UNIVERZITA KARLOVA V PRAZE
1. LEKARSKA FAKULTA

USTAV DEDICNYCH METABOLICKYCH PORUCH

MOLEKULARNI ANALYZA VYBRANYCH DEDICNE
PODMINENYCH ONEMOCNENI

Dizertacni prace

Ing. Lenka Steiner Mrazova

Skolitel: Ing. Stanislav Kmoch, CSc.

PRAHA 2008



Obsah

1 Uvod do fe8ené problematiKy .............o.oveoveveeveeeeeeeeeeeeseeeeeseeeeeeesseeeeeeeseseses e eseeneseens 4
1.1  Rozdéleni dédicné podminénych onemoOCNENT.......ceeevviieeiiiieriiieeiiie e 5
1.2 Identifikace odpovédnych genl dédi¢n€ podminénych onemocnéni ...................... 9

2 Téma dizertacni prace a jeji Clenéni do jednotlivych kapitol:..........cceevvieiiiiinniennnnee. 16

3 Kapitola 1: Klinickd, biochemicka a molekularné biologicka analyza vybranych

dédi¢nych onemocnéni metabolismu organickych kyselin...........cccoeoveeriieeniieeniiieeieecieens 17
3.1 Dé&dicné poruchy metabolismu ketonovych Tatek ...........cccueeviiieniiiieniieiiieciees 17

3.1.1 Metabolismus ketonovych 1atek ...........ccceeriiiiiiiiiniiiiiiceceeeee 17

3.1.2  Studie hyperketotickych a hypoketotickych stavll ..........ccccoceevieriiieninnienne. 21

3.1.3 Komentaf a diskuse k pfiloZené publikaci #1........cccceeevieviiiieniiieeniieeieeenee, 22

3.1.4 Komentaf a diskuse k pfiloZené publikaci #2........ccccceevviviiiieniieeniieeieeeee, 25

3.2 Methylmalonova aCid@miC.........cevuieeriieiiiieeiieeeiiee et e e sreeesveeeareeeeaeeenes 27

3.2.1 Formy izolované MMA: .........cooiiiiiiiiieee e 28

3.2.2 Komentarf a diskuze k ptiloZzené publikaci #3 ..........cccociiiiiiiiniiiiiiienieeee, 32

3.3 Souhrn Kapitoly 1....eeeeuiieeiieeeiieeee et et eeaaee e 40

4  Kapitola 2: Charakterizace syndromu spojeného s deleci n¢kolika genli na

ChIOMOZOMU X .. ..ottt ettt ettt sttt e sae e et e st e e bt e seeeeneenanees 41
4.1.1 X- chromozOm a repetitivii SEKVENCE .........ccccueeeriiiiniiiiiieiiieeieeeieeeeeen 41

4.1.2 Identifikace rozsahlych delec .........ccccuveriiiieiiiieiiieee e 42

4.1.3 Komentét a diskuse k ptilozené publikaci #4..........cccvveviiieeniienniieeieeeeeene 42

5 Kapitola 3: Studium molekuldrni podstaty mukopolysacharidézy typu IIIC ............ 46
5.1 Mukopolysacharidéza ITIIC (Sanfilippo C syndrom) ...........cceecveeevveeeiieennveennnnenn. 47

5.2 Komentét a diskuse k pfiloZené publikaci #5 .......coceeviiiiiiiiiniiiiiiieeicieeees 49
5.2.1 Identifikace genu HGSINAT .......cooiiiiiiiiiiieeeeee et 49

5.2.2 DISKUZE ...eoniiiieee et 54

5.3 Souhrn Kapitoly 3.....oeeeiiiiiiieeiee e s 58



10

11

Podil autora na feSené problematice a pod€KOVANT .........coocueeiiiiiiiiiiiiiieiieeeieeeee 60
PUDIIKACE ...ttt sttt et 62
Seznam pouzitych zkratek a nomenklatura...........cceccveeeviieeiiieeiiieiie e 63
REEIENCE.....eiiieeieee et 64
Kopie publikovanycCh Praci .........ooceeeiiiiiiiiiiiiieiiceeeee e 72
Prilozend publikace #1..... ..ot e 72
Prilozend publikace #2..... ..ot 81
PriloZend publikace #3. ... .. ..o 83
PriloZend publikace #4. ... . ..o 92
PriloZend publikace #5. ... 99



1 Uvod do feSené problematiky

Zivot kazdého jedince je ovlivnén pusobenim dvou vlivi: genti a vnéj§iho prostiedi.
Nékteré aspekty Zivota jsou podminény piedevSim geneticky, napf. fada monogennich
onemocnéni nebo chromozémovych aberaci, jiné jsou dany plsobenim pievazné vnéjsSiho
prostiedi. Mezi témito dvéma poly se nachdzi fada dalSich aspektli, které jsou ovlivnény
souCasnym piisobeni obou téchto vlivi. U nékterych multifaktoridlnich onemocnéni je
geneticky vliv vétsi, napt. diabetes, rakovina, u né€kterych je tento vliv méné vyrazny, napf.

obezita.! (Obr. 1)

Monogenni

Mendelovské

Multifaktorialni |l
Polygenni Vlivy prostiedi

Obr. 1 Podil genetickych vlivi a vlivii vnéjsiho prosti‘edi na Zivot jedince.
Obr. podle Strachan & Read (2004): Human molecular genetics 3, str.109.
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Geneticka onemocnéni jsou podmlnena sekvenénimi zménami genomu — mutacemi.

Mutace u dédicné podminénych onemocnéni maji rizny rozsah, od chromozomalnich
abnormalit po jednobazové zmény, a rizny projev. Mutace maji vliv na droven transkripce,

translace, nebo méni vlastnosti genového produktu.

Rozsahlé mutace jako inzere, duplikace, inverze, delece, vedou nejcastéji ke ztrat€ nebo
sniZeni transkripce postiZzenych genti. Mutace, které méni otevieny cteci raimec (ORF — open
reading frame) napf. mutace v sestfihovych mistech, malé inzere, delece, nonsense mutace,
vedou k tvorbé abnormadlniho transkriptu. Transkript je zpravidla okamzit¢ odbourdvan
vlivem opravného mechanismu NMD (nonsense mediated decay) nebo pokud transkript neni

odbourdn, genovy produkt obvykle neni funkéni. Mutace zpravidla zdsadné méni vlastnosti
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genového produktu, jsou jimi nékteré rozsdhlé delece, které vedou k tvorbé fizniho genu,
ddle sestfihové mutace a inzere, delece, inverze nebo jednobdzové missense mutace, které

neméni otevieny Cteci ramec. 6

1.1 Rozdéleni dédi¢né podminénych onemocnéni

Chromozomalni. VétSina chromozomdlnich onemocnéni jako aneuploidie, uniparentalni
disomie, strukturni aberace nebo izochromozémy vznikd de novo. Vyjimku tvoii nékteré
translokace, kde jeden z rodict je nosi¢em balancované translokace, u potomku vSak dochazi
k nevyvéazené chromozomadlni vybavé, vzniku ¢aste¢nych trizomii.

Monogenni. Monogenn¢ podminénd onemocnéni jsou zpusobena mutacemi v jednom
genu. Dnes je zndmo pres 2300 téchto pomérné vzdcnych onemocnéni. (Tab.1) (Obr.2)
Incidence souboru vech t&chto onemocnéni v populaci je zhruba 1:200 narozenych.” D&lime

. 21w . , 21w . , . 2 . o124
je na autozomdlné dominantni, autozomalné recesivni, X-vdzané a mitochondridlni.™ 8

Tab.1 Pocet zaznami dédi¢nych onemocnéni v databazi OMIM k 29.kvétnu 2008

Autozomalni | X-vazana | Y-vazana | Mitochondrialni| Celkem
* Geny se znamou sekvenci 11691 538 48 37 12314
+ Geny se znamou sekvenci
a fenotypem 358 30 0 0 388
# Fenotyp se znamym
molekularnim zakladem 2103 196 2 26 2327
% Mendelovsky fenotyp nebo lokus,
molekularni zaklad neni znam 1477 136 5 0 1618
Ostatni, pfedevsim fenotypy
s pravdépodobnym Mendelovskym
zakladem 1944 140 2 0 2086
Celkem 17573 1040 57 63 18733

Zdroj: Online Mendelian Inheritance in Man (OMIM):
http://www.ncbi.nlm.nih.gov/Omim/mimstats.html.

Autozomadlni onemocnéni. U autozomdlnich onemocnéni se dominance Ci recesivita
zpravidla vaze ke klinickému fenotypu onemocnéni. Z molekuldrniho hlediska k projevu
dominantniho onemocnéni obvykle sta¢i vyskyt mutace jiz na jedné z alel, naopak recesivni
onemocnéni se projevi, pouze pokud mutaci nesou ob¢ alely. U recesivnich onemocnéni se
zpravidla heterozygoti - prenaSeCi - klinicky nelisSi od zdravych jedincti. Mohou vSak
vykazovat rozdily na biochemické (napt. rozdilné koncentrace metabolitil), proteinové (napf.

pokles enzymové aktivity) nebo molekularni drovni (napf. sniZend transkripce genu).

5



V nékterych piipadech dochdzi u heterozygoti vlivem vnéjSich podminek k selektivni
vyhod€, napf. heterozygoti pro srpkovitou anémii jsou vice rezistentni k maldrii, nebo
heterozygoti pro cystickou fibrézu byli odolnéjsi pii epidemiich cholery. Mutace, které svym
vlivem ptindsSeji selektivni vyhodu heterozygotim, se pak stdvaji prevalentnimi mutacemi
v postizené populaci. Autozomdlné dominantni onemocnéni se projevuji riznou expresivitou
a penetranci. Expresivita je mira intenzity projevu alely ve fenotypu, penetrance je frekvence
projevu znaku u osob se stejnym genotypem, obvykle vyjadfovand procenty. Expresivita
a penetrance je zpravidla ovlivnéna dal$imi genetickymi faktory, vlivy prostfedi, ¢i vékem
jedince. Postizeni heterozygot u autozomdlné¢ dominantnich onemocnéni je vétSinou méné
zdvazné neZ postizeni u homozygot, napi. u achondroplazie alpod.9

X-vdzand recesivni onemocnéni jsou ddna mutacemi na chromozému X. U muzi, ktefi
nesou pouze jeden chromozom X (jsou hemizygoty pro mutace v genech na chromozému X),
se onemocnéni projevi vzdy. U Zen, které nesou dva X chromozémy by projevy onemocnéni
mély byt stejné jako u ostatnich autozomdlnich poruch. Vzhledem k nerovnovidze objemu
genetické informace u muzii a Zen, dochdzi u Zen k X-inaktivaci, umlceni jednoho
X chromozému v kazdé bunice. Tim je vyrovndno kvantum exprese X-vdzanych geni.
X-inaktivace se dé&je vice méné ndhodné jiZ v raném stiddiu embryogeneze, ¢imZ dochazi
k mozaicismu, napf. rizné tkidn€, nebo jejich ¢asti maji umlceny jiny X chromozém.
Mozaicismus vede k rozdilnému projevu onemocnéni u heterozygotek. Napi. u Fabryho
choroby, kterd byla dfive popisovana u Zen jako recesivni, dnes sledujeme rizné¢ zdvazné
formy onemocnéni dané pravé X-inaktivaci zdravého X chromozému v nékterych tkanich.'”
11

Mitochondridlni. Mitochondridlni, materndln¢ dédicnd onemocnéni jsou szplisobena
mutacemi v mitochondridlni DNA. Expresivita onemocnéni je urCena stupném heteroplazmie

(pocet kopii mutované a nemutované mtDNA) v mitochondrii, buiice nebo tkani.
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Obr. 2 Vzrustajici pocet odpovédnych genii dédicnych onemocnéni nalezenych

béhem let 1981 - 2005.

Zdroj: Online Mendelian Inheritance in Man a National Human Genome Research Institute

(National Institutes of Health - NIH) http://www.genome.gov/

Multifaktorialni. Multifaktoridlni onemocnéni jsou dédna kombinaci zmén v riznych

genech v nezdvislych lokusech a vlivem vnéjsiho prostiedi. Zmény v genomu nejsou v tomto

ptipad¢ ,,pravymi mutacemi®, nebot’ samy o sob& obvykle nemaji vliv na vznik onemocnéni,

jejich dcinek se projevi az v kombinaci s dal§imi faktory. Mezi multifaktoridlni onemocnéni

patif fada tzv. civiliza¢nich chorob jako diabetes, aterosklerza apo
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Pivodné se ptredpoklddalo, Ze multifaktoridlni onemocnéni jsou podminéna kombinaci
populacné frekventnich polymorfismi. Dnes se ukazuje, Ze by mohla byt zplsobena
privatnimi, relativné t€Zkymi mutacemi s nizkou expresivitou, kterd se projevi az vlivem

dalSich genetickych a vnéjsich faktora.

Epigenetika. Epigenetické jevy souvisi se strukturnimi i chemickymi modifikacemi
chromatinu — pfedev§im DNA (metylaci CpG dinukleotidi) a nukleozomalnich histonii
(acetylace, metylace). Epigenetika se zabyva mitotickym i meiotickym vznikem a pfenosem
informaci, které nejsou kédovany v primdrni struktufe DNA. Epigenetické zmény se Sifi
klondln¢ a souvisi s fizenim diferenciace v priitbéhu ontogeneze. Dédicné epigenetické jevy
predstavuji vyjimky z Mendelovych zdkont, napf. odliSnd exprese alel v jednom bunécném
jadre v ptipad¢ parentdlniho imprintingu nebo vznik paramutaci. Pfi parentdlnim imprintingu
dochdzi k uml€ovani nckterych alel v zdvislosti na pohlavi rodice, to znamend, Ze nékteré
geny jsou exprimovany pouze, jsou-li dédény paternalné jiné, jsou-li dédény materndlné.
Parentalni imprinting je pfitom nezavisly na pohlavi potomstva a byva stabilni po cely Zivot.
Béhem meidzy pak dochdzi k odstranéni epigenetické modifikace a k jejimu znovunastaveni
podle pohlavi jedince.14 Paramutace jsou vysledkem alelickych interakci na drovni RNA,
které vedou k dédicné zmené exprese nékterych gent. Epigenetika miZe vyrazné ovlivilovat
penetranci a expresivitu dédi¢nych onemocnéni, jejich dédicnost, a je jednim z faktora
ovlivitujicich multifaktoridlni onemocnéni. Epigenetické jevy pfitom samy mohou byt

ovlivnény vn&j§im prostiedim.'’

