro molekuldrné genetickou analyzu s cilem odhalit kauzalni gen

zpUsobujici ANCL v této rodiné a prispét tak k odhaleni pfi¢iny dosud neznamé autozomalné
dominantni ANCL.

Pro studium molekuldrni podstaty ANCL byla pouZita kombinace vazebné analyzy, expresni
analyzy a exomového sekvenovani. Genomova DNA vSech dostupnych ¢len( rodiny byla nejprve
pouzita pro genotypovani a vazebnou analyzu. Identifikovali jsme pét kandidatnich oblasti na
chromozomech 1, 4, 15, 20 a 22 obsahujicich zhruba 560 znamych gent. U sedmi dostupnych
pacientl bylo dale provedeno genotypovani a analyza zmén poctu kopii, nenalezli jsme vSak zadné
potencialné patogenni rozsahlejsi delece nebo duplikace. Paralelné jsme provedli analyzu genové
exprese z leukocyt( Ctyf pacientl a Ctyr kontrol, ziskali jsme seznam diferencialné exprimovanych
gend, z nichz 65 leZelo v oblastech identifikovanych vazebnou analyzou. Funkéni anotace a analyza
genového obohaceni (gene enrichment analysis) ukazaly vyznamnou dysregulaci spliceosomu,
upregulaci mnoha sloZek respiracniho rfetézce, zménénou expresi genl aktivnich u
neurodegenerativnich chorob - Huntingtonovy choroby, Alzheimerovy choroby a Parkinsonovy
choroby a urychlenou proteolyzu. Tyto Udaje vSak stale nebyly dostacujici pro nalezeni mutace v
kauzalnim genu. Proto jsme se rozhodli sekvenovat cely exom jednoho pacienta na sekvenatoru
SOLID 4 v institutu CeGaT v Tubingen v Némecku. Pro sekvenovaného jedince jsme ziskali celkem 957
unikatnich zmén (SNPs a indel zdamén).

Po propojeni vysledkid vazebné analyzy, expresni analyzy a exomového sekvenovani se nam
podafilo identifikovat kandidatni gen DNAJC5 lezici v kandidatni oblasti na chromozomu 20q13.33,
jehoz exprese byla v leukocytech pacienta statisticky vyznamné zvySena ve srovndni s kontrolami, a
ktery obsahoval unikatni heterozygotni mutaci c.346_348delCTC (p. Leull6del). Segregace této
zamény byla ovéfena u ostatnich ¢lend rodiny Sangerovym sekvenovanim.

Diky spolupraci s Rare NCL Gene Consortium shromazdujicim vzorky pacientl s vzacnymi typy
NCL jsme ziskali genomovou DNA dalSich 23 pfipadd, a to bud familiarnich, nebo sporadickych. Tyto
pfipady byly diagnostikovany jako Kufsova choroba, klinicka a neuropatologicka dokumentace vsak
nebyla vidy dostupna. U jednoho dalsiho dosud nepublikovaného pfipadu jsme identifikovali
totoznou zaménu v genu DNAJC5 c.346_348delCTC, u dalsich t¥i pfipadl pak byla nalezena
heterozygotni mutace v DNAJC5 c.344T>G (p. Leul15Arg). Klinicka data dvou z téchto tfi rodin jiz byla
publikovana (Josephson et al. 2001, Nijssen et al. 2002). Ve vSech pfipadech, kdy byla k dispozici
gDNA, byla prokazana segregace mutaci v rodinach.

Ani jedna z popsanych zamén v genu DNAJC5 nebyla popsana v databdzich dbSNP a 1000
Genomd, nenalezli jsme ji ani u 200 kontrolnich vzork( evropské populace. Abychom ovéfili, Ze
mutace vznikly nezavisle, provedli jsme homozygotni mapovani genomovych oblasti DNAJC5 a
ukazali, Ze mutace p.Leull6del je pfitomna u dvou testovanych rodin na dvou odliSnych
haplotypech. Mutace tedy pravdépodobné vznikly nezavisle na sobé. Stejné tak mutace p.Leul15Arg
byla pfitomna na dvou odlisnych haplotypech.

DNAJC5 kéduje protein cysteine-string protein alpha (CSPa). Tento protein patti do skupiny J-
proteind, molekularnich chaperon interagujicich s rodinou proteinli Hsp70, které hraji vyznamnou
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roli v inhibici neurodegenerativnich procestli (Zhao, Braun and Braun 2008). CSPa je membranovym
proteinem lokalizovanym v synaptickych vaccich, obsahuje na cystein bohatou oblast, jejiz
palmitoylace kotvi protein do synaptické membrany (Greaves and Chamberlain 2006, Chamberlain
and Burgoyne 1998, Greaves et al. 2008). Interaguje s proteinem Hsc70 a SGT a vytvari tak
enzymaticky aktivni chaperonovy komplex, ktery ve spolupréci s dalsimi chaperony zprostifedkovava
spravnou konformaci rady protein( Ucastnicich se synaptickych déji. Deplece CSPa vede u mySi a u
Drosophila melanogaster k progresivni neurodegeneraci a redukované délce Zivota (ZINSMAIER et al.
1994, Fernandez-Chacon et al. 2004).

CSPa je vysoce konzervovany protein a nami popsané mutace ovliviiuji evoluéné
konzervované leuciny lokalizované v cystein bohaté oblasti. Provedli jsme nékolik funkénich studii,
které mély ukdzat efekt mutaci na funkci proteinu. Pomoci in silico analyz jsme prokazali, Ze obé
mutace ovliviuji lokalizaci CSPa v burice tim, Ze méni hydrofobicitu a efektivitu palmitoylace. Tato
zménéna lokalizace byla potvrzena v in vitro studiich pomoci transientni exprese wt a mutovanych
forem EGFP- CSPa konstruktl v CAD5 neurondélnich burikach. Imunohistochemickd studia déle
ukazala snizené mnoizstvi proteinu (u p.Leull16del mutace) ¢i naprostou absenci proteinu (u
p.Leul15Arg mutace) v Sedé hmoté mozkové klry pacient(l. U pacienta s p.Leul16del mutaci byla
dale metodou Western blot prokdzana nepfitomnost solubilniho CSPa v mozkovém homogenadtu a
velké mnozZstvi agregovaného nerozpustného materidlu obsahujiciho CSPa protein. Tyto agregaty
pravdépodobné obsahuji jak wt, tak mutovanou formu proteinu a mohou tak zptsobovat depleci
CSPa.

Funkénimi studiemi jsme prokazali, Ze mutace v genu DNAJCS jsou pficinou adultni formy
neuronalni ceroidni lipofuscindzy. Zaroven byla prokazana neuroprotektivni funkce CSPa na modelu
vzacného onemocnéni. Tak se otevrela dalsi cesta pro studium role CSPa u neuronalnich ceroidnich
lipofuscindz i v dalSich neurodegenerativnich procesech. V soucasné dobé probiha ve spolupraci
s Biotechnologickym institutem v Seville a Univerzitou v Kalifornii studium funkce CSPa na drovni
neuronalnich kmenovych bunék derivovanych z fibroblast( pacientl s ANCL.

Publikace s nazvem ,Mutations in DNAJC5, Encoding Cysteine-String Protein Alpha, Cause
Autosomal-Dominant Adult-Onset Neuronal Ceroid Lipofuscinosis.” byla publikovana v roce 2011
v ¢asopise The American Journal of Human Genetics (IF = 11,680).

Vysledky nasi studie byly potvrzeny naslednymi publikacemi, ve kterych byly popsany tytéz
mutace u stejnych i dalSich rodin a sporadickych pfipad( (Benitez et al. 2011, Velinov et al. 2012).

Prispévek autorky dizertace k této studii:

V ramci této studie jsem se podilela na analyze a interpretaci vysledkid vazebné studie,
expresnich dat a exomového sekvenovani, ovéfovala jsem segregace mutaci, provadéla jsem mutacni
analyzu u vSech dostupnych vzorkl. Podilela jsem se na in vitro studii ptipravou konstrukt( a
koordinaci studii, provadéla jsem analyzu bunécénych linii a tkarnovych lyzatd pomoci metody Western
blot. Podilela jsem se na pfipravé publikace, na které jsem prvnim autorem. Publikace byla v roce
2011 ocenéna Bolzanovou cenou v lékarské kategorii udélovanou rektorem Univerzity Karlovy a
ziskala cenu Arnolda Beckmana za rok 2011.
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b/ Identifikace mutaci v presenilinu 1 u rodiny zafazené do souboru suspektnich pfipadi Kufsovy
choroby.

Vzhledem k tomu, Ze identifikaci mutaci v genu DNAJC5 byla objasnéna zhruba Ctvrtina
pripadd, které jsme méli k dispozici, rozhodli jsme se pouZit podobny ptistup, jaky byl popsan v
predchozi studii, i u dalsi rodiny, ktera nam byla zaslana s diagnézou autozomalné dominantni
Kufsovy choroby (rodina UCL568, (Noskova et al. 2011)).

| u této rodiny jsme nejprve provedli vazebnou analyzu a identifikovali jsme 14 kandidatnich
oblasti s pozitivnim LOD skdre na chromosomech 3, 4, 8,9, 10, 13, 14, 16 a 19. Zaroven jsme u
jednoho pacienta provedli analyzu zmén poctu kopii pomoci Affymetrix GeneChip Mapping 6.0 Array;
nenalezli jsme Zadné potencialné patogenni rozsahlejsi delece nebo duplikace. Nasledné jsme u dvou
pacientl a jednoho nepostizeného pfibuzného provedli exomové sekvenovani na sekvenatoru
SOLiD™4 System instalovaném v Ustavu dédi¢nych metabolickych za pouziti exomového obohaceni
pomoci Agilent SureSelect All Exome Kit. Sekvenovanim bylo identifikovano 11 723
jednonukleotidovych zamén a 150 inzerci/deleci pfitomnych v heterozygotnim stavu u obou pacientd
a nepfitomnych u zdravého pribuzného. Z tohoto poctu bylo pouze 65 jednonukleotidovych zamén
bud novych nebo pfitomnych v databazich dbSNP, 1000 Genomes, Exome variant server a v mistni
s informacemi z vazebné analyzy jsme ziskali seznam sedmi jednonukleotidovych zamén, ve kterém
jsme jako prioritni kandidatni mutaci oznacili heterozygotni mutaci c.509C>T (p.Ser170Phe) v genu
presenilin 1. Presenilin 1 (PSEN1) je jednim ze Ctyf gen(, u néhozZ jsou mutace spojovany s familiarni
Alzheimerovou chorobou s ¢asnym nastupem (Bekris et al. 2010). Tato mutace je pfitomna v databazi
dbSNP pod kddem rs63750577 a je povaZovana za potencialné patogenni. Je pfitomna také
v databazi Disease & Frontotemporal Dementia Mutation Database (http://www.molgen.ua.ac.be).

TotoZzna mutace (PSEN1 S170F) byla uz popsana v jednom ptipadu familidrni Alzheimerovy
choroby s ¢asnym nastupem (Snider et al. 2005) a u dalSich tfi sporadickych pripadd (Golan et al.
2007, Piccini et al. 2007, Langheinrich et al. 2011). Dosud bylo popsano 185 patogennich mutaci
v genu pro presenilin 1, coZ ¢ini mutace v PSEN1 nejcastéjsi pficinou u dominantni familiarni
Alzheimerovy choroby s ¢asnym nastupem. PSEN1 je membranovy protein, ktery je soucasti y-
sekretazového komplexu (Selkoe and Wolfe 2007). Princip patogeneze neni dostatecné znam,
predpoklada se, Ze mutace v PSEN1 méni specifitu y-sekretdzy vedouci k zvysenému mnoZstvi delSich
forem amyloidu B, hlavni souéasti amyloidnich plaka (Citron et al. 1997, Hutton and Hardy 1997,
Scheuner et al. 1996).