Jednim z neobvyklych projevl dédi¢nosti, ktery vykazuje vyjimku z Mendelovych zdkont
u monogennich onemocnéni, je anticipace. Pribéh a projev onemocnéni se s kazdou
je vsoucasné dobé nejvice spojovdna s nestabilni expanzi trinukleotidovych opakovéani.
Asymptomaticti rodi€e nesou nékolikrdt zvySeny pocet tripletovych opakovédni oproti
normdlni populaci, ov§em u potomkii dochdzi k mnohondsobnému zvyseni téchto opakovani.
Pocet opakovani, pii kterém jiZ dochdzi k projeviim onemocnéni, zdvisi na umisténi
trinukleotidovych opakovani. Pokud se opakovani nachdzi v kédujici oblasti, jako je tomu
u Huntingtonova nebo Kennedyho onemocnéni, je kritickd hranice nestability jiz od 36,
respektive 38 opakovani; pokud se opakovdni nachdzi v nekddujici oblasti genu, napf.
Syndrom fragilniho X nebo Friedrichova ataxie, je tato hranice mnohem vyssi, pies 200

opakovdni.'®



Diagnostika genetickych onemocnéni. Chromozomalni onemocnéni tradi¢né detekujeme
cytogenetickym vySetfenim karyotypu, velky rozmach zaznamenala fluorescencni in situ
hybridizace (FISH) a komparativni genomovd hybridizace (CGH)."” K detekci rozsahlych
mutaci (deleci, inzerci, apod.) slouzi obvykle Southern blotting nebo nové CGH a MLPA
(Multiplex ligation-dependent probe amplifiction). VétSina mutaci, kolem 90 %, je svym
rozsahem velmi mald a ovliviluje pouze jeden gen. (Tab.2) K analyze téchto mutaci se
nejcastéji pouzivaji molekuldrné genetické techniky, rGzné varianty PCR, sekvenovéni,

RFLP, apod.

Tab.2 Typ a potet mutaci v databizi HMGD® k 29.kvétnu 2008

V?Fejné pFistupné Vfaékeré

zaznamy: zaznamy:
Celkem mutaci: 57294 79078
Pocet gent 2191 3000
Pocet cDNA sekvenci 2145 2876
Typy mutaci:
Missense/nonsense 32847 44776
Sestiihové 5393 7640
Regulaéni 768 1227
Malé delece 9392 12722
Malé inzere 3756 5179
Malé indel 841 1155
Rozséahlé delece 3240 4609
Rozséhlé inzerce 497 886
Komplexni pfestavby 414 667
Opakuijici se variace 146 217

Databéze zahrnuje mutace v jadernych genech, které jsou odpovédné za dédi€nd onemocnéni.
Neobsahuje somatické mutace a mutace v mitochondridlnim genomu (databdze
mitochondridlnich mutaci je uvedena na Mitomap http://www.mitomap.org/)

Zdroj: The Human Gene Mutation Database (HGMD®) at the Institute of Medical Genetics in
Cardiff http://www.hgmd.cf.ac.uk/ac/index.php

1.2 Identifikace odpovédnych genii dédi¢né podminénych onemocnéni

Identifikace odpovédného genu, u kterého vlivem mutaci dochazi k vyznamné zméné
na molekuldrni drovni a ndsledné k projevu onemocnéni, se stala jednim z hlavnich cilt

lékarské genetiky. K dneSnimu dni je znamo pies 2300 onemocnéni, u kterych je zndm

9



odpovédny gen. (Tab.1) Nalezeni mutaci v odpovédném genu u téchto onemocnéni se tak
stava soucasti diagnostiky. U celé fady onemocnéni vSak odpovédny gen doposud zndm neni.

K identifikaci takového genu se pouziva nékolik postupii a jejich kombinace.

Funk¢ni klonovani. Funkéni klonovani je zalozeno na znalosti biochemické podstaty
onemocnéni, kdy je zndm genovy produkt (napf. protein) a jeho funkce, ktera je detekovatelna
(napf. enzymova aktivita). Analyza genového produktu (napf. sekvenovanim proteinu) vede

k ureni genu a nésledné k jeho pozici v genomu. Takto byla odhalena velkd Cast genu

kédujici enzymy.

Sekvenovani kandidatnich genu. Vybér kandidatnich gent, které mohou souviset
s danym onemocnénim, je ddn znalostmi na klinické, biochemické, popt. molekuldrné
biologické podstaté¢ onemocnéni. Napt. u poruch ristu budou piednostné analyzovany geny,
jejichz produkty jsou s ristem funk¢éné spjaty nebo v piipad€é poruchy transmembranového
pfenosu budou analyzovany nejprve geny, u kterych byly nalezeny typické transmembranové
domény. Kandidatni geny mohou byt ddle vybrany na zdklad€ porovnani s geny modelovych
organismii, u kterych je v pfipadé jejich dysfunkce zndm fenotyp onemocnéni.'® Funkce
mnoha genovych produkt v modelovych organismech byla objasnéna na zdkladé nahodného

2 Pouze malo odpovédnych genti miZe byt

nebo cileného knock-outovani gent.
identifikovdno pfimo vybérem a sekvenovanim kandidatnich genti, vétSinou jde o doplitkovou

metodu k jinym postuptim, jako je funkcni nebo pozicni klonovani.

Obnoveni nebo ztrata funkce genového produktu. K obnoveni funkce genového
produktu se pouzivd komplementa¢ni analyza. Zpravidla se jednd o postupnou in vitro
transfekci kloni z cDNA knihoven do tkdnové kultury pacienta. Naopak pii systematické
RNA interferenci (RNAi), jsou pomoci malych interferujicich RNA (siRNA- small interfering
RNA) cilené¢ odbourdviny mRNA a dochdzi tak ke sledované ztrat¢ funkce genového

produktu.
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Pozi¢ni klonovani a vazebna analyza.

Pozi¢ni klonovani vychazi pfimo z analyzy primdrni struktury genomu, biologicka
podstata onemocnéni nemusi byt viibec zndma. Je zaloZeno na urceni fyzické vazby mutace
v hledaném genu s dalSimi polymorfnimi alelami na chromozémech postizenych jedinci.
Konfigurace polymorfnich alel podél chromozému se nazyvd haplotyp. U jedince tedy
existuji dva haplotypy pro kaZzdou sadu autozémi. Variabilita haplotypii v populaci je
zpusobena mechanismem meiotické rekombinace. Princip pozi¢niho klonovani je zalozen
na skutecnosti, ze fyzicky blizké zmény v genomu jsou dédény spolecné, jsou ve vazbé. To
ma za ndsledek, Ze blizké okoli mutace, respektive genu, je stejné u vSech rodinnych
piislusnikti nesoucich stejnou mutaci. (Obr.4) K identifikaci odpovédného genu vede
sledovani segregace spolecné¢ dédénych oblasti s fenotypem onemocnéni. Dulezitym
faktorem, ktery ovlivnil velky rozmach pozi¢niho klonovani, bylo genetické a pozdéji fyzické
zmapovani lidského genomu a detailni popis polymorfismii. Diky poziénimu klonovani
mohly byt na zaklad€ vlastnosti nalezeného genu (napf. shodné motivy s jinymi geny,
transmembranové motivy, substrit vazebné motivy) zpétné popsdny i samotné genové

produkty a odhalena jejich funkce.

3
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Obr. 4 Dédi¢nost alel. Behem mnoha generaci dochdzi vlivem rekombinace k ndhodnému
rozlamani ptivodniho chromozomu. Alela A je dédéna spolu s nejbliz§im okolim.
Zdroj: International HapMap Project http://www.hapmap.org/,

http://www.hapmap.org/images002F.
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Strategie pozicniho klonovdni u monogennich onemocnéni. Strategii pozi¢niho
klonovani je nejprve, shromdzdit co nejvice postiZenych rodin s co nejvice Cleny a jasné
vymezit sledovany znak onemocnéni. Obvykle je sledovanym znakem piimo klinicky projev
onemocnéni, ale miiZze jim byt i kvantitativni znak, napf. biochemickd zména jako snizend
enzymovd aktivita, kterd se nemusi klinicky projevit. Ndsleduje sestaveni rodokmenu, popis
pfenosu sledovaného znaku: autozomdlné dominantni, recesivni, s Uplnou nebo neudplnou
penetranci a expresivitou apod. a genotypovani pomoci genetickych markeri. Genetickymi
markery jsou rizné typy polymorfismi s jednozna¢né definovanou pozici na chromozému:
jednobazové zmény (SNP), inzere, delece, opakujici se sekvence (VNTR, STR). V soucasné
dobé rozvoje Cipovych technik se, vzhledem k jejich ohromnému mnozstvi, vyuzivi SNP
markert, jejich nevyhodou je, Ze jsou pouze bialelické. Naopak genotypovani pomoci STR
(short tandem repeats) md v tomto sméru velkou vyhodu. STR jsou kratké opakujici se
sekvence di-, tri- nebo tetranukleotidi, které jsou ndhodné rozmistény v genomu. (Obr.5) Jsou
multialelické, vykazuji tedy vysoky stupenn heterozygotie v populaci a existuje vysokd
pravdépodobnost, ze vétSina jedincli je heterozygotnich, maji tak vysokou vypovédni
hodnotu. Dal$im krokem je sestaveni haplotypu jednotlivych c¢leni rodin na zakladé
genotypovani a dédiCnosti. Nésleduje vazebnd analyza, sledovani segregace spolecné
dédénych oblasti na genomu. (Obr.6) Parametrem vazebné analyzy je LOD (logarithm of the
odds) skére. LOD skoére je dekadicky logaritmus poméru relativnich pravdépodobnosti,
existence a neexistence vazby dvou alel u potomku. Jednoduse fe¢eno, LOD skére udava, zda
se dvé alely nachdzeji ve vazbé a jsou dédény spole¢nd. Cim vétsi je LOD skére, tim je vetsi
pravdépodobnost, Ze jsou dvé alely ve vazbég, hranice od které pfedpokldddme vazbu mezi
alelami je LOD skoére vétsi nebo rovno +3, naopak vazbu zcela vylou¢ime, pokud je LOD
skére mensi nez -2. V oblastech s vysokym LOD skére jsou na zdkladé analyzy haplotypt
urceny rekombinace u jednotlivych ¢lenti rodin. Snahou je takto postupné vymezit co
nejmensi oblast na genomu, kterd segreguje s prenosem onemocnéni v rodiné. Vyslednd
kandidétni oblast je rGzn¢ velkd podle poctu informativnich meiéz v roding, popt. rodindch
apoctu genetickych markert. Prehled znamych i predikovanych genii v kandidatni oblasti
a jejich profily (tkanové exprese, apod.) jsou uvedeny v internetovych databdzich (NCBI,
Ensemble, UCSC, aj.). Predikce geni vychazi z primérni struktury DNA (charakteristické
zacatky transkripce - CpG ostrovy, TATA boxy, atd., charakteristické proteinové nebo RNA
motivy, apod.), nebo porovndnim s genomy modelovych organismii, vyhleddnim
konzervovanych oblasti, ORF’s, EST (expressed sequence tag - expresni Stitky), apod.

Kandidétni oblast je mozné piimo analyzovat sekvenovanim pomoci novych technik rychlého
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sekvenovani (Roche, [llumina) a vyhledat odchylky v oblasti. Piipadné 1ze nejprve vytipovat
kandidatni geny, u kterych by defekt jejich pfedpoklddané funkce produktu mohl odpovidat

sledovanému onemocnéni.

di-

m CACACACACACACA m
A ™~ - =
ri-

t

tetra-

m CATACATACATACATA m
a e - =

Obr. 5Short tandem repeats (STR). Nékolikandsobnd opakovani di- tri- nebo
tetranukleotidll jsou ndhodn¢ rozmisténa v genomu.

Asociaéni studie. Jind forma statistické analyzy se vyuziva v asociacnich studiich, kdy je
sledovdna rozdilnd relativni frekvence alel genetickych markeri v populaci postizenych
a nepostizenych jedincﬁ.21 Tento typ studii se Casto uplatiiuje k determinaci multifaktoridlnich
onemocnéni.”’ Studiim zaloZenym na analyze haplotypii md napomoci i International
HapMap Project,” ktery si vzal za cil sestavit mapu b&Znych haplotypti a popsat genetickou
variabilitu u &lovéka. Ve studii je zahrnuto 270 osob ze 4 populaci (Evropa, Cina, Japonsko,

Nigérie).
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Obr. 6 Genotypovani a vazebna analyza pomoci STR markeri.

A) Rodokmen s vyznacenou dédi¢nosti onemocnéni a haplotyp jedinci, sestaveny pomoci
genotypovani STR markera.

B) Haplotypy jedincti: matky pacienta - prenaSecky II.1, pacienta - III.2 a sourozence
pacienta - prenaSeCe III.3. Spolecné dédeénd oblast, kterd segreguje s onemocnénim je
vyzna¢ena modie. Odpovédny gen D - Cerveng.

Obr. podle Kmoch: Genomics in Medicine, prednaska.
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Kli¢ovym bodem pii identifikaci odpovédnych gent je sestaveni vypovidajictho souboru
vstupnich dat a vyhodnoceni vysledkil provedenych analyz. Soubor postiZzenych jedincit musi
byt jasné definovan (klinicky, biochemicky) vzhledem ke kontrolni skuping. PredevSim
u multifaktoridlnich onemocnéni je dulezitd spravné postavend hypotéza vztahu sledovanych
zmén a vybéru zkoumanych osob. Vyhodnoceni velkého mnoZstvi ziskanych vysledkd se
dnes neobejde bez slozitych matematickych modelti. Spoluprdce s matematiky, statistiky

a bioinformatiky je nezbytna.

Potvrzeni vazby mezi nalezenym genem a onemocnénim je mozné piimo identifikaci
mutaci v genu u postiZzenych jedinct, které se nevyskytuji u zdravé populace; obnovenim
funkce genového produktu in vitro v tkanovych kulturach, transfekei zdravé alely, klonované
do expresniho vektoru; nebo vytvofenim zvifeciho modelu s knock-outovanym ortolognim

genem.

Determinace vztahu mezi onemocnénim a jeho molekuldrni podstatou piinési fadu vyuZiti.
Zptesnuje klasifikaci onemocnéni, mutace v raznych nezavislych genech mohou vést ke
stejnému klinickému fenotypu. Je mozné urcit funkci doposud nezndmych genovych produktti
- proteind, RNA, a tim lépe porozumét fungovani lidského organismu. Pfispivd k prognéze
onemocnéni, k jeho cilené 166b&* nebo k jeho prevenci. V budoucnu bude pravdépodobné
mozné u kazdého jedince zjistit kriticky soubor genetickych variant a odhalit tak dispozici
k nékterym multifaktoridlnim onemocnénim. Na druhou stranu vzriistaji obavy o zneuziti

téchto citlivych informaci v mnoha oblastech Zivota (zaméstnani, pojisténi, apod.).
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2 Téma dizertacni prace a jeji ¢clenéni do jednotlivych kapitol:

Hlavnim cilem dizertacni prace ,,Molekularni analyza vybranych dédi¢né podminénych
onemocnéni“ byla analyza, pfipadné¢ ureni odpovédnych genti u vybranych dédi¢né
podminénych onemocnéni. Prace popisuje rizné metodické postupy, které vedly k identifikaci

a charakterizaci mutaci u vybranych odpovédnych genti.

Studie je rozd¢€lena do ti kapitol:

e Klinicka, biochemicka a molekularné biologicka analyza vybranych dédi¢nych
poruch metabolismu organickych kyselin se zabyvad analyzou jiz zndmych gent
u souboru pacienti a vyhodnocenim vlivu nalezenych mutaci na stav a vyvoj

onemocnéni.

¢ Charakterizace syndromu spojeného s deleci nékolika genii na chromozému X
uvadi piiklad jednoduché molekuldrné genetické metody, kterd vede k odhaleni

rozséhlych deleci.

¢ Studium molekularni podstaty mukopolysacharidézy typu IIIC se vénuje
metodam, které vedou k identifikaci odpovédného genu u monogenniho onemocnéni.

A dale analyzou mutaci tohoto genu u souboru pacientt.
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3 Kapitola 1: Klinicka, biochemicka a molekularné biologicka
analyza vybranych dédiénych onemocnéni metabolismu

organickych kyselin

V Ustavu d&di¢nych metabolickych poruch v Praze je kazdy rok piijato kolem péti aZ Sesti
tisic déti s podezienim na nékterou dédi¢nou poruchu metabolismu. Cilem dvou studii bylo
vramci diferencidlni diagnostiky vypracovat systém biochemickych, enzymologickych
a molekularné biologickych metod pro pacienty s defekty v metabolismu ketonovych latek
a pacienty s methylmalonovou acidémii. Vysledky projektii jsou vyuzity k ¢asné a komplexni
diagnostice pacientli a maji dalezity vyznam pii individudlni prognéze a 1€cbé onemocnéni.
V postizenych rodindch je nyni umoZnéno genetické poradenstvi, popi. prenatdlni

diagnostika.

3.1 Dédi¢né poruchy metabolismu ketonovych latek

3.1.1 Metabolismus ketonovych ldatek

Metabolismus ketonovych latek, kterymi jsou acetoacetat (AcAc), 3-hydroxybutyrat (3HB)
a aceton, zahrnuje jejich vznik — ketogenezi a jejich naslednou utilizaci — ketolyzu.
Ketogeneze 1 ketolyza jsou mitochondridlni procesy, které probihaji v odliSnych tkanich.
Ketogeneze probihd v jaternich buiikkdch a tucastni se ji enzymy acetoacetyl-CoA thioldza
(T2), 3-hydroxy-3-methylglutaryl-CoA syntdza (HMGS), a 3-hydroxy-3-methylglutaryl-CoA
lydaza (HMGL). Vychozi latkou ketogeneze je acetyl-CoA, produkt B-oxidace mastnych
kyselin a ketogennich aminokyselin, pfedev§Sim isoleucinu. Ke ketolyze dochazi
v extrahepatdlnich tkanich, pfedev§im v mozku, ledvinich, srdci a kosternim svalstvu
a zahrnuje enzymy sukcinyl-CoA: 3-ketoacid-CoA transferdzu (SCOT) a acetoacetyl-CoA
thioldzu (T2). Acetoacetyl-CoA thioldza je jedinym enzymem ucastnicim se ketogeneze

i ketolyzy. ** (Obr.7)
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Obr. 7 Metabolismus ketonovych latek. Ketogenese probiha v jaternich bunkéch, 3-
oxidaci mastnych kyselin vznikd AcAc-CoA (acetoacetyl-CoA) a Ac-CoA (acetyl-CoA). T2
(mitochondridlni acetoacetyl-CoA thiolasa) katalyzuje interkonverzi mezi Ac-CoA a AcAc-
CoA. AcAc-CoA vstupuje do Lynenova cyklu, kde je pfeménén na AcAc (acetoacetit),
pomoci enzymi mHS (mitochondridlni 3-hydroxy-3-methylglutaryl-CoA syntazy) a HL
(3-hydroxy-3-methylglutaryl-CoA lyazy). Ketolyza probihd v extrahepatalnich tkanich, AcAc
je aktivovan enzymem SCOT (sukcinyl-CoA:3-ketoacid CoA transferdzy) na AcAc-CoA,
ktery je preménén pomoci T2 na Ac-CoA, ten vstupuje do Krebsova cyklu.

Reverzibilni reakce mezi AcAc a stabilnim netékavym 3HB (R-3-hydroxybutyritem) je
katalyzovdna 3HBD (3-hydroxybutyrat dehydrogendzou).

//
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Ketonové latky jsou dileZitou soucdsti energetického metabolismu orgalnismu,25 v piipadé
vyCerpani zasob bunécné glukdzy, jako naptfiklad pii dlouhodobém hladovéni, pii stravé
s vysokym obsahem tukti, pfi piechodu z prenatdlniho do kojeneckého stavu nebo pfi diabetu.
Mozek vyuziva jako hlavni zdroj energie glukézu a jeji derivaty (laktat, glycerol), ale neni
schopen vyuZivat mastné kyseliny.”® Béhem la&néni jsou proto aZ dvé tfetiny energetického
zasobeni mozku pokryty utilizaci ketonovych latek. Dal§imi dualeZitymi organy, které

vyuzivaji ketonové latky k energetickému zdasobeni, jsou srdce, kosterni sval a ledviny.

Koncentrace ketonovych latek v organismu zdvisi na vice faktorech, normalné jsou vyssi
bchem la¢néni, stejné tak jsou vyssi u malych déti nez u dospél}’/ch.25 Abnormdlné vysoké
hodnoty v krvi a moc¢i se nazyvaji ketézou, naopak nizké hodnoty béhem hypoglykémie se
nazyvaji hypoketotickou hypoglykémii. Ketéza mize byt zpisobena fyziologicky
(hladovénim, dlouhodobou fyzicky namédhavou praci nebo cvicenim, ketogenni dietou) nebo
muze byt dasledkem hormondlnich poruch (diabetes, deficit glukokortikoidl, deficit
rustového hormonu), infekci, intoxikaci organismu (pfedev§im alkoholem), ketotickou
hypoglykémii a dédicnymi poruchami metabolismu. Hypoketotickd hypoglykémie muze byt
zpusobena hyperinsulinismem nebo dédi¢nymi poruchami metabolismu (oxidace mastnych
kyselin a ketogeneze).25 U pacientil s poruchou metabolismu ketonovych latek dochédzi
k atakdm Rey-like syndromu s hypoketotickou nebo hyperketotickou hypoglykémii nebo
permanentni ketonurii, k atakdm ketoacidézy s acetonemickym zvracenim, disledkem miize
byt stav bezvédomi, orgdnové selhdni a ndhld smrt. Ataky nésleduji zpravidla
po dlouhodobém lacnéni nebo zvySeném piisunu bilkovin. Mezi atakami byvaji pacienti casto

asymptomaticti.

3-hydroxy-3-methylglutaryl-CoA lyaza (HL) (deficit HL: OMIM +246450)
3-hydroxy-3-methylglutaryl-CoA lyaza (HL) (EC 4.1.3.4) katalyzuje posledni krok
ketogeneze a leucinového metabolismu, Stépeni 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) na acetyl-CoA a acetoacetit. U CcCloveéka existuyje HL ve dvou isoformdch:
mitochondridlni (mHL) a peroxizomdlni. Prekursor lidské mHL (325 AK zbytkil) je Stépen
na 31.5-kDa monomer (298 AK zbytkil). Maturovand mHL je homodimer, ktery ke své
aktivit¢ vyZaduje ptfitomnost divalentniho kationtu Mg2+ nebo Mn**?’ Enzym je vysoce
evoluéné konzervovany. Neddvno byla publikovdna jeho krystalovd struktura a popsédna
aktivni mista a funkéni regiony.”® * Aktivni misto tvoif aminokyselinové zbytky R41, E72,

H233 a C266, k vazbé kationtu jsou nezbytné aminokyselinové zbytky D42 a H235. C-konec
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enzymu tvoii tripeptid (Cys-Lys-Leu), coZz je hlavni motiv pro smérovani bilkovin
do peroxizomu. Peroxizomalni izoforma lidské HL se vyskytuje asi v 6% v jétrech a kolem
16-20% ve fibroblastech, lymfoblastech a buitkdch HepG2.>* ! Jeji funkce neni dosud zndma.

Gen HMGCL se nachdzi na chromozému 1p35.1-36.1, obsahuje devét exonl a zaujima
oblast vétsi nez 24 kb. Transkript je dlouhy ~1.7 kb a nachazi se ve vSech dosud studovanych
tkanich.”” K dnesku bylo publikovano 28 mutaci u 93 palcienti’l.3 2

Pacienti a 1écba: Deficit HL je vzacné autozomadlné recesivni onemocnéni neonatdlniho
nebo détského veku, které se projevuje t€Zkymi hypoketotickymi hypoglykémiemi
a metabolickou acidézou, hyperamonémii, zvracenim a hypotonii, kolem 20 % ptipadi je
fatalnich.™ Organické kyseliny v moc¢i ukazuji vysoké hodnoty kyselin 3-hydroxy-3-
methylglutarové, 3-hydroxy-isovalerové, 3-methylglutakonové a 3-methylglutarové. Béhem
akutnich episod je nitroZilné poddvana glukéza, aby se zabranilo poskozeni mozku a dalSich
organd, které by mohlo vést k mentdlni retardaci, nebo smrti. Dlouhodobd 1écba je zaloZena
na dieté s nizkym obsahem bilkovin a tukii, suplementaci karnitinem a zabranéni hladovéni.
Béhem dospivani onemocnéni ustupuje, a pokud bylo spravné 1éceno, v dospélosti piiznaky

upln¢ vymizi.

Mitochondrialni acetoacetyl-CoA thiolaza (T2) (deficit T2: OMIM *607809)

V savcich tkanich, vcetné lidské, bylo nalezeno pét riiznych 3-oxothioldz: mitochondridlni
3-ketoacyl-CoA thioldza (T1), mitochondridlni acetoacetyl-CoA thioldza (T2), peroxizomalni
3-ketoacyl-CoA thioldza (PT), cytosolovéd acetoacetyl-CoA thioldza (CT) a mitochondridlni
trifunkéni protein. Thiolazy sdileji 34-45% aminokyselinovou sekvencni podobnost a lisi se
v katalytickych a imunochemickych vlastnostech.”*

Mitochondridlni acetoacetyl-CoA thioldza (T2) (EC 2.3.1.9) je kliCovym enzymem
metabolismu ketonovych latek a isoleucinovém metabolismu. T2 je jedinym enzymem
nachdzejicim se jak v ketolyze tak v ketogenezi, katalyzuje reverzibilni reakce:

AcAc-CoA + CoA < 2Ac-CoA

2MeAcAc-AoA + CoA < Ac-CoA + propionyl-CoA.

Existence jaterniho isoenzymu T2 byla pfedpovézena Middletonem a Huthem, 24.34

pozdg&ji
byla nalezena CoA- modifikovana izoforma A, kterd se vyskytuje pouze v jatrech, na rozdil
od nemodifikované izoformy B, kterd se nachdzi ve vech tkdnich.”> Ob& izoformy jsou

produktem jednoho genu a jsou aktivovany pouze v piftomnosti K* iontf.
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Maturovany homotetramer lidské T2 vznikd v mitochondriich Stépenim prekurzoru na
41 kDa podjednotky (394 AK zbytkl). Neddvno byla publikovédna krystalova struktura lidské
mitochondridlni T2.*® Aktivni misto tvofi konzervované aminokyselinové zbytky C126,
N353, H385, a C413. Na kazdé podjednotce jsou piitomna vazebnd mista pro chloridové
ionty a ionty kalcia.

Gen ACATI se nachdzi na chromozému 11q22.3-q23.1, skldda se z 12 exonl a je velky
pfes 27 kb. Transkript dlouhy ~1.7 kb *” byl detekovan ve viech dosud studovanych tkanich.”®
K dnes$nimu dni je publikovano kolem 30 mutaci v genu ACAT].

Cytosolova acetoacetyl-CoA thioldza (CT) katalyzuje stejnou reakci jako mitochondridlni
T2 a sdili stejné EC Ccislo, ale je kédovéana rozdilnym genem ACAT2, ktery se nachazi
na chromozému 6. CT je prvnim enzymem v syntéze cholesterolu a jeji aktivita neni zavisl4
na pritomnosti ionti kalcia.

Pacienti a 1éc¢ba: Deficit 3-ketothioldzy (3KTD; T2 deficience) je autozomdlné recesivni
onemocnéni isoleucinového katabolismu a metabolismu ketonovych latek. K ndstupu
onemocnéni dochédzi zpravidla v novorozeneckém veéku a projevuje se intermitentnimi
epizodami tézkych ketoacidéz spojenymi se zvracenim, prijmem a bezvédomim, které mohou
vést az k umrti pacienta. Hladina glukézy béhem téZkych acidéz je Casto v normé. Profil
organickych kyselin vykazuje zvySené vylucovani tiglylglycinu, 2-methyl-3-hydroxybutyritu,
a 2-methylacetoacetdtu. Pacienti s mirn¢j$i formou onemocnéni mohou vylucovat tyto
metabolity jen béhem akutni ataky onemocnéni. Lécba je zaloZena na nizkobilkovinné dieté
s nizkym obsahem tuktli, suplementaci karnitinem a zabranéni dlouhodobému hladovéni.
Béhem akutnich episod je poddvédna glukéza. Progndza je zdvisld na v€asné 1é¢bé€ a zamezeni

vzniku masivnich ketoacidotickych episod.

3.1.2 Studie hyperketotickych a hypoketotickych stavii

V ramci studie hyperketotickych stavii byl vybran soubor 39 déti, u kterych bylo podezieni
na nékterou zporuch ketolyzy, a u kterych dosud Zddnd dostupnd biochemicka
a enzymologickd vySetfeni neprokdzala etiologii onemocnéni. U pacienti byl zaveden
diferencidlné diagnosticky systém vySetfeni. DalSim cilem projektu byla charakterizace
onemocnéni u pacientli s poruchou ketogeneze. Pro stanoveni koncentrace metabolitl
v télnich tekutinich byly pouzity techniky plynové chromatografie s hmotnostné
spektrometrickou detekci (GC/MS), tandemové hmotnostni spektrometrie (MS/MS),
spektrofotometrie a vysokouc¢inné kapalinové chromatografie (HPLC). Neradioaktivni

spektrofotometrické a/nebo HPLC metody byly zavedeny ke stanoveni enzymovych aktivit
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u vSech enzymi metabolismu ketonovych latek (SCOT, T2, HMGS a HMGL) a u jednoho
enzymu B-oxidace (short-chain 3-hydroxyacyl-CoA dehydrogenazy - HADH, diive SCHAD),
pii jehoz deficitu lze ocekdvat podobny klinicky obraz a laboratorni ndlezy na udrovni
metaboliti. V souboru 39 pacientll s hyperketotickymi stavy byla pouze v jednom piipade
prokdzédna porucha ketolyzy (deficit mitochondridlni acetoacetyl-CoA thioldzy). U ostatnich
pacienti bylo prokdzdno jiné onemocnéni nebo vysloveno podezieni na néj (poruchy
B-oxidace mastnych kyselin, endokrinologické onemocnéni, suspektni porucha
glukoneogeneze). U tfech pacientii s poruchou ketogeneze byl prokazan deficit 3-hydroxy-3-
methylglutaryl-CoA lydzy. Na zdkladé¢ enzymologickych vysledkii bylo zavedeno
molekuldrné genetické vySetfeni u pacienta s deficitem T2 a u pacientd s deficitem HL.
Vysetfeni umoznilo genetické poradenstvi v rodindch, a u jedné zrodin s deficitem HL
provedena prenatdlni diagnostika. Vysledky studie byly publikoviany ve dvou c¢lancich

v odborném zahrani¢nim ¢asopise Journal of Inherited Metabolic Disease.

3.1.3 Komentdi a diskuse k piiloZené publikaci #1

Pospisilova E, Mrazova L, Hrda J, Martincova O, Zeman J. (2003) Biochemical and
molecular analyses in three patients with 3-hydroxy-3-methylglutaric aciduria. J Inherit
Metab Dis 26, 433-41.