Diky funkéni anotaci variant nalezenych exomovym sekvenovanim byl zaroven u vsech
pacientd identifikovan znamy polymorfismus ¢.C173>T (rs17571) v genu kathepsin D (CTSD). Tento
polymorfismus byl nedavno identifikovan jako rizikovy faktor Alzheimerovy choroby (Schuur et al.
2011). Mutace v CTSD byly zaroven popsany u CLN10 - kongenitdlni a pozdné infantilni varianty NCL
(Jalanko and Braulke 2009). Pro dalsi studie se tedy nabizi otdzka modifikujiciho vlivu tohoto
polymorfismu na projevy a prlibéh choroby.

Tato studie neodhalila dalsi kauzalni gen pro adultni formu neuronalni ceroidni lipofuscindzy,
rodina zafazena do souboru byla nespravné diagnostikovdna a byla u ni identifikovdna jiz znama
mutace podminujici Alzheimerovu chorobu. Metodicky pfistup ale potvrdil, Ze kombinaci vazebné
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analyzy a exomového sekvenovani a diky stale se rozsifujicimu mnozstvi exomovych dat v databazich
jsme schopni rychle a efektivné odhalit mutaci podmirnujici onemocnéni. Zaroven ukazala moZznost
zvazovat vliv dalSich polymorfismi jako modifikujicich faktort studovanych chorob.

Publikace s nazvem ,,Cerebellar dysfunction in a family harbouring the PSEN1 mutation co-
segregating with a Cathepsin D variant p.A58V.” byla pfijata v roce 2013 k publikovani v ¢asopise
Journal of the Neurological Sciences (IF = 2,353).

Prispévek autorky dizertace k této studii:

V ramci této studie jsem se podilela na pfipravé vzorkl pro vazebnou analyzu a exomové
sekvenovani a na jejich analyze, ovérovala jsem segregaci mutaci a podilela jsem se na pfipravé
publikace, na které jsem spoleénym prvnim autorem.
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Studium molekularni podstaty Rotorova syndromu.

Rotorlv syndrom (RS, MIM237450) je vzacné benigni autozomalné recesivni onemocnéni.
Projevuje se konjugovanou hyperbilirubinémii, koproporfyrinurii a snizenou absorpci diagnostickych
sloucenin jatry. Svymi projevy pfipomina dalsi chorobu projevujici se konjugovanou
hyperbilirubinémii, a to Dubin-Johnson(v syndrom (DJS, MIM 237500). Na rozdil od DJS nejsou u RS
pfitomny typické jaterni pigmentové depozity. Také podil koproporfyrinovych izomer( | a lll je u RS
nizsi nez u DJS (WOLKOFF et al. 1976). U RS se na rozdil od DJS objevuje prodlouzena clearance
nekonjugovanych anionickych diagnostickych barviv (bromsulfathalein, indocyanova zelen) a jatra ani
Zlu¢ovody se nezobrazuji pti cholescintigrafii (FRETZAYAS et al. 1994, BARMEIR et al. 1982).
Molekularni podstata RS nebyla dosud znama.

Exkrecni draha bilirubinu v jatrech byla dosud popisovana jako jednosmérny proces slozeny
ze dvou krokl. Nejprve je nekonjugovany bilirubin prfenesen jaternimi pfenaseci nebo pasivni
transmembranovou difuzi do jaterni bunky, kde je konjugovan glukuronovou kyselinou za katalyzy
enzymem uridin difosfat glukuronosyl transferdzou 1A1 (UGT1A1). Konjugace probiha na
membrandch endoplazmatického retikula. Konjugovany bilirubin je nasledné secernovan do
Zlucovych kanalkd pomoci bilirubinové exportni pumpy, proteinu ABCC2.

Jsou znamy mutace u obou vyse zminénych proteind. Mutace v UGT1A1 byly popsany u
Gilbertova syndromu (MIM 143500) projevujiciho se nekonjugovanou bilirubinémii (Koiwai et al.
1995). Mutace v ABCC2 jsou pfic¢inou Dubin-Johnsonova syndromu (Kartenbeck et al. 1996, Paulusma
et al. 1997). V pripadé Dubin-Johnsonova syndromu nedochazi k exkreci bilirubinu do Zluce, bilirubin
je pomoci transportéru ABCC2/MRP3 pfesmérovan do plazmy.

Rotordv syndrom jsme na UDMP zadali studovat v roce 2005 ve spolupréci s Institutem
klinické a experimentalni mediciny, kde byli zachyceni pacienti s timto onemocnénim a kde byl
nasledné diky zahrani¢ni spolupraci shromazdén soubor rodin a sporadickych pfipadli s Rotorovym
syndromem.

Vzhledem k ne zcela jasnému vymezeni Rotorova syndromu a Dubin-Johnsonova syndromu a
vzhledem k nespecifickému charakteru rysi obou onemocnéni byla nejprve testovana hypotéza, Ze
RS a DJS jsou alelickymi variantami stejného onemocnéni. Proto byla u dvou jedincd s RS provedena
histologickd a mutacni analyza kandidatniho genu ABCC2 . Imunohistochemické nalezy potvrdily
normalni lokalizaci proteinu ABCC2, sekvenovani kddujicich a promotorovych oblasti genu ABCC2
nepotvrdily pfitomnost patogenni mutace v tomto genu. Pomoci Sangerova sekvenovani Ize vsak
detekovat pouze nukleotidové zamény, pfipadné inzerce a delece malého rozsahu. Proto jsme se
rozhodli provést analyzu pripadnych deleci ¢i inzerci jednotlivych exond genu pomoci komparativni
genomové hybridizace. V této fazi studie nebyly jesté bézné dostupné celogenomové a ,,custom” Cipy
pro komparativni genomovou hybridizaci, proto jsme ptipravili vlastni CGH Cip pro detekci zmén
poctu kopii jednotlivych exond nékolika vybranych gen( véetné genu ABCC2. Jako proby byly pouZity
oligonukleotidy specifické pro jednotlivé useky jednotlivych exon@. Cipy byly pfipraveny na
robotickém pfistroji Genesurfer metodou vyvinutou v Ustavu dédiénych metabolickych poruch. Na
jeden Cip byla vzidy hybridizovana fluorescenc¢né znacena genomova DNA pacienta a kontroly v dye

swap modu (gDNA pacienta znacend Cy3 fluoroforem, gDNA kontroly znacena Cy5 fluoroforem a
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naopak; divodem je normalizace odlisného chovani obou fluoroford). Pomoci genomové
komparativni hybridizace nebyly ani u jednoho ze dvou pacientl nalezeny zadné zmény v poctu kopii
v Zadném z 32 exonll genu ABCC2.

Tyto vysledky, spole¢né s dalsSimi mutacnimi a imunohistochemickymi analyzami, byly
publikovany v roce 2007 a potvrdily tak, Ze Rotor(iv syndrom a Dubin-Johnson(v syndrom jsou dva
odlisné defekty majici odliSnou molekularni podstatu. Publikace s nazvem ,Rotor-type
hyperbilirubinaemia has no defect in the canalicular bilirubin export pump.“ byla publikovana v roce
2007 v Casopise Liver International (IF = 2, 559).

Ve studiu molekuldrni podstaty Rotorova syndromu jsme dale pokracovali genotypovanim
pacientl z osmi rodin. Homozygotni mapovani odhalilo u pacientl ze vSech rodin jedinou
homozygotni oblast na chromozomu 12. V oblasti byly identifikovany tfi odlisSné haplotypy segregujici
s onemocnénim, jejich propojenim jsme ziskali kandidatni oblast obsahujici pét gen(. Paralelné jsme
provedli analyzu zmén poctu kopii a detekovali u dvou haplotyp homozygotni delece zasahuijici
v jednom pripadé gen SLCO1B3, v druhém pfipadé geny SLCO1B3, SLCO1B1 a LST-3TM12. Nasledna
sekvenacni analyza odhalila patogenni mutace v genech SLCO1B3 a SLCO1B1, u kazdého haplotypu
byly pfitomny mutace nebo delece vidy v obou genech. Pfedpokladanym dlsledkem zmén byly vidy
vazné zmény exprese proteind ¢i jejich Uplna absence. Zavaznost mutaci byla podporena
imunohistochemickymi studiemi, které ukazaly v jaternich biopsiich pacientl absenci protein(
OATP1B1 a OATP1B3 kédovanymi geny SLCO1B3 a SLCO1B3. U nékolika zdravych pribuznych jsme
v jednotlivych rodinach nalezli heterozygotni i homozygotni mutace ¢i delece samostatné bud’

v jednom, nebo ve druhém genu, coZ potvrdilo predstavu, Ze k projeviim Rotorova syndromu je tieba
kompletniho defektu obou gen.

OATP1B3 a OATP1B1 proteiny jsou transportéry organickych anionickych sloucenin. Jsou
lokalizovany na sinusoidni membrané hepatocyt(l a Gcastni se pfenosu fady sloucenin, jako jsou
konjugovany bilirubin, Zlu¢ové kyseliny, steroidy, tyroidni hormony, fada Iék{, toxin(l a jejich
konjugatl (Hagenbuch and Meier 2004, Hagenbuch and Gui 2008).

Nase vysledky identifikujici kompletni defekt obou proteinti OATP1B1 a OATP1B3 jako pficinu
Rotorova syndromu byly propojeny s vysledky holandské skupiny z Amsterodamu. Ta se zabyvala
studiem mysiho modelu s deficienci protein Oatpla/1b, mysich homologt lidskych proteind
OATP1B1 a OATP1B3. Z vysledkd prace na tomto modelu vyplyva, Ze u Oatpla/1b - deficientni mysi je
daleZitym faktorem protein Abcc3. U Slcola/1b” mysi jsou pozorovéany zvy$ené hodnoty plazmového
bilirubinu, ty jsou vyznamné snizeny u Slcola/1b; Abcc3” mysi, pficemz bylo dokazéano, ze Abcc3
protein odpovida z nejvétsi ¢asti za zvySené hodnoty bilirubinu v plazmé. Abcc3 secernuje
konjugovany bilirubin z hepatocyt( zpét do krve a proteiny Oatpla a Oatplb transportuji tento
bilirubin z krve zpét do hepatocytl. Specificka jaterni exprese lidského OATP1B3 nebo OATP1B1
proteinu v Slcola/1b” mysi zptsobi normalizaci hladin bilirubinu v krvi i mogi, co? potvrzuje, 7e oba
lidské proteiny OATP1B3 i OATP1B1 v jatrech efektivné absorbuji konjugovany bilirubin z plazmy.

Tyto dvé samostatné studie — studium pacientli s Rotorovym syndromem a studium
tastetného mysiho modelu Rotorova syndromu - Slcola/1b” mysi umoznilo formulovat hypotézu, ze
exkrec¢ni draha bilirubinu neni jednoduchym jednosmérnym transportem bilirubinu z krve do Zluce,
ale Ze zahrnuje smycku absorpce, sekrece do krve, reabsorpce a sekrece do Zluce. Bilirubin vstupuje
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z krve do periportalnich hepatocyt(, kde je glukuronidovan. Velka ¢ast bilirubinu konjugovaného

v hepatocytech je secernovana pomoci prenasece ABCC3 zpét do krve, odkud je zpétné
reabsorbovana perivendznimi hepatocyty pomoci proteini OATP1B3 a OATP1B1. Nasledné je
transportovan do Zlu¢e pomoci ABCC2 prenasece. Tento mechanismus zabranuje lokalni saturaci
ABCC2 transportéru v periportalnich hepatocytech a umoziuje efektivni exkreci konjugovaného
bilirubinu do Zluce v perivendznich hepatocytech. Pokud je reabsorpce bilirubinu blokovana z divodu
soucasného defektu obou prenasecli OATP1B3 a OATP1BA, hromadi se konjugovany bilirubin v krvi a
zpUsobuje projevy odpovidajici Rotorovu syndromu.

Absence obou prenasecu vysvétluje diagnostické ndlezy u Rotorova syndromu - sniZzenou
clearence anionickych diagnostickych barev, které jsou substraty pravé téchto prenasecl, a zhorseni
¢i absenci vizualizace jater a Zlucovych kanalkd pfi cholescintigrafii. Také zvySeny pomér
koproporfyrinl |ze vysvétlit snizenou absorpci téchto latek hepatocyty.