V roce 2003 (PospiSilova a kol.) byly publikovany vysledky biochemické a molekuldrni
analyzy u tiech Ceskych pacientl s deficitem 3-hydroxy-3-methylglutaryl-CoA lydzy (HMG
acidurie). Jako odezvu na tuto publikaci, jsme byli pozaddani o provedeni molekularni analyzy
dvou rakouskych pacientli a jednoho némeckého pacienta. Souhrn vysledkti molekuldrni
analyzy u vSech pacientii vySetfovanych v nasi laboratofi jsou uvedeny v Tab. 3. Detailni
klinicky popis Ceskych pacienti a biochemické hodnoty laboratorniho vySetfeni metabolita
jsou uvedeny v priloZené publikaci #1. Pro méfeni enzymovych aktivit byly na naSem
pracovisti zavedeny dvé neradioaktivni metody: spektrofotometrické40 a HPLC*'. Obg metody
pro méfeni aktivity 3-hydroxy-3-methylglutaryl-CoA lyazy jsou srovnatelné v lymfocytech
a fibroblastech a pomoci obou metod je moZné diagnostikovat homozygotni pacienty
i heterozygotni pfenaseCe onemocnéni. U pacientll byla enzymova aktivita niz$i nez 1 %
oproti zdravym kontroldm, u pfenaSecii byly hodnoty v lymfocytech mezi 37-69 %
u spektrofotometrické metody a mezi 36 — 48 % u HPLC metody ve srovnani se zdravymi

kontrolami.
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U vSech pacientii byly nalezeny mutace v genu HMGCL, neddvno publikovand krystalova
struktura a 3D model zndmych mutaci potvrdily jejich patogenni charakter.”” Dv& missense
mutace p.R41Q a p.H233R a jedna delece p.R10fs byly nalezeny u tii Ceskych pacientt.
U rakouskych pacientl byla nalezena jedna missense mutace p.D42E a jedna delece p.F305fs.

U némeckého pacienta byla na genomové DNA nalezena pouze jedna novd heterozygotni

mutace. Substituce ¢.252G>A neméni aminokyselinovy zbytek p.Q84Q, ale ovliviuje
donorové sestfihové misto exonu 3 (AG/gt). Druha mutace nebyla sekvenovanim exonovych
a ptilehlych intronvych oblasti nalezena. Piimé sekvenovani PCR produktu kédujici DNA
(cDNA) zahrnujiciho exony 1-5 ukazalo zdvojenou sekvenci v oblasti exonu 2 a 3. Na jedné
alele byla patrnd delece exonu 2, na druhé alele delece exonu 3. Nasledné sekvenovani
klonovanych PCR produkta potvrdilo tii typy sestfihu mRNA u tohoto pacienta: deleci exonu
2, deleci exonu 3, deleci exonu 2 plus exonu 3. Klony, u kterych byla sledovana delece exonu
2, nenesly mutaci ¢.252G>A v exonu 3. Vysledky ukazuji na pravdépodobnou existenci dvou
sestfihovych mutaci. Jedna mutace ¢.252G>A (p.Q84Q) vede k vynechdni exonu 3 a mozna
i ¢astecné k vynechani exona 2 plus 3 pfi sestfihu do mRNA. Druhd mutace, kterd nebyla
nalezena v zadném z exonl ani v jejich okoli, se pravdépodobné nachézi v intronu 2, popf.
intronech 1 nebo 3. Tato mutace patrné vede k tvorbé dvou molekul mRNA, u nichzZ je
vynechan exon 2, respektive exony 2 plus 3. Pie a kol. a Puisac a kol. publikovali vysledky
vySetieni pacientll s mutaci E37X, u kterych dochazelo ke stejné chybnému sestfihu mRNA,
vynechdni exonu 2 a vynechdni exonti 2 plus 3.>* * Mutace p.E37X je Gastd stfedomotskd
mutace, avSak u ndmi vySetifeného némeckého pacienta nebyla detekovana. Tento rozpor by
mohl byt objasnén nalezenim nédmi predikované intronové mutace a ovérenim, zda se nachazi
i u pacienti s mutaci p.E37X, kterd je v soucasnosti povazovana za pii¢inu chybného sesttihu.

Mutace p.R41Q (c. 122G>A) v exonu 2 je nejcastéjsi mutaci genu HMGCL. Objevuje se

v v s

asi u 43 % vsech studovanych alel. NejcastéjSimi nosici jsou Saudsti Arabové (94 % alel),
jeden homozygot je turecké a jeden heterozygot italské narodnosti, jeden Cesky pacient je

homozygot.43’ 4

Vyskyt mutace v rozdilnych kulturdich vede k domnénce, Ze ke vzniku
mutace doSlo nezdvisle u vice jedinci. Arg 41 je evoluéné Kkonzervovanym
aminokyselinovym zbytkem a nachdzi se v aktivnim misté HL.*’ Tuinstra predpokldd4 jeho
roli v deprotonizaci nebo enolizaci acetyldithio-CoA pfi Stepeni substratu. Reakénim mistem
je pozitivng nabity postranni fetézec argininu, ktery pfi ziméné za glutamin chybi.*’

Mutace p.D42E (c. 126G>T) vexonu 2 byla detekovdna pouze u dvou rakouskych

pacientd, jeden z nich byl vySetfen v nasi nlaboratofi.** Na 42. aminokyselinové pozici byly

nalezeny dalSi dvé missense mutace p.D42H a p.D42G. Karboxylova skupina Asp 42 se
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pravdépodobné ucastni vazby s Mg2+ ionty.29 Prestoze je karboxylova skupina u mutantu
Glu 42 1 nadale pfitomna, expresni analyza zde ukdzala podstatné sniZeni aktivity enzymu
HIL.%

Mutace p.H233R (c. 698A>G) v exonu 7 byla nalezena u dvou ¢eskych pacientl (jednoho

homozygota a jednoho heterozygota) a u jednoho heterozygotniho francouzského palcienta.46
His 233 se nachdzi v aktivnim centru HL, zdménou histidinu za arginin pravdépodobné
dochdzi ke strukturnim zméndm tohoto mista. Dfive byl His 233 poklddan za samotné aktivni
misto enzymu,*’ pozd&j§i prace Fu a kol. predpokldda spise jeho roli ve vazb& s metalovymi
ionty.29

Mutace p.R10fsX24 (c. 27delG; plivodné pojmenovand p.P9fs(-1)) je nové nalezenou

mutaci. Delece nukleotidu G v prvnim exonu, v mist¢ vedouci mitochondridlni sekvence
polypeptidu, vede kposunu c¢tectho rdmce (ORF) a pfedCasnému stop kodonu
na 33 aminokyselinové pozici. Prestoze mutace ovliviiuje ORF, vznikajici mRNA neni
vyrazn€ degradovana. Vzhledem k charakteru mutace - posunu ctectho rdmce -
predpokladame, Ze se jednd o mutaci patogenni.

Mutace p.F305fsX10 (c. 913_915delTT ) byla nalezena v homozygotnim stavu u ti{
43, 44

pacientll ze Saudské Ardbie a jednoho homozygotniho pacienta z Rakouska. Delece dvou
nukleotidi TT v exonu 9 vede k posunu c¢teciho rdmce a pred¢asnému stop kodonu na
314. aminokyselinové pozici. Vzhledem k tomu, Ze molekuldrni analyza byla provedena
pouze na urovni genomové DNA, neni jisté, zdali dochazi k degradaci mRNA (NMD-non
mediated decay). Mutace postihuje region al1- a a12-helixu, kde se nachdzi aminokyselinovy
zbytek Cys 323, nezbytny pro dimerizaci enzymu® a AK zbytky N311 a L313, které jsou

nutné pro aktivitu HL.**

Korelace genotypu a fenotypu u pacientii s deficitem HL je slozitd, protoze vyvoj
onemocnéni z4visi na Casné diagndze a predchdzeni metabolickému stresu. Napiiklad podle
publikovanych dat nékterych saudskoarabskych pacientli s nejcastéjsi mutaci p.R41Q byl
ndstup onemocnéni zaznamendn ve tfech dnech a7 v osmi mésicich Zivota.* U &eského

pacienta doslo k prvni atace onemocnéni az v osmnacti mésicich Zivota.
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Tab.3 Mutace v genu HMGCL u pacienti s deficitem HL

predpokladana predpokladana
pacient ¢. plGvod alela 1 zmeéna alela 2 zmeéna
1 Ceskéa Rep. C.698A>G p-H233R c.698A>G p-H233R
2 Ceska Rep. C.698A>G p-H233R c.27delG p.R10Gfsx24 *
3 Ceska Rep. c.122G>A p.R41Q c.122G>A p.R41Q
4 Rakousko c.126G>T p.D42E c.126G>T p.D42E
5 Rakousko  ¢€.913 915delTT  p.F305YfsX10 *  ¢.913 915delTT  p.F305YfsX10 **
c.252G>A; r.61_144del; p.V21_K48del;
6 Némecko r.145_252del® p.N49_Q84del .61 252del®® p.V21_Q48del

$ exonovd mutace ¢.252G>A neméni AK zbytek p.Q84Q, ale vede k vynechdni exonu 3 r.145_252del
(p-N49_Q84del)

$$ nedetekovand, pravdépodobné intronovd mutace vede k vynechdni exonu 2 r.61_144del (p.V21_K48del)
a pravdépodobné i k vynechdni exonu exon 2 plus 3 (p.V21_Q48del)

# mutace p.R10GfsX24 a ## p.F305Y{sX10, byly ptivodné pojmenovany p.P9fs(-1), respektive p.F305fs(-2)

3.1.4 Komentdi a diskuse k priloZené publikaci #2

Mrazova L, Fukao T, Halova K, Gregova E, Kohut V, Pribyl D, Chrastina P, Kondo N,
Pospisilova E (2005) Two novel mutations in mitochondrial acetoacetyl-CoA thiolase
deficiency. J Inherit Metab Dis 28, 235-6.

Vroce 2005 (Mrdzovd a kol.) byl publikovdan prvni pifipad pacienta z byvalého
Ceskoslovenska s deficitem mitochondridlni acetoacetyl-CoA thioldzy (T2). Pacient byl
zachycen diky nové vytvofenému diferencidlné diagnostickému systému u pacientl
s hyperketézou. Pacient byl hospitalizovan ve 21 mésicich Zivota v bezvédomi, kterému
pfedchazelo nechutenstvi, zvraceni, poruchy védomi s namdhavym dychidnim. Vysledky
biochemickych testll a profilu organickych kyselin jsou shrnuty v pfiloZené publikaci #2.
Enzymova aktivita v kultivovanych fibroblastech byla méfena spektrofotometrickou metodou
zavedenou na naSem pracovisti a potvrdila nulovou aktivitu tohoto enzymu u pacienta.
Me¢teni enzymové aktivity v lymfocytech nebylo prikazné.

Naslednd molekuldarni analyza prokdzala sloZzenou heterozygotii dvou novych mutaci
p-M193T a p.I347T. Expresni analyza téchto novych mutaci potvrdila jejich patogenni vliv
[Fukao, 2005].

Mutace p.MI193T (c. 578T>C) v exonu 6: Met 193 je evolucné vysoce konzervovany

aminokyselinovy zbytek u obou thiolaz, T2 1 CT. Met 193 méni konformaci v CoA

modifikované izoformé T2 vzhledem k izoformé nemodifikované. Mutace v tomto misté
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pravdépodobn& ovliviiuje vazbu CoA, dileZitého u specifické jaterni T2.’® PiestoZe se
exonova mutace ¢.578T>C nachazi v sestithovém misté¢ exonu 6 (TG/gt), spravny sestiih
mRNA pravdépodobné neovliviiuje.

Mutace p.I347T (c. 1040T>C) vexonu 11: Ile 347 je vysoce konzervovany

aminokyselinovy zbytek v T2, nachézi se v B-listu v katalytickém mist& T2.%
Enzymova a molekuldrni analyza potvrdila podezieni na deficit T2. Byla zahdjena dieta
s omezenim bilkovin a tukli ve stravé a antihypoglykemickym rezimem. Chlapec je nyni

ve véku 7 let v dobrém klinickém stavu a jeho psychomotoricky vyvoj je normalni.

V souboru pacientt s hyperketotickymi stavy byl pouze v jednom piipad¢ potvrzen deficit
enzymu ketolyzy. Divodem muze byt vzicny vyskyt téchto poruch v populaci. DalSim
divodem mitiZze byt tkanova specifita sledovanych enzymt a existence tkanovych izoforem,
jejichZ deficit nemusi byt detekovan v perifernich buitkdch. Ve vétSing ptipadd, z divodi
snahy o co nejmensi zatiZeni pacienta, byla aktivita enzymu stanovena pouze v lymfocytech.
Tato studie ukdzala, Ze stanoveni aktivit enzymu ketolyzy v lymfocytech nemusi byt
prukazné, v ptipadech vysokého podezieni na nékterou z poruch je nutné vySetfeni koznich

fibroblastu.
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3.2 Methylmalonova acidémie

Methylmalonovd acidémie (MMA) je dédicné autozomdlné recesivni onemocnéni
zptisobené poklesem enzymové aktivity methylmalonyl-CoA mutiazy (MCM, EC 5.4.99.2).
MCM Kkatalyzuje reverzibilni reakci, izomerizaci L-methylmalonyl-CoA na sukcinyl-CoA,
v metabolické cest¢ odbourdvani propionyl-CoA na sukcinyl-CoA, intermediadt Krebsova
cyklu. MCM se ucastni katabolismu aminokyselin valinu, isoleucinu, methioninu a threoninu,
taktéz cholesterolu a katabolismu mastnych kyselin s lichym poc¢tem uhlikti. MCM je jednim
ze dvou enzymd, jehoZ kofaktorem je derivat kobalaminu (vitaminu Bj,), v tomto piipade
adenosylkobalamin (AdoCbl). Druhym enzymem je methionin syntdza a kofaktorem

methylkobalamin (MeCbl). 49

Biochemické studie v tkanich pacienti s MMA in vitro odhalily bloky v syntéze téchto
kofaktorti. Provedené komplementacni studie rozd¢lily tkané pacientl do osmi skupin (cblA -
cblH). Bloky odpovidajici komplementacnim skupindm cbIC, c¢blD a cblF se nachézeji na
pocatku premény kobalaminu a ovliviluji syntézu obou kofaktord. U pacienti dochdzi
ke zvySenému vyluCovani homocysteinu i methylmalonatu. Komplementac¢ni skupiny cblE
acblG jsou specifické pro cytosolovou cestu syntézy MeCbl, u pacienti je zvySené
vylu€ovéani pouze homocysteinu. Tti komplementacni skupiny cblA, cblB a cblH odpovidaji
mitochondridlni cesté syntézy AdoCbl, pacienti v tomto piipad¢ vylucuji zvySené mnozstvi
methylmalondtu, koncentrace homocysteinu jsou normdalni.** Onemocnéni zpiisobend
funkénim defektem apoenzymu (formy mut) nebo defekty v syntéze adenosylkobalaminu
(formy cblA, cblB and cblH) se nazyvaji izolovanou methylmalonovou acidémii. Do dne$niho
dne byl publikovan pouze jeden piipad odpovidajici komplementacni skupin¢ cblH, nejsou

zndmy 74dné podrobnosti tohoto defektu.”* !