Vyznam studie tkvi nejen v identifikaci molekuldrni podstaty Rotorova syndromu, ale ma také
Sirsi klinicky dopad. Ackoli jsou defekty v obou genech velmi vzacné, vyskyt mutaci v jednom nebo
druhém genu je populacné mnohem castéjsi. Jedinci s mutacemi v proteinu OATP1B1 nebo OATP1B3
mohou vykazovat hypersenzitivitu na latky transportované témito prenasedi, napriklad na bézné
uzivané statiny. Souvislost variant v genu SLCO1B1 se statiny indukovanou myopatii jiz byla popsana
na zakladé celogenomovych populacnich studii (Link et al. 2008).

Pomoci kombinace homozygotniho mapovani a analyzy zmén poctu kopii se ndam ve
spolupraci s dalsi skupinou pracujici na mysim modelu podafilo vysvétlit genetickou a molekularni
podstatu Rotorova syndromu. Vyslovili jsme dale hypotézu, Ze jaterni exkrece mnoha sloucenin
z krve do Zluce zahrnuje opétovnou sekreci konjugovanych sloucenin do krve a jejich naslednou
reabsorpci proteiny OATP1B3 a OATP1B1 v perivendznich hepatocytech, coz je mechanismus, ktery
zabranuje lokalni saturaci prenaseci na membrané periportalnich hepatocyt(.

Publikace s nazvem ,Complete OATP1B1 and OATP1B3 deficiency causes human Rotor
syndrome by interrupting conjugated bilirubin reuptake into the liver.” byla publikovéna v roce 2011
v Casopise The Journal of Clinical Investigations (IF = 14,152 ).

Prispévek autorky dizertace k této studii:

V prvni ¢asti studie jsem se Ucastnila navrhu designu a pfipravy array pro analyzu poctu kopii
genu ABCC2, provedla hybridizace a Gcastnila se analyzy dat.

Ve druhé ¢asti studie jsem se ucastnila genotypovani osmi rodin s Rotorovym syndromem,
provadéla mutacni analyzu, validaci a pfesné mapovani deleci pomoci real time kvantitativniho PCR,
long range PCR a Sangerova sekvenovani a pfispéla k identifikaci jednotlivych haplotyp( u rodin
s Rotorovym syndromem.
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Studium molekularni podstaty izolovaného defektu ATP syntazy.

Mitochondridlni onemocnéni jsou klinicky, biochemicky a geneticky heterogenni skupinou
onemocnéni, které vychazeji z defektl mitochondrialni biogeneze, defektl komplexu respiracniho
fetézce nebo defektll jednotlivych mitochondridlnich proteind. Vyskyt mitochondridlnich
onemocnéni v populaci se odhaduje na 1: 5000 (Thorburn 2004). Obecnymi klinickymi projevy jsou
poruchy energetického metabolismu souvisejici s poklesem produkce ATP. Prvni pfiznaky se mohou
objevit jiz v novorozeneckém obdobi, ale i v dospélosti a vysokém stari. V détském véku jsou
nejcastéjSimi projevy neprospivani, neurologickd, kardiologickd postiZeni a svalova hypotonie.
Genetickou pfi¢inou mitochondrialnich chorob mohou byt jak mutace v 37 genech kédovanych
mitochondridlni DNA, tak mutace v zhruba 1000 jaderné kédovanych mitochondrialnich proteinech
(http://www.broadinstitute.org/pubs/MitoCarta/human.mitocarta.html).

V Ustavu dédiénych metabolickych poruch jsou ve spolupréci s laboratofi pro studium
mitochondrialnich chorob kliniky détského a dorostového lékarstvi VFN a Fyziologickym Ustavem AV
CR dlouhodobé studovany soubory pacientd s izolovanym defektem ATP syntazy. Mitochondrialni
ATP syntaza je klicovym enzymem v mitochondridlni energetice. Katalyzuje syntézu ATP v procesu
Mohou byt zplisobovany mutacemi v mitochondrialné kédovanych genech pro podjednoty ATP6
nebo ATPS, pfipadné mutacemi v jaderné kédovanych genech. Mutace v genech jaderného plvodu
zpUsobuji autozomalné recesivni defekty ATP syntazy, které se obvykle projevuji neonatalni
laktatovou acidézou, encefalokardiomyopatii a 3metylglutakonovou acidurii, v rlizné mire je
postizena centralni nervova soustava (Sperl et al. 2006, Houstek et al. 1999). Biogeneze ATP syntazy
je mnohastupnovy proces, u savcll bylo dosud popsano jen malé mnozstvi homologli chaperon(
asemblace ATP syntdzy znamych u S. cerevisiae (Houstek, Kmoch and Zeman 2009, Wang, White and
Ackerman 2001).

Vzhledem k tomu, Ze v dobé, kdy jsme se zacali zabyvat studiem pacientd s izolovanym
deficitem ATP syntazy, nebyly na komercnich expresnich Cipech dostupné proby pro mitochondrialné
kédované geny, rozhodli jsme se vytvofit vlastni DNA Cip pro studium mitochondridlnich a
lysozomalnich poruch. DNA ¢ip nazvany h-MitoArray obsahoval sadu 1632 gend, z nichz 992 bylo
mitochondrialnich, 42 lysozomalnich, 277 asociovanych s apoptdzou a 321 gen( Ucastnicich se
karcinogeneze, dale 146 housekeeping gent a 10 genl Arabidopsis thalliana, které slouzily jako
nastroj vnitfni kalibrace a normalizace. Tato h-MitoArray byla nejprve optimalizovana a validovana a
nasledné vyuzita ke studiu genové exprese u fibroblast(i 13 pacientl a 9 kontrol. U vSech pacient( byl
na biochemické Urovni popsan defekt F;F, syntazy, u dvou z nich se jednalo o geneticky
charakterizovanou mikrodeleci v genu ATP6 (Jesina et al. 2004, Cizkova et al. 2008a, Seneca et al.
1996). Na zakladé porovnani expresnich profilli, funkéni anotace, metod genového obohaceni a
analyzy metabolickych drah byly vzorky pacientl rozélenény do t¥i skupin. Prvni skupina vyclenila
fibroblasty pacient( se znamou mutaci v mtDNA; expresni profil poukazoval na supresi
mitochondrialni biogeneze a metabolismu a snizenou expresi gend regulujicich G1/S prechod. To
podporuje hypotézu o regulaci bunécného cyklu mitochondriemi na transkrip¢ni a posttranskripéni
urovni (Mandal et al. 2005, Gemin et al. 2005). U druhé skupiny dominovaly v expresnim profilu
znamky aktivované apoptdzy a oxidativniho stresu, tedy charakteristiky bunécného starnuti (Shelton
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et al. 1999, Stockl et al. 2006). Treti skupina byla po strance expresnich profild velmi heterogenni, coz
odpovidalo i jeji klinické a biochemické variabilité. Vysledky expresnich studii na h-MitoArray byly
verifikovany provedenim stejnych experimentli na komercni platformé Agilent Human 44k array a
byla zjiSténa vysoka korelace mezi vysledky obou platforem. Byl tak vytvofen cenové vyhodny
spolehlivy ,,custom” DNA Cip, ktery v dané dobé doplrioval nedostatecné pokryti mitochondrialnich
genl u komercnich Cipa.

Vysledky studie nazvané , Development of a human mitochondrial oligonucleotide microarray
(h-MitoArray) and gene expression analysis of fibroblast cell lines from 13 patients with isolated
F(I)F(o) ATP synthase deficiency. “ byly publikovany v roce 2008 v ¢asopise BMC Genomics (IF = 3,
926).

Vzhledem k tomu, Ze analyza genové exprese u pacientd s izolovanym defektem ATP syntazy
neprinesla jasné kandidatni geny pro pfimé sekvenovani, pokracovali jsme ve studiu pomoci dalSich
celogenomovych technik. U osmi pacient( a jejich zdravych sourozenctl a rodi¢d ze sedmi rodin jsme
provedli vazebnou analyzu. Vzhledem k tomu, Ze vSichni pacienti pochazeli z romského etnika
s moznosti efektu zakladatele, bylo provedeno také homozygotni mapovani. Tyto analyzy ukazaly
jedinou homozygotni oblast na chromozomu 8 sdilenou vSemi pacienty. Propojenim téchto vysledki
s vysledky genové exprese bylo zjisténo, Ze pouze jediny gen z této oblasti - TMEM70 mél u vSech
pacientl sniZzenou expresi v porovnani s kontrolami. Sekvenacni analyzou tohoto genu byla u vsech
pacientl nalezena homozygotni substituce c.317 -2A>G lokalizovana v sestfihovém misté exonu 2.
Dalsimi studiemi bylo prokazano, Zetato mutace vede k abnormalnimu sestfihu a degradaci
transkriptu. Pomoci PCR-RFLP analyzy jsme prokdzali pfitomnost homozygotni mutace u 23 za 25
pacientl. Nasledné komplementacni studie ukazaly obnoveni funkce ATP syntdzy po vneseni wt
formy genu TMEM?70 do pacientskych fibroblastd; tim byla prokazana kauzalita této mutace.
Fylogeneticka analyza ukazala pfitomnost homologli genu TMEM70 u vyssich eukaryot, ne vsak u hub
a kvasinek. TMEM70 byl tak identifikovan jako novy faktor tGcastnici se u vyssich eukaryot biogeneze
ATP syntazy. Jeho defekt je zodpovédny za velkou ¢ast pFipadl izolovanych defektl ATP syntazy
jaderného plvodu.

Publikace s nazvem ,TMEM70 mutations cause isolated ATP synthase deficiency and
neonatal mitochondrial encephalocardiomyopathy.” byla publikovana v roce 2008 v ¢asopise Nature
Genetics(IF = 30, 259).

V dlsledku publikace této prace byly dosud charakterizovany u ¢tyf nepfibuznych rodin
arabsko — muslimského plvodu dalsi ¢tyfi dalsi homozygotni mutace v genu TMEM?70 (Spiegel et al.
2011). Nase laborator se dale zabyvala také charakterizaci nové popsaného proteinu (Hejzlarova et
al. 2011).

Prispévek autorky dizertace k této studii:

V radmci prvni ¢asti studie jsem se podilela na optimalizaci vyroby a ptipravy ,,custom” DNA Cipl pro
analyzu genové exprese vybranych gend, podilela se na jejich validaci a byla spravcem lokalni
databazi BASE obsahuijici informace o celé vyrobé a experimentech na tomto druhu ¢ipQ. V druhé
Casti studie jsem se provadéla DNA analyzy genu TMEM?70 a pripravila konstrukty pro funkéni studie.
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Studium molekularni podstaty mukopolysacharidézy typu llIC.

Mukopolysachariddza typu IlIC (MPSIIIC, Sanfilippo syndrom C, OMIM #252930) je vzacné
autozomalné recesivni lysozomalni sttadavé onemocnéni. Patfi do Sirsi skupiny mukopolysacharidéz,
onemocnéni zplisobenych deficitem enzym( katalyzujicich degradaci glykosaminoglykan(. Bylo
popsdano celkem jedenact enzymopatii, skupina mukopolysachariddz typu Il zahrnuje onemocnéni
zpUsobena deficitem enzymU degradujicich heparan sulfat. U MPSIII jsou klasifikovany Ctyfi
enzymopatie — MPSIIIA (Sanfilippo A, defekt heparan-N-sulfatazy), MPSIIIB (Sanfilippo B, defekt a-N-
glukosaminidazy), MPSIIIC (Sanfilippo C, defekt acetyl-koenzymA: a-glukosamin N-acetyltransferazy)
a MPSIIID (Sanfilippo D, defekt N-acetylglukosamin 6-sulfatazy).

Acetyl-koenzymA: a-glukosamin N-acetyltransferaza katalyzuje transmembranovou N-
acetylaci amino skupiny koncového glukosaminu. Enzym byl ¢astecné purifikovan a charakterizovan
jako transmembranovy glykoprotein o velikosti cca 100 kDa, ktery obsahuje aktivni misto (Ausseil et
al. 2006). Prevalence mukopolysacharidézy IlIC byla uréena jako 0,07, 0,12 a 0,21 na 100 000
v Austrdlii (Meikle et al. 1999), v Portugalsku (Pinto et al. 2004) a v Nizozemi (Poorthuis et al. 1999).
Vék nastupu prvnich symptom je mezi étvrtym a Sestym rokem Zivota, mezi symptomy patfi zmény
chovani, hyperaktivita a agresivita, nasleduje postupna mentalni retardace, neuropsychiatrické
problémy, ztrata sluchu a drobnéjsi visceralni zmény. Vétsina pacient umira jesté v détském véku
(BARTSOCAS et al. 1979, KLEIN et al. 1981). MPSIIIC byla posledni enzymopatii skupiny
mukopolysachariddz, jejiz genetickd podstata nebyla zndma. Vazebna analyza provedena na 44
pacientech a nepostizenych pribuznych z 31 rodin vymezila kandidatni oblast o velikosti 8,3 cM na
chromozomu 8 (Ausseil et al. 2004).

V Ustavu dédi¢énych metabolickych poruch jsme méli moznost studovat celkem pét pacientd
ze Ctyr nepribuznych rodin, u nichZ bylo onemocnéni diagnostikovano na zakladé biochemického
vySetfeni aktivity N-acetyltransferdazy (VOZNYI et al. 1993). U vSech rodin byla provedena vazebna
analyza pomoci STR marker(, zaroven bylo na spolupracujicim pracovisti v Montrealu provedeno
genotypovani 22 mikrosatelitnich marker( u 60 pacient( a 44 nepostiZzenych pribuznych. Tyto
analyzy zUzZily kandidatni oblast na interval 2,6 ctM na chromozomu 8 mezi markery D851051 a
D8S1831. Tento interval obsahoval 32 znamych a predikovanych gen.

Diky zavedené metodé pripravy vlastnich DNA Cipl pomoci robotického pfistroje jsme navrhli
expresni Cip, ktery obsahoval oligonukleotidové proby gen( z kandidatni oblasti. Provedli jsme tak
analyzu genové exprese v leukocytech dvou pacientd a ¢tyf zdravych kontrol. Vysledky ukazaly
sniZzenou expresi transkriptu genu TMEM76 u obou pacientl ve srovnani se zdravymi kontrolami. Gen
TMEM76 byl také vybran jako kandidatni gen na zakladé jeho charakteristik lysozomalniho
transmembranového glykoproteinu o velikosti odpovidajici ¢aste¢né purifikovanému enzymu (Ausseil
et al. 2006).

Sekvenovanim kandidatniho genu byly identifikovany patogenni mutace v genu TMEM76
nejprve u péti studovanych ¢eskych pacient(l, pozdéji celkem u tficeti rodin. Jednalo se u 4 nonsense
mutace, 14 missense mutaci, 3 frameshift mutace a 6 sestfihovych mutaci. Funkéni vyznam genu
TMEM76 v patogenezi mukopolysacharidozy typu IlIC byl dale potvrzen funkénimi expresnimi

studiemi s pouZitim pacientskych fibroblast(.
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Nezavisle byly stejné vysledky publikovany dalsi vyzkumnou skupinou (Fan et al. 2006), ktera
dospéla k identifikaci kauzalniho genu na zdkladé proteomické analyzy. Soucasné oficidlni oznaceni
genu TMEM?76 je HGSNAT (heparan-a-glucosaminide N-acetyltransferase). Dosud bylo identifikovano
vice nez 50 patogennich mutaci v tomto genu (Feldhammer et al. 2009, Canals et al. 2011).

Publikace s nazvem ,Mutations in TMEM76* cause mucopolysaccharidosis IlIC (Sanfilippo C
syndrome).” byla publikovéna v roce 2006 v ¢asopise The American Journal of Human Genetics (IF =
12,629).

Prispévek autorky dizertace k této studii:

V ramci této studie jsem se podilela na pfipravé DNA Cipu pro analyzu genové exprese
kandidatnich gend. U€astnila jsem se optimalizace vyroby €ipt, optimalizace pfipravy vzork( a jejich
fluorescenéniho znaceni a provedla viechny hybridizaéni experimenty. U&astnila jsem se také analyzy
vysledk.
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CAST IV. Souhrn vysledk

Tato dizertacni prace predstavuje vyuZziti novych genomickych technik, predevsim analyzy pomoci

DNA Cipl a celoexomového sekvenovani pomoci sekvenatoru nové generace. Tyto metody byly

aplikovany v pripadé studia nékolika vzacnych neurologickych, hepatologickych, mitochondridlnich a

lysozomalnich stfadavych chorob s familiarnim vyskytem.

1a.

Souhrnnymi vysledky s ohledem na cile dizertacni prace jsou:

Identifikace mutaci v genu DNAJC5 jako kauzalni priciny casti pripad( s adultni formou
neuronalni ceroidni lipofuscinézy (ANCL) pomoci kombinace vazebné analyzy, analyzy genové
exprese, analyzy zmén v poctu kopii a celoexomového sekvenovani.

1b. Identifikace mutaci v genu PSEN1 a polymorfismu v genu CTSD u rodiny plvodné zafazené do

2a.

2b.

3a.

3b.

souboru suspektnich pripaddi ANCL pomoci metod vazebné analyzy a celoexomového
sekvenovani.

Vyvoj a optimalizace ,,custom” DNA Cipu pro analyzu zmén poctu kopii, jehoZ vyufZiti prispélo k
potvrzeni odlisné molekularni podstaty dvou vzacnych defektll - Rotorova a Dubin-Johnsonova
syndromu.

Identifikace deleci a mutaci v genech SLCO1B1 a SLCO1B3, které podminuji vznik Rotorova
syndromu pomoci analyzy zmén v poctu kopii a homozygotniho mapovani.

Vyvoj a aplikace ,custom” oligonukleotidového DNA cCipu pro studium genové exprese u
mitochondridlnich a lysozomalnich stfadavych chorob (h-MitoArray) a jeho vyuZiti pfi studiu
souboru pacientd s izolovanym defektem ATP syntazy.

Identifikace mutaci vgenu TMEM70 jako kauzdlni priciny onemocnéni u skupiny pacient(
sizolovanym deficitem ATP syntdzy pomoci vazebné analyzy, analyzy genové exprese a
homozygotniho mapovani.

Prispévek k identifikaci mutaci vgenu TMEM76 (HGSNAT) jako kauzalni pficiny
mukopolysachariddzy typu llIC pomoci analyzy genové exprese.
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CAST V. Prakticky vyznam dosazenych vysledk

Cast prezentovanych vysledk umozZnila také detailn&jsi popis patogeneze nékterych onemocnéni

a prispéla k poznani novych fyziologickych a patofyziologickych mechanism(. Dusledkem nékterych

studii bylo také zavedeni novych metod DNA diagnostiky. Vyznam vysledkd jednotlivych studii je

shrnut v nasledujicich bodech.

1.

Diky popisu kauzalniho genu pro adultni formu NCL byly charakterizovany zakladni
patogenetické mechanismy onemocnéni. Identifikace genu umozfiuje DNA diagnostiku v
postizenych rodinach a iniciovala dalsi stratifikaci souboru pacient(l a rodin s dominantni a
sporadickou formou ANCL. Zaroven tento poznatek umoZzniuje pfipravu bunécnych a zvirecich
modell pro studium mechanismu neurodegenerace u pacientl a pro studium funkce CSPa
obecné.

Na zakladé studia Rotorova syndromu byl popsan novy mechanismus transportu bilirubinu,
ktery zahrnuje opétovnou sekreci konjugovanych sloucenin do krve a jejich naslednou
reabsorpci proteiny OATP1B3 a OATP1B1. Studie ma také SirSi klinicky dopad pro
farmakogenomiku v souvislosi s hypersenzitivitou jedincd s mutacemi v popsanych
prenasecich na latky jimi transportované. ldentifikace mutaci také umoznuje diferencialni
diagnostiku konjugovanych hyperbilirubinémii.

Identifikace mutace v genu TMEM?70 prispéla k poznani biogeneze a regulace funkce ATP
syntazy. Umoznila diferencialni diagnostiku izolovanych poruch ATP syntazy a v postizenych
rodinach nabidla moZnost prenatalni a postnatalni diagnostiky.

Na zakladé identifikace kauzdlniho genu u mukopolysacharidézy typu llIC byly pfipraveny
bunécéné a zvifeci modely jednak pro studium funkce genu HGSNAT, ale i pro Sirsi studium
mechanismi neurologického postizeni u pacientd. Tyto studie nasledné vyustily v definici
mozného terapeutického pfistupu pro pacienty s MPSIIC. | vtomto pfipadé identifikace
kauzalniho genu umoznila prenatdlni a postnatalni diagnostiku v postiZzenych rodinach.
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CAST VII. Kopie publikovanych praci tvoficich zaklad dizertaéni prace

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

. Cerebellar dysfunction in a family harbouring the PSEN1 mutation co-
segregating with a Cathepsin D variant p.A58V

. Rotor-type hyperbilirubinaemia has no defect in the canalicular bilirubin
export pump.

. Complete OATP1B1 and OATP1B3 deficiency causes human Rotor syndrome by
interrupting conjugated bilirubin reuptake into the liver.

. Development of a human mitochondrial oligonucleotide microarray (h-
MitoArray) and gene expression analysis of fibroblast cell lines from 13
patients with isolated F(I)F(o) ATP synthase deficiency.

. TMEM?70 mutations cause isolated ATP synthase deficiency and neonatal
mitochondrial encephalocardiomyopathy.

. Mutations in TMEM76* cause mucopolysaccharidosis IlIC (Sanfilippo C
syndrome).
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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,!.2
Veronika BareSova,1.2 Robert Ivanek,1.2 Helena Hulkova,! Helena Jahnova,! Julie van der Zee,34
John F Staropoli,5 Katherine B. Sims,> Jaana Tyyneld,¢ Christine Van Broeckhoven,34

Peter C.G. Nijssen,” Sara E. Mole,8 Milan Elleder,1.2 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 ¢.344T>G, in DNAJCS 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 CSPo. 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.

Introduction American family with English ancestry (UCL563 in this
study),’ another family from Alabama, USA (UCL562),%”
The neuronal ceroid lipofuscinoses (NCLs) are a heteroge- and a third family from the Netherlands (N1)® were pre-
neous group of inherited neurodegenerative disorders sented. Common characteristics of affected individuals
with an incidence of between 1 and 30 per 100,000. Com- included generalized seizures, movement disorders, cogni-
mon findings in the NCLs are an accumulation of auto- tive deterioration, and progressive dementia; the age of
fluorescent storage material in neural and peripheral onset varied between 25 and 46 years.
tissues and neurodegeneration. Although mutations in In this work we describe a Czech family (P1) with auto-
eight genes—CLN1 (PPT1 [MIM 256730]), CLN2 (TPP1 somal-dominant ANCL in whom, by using a combination
[MIM 204500]), CLN3 (MIM 204200), CLN5S (MIM of linkage mapping, gene-expression analysis, and exome
256731), CLN6 (MIM 601780), CLN7 (MFSD8 [MIM sequencing, we identified a unique heterozygous muta-
610951]), CLN8 (MIM 600143), and CLN10 (CTSD [MIM tion in DNAJC5 encoding cysteine-string protein alpha
610127])—have been identified in autosomal-recessive (CSPo [MIM 611203]; information on CSPa is accessible
childhood and juvenile NCLs' and recently also in auto- in the National Center for Biotechnology Information
somal-recessive adult-onset NCL (Kufs disease [MIM [NCBI] Gene Entrez database under GenelD 54968). The
204300])%, the genetic and molecular basis of adult-onset same or a second heterozygous DNAJCS mutation was
NCL with dominant inheritance (Parry type [MIM found in four additional unrelated ANCL families that,
162350]) remains unknown. together with altered palmitoylation-dependent sorting
Autosomal-dominant adult-onset neuronal ceroid lipo- of mutant proteins in a cellular model and a reduced
fuscinosis (ANCL) was first described in a family of British ~amount of CSPa in neuronal cells of affected individuals,
descent from New Jersey, USA (Parry disease)® and in confirmed the causality of CSPa mutations in autosomal-
a second family reported in Spain.* More recently, a large dominant ANCL.
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Belgium; SDepartment of Neurology, Massachusetts General Hospital and Harvard Medical School, Boston, MA 02114, USA; SInstitute of Biomedicine/
Biochemistry and Developmental Biology, University of Helsinki, 00014 Helsinki, Finland; “Department of Neurology, St. Elisabeth Hospital, 5022 Tilburg,
The Netherlands; ®MRC Laboratory for Molecular Cell Biology, Institute of Child Health and Department of Genetics, Evolution and Environment, Univer-
sity College London, London WCIE 6BT, UK
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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 lmFit 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 (II.2, IV.1, IV.2,
IV.3, IV.4, IV.7, and 1V.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 pg 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 (hgl9) 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 (hg19). 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 DNAJCS
(NM_025219.2), encoding CSPo, 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

DNAJCS 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 DNAJCS5/
CSPa. in all enhanced green fluorescent protein (EGFP)-CSPa
constructs.