Zvysené vylucovani methylmalonatu miiZe byt zptsobeno i defektem DL-methylmalonyl-
CoA racemizy (MCEE), ktery se projevuje mirnou nebo sttedné zdvaznou formou izolované
MMA. Bobik a kol. identifikoval gen pro lidskou DL-methylmalonyl-CoA racemdzu. Gen
MCEE se nachdzi na chromozému 2 a je piekladan do 176 aminokyselin dlouhého proteinu.”
U zadného pacienta v této studii nebyl prokdzan defekt MCEE, ani neni zndm Zadny piipad
v Ceské republice s podezienim na toto onemocnéni. Vzhledem k mirné formé onemocnéni je
mozné, Ze je diagndza u téchto pacientli podhodnocena a zvySené vylu¢ovani methylmalonatu

je zdtivodnéno nedostatkem vitaminu Bj,. (Obr. 8)
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Obr.8 Metabolismus propionatu, methylmalonatu a kobalaminu.

Metabolismus propiondtu a methylmalondtu. Propionyl-CoA je produktem katabolismu
nékterych aminokyselin, cholesterolu a mastnych kyselin slichym poctem uhliki. PCC
(propionyl-CoA karboxyldza) katalyzuje karboxylaci propionyl-CoA na D-methylmalonyl-
CoA. PCC ke své aktivité vyzaduje ATP, Mg"™" ionty a kofaktor biotin. MCEE (DL-
methylmalonyl-CoA racemaza) pfeménuje D-methylmalonyl-CoA na L-methylmalonyl-CoA.
Reverzibilni reakci mezi L-methylmalonyl-CoA a sukcinyl-CoA katalyzuje MCM
(methylmalonyl-CoA mutdza), kterd vyzaduje AdoCbl (adenosylkobalamin) jako kofaktor.
Sukcinyl-CoA vstupuje do Krebsova cyklu.

Metabolismus kobalaminu. Kobalamin vstupuje do buiikky v komplexu transkobalaminu II
(TCII-OHCbI), ktery opousti v lysozomu. Poté je fadou reakci pfeménén na MeCbl
(methylkobalamin) v cytosolu nebo vstupuje do mitochondrie, kde je redukovan a
adenosylovdn na AdoCbl. MeCbl je kofaktorem methionin syntdzy (MTR), AdoCbl je
kofaktorem MCM. Poruchy v syntéze MeCbl a AdoCbl jsou rozdéleny do osmi
komplementacnich skupin chlA - cblH (kurzivou, modie). Odpovédné geny a jejich
(predikované) produkty (velkymi pismeny) jsou zndmy u komplementacnich skupin: cblA ~
MMAA, cblB ~ ATR (ATP : kobalamin(l) adenosyltransferidza), cb/C ~ MMACHC, cblD ~
MMADHC, cblE ~ MTRR (methionin syntdza reduktaza) a chlG ~ MTR.

3.2.1 Formy izolované MMA:

mut forma MMA (deficit MUT: OMIM #251000)
Methylmalonyl-CoA mutdza je mitochondridlni enzym kdédovany v jaderné DNA. Jeho
struktura je vysoce konzervovand od bakteridlni po lidskou. Model lidské MCM byl vytvotfen

podle krystalové struktury a -podjednotky MCM z Propionibacterium shermanii, se kterou
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sdili 65 % sekvenéni podobu.”> **

Lidskd MCM je homodimer se dvéma identickymi
podjednotkami (1) o velikosti 78.5 kDa’* Kazdd zpodjednotek védZe jeden
adenosylkobalamin jako kofator.”” N-koncovy segment (AK zbytky 33-87) se d&astni
dimerizace enzymu, nésleduje doména vazajici substrat - N-koncovy (Ba)s barel (TIM-barel,
AK zbytky 88-422). C-koncova (Ba)s doména vazajici kofaktor (AK zbytky 578-750) je s N-
koncovou ¢4sti spojena usekem dlouhym 155 aminokyselin (AK zbytky 423-577).

Gen MUT pro lidskou MCM se nachdzi na chromozému 6 (6p12-21.1), sklada se ze tfinécti
exonl a ma velikost pies 35 kb. Transkript dlouhy ~2.7 kb je ptekladan do propeptidu o 750
aminokyselin, véetn& 32 aminokyselinové vedouci mitochondridlni ~sekvence.’® '
V kultivovanych fibroblastech byly rozliSeny dva biochemické fenotypy: mut’, u kterého je
enzymova aktivita vzdy nulovd, a mut, u které je enzymova aktivita ¢asteCn¢ zachovana
anebo k jejimu zvySeni dojde po piidéni hydroxykobalaminu.”® Nicméné u n&kterych muft
tkani s nizkou enzymovou aktivitou po pfiddni kobalaminu k zvySeni aktivity témér
nedoslo.”

Veétsina mutaci se nachazi ve dvou hlavnich funkénich doménach, v N-koncové doméné
vazajici substrat nebo C-koncové doméné vazajici kofaktor. Mutace spjaté s mut fenotypem
se Casto vyskytuji v doméné vazajici adenosylkobalamin.6o

Existuje pouze malo mutaci, které se vyskytuji u pacientli rekurentn¢: mutace N219Y

u pacientd z kavkazské populace a mutace E117X u pacienti z japonské populace.®'®

cblA forma MMA (deficit MMAA: OMIM #251100)

Na zaklad¢ mikrobidlniho modelového systému identifikovala Dobson a kol. lidsky gen
MMAA, a potvrdila, Ze mutace v tomto genu jsou zodpovédné za cblA formu MMA,* piesto
funkce predikovaného proteinu MMAA zlstala neznama. Studie Korotkové a kol. se zabyvala
metalochaperonem MeaB z Methylobacterium extorquensm, ktery je cClenem GTPazové
podrodiny a je z 67 % sekvencné podobny k MMAA. Jeho funkci je pravdépodobné chrénit
bakteridlni MCM pied nezvratnou inaktivaci, pomoci stabilizace dimeru a/nebo chranit
navdzany kofaktor pfed ataky kysliku, vody nebo vysoce reaktivnimi volnymi radikély.®
Neddvno byla publikovéna krystalova struktura MeaB °® a byl podpofen piedpoklad pomocné
role MeaB 1 MMAA proteinu pro sprdvnou funkci MCM. ¢

Gen MMAA je lokalizovdan na chromozému 4q31.1-2, sklddd se ze 7 exonu a je velky
piiblizné 17 kb. Transkript ~1.2 kb je ptekladan do predikovaného 418 aminokyselin velkého
polypeptidu. MMAA protein obsahuje vedouci mitochondridlni aminokyselinovou sekvenci

se signdlnim mistem Stépeni. Northern blot ukédzal zvySenou expresi v kosternim svalu
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a ja’ltrech.64 Do dnesniho dne bylo publikovdno pres 30 mutaci v genu MMAA, vétSina z nich
se nachazi v prvnich Ctyfech exonech. Kolem 30 % z toho tvoii malé delece a inzere, vétSinou

duplikace (61 %).%®

¢blB forma MMA (deficit MMAB: OMIM #251110)

ATP:cob(I)alamin adenosyltransferdza (ATR) katalyzuje pfenos skupiny adenosylu z ATP
na kobalamin(I) za vzniku adenosylkobalaminu (AdoCbl).”’ Lidsky gen MMAB pro ATR byl
nezévisle objeven Dobsnovou a Lealem.”” "' Ob¢ studie byly postaveny na mikrobidlnim
modelovém systému. Lidska ATR patii do PduO rodiny kobalaminovych adenosyltransferiz.
Saridakis a kol. popsala krystalovou strukturu ATR homologu z archebakterie Thermoplasma
acidophilum (32 % sekvenén& podobny k lidské ATR).”> Na tomto homologu demonstrovala,
Ze mutace v MMAB nalezené u pacientii s chlB formou MMA vedou ke ztraté aktivity ATR
in vitro. Nedavno zvefejnénd krystalova struktura lidské ATR ukazala, Ze enzym je sloZen ze
t¥{ identickych podjednotek.”

Gen MMAB je lokalizovan na chromozému 1224 a ma 9 exonti. 750 bp dlouhy otevieny
¢teci ramec je preklddan do 250 aminokyselin velkého propeptidu, ktry je smérovan 24
aminokyselinovou vedouci sekvenci do mitochondrie.”' Zde je §tépen a tvoii 27.3 kDa velky
protein. Northern blot ukédzal zvySenou expresi v kosternim svalu a jatrech, stejné¢ jako
u MMAA.” Kolem 20 mutaci bylo nalezeno v genu MMAB. V&t$ina znamych mutaci v genu

MMAB je lokalizovédna v exonu 7, ktery odpovida aktivnimu centru v ATR.

Pacienti a 1é¢ba: Piesnd incidence MMA neni zndma, uvadi se kolem 1:150 000 v zdpadnich
zemich.”

K manifestaci onemocnéni dochdzi obvykle brzy po porodu nebo vraném détstvi. Pro
pacienty s neonatdlni formou jsou typickym ptfiznakem zdchvaty zvraceni, apatie,
nechutenstvi, rychly véhovy ubytek, dehydratace a svalovd hypotonie, které mohou
progradovat do acidotickych krizi s dychacimi obtiZzemi a bezvédomim. Bez spravné 1écby
béhem nékolika dnti dochdzi k umrti pacienta nebo k permanentnimu poSkozeni mozku.
Pozdni formy onemocnéni se projevuji od chronickych symptom, jako jsou neprospivéni,
anorexie, opakované zvraceni a poruchy chovani, po Zivot ohrozujici ataky metabolickych
dekompenzaci s vaiZnym orgdnovym selhanim.

Béhem akutnich episod metabolické dekompenzace dochdzi k masivni sekreci metaboliti

(amoniaku, kyselin methylmalonové, 2-methylcitronové a 3-hydroxypropionové a dalSich
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derivati propionyl-CoA) a otravé organismu. Hyperamonémie je dusledkem deficitu
acetyl-CoA v mitochondriich a soucasné¢ disledkem sekunddrni inhibice enzymi
mocovinového cyklu, z divodu akumulace abnormélnich esterti acyl-CoA a organickych
kyselin.* 77 Homocystindria neni pfitomna. Nésledkem metabolickych krizi dochézi
k poSkozeni mozku, a tim k mentdlni retardaci, epilepsii a motorické dysfunkci, a k dalSim
orgdnovym selhdnim vedoucim k rendlni tubuldrni dysfunkci, kardiomyopatii nebo
pankreatitidé.

Pti 1écb¢ je zapotfebi béhem atak odstranit energeticky schodek podavanim glukézy
a detoxikovat a rehydratovat organismus, souasné zacit alkalickou 1éc¢bu,s poddvanim
karnitinu a vitaminu Bj,. JestliZe nedojde ke zlepSeni, je nutné odstranit toxické latky
z organismu hemodiafiltraci nebo hemodialyzou.”

Dlouhodoba 1écba je zaloZzena na nizkobilkovinné vysokoenergetické dieté, suplementaci
karnitinem a metronidazolem, ktery potlacuje riist stievnich bakterii produkujicich kyselinu
propionovou. Vitamin Bj, je poddvan pacientiim, ktefi odpovidaji na jeho 1écbu. Obvykle
pouze minimum piipadi pacienti s mut’ a mut fenotypem odpovidd na 1é&bu vitaminem B»,
oproti tomu u vice nez 90 % pacientil s chlA formou a kolem 40 % pacientll s cblB formou

P ‘e e 79,80
nastava zlepeni pii podavani vitaminu By,.”"

Predchdzeni metabolické dekompenzaci v€asnou diagnézou je nejucinnéj$i formou 1écby
MMA.

Korelace genotypu a klinického fenotypu

Pro pacienty s formou mut’ je typicky ¢asny ndstup onemocnéni, vysokd mortalita a zdvazné
neurologické komplikace. Projev onemocnéni u pacientd s mut a cblB formou je rozlicny
od vaZznych nenonatdlnich forem, po mirnéjsi formy s pozd¢jSim ndstupem. Pacienti chlB,
kteii neodpovidaji na Iécbu vitaminem Bj, (kolem 60 %) maji stejny klinicky fenotyp jako
pacienti s formou mut’. Naopak klinicky stav pacientii sformou muf, u kterych byla

79, 80
% Pozn.:

pozorovana odpovéd na lécbu vitaminem B, je zpravidla méné zdvazny.
klinicky fenotyp mut forem pln€ neodpovida biochemickému fenotypu (viz. 4.2.1)

Mirmou formu onemocnéni nachdzime u pacienti scblA formou MMA. Symptomy
onemocnéni nastupuji pozdéji v détstvi a progndza je v téchto piipadech dobrd. Nicméné

pokud u pacientl piesto dojde k metabolické krizi, mize dojit k lehké mentaln{ retardaci.”" *
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3.2.2 Komentdi a diskuze k piiloZené publikaci #3

Pospisilovd E, Mrdazovd L, Klement P, Martincovd O, Hrubd E, Chrastina P, Pfibyl D,
Vobruba V, Hilova K, Zeman J. (2006) Methylmalonova acidémie: klinicka, biochemicka
a molekularné biologicka studie. Ces.-slov. Pediat. 61, 190-198.

3.2.2.1 Soubor pacienti

V roce 2006 (Pospisilovd a kol.) byl publikovian v Cesko-Slovenské pediatrii ¢lanek
popisujici 10 pacientd s MMA z oblasti byvalého Ceskoslovenska. B&hem dalsich let jsme
soubor rozsifili a zde uvddime kompletni studii 14 pacientii z 13 nepiibuznych rodin, dva
z pacientl byli sourozenci, dvojcata.

Pacienti byli pfijati ve véku nékolika dni az mésict s typickymi pfiznaky zvraceni, letargii,
neprospivanim a metabolickou acid6zou. Laboratorni biochemické testy odhalily vysoké
koncentrace kyseliny methylmalonové, methylcitronové a 3-hydroxypropionové v moci,
koncentrace homocysteinu v plazm¢ byla normdlni. NejstarSimu pacientovu je dnes 20 let,

Ctyfi pacienti zemieli ve véku 16 dni, 9 mésici, 5 a 7 let.

3.2.2.2 Enzymova metoda

Pro méfeni enzymové aktivity MCM byla zavedena neradioaktivni HPLC metoda s UV
detekci. Aktivita MCM byla stanovena v lymfocytech nebo kultivovanych fibroblastech
v ptitomnosti AdoCbl. V piipadé pacientii s formou mut’, je méfend enzymové aktivita
v pfitomnosti AdoCbl pod detekénim limitem. Naopak u c¢bl forem dochdzi v disledku
piitomnosti AdoCbl ke zvySeni enzymové aktivity na hodnoty srovnatelné se zdravymi
kontrolami. Moznost zvySeni enzymové aktivity v pfitomnosti AdoCbl u mut forem, je
diskutabilni. Tradi¢ni radioaktivni metoda je zaloZena na méfeni inkorporace ['*C]-propionétu
do precipitatu trichloracetové kyseliny v kultivovanych fibroblastech.®' Willard a kol. podle
toho rozdé€lil mut formy MMA na: mut’, u kterych nedochazi k zadné inkorporaci
[14C]—pr0piona’1tu za Zadnych podminek a aktivita MCM je nedetekovatelnd in vitro, a na mut,
ukterych dochdzi k inkorporaci ['*C]-propiondtu v p¥itomnosti vysoké koncentrace
hydroxykobalaminu.”® Pfesto Janata a kol. publikoval piipad mur, kde byla zachovdna
¢astecnd aktivita MCM (kolem 2 %), ale odpovéd’ na piidavek hydroxykobalaminu byla
velice slabd.” Detekéni limit ndmi zavedené neradioaktivni metody nedovoluje rozligit mezi
mut a mut’ formou méfenim zbytkové aktivity enzymu. U 74dného z vySetfovanych mut

pacientll v naSem souboru (u pacienta ¢.13 nebylo provedeno enzymové stanoveni) nebyla
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detekovdna zbytkovd aktivita v pfitomnosti AdoCbl. Piesto stile nemiiZeme vyloucit

moznost, Ze dojde k ¢astenému obnoveni aktivity v nékterych mut ptipadech.