Transient Expression of EGFP-CSPa

PEGEFP-CSPa constructs were transfected into CAD-2A2D5 (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 pg or
4.5 ug 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 Clsi laser scanning confocal microscope, a Nikon
PlanApo objective (40%x, N.A.1.30), 488 nm and 543 nm laser
lines, and 515 = 15 nmand 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 KCIl, 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 KCIl, 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 7).

(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 UCL519 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 CSP« 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-Leullédel Czech Republic ANCL, autosomal dominant

N1 p.Leul15Arg The Netherlands ANCL, autosomal dominant 83132

UCL563 p-Leull5Arg USA ANCL, autosomal dominant s

UCL328 p-Leull5Arg USA, French-Canadian Kufs

UCL519 p-Leull6del USA Kufs, autosomal dominant

UCL417 - France Kufs, autosomal dominant

UCLS562 - USA Kufs, autosomal dominant 67

UCL572 - 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

UCLS522 - USA Kufs

UCL545 - Netherlands Kufs

UCL568 - Austria Kufs

UCLS571 - 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 CSP«, 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. Identification 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 hgl19.

(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 DNAJC5 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 v2.0 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 DNAJC5 genomic
one in each of the other pedigrees) across these five region (Table S3). The c.346_348delCTC (p.Leull6del)
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-
UCL563) 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 UCL563. 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 23x719 126 5085 2.92 2.9 x7
hsa05016: Huntington disease 46 2.78 7.7 x°8 180 5085 2.29 9.5 x7°
hsa05010: Alzheimer disease 43 2.60 85x78 163 5085 2.37 1.1 x7*
hsa05012: Parkinson disease 35 211 7.0 x77 128 5085 2.45 8.7 x4
hsa00190: oxidative phosphorylation 35 211 1.0x°° 130 5085 2.41 13 %73
hsa00520: amino sugar and nucleotide sugar 13 079 24 x3% 44 5085 2.65 2.9 x°
metabolism

hsa03050: proteasome 12 073 12x?2 47 5085 2.29 1.4 x!
hsa04120: ubiquitin mediated proteolysis 25 151 1.5x°2 137 5085 1.64 1.7 x!
hsa04662: B cell receptor signaling pathway 16 097 1.7 x7?2 75 5085 1.91 1.9 x!
hsa04621: NOD-like receptor signaling 14 0.85 1.7 x72 62 5085 2.03 1.9 x!
pathway

hsa00052: galactose metabolism 8 0.48 20x72 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-Leullé6del 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 VALMET 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 DGCRS8
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 CADS neuronal cells. Using immunofluorescence analysis,
affects protein function, and analysis with Polyphen we found wild-type EGFP-CSPa predominantly at the
(overall score = 0.782; sensitivity = 0.85; and specificity = plasma membrane, whereas both mutated proteins
0.93) predicted that it is possibly damaging. No such showed diffuse intracellular staining and abnormal coloc-
predictions can be obtained for the identified deletion alization with markers for the ER and Golgi apparatus
p.Leullédel. (Figure 4A). In addition, using immunoblot analysis of

To study an effect of the identified mutations, we tran- transfected cell lysates, we found that both mutated
siently expressed wild-type EGFP-tagged CSPa or mutant proteins were less efficiently palmitoylated than the wild-
protein containing either p.Leul15Arg or p.Leullédel in  type protein (Figure 4B).

A B (o
wi pleulisarg pleuticdel EGEP-CSPa NCLZ bramn Gontrol brain
wt [pLeutisArg]pLeuttedel palmitoylated B_HMAE I i B = v
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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 CSP« 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 pm.

To correlate these observed effects with in vivo, we Discussion

analyzed post-mortem brain specimens by immunoblot-

ting. Although both palmitoylated and nonpalmitoylated = We carried out linkage mapping, gene-expression analysis,
CSPa were present in control brain lysates, we could not exome sequencing, and candidate-gene sequencing in
detect any CSPa in brain lysates from a Dutch case (family affected individuals from 20 families and/or simplex cases
N1) with the p.Leu115Arg mutation. However, after chem- of European descent suffering from autosomal-dominant
ical depalmitoylation, we detected a chemiluminescence adult-onset neuronal ceroid lipofuscinosis previously re-
signal, probably corresponding to an otherwise insoluble ferred to as Parry disease. Using this approach, we
CSPa-containing aggregate, which appeared much stron- identified in five of these families two recurrent muta-
ger in brain lysate from the case, than in the control tions, c¢.346_348delCTC (p.Leullédel) and c.344T>G
(Figure 4C). Using immunohistochemical staining of (p.Leull5Arg),in DNAJCS encoding cysteine-string protein
CSPa in paraffin-embedded brain sections, we consistently  alpha (CSPa«). To prove their causality, we performed haplo-
found an absence of CSP« staining in synaptic regions in  type analysis, which revealed that the mutations had to
both the cerebral and the cerebellar cortex of individuals appearindependently in at least four lineages, and by using
with the p.Leul15Arg mutation and significantly reduced targeted genotyping of seven unaffected siblings and 200
CSPa staining in the cerebral cortex of individuals with  control individuals as well as searching the 1000 Genome
the p.Leull6del mutation when we compared these indi- and dbSNP databases, we found that the mutations are
viduals to age-matched controls (Figures 4D and 95). 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.'*™!”
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.'®?*2529 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 DNAJCS 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 CSPe 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 DNAJCS 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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Abstract

Presenile dementia may be caused by a variety of different genetic conditions such as familial
Alzheimer’s disease, prion disease as well as several hereditary metabolic disorders including
adult onset neuronal ceroid lipofuscinosis. We report a multigenerational family with autosomal
dominant presenile dementia harboring a cerebellar phenotype. Longitudinal clinical work-up in
affected family members revealed ataxia accompanied by progressive cognitive decline, rapid
loss of global cognition, memory, visuospatial and frontal-executive functions accompanied by
progressive motor deterioration and early death. Linkage analysis and exome sequencing
identified the p.S170F mutation of Presenilin 1 in all affected individuals, which is known to be
associated with very early onset Alzheimer’s disease. Additional search for potentially
modifying variants revealed in all affected individuals of the third generation a paternally
inherited variant p.A58V (rs17571) of Cathepsin D which is considered as an independent risk
factor for Alzheimer’s disease. Involvement of cerebellar and brainstem structures leading to
functional decortication in addition to rapid progressive presenile dementia in this PSEN1 family
may therefore indicate an epistatic effect of the p.A58V Cathepsin D variant on the deleterious

course of this disease.
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Introduction

Early onset dementia may be caused by a variety of different conditions including familial
Alzheimer’s disease (AD), prion disease and several hereditary metabolic disorders including
leukodystrophies and neuronal ceroid lipofuscinoses (NCLs). AD mutations are among the most
frequent cause of inherited dementia. Causative mutations for autosomal dominant AD have
been found in the amyloid -B protein precursor (ABPP) as well as in the Presenilin 1 (PSEN1)
and Presenilin 2 (PSEN2) genes (1). Among them, point mutations in the PSEN1 are most
common (www.molgen.ua.ac.be). They have been associated with severe forms of AD
characterized by complete penetrance and disease onset as early as 30 years of age. Besides
progressive dementia, there is considerable clinical heterogeneity in patients with PSEN1 AD
ranging from parkinsonism to spasticity (2).

NCLs are hereditary progressive neurodegenerative diseases with an incidence ranging in
different countries from 1.3 to seven per 100.000 live births. Initial signs and symptoms of adult
NCL usually appear around age 30 years, with death occurring about ten years later. Clinical
profile of adult NCL type 4 (NCL4) shares common features with early onset AD and is
characterized by behavior abnormalities and dementia which may be associated with motor
dysfunction, ataxia, extra pyramidal and brainstem signs (3).

We report a large Austrian family encompassing five affected individuals in three generations
who proved to suffer from autosomal dominant dementia presenting with a predominant
cerebellar phenotype. With respect to the consistently severe phenotype and the known
heterogeneity of familial presenile dementia, genome-wide linkage analysis and exome
sequencing were performed as comprehensive genetic testing and allowed for detection of
multiple genetic mutations which traditional genetic approaches would likely have not identified.
This together with extensive clinical, neuroradiological evaluation and neuropsychological work

up of this family provides for the first time a comprehensive longitudinal insight in clinical signs
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and symptoms of a family with a specific PSEN1 mutation associated with an additional AD

modifier variant in Cathepsin D (CTSD), a causal gene for NCL type 10.

Materials and methods

Clinical evaluation

Probands were identified from a multigenerational Austrian family exhibiting rapid progressive
dementia in combination with an ataxic movement disorder leading to death within few years
after onset. Disease developed in 5 individuals out of 3 generations of this family (Figure 1).
Three affected individuals in the third generation (I111.3, 111.5 and 111.6) were consecutively
referred to the Department of Neurology in Innsbruck, Medical University Innsbruck within
several years after clinical onset. Standard neuropsychological tests were used to assess
dementia. Clinical information for deceased affected individuals (1.2 and 11.2) was obtained by
interview of collateral sources and review of available medical records. Investigations were
conducted according to the Declaration of Helsinki principles and patients and family members

gave written informed consent.

Neuropathological examination

Neuropathological study was performed on formalin-fixed, paraffin-embedded blocks. Sections
of frontal cortex, amygdala, anterior segment of the hippocampus with transentorhinal and
entorhinal cortex, caudate nucleus, putamen and cerebellar cortex were examined. Sections were
stained using hematoxylin and eosin, Kliiver-Barrera, and modified Bielschowsky methods. The
following monoclonal antibodies were used for immunohistochemistry: anti-tau AT8 (pS202,
1:200, Pierce Biotechnology, Rockford, IL, USA), anti-phospho-TDP-43 (pS409/410, 1:20,000,
Cosmo Bio, Tokyo, Japan), anti-a-synuclein (1:10,000, clone 4D6, Signet, Dedham, MA, USA),

anti-Ap (1:100, clone 6F/3D, Dako, Glostrup, Denmark), anti-PrP (1:2,000, 12F10, Cayman
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Chemical, Ann Arbor, MI, USA). The DAKO EnVision© detection kit, peroxidase/DAB,

rabbit/mouse (Dako) was used for visualization of antibody reactions.

Genotyping and linkage analysis

Genomic DNA was isolated by standard technology. All DNA samples were genotyped 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 Institute of Molecular Genetics
in Prague. Raw feature intensities were extracted from the Affymetrix GeneChip Scanner 3000
7G images using the GeneChip operating Software (GCOS) 1.4. Individual SNP calls were
generated using Affymetrix Genotyping Analysis Software (GTYPE) 4.1.

Multipoint parametric linkage analysis along with determination of the most likely haplotypes,
was carried out using affected-only analysis under the assumption of an autosomal dominant
mode of inheritance with a 0.99 constant, age-independent penetrance, 0.001 phenocopy rate,
and 0.001 frequency of disease allele, and was performed with version 1.1.2 of Merlin software
(4). The results were visualized in the version 1.032 of the HaploPainter software (5) and in

version 2.9.2 of R-project statistical software.

Copy-number analysis

DNA sample from individual I11.5 was genotyped using Affymetrix GeneChip Mapping 6.0
Array (Affymetrix, Santa Clara, CA) at the microarray 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 using the GeneChip Control
Console Software 2.01. Individual SNP calls were generated using Affymetrix Genotyping
Console Software 3.02. Copy number changes were identified in Affymetrix Genotyping

Console Software (GTC version 3.02). Data from both SNP and copy number probes were used
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to identify copy number aberrations compared to a built-in reference. Only regions larger than 10

Kb containing at least 5 probes were reported.

Exome sequencing

Exome sequencing was performed using 3 pg of DNA from two affected individuals (IIL.5 and
I11.6) and one unaffected relative (111.4). For DNA enrichment, SureSelect All Exome Kit
(Agilent, Santa Clara, USA) was used according to the manufacturer’s protocol. DNA
sequencing was performed on the captured barcoded DNA library using SOLID™ 4 System
(Applied Biosystems, Carlsbad, USA) at the Institute for Inherited Metabolic Disorders (Prague,
Czech Republic). Reads were aligned in color space to the reference genome (hgl9) using
NovoalignCS version 1.08 (Novocraft, Malaysia) with default parameters. Sequence variants in
the analyzed sample were identified using SAMtools package (version 0.1.8) (6). The high
confidence variants list was annotated using ANNOVAR Annotation tool (hgl9). Only the
sequence variants present in both affected individuals and not found in unaffected relative and
having frequency lower than 0.001 in the dbSNP, 1000 Genomes, Exome Variant Server

(http://evs.gs.washington.edu/EVS/) and internal exome database were prioritized for further

analysis. Candidate variants were visualized in Integrative Genomics Viewer (IGV) - version

1.5.65.

Functional annotation of sequence variants

Single nucleotide variants found by SAMtools package were analyzed using Variant Annotation,
Analysis and Search Tool version 1.0.1. (VAAST) (7). Variants present in both affected
individuals 111.5 and 111.6, but not in unaffected relative 111.4 were selected using Variant
Selection Tool (VST, part of VAAST). Variant analysis was performed under the dominant
model of inheritance. Candidate genes were functionally annotated using Database for

Annotation, Visualization and Integrated Discovery version 6.7 (DAVID).
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DNA sequencing and mutation analysis

Mutation-bearing fragments of PSEN1 (NM_000021.3) and CTSD (NM_001909.4) were PCR
amplified from genomic DNA of all available individuals from the family and sequenced using
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 using Sequencing Analysis software, and the segregation of the candidate mutations

was assessed. Primer sequences are available in Supplemental Data.

Results

Family characteristics, clinical findings, neuropathology and genetics

The three-generation pedigree includes five affected individuals of whom clinical reports are
available. The grandmother of the index case (individual 1.2) died in her early thirties of a
disease characterized by abnormal movements and rapid dementia. A rare disease has been
suspected although medical records are not available. One of her daughters (individual 11.2)
exhibited rapid progressive dementia associated with gait unsteadiness and dysarthria starting at
the age of 30 with disease duration of four years. In her neuropathological file (1977) “massive
cerebral atrophy with narrowed gyri and widened sulci, but of regular configuration” was
described. Unfortunately, histopathological work-up was not accessible.

The offspring of patient 11.2 consisted of six children. Three of them were affected by the
disease. Extensive work-up including clinical follow-up, genetic confirmation and
neuropathological examination has been performed:

Individual 111.3

This female patient presented with gradual worsening of gait and stance as well as recurrent falls
at the age of 33. Rapid progression of symptoms consisted of a reduction in fine motor skills

such as writing and progressive loss of postural stability within the following year. Moreover, a

73



gradual loss in short term memory and affective lability was noted. She became unable to
manage activities of daily life and had to end up her profession as a shop assistant.

After disease duration of two years she was examined at the Department of Neurology, Medical
University Innsbruck. The patient showed ataxia with marked intention tremor. Her gait was
severely ataxic, unassisted walking was not possible. Dystonic features such as abnormal flexion
of the hands during movements were noted. Additionally, trunk dystonia was observed while
walking. Pyramidal signs were present, thus spasticity was not the prevailing symptom. Severe
cognitive impairment and frontal release signs were noted. Communication was markedly
impaired because of massive dysarthria. Seizures and myoclonic jerks were absent. About 2
years later the patient was wheel chair bound due to massive ataxia. Additionally, repetitive
flexion of arms and extension of legs during active movements resembling decortication pattern
occurred. Cognitive decline was highly advanced making a detailed neuropsychological
assessment impossible. The patient died few months later because of aspiration pneumonia at the
age of 37.

Neuropsychological investigations during admission to our hospital two years after disease onset
revealed severe dementia with an MMSE score of 11 and pronounced impairments of memory,
visuospatial and executive functions; Table 1). Magnetic resonance imaging (MRI) revealed
moderate parietal and mild global cortical atrophy (Figure 2A) as well as hyperintensities
bilaterally (FLAIR) in the mesial temporal lobe (hippocampus, amygdala; Figure 2B). TC-99m
Ethylencysteinat-Dimer  perfusion SPECT detected bilateral temporal and parietal
hypointensities (Figure 2C). Standard cerebrospinal fluid (CSF) examination was unremarkable.
Motor evoked potentials were consistent with clinical findings and showed involvement of the
pyramidal tract. Neuropathological work-up was performed in this patient (Figure 3).

Individual 111.5

This female patient reported problems in short term memory that affected activities of daily and

professional life at the age of 28 years. Some time before the patient noted depressive symptoms
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and personality changes causing family problems. Approximately two years later gait instability,
problems in motor skills and difficulties in pronouncing words were noted. Clinical examination
at the age of 32, four years after disease onset, severe cognitive impairment including memory,
constructional praxis and frontal executive functions (MMSE 14; Table 1) was present.
Additionally, she was suffering from severe hemispheric ataxia with marked dysmetria in
directed movements. Her gait was ataxic and postural instability led to falling during pull test.
Pyramidal involvement with positive Babinski signs was present. Dystonic features, myoclonus
and seizures were absent. The course of disease in this patient was rapidly progressive and she
died one year later. Cerebral MRI exhibited mild parietal cortical atrophy (Figure 2D). Routine
CSF was unremarkable. CSF amyloid-p (1-42) was markedly reduced, while total TAU was
within normal range and phosphorylated TAU was increased. Neuropathological work-up is not
available in this patient.

Individual 111.6

In this male patient speech impairment was noted as a first symptom at the age of 31 years,
followed by gait disturbance and problems in upper limb coordination. Within several months
disabling difficulties in short term memory tasks interfering with professional life occurred. At
first clinical examination two years later, the patient exhibited marked dysarthria, a reduction in
fine motor skills as well as gait ataxia. Additionally, impairment of cognitive functions was
present. Clinical follow-up within three years revealed a rapidly progressive cognitive
deterioration. Dysmetria and ataxic gait disorder deteriorated less than cognitive functions, he
was still able to perform activities of daily living. At the age of 36 and disease duration of five
years he had moderate dysarthria, marked gait ataxia and dementia (MMSE 23; deficits of verbal
and figural memory, executive functions; Table 1). This patient is followed up until to date.
Neuropsychological evaluation detected prominent impairment of orientation and memory,
visuospatial functions, executive functions, and working memory as assessed by standardized

neuropsychological tests (Table 1). CSF amyloid-p (1-42) was markedly reduced. Total TAU as
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well as phosphorylated TAU was found increased. EEG monitoring lasting one week did not
reveal seizures or epileptic discharges but showed low pseudoperiodic sequences. Cerebral MRI
exhibited moderate parietal and mild cortical atrophy, corresponding to a decreased metabolism

in fluoro-2-deoxy-D-glucose PET (Figure 2E and F).

Neuropathological findings in patient 111.3

Neuropathology was available for patient 111.3. Major microscopic features included spongiosis
of the superficial layers in the frontal and entorhinal cortices and neuronal loss accompanied by
reactive astrogliosis predominating in frontal and entorhinal cortices, and amygdala. In addition,
abundant amyloid plaques were noted together with dystrophic neurites and congophilic amyloid
angiopathy. Bielschowsky silver staining revealed numerous neuritic plaques and neurofibrillary
tangles in these regions (Figure 3A). There was no spongiform change of the neuropil, and
immunostaining for prion protein excluded disease-associated deposits. In addition, we did not
observe prominent accumulation of lipofuscin in neurons as seen in NCL patients.
Immunostaining for amyloid-f (Figure 3B) revealed abundant cored and diffuse plaques and
vascular, perivascular and subpial amyloid-p deposits in the frontal cortex. Amyloid-$
deposition was also prominent in the amygdala and transentorhinal/entorhinal cortex, here also in
the form of lake-like granulofibrillar deposits. The latter were observed in the basal ganglia as
well. Occasional small cored but more diffuse deposits in the molecular layer following the
arborization of the Purkinje cells arranged perpendicular to the surface were seen in the

cerebellum.

Identification of sequence variants in two AD associated genes
SNP array-based linkage analysis identified 14 candidate regions with positive LOD scores on

chromosomes 3, 4, 8, 9, 10, 13, 14, 16 and 19 (Figure 4A); a high-resolution SNP array copy
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number analysis in one patient (111.5), found no indication for a potentially disease-causing
deletion or duplication.

To directly identify possible disease-causing mutation(s) among the candidate genes defined by
linkage analysis, we performed exome sequencing in genomic DNA of two affected individuals
(1.5 and 111.6), and one unaffected relative (I11.4). From the sequencing run we obtained from
these samples 105, 114 and 109M of sequencing reads, respectively, of which we were able to
map on average 69 % on the human genome reference sequence. After removing PCR-generated
duplicate reads, we obtained for the samples 56, 60 and 59M of unique reads, respectively. We
identified 11726 single nucleotide variants (SNVs) and 150 indels that were present in
heterozygous form in both affected probands, but were absent in the unaffected relative
(candidate variants). From these candidate variants, 65 SNVs and none of the indels were either
novel or present at frequencies lower than 0.001 in the doSNP, 1000 Genomes, Exome Variant

Server (http://evs.gs.washington.edu/EVS/) and internal exome database.

Filtering the candidate variants for linkage regions left 7 potentially disease-causing variants
(Table 2), of which the heterozygous mutation ¢.509C>T (p.Ser170Phe) in PSEN1 (Figure 4B)
emerged as causative. This mutation is present in the doSNP database with accession number
rs63750577 and is referred to as pathogenic. It is acknowledged as a disease-associated mutation
in the Alzheimer Disease & Frontotemporal Dementia  Mutation Database

(http://www.molgen.ua.ac.be). Our sequence analysis of the mutation-bearing fragment showed

its segregation with the phenotype in the family (Figure 4C).

To identify potentially disease-modifying variants we functionally annotated the candidate
variants identified by exome sequencing. This analysis revealed a heterozygous mutation
c.C173>T (p.A58V) in CTSD, and sequence analysis showed that all three affected individuals
of the last generation bearing PSEN1 p.S170F mutation are heterozygous for this mutation,

which they inherited from their unaffected father (not shown).
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Discussion

We report a large multigenerational family segregating a dominantly inherited phenotype
characterized by cerebellar ataxia and premature dementia segregating with a PSEN1 p.S170F
mutation.

PSEN1 is a membrane protein that is part of the y-secretase complex (8). To date 185 mutations
in PSEN1 have been described leading to autosomal dominant AD. A number of PSEN1
missense mutations alter the specificity of y-secretase cleavage leading to increased proportions
of longer forms of amyloid-p peptide (AB), which are prone to oligomerization and aggregation
in amyloid plaques (9, 10). The p.S170F mutation affects a conserved residue located in the
transmembrane domain of the protein (11). The mutation is known to be associated with the
early onset of Alzheimer disease probably due to a largely increased secretion AB(1-42) and
accelerated AP plaque deposition (12). PSENL1 is also required for autophagy and its mutations
may lead to impairment of autophagosome maturation as a result of a selective impairment of
autolysosome acidification and cathepsin activation (13). Presence of anbnormal autophagic
activity is frequently observed in common neurodegenerative disorders and its role in
accummulation of protein aggregates is frequently discussed (14).