3.2.2.3 Vysledky enzymologie a molekularni analyzy

Vysledky enzymového stanoveni dovolily rozliSit mezi mut formami onemocnéni
a predpokladanymi cbl/ formami. Pacienti s neméfitelnou enzymovou aktivitou byly vySetfeni
pro mutace v genu apoenzymu MUT, kdeZto u pacientii s obnovenou aktivitou MCM byly
vySetieny geny MMAA a/nebo MMAB. V piipadech cbl forem bylo pfihlédnuto ke klinickému
stavu pacienta. U leh¢ich forem MMA byl u pacienta pfednostné vySetien gen MMAA,
naopak u pacientli s téZkou klinickou formou onemocnéni byl nejprve vySetien gen MMAB.
Vysledky jsou shrnuty v Tab. 4.

Molekularni analyza v postiZzenych rodindch umoznila genetické poradenstvi a prenatdlni
diagnostiku u dvou rodin s mus’ formou a u dvou rodin s cbIB formou (rodiny: 3, 4, 6, 8)
Pozice trans nalezenych mutaci byla ovéfena u jedenécti vySetfovanych pacientli, v deviti
piipadech vySetfenim vzork rodict; u dvou pacienti ¢. 7 a 12 byly alely oddé¢leny
klonovanim PCR produktu obsahujictho exon 6 genu MUT a nasledné¢ analyzovany
sekvenovanim. Ve dvou piipadech homozygotnich mutaci u pacienti ¢. 1 a 13 neni mozné
vyloucit pfitomnost velké delece na jedné z alel, nebot” byly k dispozici vzorky vzdy jen
od jednoho rodice.

Mutace v genu MUT

U osmi pacienti s MMA byly nalezeny mutace v genu MUT. U pacienta ¢.10 nebyla
molekuldrni analyza provedena, ale predpokladdme, Ze pacient nesl stejné mutace jako jeho
bratr - dvojce (pacient €. 11).

Mutace byly nalezeny v obou hlavnich doméndch MCM apoenzymu, N-koncové doméné
véazajici substrat a C-koncové doméné vézajici kofaktor. (Obr. 9)

Dvé missense mutace p.G203R (c. 607G>A) a p.N219Y (c. 655A>T) a jedna nonsense

mutace p.R727X (c. 2179C>T) nalezené u naSich pacientli byly jiZz dfive asociovany

s biochemickym mus’ fenotypem.®" *> % Gly 203 se nachdzi v Ia3-helixu. Glycin bez
postranniho fetézce umoziuje vysokou flexibilitu Ca vazby, jeho zdména pravdépodobné
ovlivituje aktivitu domény.*” Asn 219 leZi ve vysoce konzervované sekundarni struktufe,
IB4-tetézce. Substituce Asn 219 za Tyr zbytek patrné meéni konformaci tohoto useku

a naruSuje substrdt vézajici doménu.®’ Nonsense mutace p.R727X vede k pfed¢asnému stop
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kodonu, ptfedpoklddany vznikajici polypeptid je dlouhy 726 aminokyselin ve srovndni
s 750 aminokyselin u wild typu.
Mutace p.R369H (c. 1106G>A) a p.R369C (c. 1105C>T) ovliviiuji stejny aminokyselinovy

zbytek. Arg 369 lezi v la7-helixu, ktery je soucdsti rozhrani ucastnici se dimerizace. Diive
byla mutace p.R369H asociovédna s fenotypem mut’, na zédklad¢ funk¢ni expresni alnal)’/zy,5 9. 84
pozdéji bylo zjiSténo, Ze bunécna kultura, u které byly analyzy provedeny, neni homozygotni
pro mutaci p.R369H, ale jednd se o sloZenou heterozygotii p.R369H a p.R108G. Worgan
akol. a Lempp a kol. poté publikovali biochemické studie u homozygotnich pacientt
p-R369H a asociovali tento typ mutace s mut’ fenotypem.83’ 8

Dalsi nalezend missense mutace p.R694W (c. 2080C>T) je na zdklad€ transfekénich studii

a klinickych a biochemickych nalezii asociovdna s fenotypem mur.?” ® Substituce Arg 694
za Trp ovliviiuje hydrofobni skupinu na povrchu domény, ¢imZ naruSuje mistni chemické
interakce, ale k samotnému rozbiti domény pravdépodobné nedochazi.>*

Byly nalezeny dvé nové missense mutace p.H386N (c. 1156C>A) a p.H627Q (c. 1881T>A).

His 386 se nachdzi ve vysoce konzervovaném regionu na konci IB8-fetézce.’® Predikéni
program SIFT * ukézal, e neni moZnd zdména za jiny aminokyselinovy zbytek, aniZ by
doslo k vaZznému poskozeni vysledného proteinu.

V kodonu 627 byly jiz dfive nalezeny missense mutace p.H627R a p.H627N.** ¥ His 627 se
nachdzi ve smycce mezi IIf1 a Ilal a spolecné s Asp 625 a Lys 621 se podili na vazbé
kobaltového atomu kofaktoru.”* Mutace p.H627R byla asociovdna s mut’ biochemickym
fenotypem.82

Nové sestfihovd mutace [c. 546_911del, c. 754_911del] vede ke dvéma transkriptim,

u jednoho dochézi k vynechani exonu 4 a u druhého k vynechdni exonu 4 plus ¢4sti exonu 3.
Sekvenovanim exonti genu MUT i s pfilehlymi intronovymi oblastmi nebyla nalezena zadna
zména na drovni genomové DNA. K nespravnému sestfihu vede pravdépodobné zména
v intronovych oblastech, nejspiSe intronti 3 nebo 4. Delece exonu 4 v transkriptu vede
k posunu ¢tecitho rdmce a predcasnému stop kodonu na pozici 273, zatimco delece exonu 4
plus ¢asti exonu 3 v transkriptu vede pravdépodobné ke zkracenému proteinu, u kterého chybi

aminokyselinové zbytky Ser183 az Arg304.

34



(dAyousb Aulels swepepjodpald) || "9 eusioed Jjelq #

ouspaAcIdaU JUSaW - SUOP JoU
Ny oYIuyaap Joluely pod - pu

Auinoy|1q Bw eu ninuiw Bz oyauaonlAn yo-|Auioxns jowu A euapelAa sl nujweeqoyAsouspe |jjowrg lsouwolyd A Buajaw AZeinw y-00) |AUC[BWIAYISW BHAIE BAOY|SD
BJOAIZ YOJ0ISaW g dAIpjadsal * g1 9A ze euanouels ezoubelp elAg Alep n ‘gl © g} "9 musioed swoly ‘Jugudowauo ndnjseu aqop A Azejeu Julojeloge|

(ezxsineseH d
‘leproed e81sd)

2l
(M¥69d)

9
(NoseH)

L
(0229H)

# (egxsineseH d
‘leproed eg1sd)

L1 9 €l
(ozeoH)  (oe9ed)  (X/2/Y)

L

Mes13)

L
(MmogLd)

L

(82XsId9s 1Y) (9xsisse6ll) (EXSIAPELD)

14

€

uoxa
(eugwz puepepjodpe,d)

[9PLL6 ¥G/d  1<D 0802 O VY<O9GLLD Y<L188L2 # [PPLLE ¥G/1  Y<L188L'0 I<OGOLL'D 1<OBLICO Y<OLLGD 1<09§G0 OSUDDIP  DIOVIP  HANpLego Z e
‘epPLL6 9¥G ‘lepL L6 9rGA 655 /G50 G6G 26570
€ 2l 9 € # € € 9 € L L L v € uoxe
(A612N) (mpeod)  (069ed)  (A612N) # (deoen) (A612N)  (He9ed)  (A61eN) (mosid) (mogid)  (MmosLd)  (9XsiS86Ll) (EXSIAYEILD) (euswz guepgpjodpesd)
1<YS590 1<0 0802 @ 1<0S0LLD 1<V§592 # Y<5/090 1<Y5590  Y<DQOLL'O 1<Y§G90 1<09G50 I<09550  1<09950  ©IOVIeP  ©dnplggo L elele
GBS 2650

1w inw nw 1nn nw nw nw nw ANW avium  avnn avium vy vV usbh

ezfeue Juie|njajon
8l'9- €2 pu auop jou pu 2uop Jou  duOp jou pu pu pu auop 10U €52 28 60°€ GGG l9¢ YoB)Se|doidl) Y A BZEINUI BAOY[O
29¢-2¢| |uop Jjou suop jou auop Jjou pu |uop Jjou suop Jjou pu pu pu euop Jou  euop Jou 9€'¢e suop Jjou 62'¢C Uoo1AoojWA| A eZEINW BAOH|SO

«+ EPOIBW BAOWAZUZ
ozl > g€ euopjou  8uoplou €G 9G v 96 €€ auop jou 6Lk g€ €9 auop Jou 9/ [inownr] uieisAoowoy Anoyjeo
08 > 009¥ auop jou «Sle 8l 6/2 oov 2 005 9e2 9l 968 AN vee 6/ 2zl [nowr] yeluowe
pu 6v1e A auop jou 868 05 6/6 88/ | 188 auop jou gzel  euopilou 95e auop jou Y7 [1owr] erouojewAyiow sy

» 2wseld A Ayjjoqelsiy

8> yyl Al R 59 Lyl ¥9 19 ole [ 12 [ ev B ¥8 ['yeeny jowyjowiu]
enrouoojAylew sAy
6l > L b bl zle €62 Lig K4 €02 W /2¢ 1 12 l 8bl ['reent jowjoww]
eAouoldoldAxoIpAy-¢ “sAY
yL> cest AL ALl €91 L 6129 6lc9 YLy LL 895 6 L 0085 Ll vi6 L LWL Lov v ['reent jowyjoww]
eAOUORWIAYIBU "SAY

« 12ow A Kyjjoqeisiy
au ou ou ou au ou ou ou au ou ou au oue oue elaisuodsal ¢tg
E| N N N W 4 E| 4 N N 4 4 4 4 1nelyod
pS we weg- | pe pz pe pe 18 Pl pe wg pz wo Juguoowisuo dniseu
1z 102 16°G1 159 +polL twe +1S P 161 ‘we 19 16 1L @A Ausegnos

aoejuszaid 122 RIS
nuw nuw nw nw nuw nw nuw nuw nuw qigo q/90 gigo viqo vigo euidnys Jugejuswe|dwoy
Kjonuoy vl €l 4} L ok 6 8 L 9 ] 12 € 4 1 jusjoed
VINIA S mudped n Az£[eue 33013001 JWIB[NI[OW B INIISO[OWAZUD ‘DYITWIYI0I( APISAA prqel,

35



lal
lo2
la3
lad
lo5
lab
la7
a8

R369H |
R369C T—|_|
Y \\'
o U U\ U o U T
N219Y H386N
| H__H
H627Q R727X
/ q N
NE g Bl | |2
® \ |06 |6 |®
R
A
N / R694W ~ C
Obr.9 Topologie lidské MCM. N-konec (AK zbytky 33-87), N-koncova doména

vazajici substrat (Ba)s barel, (TIM-barel, AK zbytky 88-422), spojovaci usek (AK zbytky
423-577), C-koncovd (Pa)s doména vazajici kofaktor (AK zbytky 578-750). Missense
a nonsense mutace nalezené v genu MUT u pacientli s MMA jsou vyznaceny modie. COB =
kobalamin.

Obr. podle Thoma & Leadlay, 1996.

Mutace v genu MMAA

U dvou pacientl s chblA formou onemocnéni byly nalezeny mutace v genu MMAA,
p.C184YfsX3 (c. 551dupG) a p.T198SfsX6 (c. 592_595delACTG). Obé mutace jsou
homozygotni a vedou k posunu ¢teciho rdmce a predc¢asnému stop kodonu. Mutace p.T198fs
byla jiZ dfive publikovand,® mutace p.C184fs je nova. V obou piipadech byl pomoci RT-PCR

detekovan transkript, predpoklddame, Ze vlivem téchto mutaci nedochazi k vyrazné degradaci
mRNA (NMD).

Mutace v genu MMAB
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U tfech pacientll byla na zdklad¢ molekuldrni analyzy diagnostikovdna cblB forma MMA.
Vsechny mutace nalezené v genu MMAB se nachédzeji v exonu 7. Dvé nalezené missense

mutace p.R186W (c. 556 C>T) a p.E193K (c. 577G>A) byly jiz publikovany.”” * Arg 186

pravdépodobné interaguje piimo s kobalaminem. Glu 193 se G&astni koordinace Mg** iontu,
substituci za Lys patrné dochdzi k inhibici vazby ATP.” Biochemické studie obou mutaci
potvrdily jejich vliv na onemocnéni, expresni analyza ukdzala zanedbatelnou aktivitu ATR.
In vivo patrné dochézi k degradaci ATR, nebot’ Western blot z pacientskych bun¢k prokazal
absenci proteinu.®®

Novéd indel mutace p.R186PfsX28 (c.557_559delGGinsC) je prvni inzeri - deleci

nalezenou v genu MMAB. Mutace vede k posunu ¢tecitho ramce a k pfed¢asnému stop kodonu

v aktivnim misté ATR.

3.2.2.4 Diskuze

Mutace p.N219Y v genu MUT byla nalezena ve Ctyfech z Sestndcti sledovanych alel.
VSichni pacienti byli heterozygoti. Vysoky vyskyt této mutace (25 % alel) u ceskych
a slovenskych pacienti koresponduje s vysokou frekvenci mutace v kavkazské populaci
(kolem 20 %)."!

N¢ekteré z mutaci v genu MUT se nachdzeji velice blizko u sebe nebo pfimo na stejném
misté, navic byly n¢které z nich nalezeny u pacientii rizného ptivodu, to ukazuje na mozny
vyskyt mutacnich hot spott.® Jeden ze znamych mutaénich hot spotii dinukleotid CpG, se
nachdzi v kodonu 369, kde byly u naSich pacientli zaznamendny jiZ diive popsané mutace
p-R369H a p.R369C, a v kodonu 727, kde byla lokalizovdna zndma mutace p.R727X. Také
kodon 627 je pravdépodobnym muta¢nim hot spotem, nebot” zde doSlo dokonce ke tfem
zaménam, k p.H627Q, nové mutaci u ceského pacienta a ke dvéma publikovanym mutacim
p-H627R a p.H627N. Mutace p.G203R zjisténd heterozygotné u naseho pacienta byla popsdna
Worganem a kol. u homozygotniho pacienta.*> Analyza SNP polymorfismi odhalila, Ze tento
pacient nesl mutaci na dvou aleldch s rozdilnym haplotypem. Piedpokladdame, Ze ke vzniku
téchto mutaci doSlo v historii vice nezZ jednou.