Phenotype comparison with another four patients harbouring the p.S170F mutation who have
been reported in the literature until to date, (11, 15-17), revealed that in two reported cases the
motor symptoms encompassed a prominent cerebellar phenotype early in the disease which is
comparable to our cases : i) Piccini and co-workers reported a 28 years old male with delusions
and lower limb jerks accompanied by intentional myoclonus and ataxia (16), and ii) another
single PSEN1 p.S170F case initially exhibited head titubation, truncal and mild upper limb as
well as gait ataxia (15). In contrast, another two individual PSEN1 p.S170F cases exhibited a
phenotype characterized by myoclonic jerks, parkinsonism and progressive cognitive decline
(11, 17). Epileptic seizures were reported in three out of four cases with a PSEN1 p.S170F

mutation (11, 15, 17) but were not observed in our family. Rapid deterioration of motor skills in
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our PSEN1 family led to bilateral dystonic flexion — extension pattern accompanied by severe
dysphagia. Similar symptoms in late stage disease have also been observed by Piccini and
colleagues (16). The above-mentioned clinical motor pattern together with pathological crying
indicates functional decerebration in late stage disease.

Detailed neuropsychological assessment of three PSEN1 family members revealed progressive
impairment of orientation and memory, visuospatial and executive functions in early disease.
Verbal fluency as well as set shifting abilities and working memory functions such as naming,
higher motor functions and psychomotor speed were impaired as often seen in late-onset AD
cases. However, cognitive decline occurred even earlier in this family than in previous series of
AD with PSEN1 mutations (18). Extensive neuropsychological assessment revealed emotional
blunting, depression, anxiousness and apathy as well as pseudobulbar crying. Behavioral
abnormalities as seen in early disease stage in our series are frequently observed in patients with
cerebellar lesions (19). Moreover, together with the pattern of cognitive decline they are
suggestive of a cerebellar cognitive affective syndrome as described by Schmahmann and co-
workers (20-23). Later on, cognitive deterioration was associated with parietal, temporal and
occipital perfusion deficits on functional neuroimaging, indistinguishable from classical
‘cortical” AD. Global cortical atrophy emerged in two out of three patients while predominant
cerebellar atrophy was not present. Of note, one patient showed FLAIR hyperintensities in the
medial temporal region resembling limbic encephalitis. This feature was previously described in
a sporadic PSEN1 p.S170F case (15).

Neuropathological evaluation revealed abundant amounts of amyloid plaques accompanied by
dystrophic axons and neurofibrillary degeneration as typically found in AD (24).
Immunostaining revealed wide-spread amyloid-p deposits. Diffuse amyloid plaques in the
cerebellar molecular layer following the arborization of the Purkinje cells were additionally

found. This has previously been shown in another individual harboring the S170F mutation (16).
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Some features in our patients are reminiscent of adult onset NCL with an autosomal dominantly
inherited, neurodegenerative, lysosomal storage disorders characterized by autofluorescent
storage material in neuronal tissues, progressive intellectual and motor deterioration, seizures,
and early death (Parry type). The here reported family was tested negative for DNAJC5 mutation
- family UCL568, (25), and it is of interest that all affected individuals of the third generation
carry in addition to the PSEN1 p.S170F mutation descending from their mother, also a
heterozygous variant p.A58V (rs17571) of CTSD, which they inherited from their father. CTSD
is likely involved in ABPP processing (26) and recessive mutations of CTSD cause NCL10 (27).
In addition, the role of CTSD variants has been studied in AD (28) as well as in other
neurodegenerative diseases (29-31), and specifically the heterozygous CTSD variant p.A58V has
been associated with an increased risk for AD (32). The presence of the p.A58V variant may
thus have an additional impact on the extremely early onset and course of disease in our PSEN1
S170F family.

In conclusion, our work demonstrates effectiveness of genome-wide linkage analysis and exome
sequencing based genetic testing in single families. It also endorses previous reports on a
cerebellar phenotype in p.S170F patients, which even may precede cognitive decline and AD
type dementia. The course of disease suggests a consecutive involvement of cerebellar and
brainstem structures leading to functional decortication and death. Some features in our patients
are reminiscent of adult onset NCLs with autosomal dominant inheritance, and the presence of
the p.A58V variant of Cathepsin D is suggestive of an epistatic effect of this NCL variant on the

deleterious course of this disease.
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Legends to Figures

Figure 1 Pedigree. Squares = males; circles = females; filled symbols = affected subjects;
diagonal line = deceased subjects. Age of onset is shown above current age or age of death
(indicated by +). * indicates subjects heterozygous for ¢.C173>T (pAla58Val) mutation in
cathepsin D.

Figure 2 Cerebral MRI of patient 111.3 revealed moderate parietal and mild global cortical
atrophy (A) as well as hyperintensities bilaterally (FLAIR) in the mesial temporal lobe
(hippocampus, amygdala; B). TC-99m Ethylencysteinat-Dimer perfusion SPECT of patient 111.3
detected bilateral temporal and parietal hypointensities (C). Cerebral MRI of patient I11.5
exhibited mild parietal cortical atrophy (D). Cerebral MRI of patient 111.6 exhibited moderate
parietal and mild cortical atrophy, corresponding to a decreased metabolism in fluoro-2-deoxy-
D-glucose PET (E and F).

Figure 3 Hematoxylin and eosin (H&E) and Bielschowsky silver staining in the frontal cortex
(Cx) and amygdala. Note the angiopathy and gliosis in the frontal cortex together with high
density of argyrophilic neuritic plaques (two images at left). Prominent astrogliosis and large
neuritic plagues were observed in the amygdala (two images at right). Bar graph in the left image
represent 100 um (A). Immunostaining for phospho-Tau (AT8) and amyloid-f in the frontal and
tranentorhinal cortices, putamen, and cerebellum. Note the abundance of neuropil threads and
neurofibrillary tangles in the frontal and transentorhinal cortices, less in the putamen, and lacking
in the cerebellar cortex. In contrast, amyloid-p deposits were seen in all examined regions but
with distinct morphology: cored and diffuse plaques in the forntal cortex, granulofibrillar diffuse
deposits in the transentorhinal cortex, putamen, and cerebellum together with amyloid
angiopathy. Note the stripe-like pattern in the molecular layer of the cerebellar cortex following
the arborization of Purkinje cells (B).

Figure 4 A whole-genome parametric linkage analysis showing candidate regions reaching the

theoretical maximum LOD scores of 1.8 attainable in this family on chromosomes 3, 8, 10, 13,
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14,16 and 19 (A). Integrative genome viewer (IGV) display showing heterozygous mutation
¢.509C>T of PSENL1 in the proband (B). Chromatograms of PSEN1 genomic DNA sequences
showing identified heterozygous mutation. (Upper panel) Sequence showing heterozygous

mutation ¢.509C>T in the proband, and (lower panel) sequence of an unaffected individual (C).
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Table 1. Neuropsychological testing in affected individuals of generation I11.

affected individual 111.3 1.5 111.6
age at disease onset (years) 33 28 31
disease duration (years) 4+ 5+ 5
presenting symptom gait ataxia memory loss dysarthria
further symptoms memory loss dysarthria, ataxia ataxia, memory loss
neuropsychological testing (max. possible score)
age at testing 36 32 35
MMSE (30) 11 14 23
Word list memory (30) 9 (3-3-3) 11 (3-3-5) 9 (2-3-4)
Word list recall (10) 0 0 0
Word list recognition (10) 10 7 9
WLM, false positives / intrusions 0/2 0/6 0/0
Constructional praxis (11) 5 5 10
Constructional praxis, recall (11) 2 5 0
Verbal fluency (animals) 12 15 23
Phonological fluency (letter s) not performed 4 17
Boston naming test, short version (15) 8 13 14
Clock drawing task (15) 2 8 14
Trail making test A Aborted 179 sec 94 sec
Trail making test B Aborted aborted aborted
Digit span forward / backward 3/2 3/2 4173

Other cognitive impairments (bedside testing)

Motor speech
Psychiatric symptoms

limb apraxia, verbal
conceptualization

severe dysarthria
anxiousness and depression

93

limb apraxia, language
comprehension

moderate dysarthria
anxiousness and depression,

limb apraxia, mental
calculation, interference
naming

moderate dysarthria
anxiousness and depression
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cerebral MRI

SPECT / PET

pathological crying and
laughing

moderate parietal and mild
global cortical atrophy
hyperintensities on FLAIR
bilaterally in mesial temporal
lobe

bilateral temporal and parietal
hypointensities

94

emotional lability

mild parietal cortical atrophy

moderate parietal and mild
cortical atrophy

bilateral parietal
hypometabolism
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Table 2. Novel or rare coding variants revealed by exome sequencing and localized in linkage intervals.

Chr Start End Gene Func ExonicFunc AAChange Other | 1000g | dbSNP130 | SIFT | PolyPhen2
3 | 25833079 | 25833079 OXSM | exonic | nonsynonymous SNV | NM_001145391:¢.G568T:p.G190C | het 0 1
8 | 98827607 | 98827607 | LAPTM4B | exonic | nonsynonymous SNV | NM_018407:c.T536A:p.M179K het 0 1
10 | 124091986 | 124091986 | BTBD16 |exonic | nonsynonymous SNV | NM_144587:¢c.T1122A:p.D374E het 0.06 0.95
10 | 124812607 | 124812607 [ ACADSB | exonic | nonsynonymous SNV | NM_001609:c.G1159A:p.E387K het 0.1 0.06
14 | 73653589 | 73653589 PSEN1 | exonic | nonsynonymous SNV NM_000021:¢c.C509T:p.S170F het rs63750577 | 0 0.99
14 | 79181137 | 79181137 [ NRXNS3 |exonic | nonsynonymous SNV | NM_004796:c.G580A:p.A194T het 0.5 0.89
16 | 4312335 | 4312335 TFAP4 | exonic | nonsynonymous SNV | NM_003223:¢c.G344A:p.R115H het 0 0.75

Individual columns describe localization of the mutation on chromosome (Chr), genomic coordinates of the mutation (Start and End), gene symbol

(Gene), localization of the mutation within the gene (Func), type of the mutation (ExonicFunct), cDNA accession number: cDNA mutation: and its

predicted effect on amino acid sequence (AAChange), heterozygous or homozygous status of the mutation (Other), absence/presence of the

mutation in 1000 genomes (1000g), absence/accession number of the mutation in database of single nucleotide polymorphisms (dbSNP130), and

predicted effect of the mutation on protein function (SIFT and PolyPhen2).
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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 D]JS,
patients with RS have no abnormal hepatic pigmenta-
tion. Total porphyrin excretion in urine is increased and
the ratio of coproporphyrin isomers LI 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 DJS 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 DJS 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 pmol/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 a;-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 < 200pg/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 pmol/1 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.

486

98

Hrebicek et al.

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/l; 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 vyears; cholecystectomy for gallstones, age 56
years). Persistent jaundice with predominantly con-
jugated hyperbilirubinaemia (total serum bilirubin
ranging between 42 and 170 pmol/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, 5 pum 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 pM) 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 5ug 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 lmFit 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 c¢DNA (see Table 1 for primer
sequences), gel purified and sequenced.

Mutations in UGTIAI 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

x 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
CEACAMT1 is not affected. Bar =20 um, original magnification x 400.

alleles A(TA)¢TAA 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
1or2.
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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-a).

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-a 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-o 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-a 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 #mTc-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 (5); 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--, Abcc27-Abcc3-, Slcolal1b-, Slco1a/1b;Abcc3--, Slco1al/1b;Abcc2--, and Slcolal/1b;Abcc2;Abcc3-
mice (n = 4-7). +Oatp1a/1b denotes strains possessing Oatpia/1b proteins, and —Oatpia/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, tTtP < 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 SLCO1BI 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/-Abcec2/~ (Slcola/1b;Abec27/7), and
Slcola/1b~/~Abcc2~/~Abcc37/~ (Slcola/1b;Abcc2;Abec37/7) mice by
crossbreeding of existing strains. All strains were fertile, with nor-
mal life spans and body weights. As previously found for Abcc27/~
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/1b7~ mice were substantially reduced in
Slcola/1b;Abcc37~ mice, demonstrating that Abcc3 is necessary for
most of this increase (Figure 1, A and B). Plasma BMG levels in
Slcola/1b;Abcc27/~ mice, even further increased owing to strongly
reduced biliary BMG excretion (Figure 2, A and B), were simi-
larly decreased in Slcola/1b;Abcc2;Abce3~/~ 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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Figure 2

In the presence of Oatp1a/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--, Abcc27-Abcc3--, Slcolal1b-, Sicola/1b;Abcc3-, Sicola/1b;Abcc2--, and Slcolal/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 Oatp1a/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, TP < 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/1b~~ 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).