Dvé homozygotni mutace v exonu 3 a exonu 4 genu MMAA zplsobuji posun ctectho
rdmce. Povaha obou mutaci odpovidad vétSiné mutaci nalezenych v genu MMAA u pacientd

s chlA formou.®®

VétSina znamych mutaci v genu MMAB se naléza v exonu 7,”* stejné jako viechny tii
mutace nalezené u naSich pacientli. Exon 7 obsahuje vysoky podil GC a ma repetitivni

charakter. Také se zde vyskytuje vétSina aminokyselinovych zbytka, které tvoii aktivni
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centrum enzymu. Zadména p.R186W je nejcastéjsi mutaci v evropské populaci (kolem 30 %),
Dobson a kol. pivodné publikovala tuto mutaci jako potencidlni vzdcny polymorfismus,
protoZe byl nalezen ve 4 z 240 alel kontrolnich vzorki.”® V &eské populaci bylo vySetfeno 300
kontrolnich alel, ale Zddné nenesla tuto mutaci. Vysoky vyskyt této mutace v populaci miiZze

byt vysvétlen ptitomnosti CpG dinukleotidu, zndmého mutacniho hot spotu.

Kompletni provedena klinickd, biochemickd a molekuldrni analyza ndm dovolila porovnat
genotyp a fenotyp u vétSiny pacienti s MMA.

U sedmi z deviti pacientli s deficitem apoenzymu nastoupily prvni klinické piiznaky
v dobé prvniho dne a7 tif tydnd Zivota. Ctyii z téchto déti zemiely a u dvou pacientii lze
sledovat vaZzny pribéh onemocnéni. VSichni tito pacienti jsou heterozygoti alespoil pro jednu
difve popsanou mutaci asociovanou s fenotypem mut’. Dva, respektive tfi pacienti, divka,
kterd zemfela ve véku péti let béhem akutni metabolické dekompenzace a bratii dvojcCata,
z nichZ jeden zemfel ve véku 16 dni na enterogenni sepsi, druhy je v souCasnosti (6 a pul
roku) 1écen, byli heterozygoti pro stejné mutace p.N219Y/p.H627Q. Vzhledem k ¢asnému
nastupu onemocnéni (2, respektive 3 dny zZivota), jeho t€Zkému pribéhu a také povaze nové
mutace p.H627Q, se domnivdme, Ze tuto mutaci lze spojovat s mus’ formou onemocnéni.

Mutace p.R369H, kterd byla ptivodné chybné asociovdna s mut fenotypem,Sg’ 84 byla
u jednoho pacienta nalezena heterozygotné s mutaci p.R369C a u dalSiho pacienta taktéz
heterozygotn€ s novou mutaci p.H386N. Pacientka s mutacemi p.R369H/p.R369C zemfela
ve véku sedmi let, béhem akutni metabolické dekompenzace. Tézky prabéh onemocnéni
u naseho pacienta odpovida pozd¢j$im studiim, které asociuji obé mutace s mut’ fenotypem.83 ’
8 Heterozygotni pacient s mutaci p.R369H a novou mutaci p.H386N byl poprvé pfijat ve
veéku 1-2 mésict v souvislosti se zvracenim a tézkymi stavy metabolické acidézy (ph 7,15).
MMA u n¢j byla diagnostikovédna az ve véku 13 mésict. V soucasné dobé, 15 let, je jeho stav
relativné uspokojivy v porovnani s ostatnimi pacienty, i pfes opakované porusovani 1écby.
Ptredpokladame proto, Ze novd mutace p.H386N je spjata s mut” formou onemocnéni.

U dvou pacientii byla nalezena nova sestfihovd mutace. Konkrétni zména na genomové
DNA nebyla detekovana. Oba pacienti jsou heterozygoti pro tuto sestfihovou mutaci a mutaci
s mut’ fenotypem p.G203R, respektive p.N219Y. Jedna z divek pfekonala novorozeneckou
ataku metabolického rozvratu s vdznymi ndsledky a v 9 mésicich zemiela v pribéhu
respiraniho infektu. Pfedpokldddme, Ze sestfihovd mutace, pii které dochdzi k posunu
teciho rdmce popt. ke ztraté ve funkéni oblasti TIM-barelu, je spojena s mut’ formou

onemocnéni.
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U pacienta heterozygotniho pro dvé zndmé mutace p.N219Y/p.R727X asociované s mut’
biochemickym fenotypem doSlo k manifestaci onemocnéni jiz prvni den po porodu. Piesto
jeho soucasny stav, v 15 letech, neni ve srovnani s ostatnimi pacienty tak zadvazny. Podobny
piipad byl publikovén v Japonsku.* Divka homozygotni pro mutaci p.R727X se klinicky
presentovala relativné mirnou formou onemocnéni, neZ by se dalo v takovém piipadé
ocekdvat. Tento rozpor by se dal u naseho pacienta vysvétlit interalelickou komplementaci,
kazda z mutaci se nachdzi v jiné domén¢ MCM, ale toto vysvétleni nelze pouZzit v piipadé
japonské divky homozygotni pro tuto mutaci. Stejné tak biochemicka analyza tkéné
heterozygotniho pacienta s mutacemi p.R727X a p.R108C (kazda z mutaci se taktéZ nachazi
v jiné domén¢&) neprokézala zvySeni enzymové aktivity.83

NejstarSi pacient naSeho souboru, 20lety chlapec, trpi lehkou mozkovou dysfunkci,
prechodnymi stavy deprese a rozvinul se u n¢j Aspergertiv syndrom. V porovnani s ostatnimi
pacienty vSak miZeme povaZovat jeho klinicky stav za méné vazny. Nastup onemocnéni byl
pozd¢jsi, az ve 4 mésici Zivota, v prvnich letech trpél metabolickymi dekompenzacemi béhem
infektii, pozd¢ji se vSak jeho stav upravil. Tento vyvoj odpovidd nalezené homozygotni
mutaci p.R694W, kterd je asociovdna s mur” fenotypem.’” ® Enzymovi aktivita MCM tohoto
pacienta nebyla stanovena.

Oba pacienti s chlA formou MMA se projevuji klinicky mirnym fenotypem a prospivaji
dobie. Naopak u vSech tii pacientl s cblB formou MMA je stav velmi vazny, cemuZ odpovida
povaha nalezenych mutaci v exonu 7 genu MMAB.

Odpovéd’ na 1écbu kobalaminem byla pozorovdna u obou cbIA pacienti. V piipade
pacienta ¢.13 s mut” fenotypem doSlo béhem 1écby k vyraznému zlepSeni jeho stavu, nicméné
nelze jasn¢ prokdazat, zdali se tak stalo vlivem lé¢by vitaminem B,, nebo zdali to byl
dasledek celkové metabolické kompenzace. V ptipadé druhého pacienta s mut fenotypem,
pacienta ¢. 12, nebyl vliv 1é&by vitaminem Bj, na pribéh onemocnéni zaznamenan. Zadny
z pacientt s fenotypem mut” ani Zadny z cbIB pacienti neodpovidal na 16¢bu vitaminem B,
Tyto nalezy koresponduji s diive publikovanymi vysledky o Bj, responsivité pacientl

s MMA.” 30
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3.3 Souhrn kapitoly 1

Hlavnim zdravotnickym pifinosem dvou zminénych studii bylo vytvofeni komplexniho
systému biochemickych, enzymologickych a molekuldrné biologickych metod pro tcinnou
diferencidlni diagnostiku déti s poruchami metabolismu ketonovych litek a methylmalonovou
acidémii. Takovy systém dosud v CR neexistoval. Spravné a v&asnd diagnéza umozni rychlé
nasazeni vhodné 1éCby. V piipad¢ zavedeni preventivniho screeningu je navic mozné piedejit
metabolickému rozvratu, ktery mé za nésledek Casto t€zké poskozeni mozku, ledvin a dalSich
organti. Vysetfeni methylmalonové acidémie bylo proto zahrnuto do pilotniho projektu
novorozeneckého screeningu nékterych organickych acidémii, aminoacidopatii a poruch
S-oxidace mastnych kyselin pomoci tandemové hmotnostni spektrometrie (MS/MS) na nasem
pracovisti. Tandemova hmotnostni spektrometrie dovoluje ze suché kapky krve stanovit
metabolity charakteristické pro zminéné dédi¢né poruchy. Zavedeni celoploSného screeningu
a jeho rozSiteni o dalsi stanovované latky, napt. charakteristické u pacientii s poruchou
metabolismu ketonovych latek zatim brani jak nedostatecna kapacita pfistroje, tak logistika
sbéru materidlu. Vzhledem k ¢asnému nastupu onemocnéni, pfedev§im u MMA, by screening
mél probéhnout nejpozd¢ji druhy den po porodu, coZ je v sou€asnosti na celostdtni drovni

na jednom pracovisti neproveditelné.

Zavedené molekularni metody potvrdily biochemické a enzymologické vysledky
a pomohly v individudlni progn6ze onemocnéni a zahdjeni vhodné 1écby. Napt. u nemocnych
s MMA dovoluje enzymologickd analyza potvrdit pouze pacienty s mut’ a vétSinu pacientd
s mut formou onemocnéni. U pacientli s cbl formou je vysloveno podezieni na tento deficit
na zdklad¢ laboratornich ndlezli, vysoké koncentrace kyseliny methylmalonové v télnich
tekutindch, a obnovené enzymové aktivit€ MCM v pfitomnosti adenosylkobalaminu.
RozliSeni vSech forem MMA (muto, mut, cblA, and cblB) je mozné az na zdklad¢
molekuldrn¢ biologického vySetfeni. Znalost formy onemocnéni pomdhda v zavedeni
individudln{ terapie, napf. poddvanim vysokych ddvek vitaminu B, u responzivnich pacienti.

Molekularn€ biologické vySetfeni také umoZziiuje genetické poradenstvi v postiZenych
rodindch vcetné¢ prenatdlni diagnostiky. VySetieni plodu ve vzorku choriovych klkii je mozné
jiz ve 12. tydnu téhotenstvi, coZ je o 4 - 5 tydnl dfive, neZ vySetfeni na trovni metaboliti

pii amniocentéze, které bylo diive provadéno ve spolupréci se zahrani¢nimi laboratofemi.

Porovnani klinickych, biochemickych a molekuldarné biologickych analyz ptindsi celkovy

pohled na studovanou problematiku dédi¢nych metabolickych onemocnéni.
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4 Kapitola 2: Charakterizace syndromu spojeného s deleci

nékolika genii na chromozému X

4.1.1 X- chromozom a repetitivni sekvence

Chromozom X maé jedinecné postaveni pohlavniho chromozému savci. U Zen, které jsou
homogametické (XX), dochdzi z diivodu vyrovnani kvanta exprese X-vdzanych genl k X-
inaktivaci. U muzu, ktefi jsou heterogameticti (XY), je fenotyp zavisly vylucné na genech
nesenych jedinym zdédénym X chromozémem. Pivod chromozému X je pravdépodobné
autozomdlni, vyvinul se b&hem poslednich 300 miliéna let.”’ Zatimco chromozém X ziistal
konzervovan, u chromozéomu Y doslo k postupné ztraté téméi vSech oblasti a tim i gena
puvodniho autozému. Pouze malé oblasti na koncich obou ramének chromozému X
a chromozému Y jsou homologni a dochdzi zde k rekombinaci; geny, které se zde nachazeji,
jsou tzv. pseudoautozomdlni. Vzhledem k odlisSné dédicnosti X-vdzanych onemocnéni,
vyhradnimu pfenosu z matky na syna, byla na chromozému X nalezena fada odpovédnych
geni monogennich onemocnéni, mezi prvnimi gen chronického granulomatézniho

291 - )
onemocnéni °' nebo Duchennovy muskularni dystroﬁe.9

Na chromozému X bylo nalezeno 1098 genil, to je pouze 1,7 % sekvence chromozému X
(7,1 genu na 1 Mb). To zafazuje X chromozém mezi chromozémy s nejmensi hustotou
genﬁ.93 Naopak vyskyt repetitivnich sekvenci je 56 % v sekvenci chromozému X, oproti
45 % v celém genomu. ** Nejvétii zastoupeni maji LINEs elementy rodiny L1, které zaujimaji
29 % sekvence chromozému X, oproti 17 % v celkovém genomu. Také zde byl zaznamenén
vysoky vyskyt intrachromozomalnich duplikaci 2,59 %.”° Intrachromozomélni duplikace
na chromozému X byly popsédny jako pfi¢ina vzniku nékolika genetickych onemocnéni,”

pfi kterych vlivem rekombinace mezi vysoce homolognimi tseky dochdzi k rozsdhlym

delecim, jako je tomu napf. u delece STS genu u X-vdzané ichtyosy.”

Repetitivni sekvence roztrousené v genomu, retrotraspozény, jsou velmi staré, vysoce
homologni tseky DNA. K zna¢nému rozsiteni retrotraspozénti doslo béhem vyvoje diky
jejich schopnosti replikativni transpozice, tj. schopnosti piepisu existujici sekvence
a zaclenéni jeji kopie na jiném mist¢ v genomu. VétSina retrotranspozoni tuto schopnost
vzhledem k nahromadénym mutacim ztratila. Retrotranspozony se u savct déli do tif hlavnich
tiid: LINEs (Long Interspersed Elements), SINEs (Short Interspersed Elements) a retrovirus

like elementy. Retrotranspozény LINEs jsou autonomni ve svém pfepisu a pfenosu na jiné
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misto genomu, nebot’ obsahuji nezbytnou reverzni transkriptizu. Nejvice zastoupeny je
LINEI element, ktery je cca 6.1 kb dlouhy a tvoii az 17 % lidského genomu. Naproti tomu
SINEs elementy jsou neautonomnimi retrotranspozény. K piepisu a pfenosu vyuzivaji
elementy LINEs a nachdzeji se ¢asto v jejich okoli.”” Nejcast&jsimi SINEs elementy jsou Alu
repetice, které zaujimaji aZz 10 % lidského genomu. Jsou dlouhé cca 300 bp, CpG bohaté
a vyskytuji se primérné kazdé 3 kb. Obsahuji RNA III polymerdzovy promotor a RNA-like
poly(A) konec.”* Alu rodina je specifickd pro primty, vnitini homologie jejich &lent je asi

70 - 98 9, 100- 101

Vysokd homologie repetitivnich sekvenci mize vést v téchto tsecich k nerovnomérnému
. . . P . S . £ 102 "
crossing-overu, a tim ke vzniku rozsihlych deleci, duplikaci nebo inverzi,” ™ které byly

popsény jako pfi¢ina mnoha onemocnéni.’ Deininger a Batzer popsali tyto rekombinace

u n&kterych typt nddorovych onemocnéni.'”