In an 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 SLCO1C1, 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 SLCO1BI 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 SLCO1B1, 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 S/co7a/1b~- mice, and of the derived OATP1B1- and OATP1B3-transgenic strains (Slco7a/1b~-;1B1%9 and
Sico1al/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 SLCOIB3. Thus, a single functional SLCO1B1 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.

4 The Journal of Clinical Investigation

In spite of the documented important functions of especially
OATPI1BI1 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, OATP1BI,
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
OATPI1B3. 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,
aslongas 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 SLCO1B1 in probands CE1, CE2, and CE4 1.1 and the ¢.757C—T (p.R253X) and ¢.1747+1G—A mutations in SLCO1B1

and SLCO1B83, respectively, in family P1.

OATP1B1 or OATP1B3 resulted in virtually complete rescue
of the Oatpla/1b-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

The Journal of Clinical Investigation

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 SLCO17B 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 11 Father del/WT T/C
CE41.2 Mother del/WT T/C
CE4 111 Proband del/del T
CE3 Proband
A1l Father
A11.2 Mother
Alll1 Proband
A111.2 Brother
A2 1.1 Father
A2 1.2 Mother
A211.1 Brother
A2 11.2 Proband
A211.3 Sister
A211.4 Sister
A211.5 Brother
A3 1.1 Father
A31.2 Mother
A3 111 Sister
A3 1.2 Proband
A311.3 Sister
A31l.4 Sister
A3 115 Sister
A3 11.6 Brother
A3 117 Brother
A311.8 Sister
A3 1.9 Brother
A311.10 Brother
P11 Father
P11.2 Mother
P111.1 Proband

Haplotype R2-linked mutations Haplotype R3-linked mutations

SLCO1B SLCO1B1 SLCO1B3 SLCO1B1
locus c.481+1G—T ¢.1747+1G—A c.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
A/A /T

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 SLCO1B1 and SLCO1B3 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 UGT1Al-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 III 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), CE3 (haplotype R2), and P1 Il.1 (haplotype R3). Scale
bars: 25 um (original magnification of CE1 and CE3, x400; original
maghnification 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 III 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 10°, 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 Il (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 Slcola/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 SLCOI1B1 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/-, Abec37/~, and Abec27/~Abec3 7/~ 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, M,III-5
(dilution 1:1,000) and M3-18 (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, Sleco1b2, Slco2b1, Sle10al,
Slc10a2, Abcc2—4, Abcbla, Abcb1b, Abeb11, 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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Figure 6

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 immunohistochemistry. Archival liver biopsy specimens were
available from 5 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 wm 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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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 (mtDNA 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

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

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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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 N| 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 MTATPG6,
MTATPS, nuclear encoded ATP synthase assembly factor
ATPAF1, cytochrome ¢ oxidase subunit II gene MTCO?2,
mitochondrial transcription factors TFAM and TFBIM,
peroxisome  proliferator-activated  receptor  alpha
(PPARA), regulatory genes H2AFX, CCNB1, Cllorfl3
(RASSF7), TPR and ACO2. This was accompanied by
induction of NRF1.

The N1 group was characterized by reduced expression of
genes involved in cell growth, differentiation and trans-
duction pathways (FOS, NOV, MAGEDI1, IL15RA,
RARRES3, CTSK, UPLC1, PIM1), mitochondrial proteo-
synthesis (MRPS5), lysosomal metabolism and function
(cathepsins S, K and D, GBA, PPGB, NPC, CLN2, FUCAI,
HEXB), protein transport (AP2A1), protein phosphoryla-
tion (CDK5, PPAP2A), hydrolase activity (LIPA, LYPLA3),
reactive oxygen species metabolism (GPX4) and mem-
brane transport (SLC17A5, CINS). 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 Log2 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, WTI1, 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, B-oxidation and
MAP kinase pathway were observed. Reduced expression
of CytC and NF«B 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 Ndufa10) 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 I 2E-3  vacuole 44  2E-8 chromosome 8 4E-2
chromatin 7 9E-3  lytic vacuole 39 2E7
nucleus 70  6E-3 lysosome 39 IE-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,
ILIR, 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 (N1 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 ATP5CI1 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).
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Patient (group) Phenotype Biochemical data  Genetic defect ATPase SDH COX Ref.
(%0fC) (%0fC) (% 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: 1.4-10 ncDNA, unknown <30 120-200 120-200 [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: 22-225
P6 (N1) PMR, HCMP, hypotonia, dysmorphy, lactate: 3.6—4.5 ncDNA, unknown <30 >200 >200 NR
microcephaly 3 MGA: 28-260
P7 (N1) PMR, HCMP, hypotonia, dysmorphy, lactate: 2.2-6.0 ncDNA, unknown <30 80-120 120-200 NR
microcephaly, epilepsy 3 MGA: 28-161
P8 (N1) PMR, hypotonia, dysmorphy, microcephaly lactate: 3.6-6.7 ncDNA, unknown <30 120-200 >200 NR
3 MGA: 56-252
P9 (NI) PMR, hypotonia, dysmorphy, microcephaly lactate: 2.2-10 ncDNA, unknown <30 >200 >200 [21]
3 MGA: 62150
P10 (N1) PMR, hypotonia, dysmorphy, microcephaly lactate: 1.44.6 ncDNA, unknown <30 120-200 120-200 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 (N1, 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 TRNS1), 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, MTATPG6, MTATPS8, 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, CXCLI 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, CABCI) 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
CDKN1A [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
10 11 12 13 1 2 3 4 5 6 7 8 9

passage number 17 19 15 4 20 9
passage frequency (days) 5 5 6 6 6

12 28 17 12 22 22 14 27 16 17 11 16 13
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
ATPAF2 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,F  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 Hela 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.
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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%
NaHCO; 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 pg 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.
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The project was approved by the Scientific Ethics Commit-
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sinki V Declaration.
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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.xls]

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-S8.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
|http://www.biomedcentral.com/content/supplementary/1471-
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
|http://www.biomedcentral.com/content/supplementary/1471-
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
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-13.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
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S14.xls]

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
|http://www.biomedcentral.com/content/supplementary/1471-
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.xls]|

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-
2164-9-38-S21.xls]

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
|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-38-S22 xls]|

Page 15 of 18

(page number not for citation purposes)



BMC Genomics 2008, 9:38

Additional file 23

Differentially expressed genes in patient P12. 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-
2164-9-38-S23 xls]

Additional file 24

Differentially expressed genes in patient P13. 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-
2164-9-38-S24 xls]|
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TMEM70 mutations cause
isolated ATP synthase deficiency
and neonatal mitochondrial
encephalocardiomyopathy

Alena Ciikovél’z, Viktor Stréneck}'fl, Johannes A Mayr3,
Markéta Tesafova?, Vendula Havlickova2, Jan Paul?,
Robert Ivanek!, Andreas W Kuss®, Hana Hansikova?,
Vilma Kaplanova?, Marek Vrbacky?, Hana Hartmannoval,
Lenka Noskova!, Tomas Honzik%, Zdenék Drahota?2,
Martin Magner4, Katerina Hejzlarovéz, Wolfgang SperlS,
Jiti 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 TMEM70. 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 ATPS, 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 B, 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 %1%, but a mutation affecting the F;-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, TMEM?70, 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'®. 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 TMEM70 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 TMEM70
protein, Ser40CysfsX11. We did not find any mutation in affected
individual P3, in whom TMEM?70 transcript amount was also
unchanged (Fig. 1c). We did not find any of the identified mutations
in 100 control individuals.

To prove that TMEM70 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 ks

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. (c) 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 TMEM 70 mutation. The results are shown as log, 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 TMEM70 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
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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.
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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 TMEM?70 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 Ufinovska, Viktor Stranecky, Jifi Zeman, Pierre Lepage, David Roquis,

Andrei Verner, JérOme Ausseil, Clare E. Beesley, Iréene 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:e-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 (ITMEM76),
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.; LM.; LN.; HH.; RIL; A.C; H.P; ].S;; J.U.; V. Stranecky; J.Z.; S.K.) and Center for Applied
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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
[IIC-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 BIIIL.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 D8S1115 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)-D8S51460. B, Multipoint LOD scores from the Montreal data from four runs
of SimWalk2, version 2.91," showing the variation between runs.
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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 BIIIL.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 HindIIl 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 TMEM?76 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 g-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 D8S1831. 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.R&12X 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
€.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
€.1796C—T p.P599L 1 Exon 17
Frameshift mutations:
€.1118_1133del p.1373SfsX3 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
€.1334+1G—A p.G446X" 1 Intron 12
€.1810+1G—A p.S567NfsX14 2 Intron 17
Complex mutations:
€.[318+1G—A; 794C—A] p.[D68VfsX19; P265Q] 6 Intron 2; exon 7
c.[577+1G—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. 64).
Significant increase in activity was also observed in trans-
fected COS-7 cells, confirming that the TMEM76 protein
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Table 2. TMEM76 Predicted Mutations in Probands from 30 Families with MPS IIIC
No. of Geographic Origin
Patient Group and Mutation 1 Mutation 2 Patients 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
www.ajhg.org The American Journal of Human Genetics Volume 79 November 2006 815
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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 COS-7 cells by use of the artificial fluorometric substrate 4-methylumbelliferyl-
B3-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
x 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 b191nfo.rmat1c se':arch and gene-expressmfl 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 TIID (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 Al. Exon-Flanking Primers Used for PCR

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

Amplification and Sequencing of the Exons in the References
Human TMEM76 Gene
1. Rome LH, Hill DF, Bame KJ, Crain LR (1983) Utilization of
. Seq,uen/ce exogenously added acetyl coenzyme A by intact isolated ly-
Primer (53) sosomes. ] Biol Chem 258:3006-3011
TMEM76_Exon1_F CTCCCGAAGACAAACACTCC 2. Bame KJ, Rome LH (1985) Acetyl-coenzyme A:a-glucosamin-
TMEM76_Exon1_R GCGAAGTCGCAGCAACAGC

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 ACCTGAGATGGAGGAATTGC
TMEM76_Exon11_F CTGGGATGAGAGGAGAAGTCC 7
TMEM76_Exon11_R ACTTGAAGCCAGGAGTGAGG

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

AAGCTTTTGAGAAGCACTACTGG
GAAGGGCTTTAGACATGAGAGC
GGAAAAGTCATGTCAGGATCTCC
GAATAATACATGTTCCTGGGTACG
TTATTCTGCCTCCATGATATTAGC
CTACAGAAAGCGTCATGGACTGC
GGAAATTCAGCATGAGAATATAGG
GCCACTTGAGGGTGACAGC
GAATATGAGCTTTAATTTTATTTCC
TTAGGAATACGGGAGCTACAACC
CAAAATGAAATTTACCCCTTAGC
ACATCCAAGAAATCCTTCCTAGC
CCTTCCTTTTCACATAGCAAACC
GCTCTGTGAAGGACGTATATAAGC
CCCCTGGGTTTACTTTCTATACC
CCAGCATCATCTGAAAAACAGG
GGGGCTATATTCTGAACTCTTCC

CCTTCTATTTGCATTTAGTTCACC
GAGAATTCCTCTGACTCGAGACC
TTTTATTCTTGTCCCTCTGTTCG
CACTTCTGAAAGCCTGAGTTCC
TTGGTCTAGGAGCTGTTTGTACG
CCATAGCACAAGAGAGAATATGC
TCTTTGTCAGGTAGTTAAGACAGTGG
GTGAAGGAAAGGAATTTTAGC
ACAAGTTTCAGCCCTCTCTACG
GTGGAGGAGACGTTTCAGTGC
ATGCTGAAATTGGATTTGTTCC

TMEM76_Exon17_R ACCAAGGATGCTCCAGAGG
TMEM76_Exon18_F AGTAGCCAACAATGGAAGTGC
TMEM76_Exon18_R 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).

10.

11.

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 = 14.

gene (for GenelD 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 15.

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)
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