4.1.2 Identifikace rozsahlych deleci

K identifikaci rozsdhlych deleci v genomu se v soucasné dobé nejcastéji pouziva
komparativni genomové hybridizace (CGH),'™ kvantitativni PCR, diive Southern blot.
Rozsdhlé delece u hemizygotli X-vdzanych onemocnéni nebo u homozygotli autozomdlnich
onemocnéni 1ze identifikovat levnhou a jednoduchou metodou PCR préb. U heterozygoth
s autozomalnim onemocnénim s rozsdhlou deleci na jedné alele, dochdzi k amplifikaci PCR

produktu z druhého vldkna a vysledek dany piitomnosti PCR produktu neni informativni.
4.1.3 Komentdi a diskuse k priloZené publikaci #4

Sediva A, Smith CI, Asplund AC, Hadac J, Janda A, Zeman J, Hansikova H, Dvorakova L,
Mrazova L, Velbri S, Koehler C, Roesch K, Sullivan KE, Futatani T, Ochs HD (2007)
Contiguous X-chromosome deletion syndrome encompassing the BTK, TIMMSA,
TAF7L, and DRP2 genes. J Clin Immunol 27, 640-6.

U tfech Ceskych pacienti ze dvou nepiibuznych rodin s diagnostikovanou
X-agamaglobulinémii (XLA) byly pozoroviany atypické neurologické komplikace,
sensorineurdlni hluchota a dystonie, odpovidajici Mohr-Tranebjaergov€é syndromu.
Kombinace obou onemocnéni svédcila pro rozsdhlou deleci na chromozému X. Do souboru
pacienti byli pozdé€ji zaclenéni dva sourozenci z Estonska a jeden pacient z USA

s obdobnymi piiznaky.
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X-vazand agamaglobulinemie (XLA, Brutonova agamaglobulinemie, OMIM300300) je
vrozenou poruchou imunitniho systému.105 U pacientll dochdzi k defektu zrani B-lymfocytt,
atim k nizké tvorb¢é imunoglobulini. Pacienti trpi od raného détstvi Castymi mikrobidlnimi

106107 XT.A je zpiisobena

infekcemi. Onemocnéni se 1€¢i substitucné imunoglobuliny.
mutacemi v genu BTK. Gen BTK (Bruton tyroxine kinase), leZzi na chromozému Xq22.1, je
slozen z 19 exonii a md délku 37,5 kb.'” ' Gen je exprimovin ve viech hematopoetickych

buiikéch, krom& T-lymfocytil a plazmatickych bungk.'"

Mohr-Tranebjaergiv  syndrom (MTS; dystonia-deafness syndrome, DDS, DDP;
OMIM 304700) se projevuje postupnou ztrdtou sluchu, poruchou feci, dystonii, slepotou
a mentalni retardaci.'''™""® Syndrom je zptisoben mutacemi v genu TIMMSA (translocase of
inner mitochondrial membrane 8 homolog A; difve DDPI)."'* Tento maly gen, cca 3 kb, je
tvofen 2 exony a kéduje 97 aminokyselin dlouhy polypeptid. Protein TIMMSA s proteinem
TIMM13 tvofi komplex, ktery se ucastni pienosu proteinli pies vnitini mitochondridlni

membranu.' 4116

Prvni exon genu TIMMSA zacind pouhych 770 bp downstream od polyadenyla¢niho

signdlu genu BTK.""

Delece, kterd postihuje oba geny BTK a TIMMS8A byla nalezena u vSech 5 pacientd (tfi
Cesi, dva Estonci). U pacienta & 6, ktery byl molekuldrng geneticky vySetfen v USA,
zahrnovala delece navic geny TAF7L a DRP2. Podobné rozsahlé delece byly v minulosti

popsany pouze u 6 pacientii s XLA a DDS.'*12

JelikoZ se jedna o gonozomdlné recesivni onemocnéni, rozsah delece byl uréen pfitomnosti
nebo neptitomnosti PCR préb u vzorkl genomové DNA pacient v sérii s kontrolnimi vzorky
zdravych jedinct. Celkem bylo pouZzito 16 informativnich PCR préb. PCR produkty mély
délku cca 200 az 400 bp, primery byly navrZzeny podle referencni sekvence v GenBank
(accession No. NC_000023.9). Specifita PCR produkti byla ovéfena sekvenovanim
u kontrolnich vzorkid. PCR préby byly umistény mimo oblast repetitivnich sekvenci. Oblast
genl BTK, TIMMS8A, TAF7L a DRP2 a rozsah delece u vSech pacientll je zndzornén na obr viz
prilozend publikace (Fig.1). Detailni zobrazeni delece u pacienti 1 - 5 v okoli geni BTK

a TIMMS8A a pozice préb je na Obr. 10.
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Obr. 10 Rozsah delece u pacientii 1 - 5 v okoli genii BTK a TIMMSA.
Pozice préb je vyznacena modfe, rozsah delece u pacientl zelené, oblast hranice delece u
pacientt 3 - 5 Sedé.

Delece vSech péti pacientll vySetfenych pomoci PCR préb zahrnovala ¢ast genu BTK a gen
TIMMSA; gen TAF7L byl ptitomen. Rozsah delece u pacientd 1&2 (bratii) je 30 kb, zacina
cca 25 kb centromericky od genu TIMMS8A a kon¢i v intronu 18 genu BTK. Rozsah delece
u pacienta ¢. 3 je 16 — 25 kb, zacina cca 9 — 20 kb centromericky od genu TIMMGSA a konci
vintronu 18 genu BTK. Hranice obou deleci vintronu 18 je rozdilnd. Rozsah delece
u pacientd 4&S5 (bratfi) je pfiblizn€ 15 - 18 kb, zahrnuje oba exony genu TIMMSA a exony 6 —

19 genu BTK. Preklenuti deletované oblasti pomoci PCR u vSech péti pacienti nebylo

mozné, vzhledem k vysokému obsahu repetitivnich sekvenci v této oblasti.

Rozsah delece u pacienta ¢. 6 (196 kb) byl ur¢en v USA (viz pfiloZzend publikace),
vySetifeni pomoci PCR préb tyto vysledky podpotilo.

Okoli genti BTK a TIMMSA obsahuje repetitivni sekvence az z 80 %, jednd se predevSim
o elementy SINEs Alu rodiny (32 %) a LINEs elementy LINE1 (40 %). Okoli genti TAF7L
a DRP?2 obsahuje repetitivni sekvence jiz jen z asi 40 %. (Obr 11)
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Obr. 11 Okoli genii BTK a TIMMSA s vyznacenymi repetitivnhimi sekvencemi.
Zdroj: databaze UCSC (http://genome.ucsc.edu/cgi-bin/hgTracks)

Vysoky vyskyt Alu a L1 sekvenci v oblasti gent BTK a TIMMSA koreluje s pomérné

Castym vyskytem deleci v této oblasti a naznacuje mozny vznik deleci nerovnomeérnou

homologni rekombinaci.
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5 Kapitola 3: Studium molekularni podstaty
mukopolysacharidézy typu IIIC

Mukopolysacharidéza typu IIIC (MPS IIIC) patii do skupiny lysozomélnich onemocnéni.
Lysozomalni onemocnéni (LSDs) jsou zptusobena poruchou degradace makromolekul uvnitt
lysozému, kterd vede ke stiddani neodbouranych makromolekul (lipida, glykosaminoglykanti,
olighosacharidi aj.). V soucasné dobé LSDs zahrnuji 48 monogenn¢ dédi¢nych onemocnéni,
z toho je 30 enzymopatii (29 hydroldz a 1 acetyltransferdza), 8 je spojeno s aktivovinim,
ochranou nebo posttranslacni dpravou téchto enzymid a 10 je zpusobeno defektem

lysozomalnich membranovych proteind.'"”

VétSina lysozomdlnich onemocnéni je autozomdlné recesivné dédi¢nd. Vyjimkou jsou
Hunterova nemoc a Fabryho nemoc, které jsou gonozomalné recesivné dédicné. Incidence
LSDs je 1:6000 narozenych.'?! Lysozomélni onemocnéni se projevuji Sirokou Skdlou
klinickych piiznaki. Vétsina z nich ma chronicky progresivni priibéh. Castymi pifznaky jsou
zvétSeni jater a sleziny, Casto jsou postiZeny kosti. Postizeni mozku se projevuje opozdénim

respektive regresi psychomotorického vyvoje.

Lysozomdlni onemocnéni byly jednémi z prvnich popsanych metabolickych onemocnéni
(Tay, Sachs, Gaucher v 19. stoleti). V soucasné dobé jsou LSDs velmi dobfe zmapovanou
skupinou onemocnéni, v poslednich 40. letech byla popsana vétSina LSDs na molekularni
urovni. Byla zavedena enzymova substitu¢ni terapie u Gaucherovy a Fabryho choroby,
mukopolysacharidéz 1, IT a VI a Pompeho choroby. Jinym terapeutickym postupem je snaha

zabrénit vzniku samotného substratu nebo genové terapie.'?

Zatimco u vSech 29 enzymopatii, u kterych byl pfi€inou deficit nékteré z hydroldz, byl
zndm odpovédny gen jiZz pomérné dlouho, u mukopolysacharidézy typu IIIC se identifikace
odpovédného genu pro N-acetyltransferdzu dlouho nedatila. Diivoda bylo n¢kolik. Pro tucely
funkénitho klonovdni se nepodafilo izolovat Cisty protein vzhledem k jeho
transmembranovému charakteru. Pro komplementa¢ni analyzu nebyl nalezen odpovidajici

klon. A pozi¢ni klonovani selhalo na nedostate¢né velkém souboru pacientt.

V posledni kapitole je uveden postup, kterym se podaftilo identifikovat odpovédny gen pro
mukopolysacharidézu typu IIIC. Pro zmapovani oblasti na chromozému 8 pomoci pozi¢niho
klonovani bylo shromdzdéno 5 pacientll ze 4 nepiibuznych rodin a jejich 49 rodinnych

piislusniki, tento relativné maly soubor byl dostacujici vzhledem k zavedeni kodominantniho
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modelu pro vazebnou analyzu na zdklad€ biochemického znaku. Po vymezeni kandidatni
oblasti byl odpovédny gen identifikovdn na zdkladé¢ zndmych biologicko-molekuldrnich
vlastnosti enzymu (pfedpoklddand velikost proteinu, pfitomnost transmembranovych domén,

aj.) a na zaklad¢ prikazu sniZené exprese tohoto genu u pacienti.

Studie byla vypracovdna v rdmci mezindrodni spoluprace se skupinou Dr. Pshezhetskyho
z Montrealu. Price byla publikovdna v mezindrodnim odborném casopise American Journal

of Human Genetics.

5.1 Mukopolysacharidéza IIIC (Sanfilippo C syndrom)

Mukopolysacharidézy (MPS) patii do skupiny stfddavych lysozomalnich onemocnéni.
MPS jsou zptsobeny deficitem enzymu katalyzujicich degradaci glykosaminoglykanii
(dermatan sulfatu, heparan sulfétu, keratan sulfatu, chondroitin sulfatu, hyaluronanu). Celkem
jedendct enzymopatif je rozdéleno do sedmi typi MPS. Degradace heparan sulftu se ucastni
minimdlné¢ osm enzymil: Ctyfi sulfatdzy, tfi exo-glykosylazy a jedna N—alcetyltralnsfera’lzal.123
(Obr. 12) U typu MPSIII dochézi k hromadéni heparan sulfatu z davodu deficitu nékterého
ze Ctyf  enzymu: heparan-N-sulfatizy (MPSIIIA), a-N-glukozaminiddzy (MPSIIIB),
acetyl-CoA:a-glukozaminid N-acetyltransferazy (MPSIIIC) a N-acetylglukozamin 6-sulfatizy
(MPSIIID). N-acetyltransferdza je jediny lysozomalni enzym, ktery neni hydrolazou.
Katalyzuje transmembranovou N-acetylaci amino skupiny koncového glukosaminu, kterd se
tak stdivd  pfistupnou  pro  ndslednou intralysozomdlni ~ degradaci a-N-
alcetylglukosaminida’lzou.123 Lidskda a mySi N-acetyltransferdza byla Caste¢né purifikovana,
vysledky ukdzaly, Ze se jednd o transmembrinovy glykoprotein velky cca 100 kDa, ktery

obsahuje aktivni misto.'**

Ctyfi enzymopatie, které spadaji pod typ MPSII se vyznaduji stejnym klinickym
fenotypem, Sanfilippo syndromem s autozomdalné recesivni dédi¢nosti. Sanfilippo syndrom se
projevuje téZzkou degeneraci centrdlniho nervového systému. K ndstupu onemocnéni dochazi
mezi dvéma az Sesti lety pacienta po pfedchozim normalnim vyvoji. DéEti jsou v prvni fazi
htife socidlné ptizptsobivé, vyvoj je pouze mirn¢ opozdén, fyzicky zjev je zpoCatku normalni.
Ve druhé fazi se pacienti projevuji extrémni hyperaktivitou, neklidem a agresivitou. Trpi
poruchami spanku, sluchu, feci, jejich vyvoj se opozduje, je zde zietelnd ztrata socidlnich
vazeb, trpi inkontinenci. Ve tfeti fdzi mezi Sestym aZ desitym rokem dochdzi k masivni
neurologické degeneraci. Oproti druhé fazi dochézi ke zklidnéni, pacienti ztraci diive nabyté

schopnosti, pfestavaji chodit, polykat, potravu pfijimaji sondou. Demence rychle postupuje.
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Na rozdil od jinych typtt MPS, srdce a o€i nejsou poSkozeny a télesny vzrlst je normadlni.

v,z

VétSina pacientd se nedoZiva dospélosti.
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Obr. 12 Degradace heparan sulfatu. Defekty v degradaci heparan sulfatu odpovidaji

mukopolysacharidézdm: MPS II - Huntrav syndrom, MPS 1 - Hurler, Hurler-Sheie a Sheie
syndrom, MPS IIIA Sanfilippo syndrom typ A, MPS IIIC - Sanfilippo syndrom typ C, MPS
IIIB - Sanfilippo syndrom typ B, MPS IIID - Sanfilippo syndrom typ D. Obr. podle Neufeld
& Muenzer, 2001.
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5.2 Komentar a diskuse k prilozené publikaci #5

Hrebicek M, Mrazova L, Seyrantepe V, Durand S, Roslin NM, Noskova L, Hartmannova H,
Ivanek R, Cizkova A, Poupetova H, Sikora J, Urinovska J, Stranecky V, Zeman J, Lepage P,
Roquis D, Verner A, Ausseil J, Beesley CE, Maire I, Poorthuis BJ, van de Kamp J, van
Diggelen OP, Wevers RA, Hudson TJ, Fujiwara TM, Majewski J, Morgan K, Kmoch S,
Pshezhetsky AV (2006) Mutations in TMEM76* cause mucopolysaccharidosis IIIC
(Sanfilippo C syndrome). Am J Hum Genet 79, 807-19.

5.2.1 Identifikace genu HGSNAT

V roce 2006 (Hiebicek a kol.) byl identifikovan gen HGSNAT, ktery kéduje enzym heparin
acetyl-CoA: a-glukosaminid N-acetyltransferazu (HGSNAT, EC 2.3.1.78). K identifikaci
genu HGSNAT vedlo nejprve ziZeni intervalu v kandidatni oblasti na chromozému 8 pomoci
vazebné analyzy ve CcCtyfech postizenych rodindch. Poté byl na zdklad¢ piredchozich
biochemickych a molekuldrnich studii vybran kandidatni gen. Sekvenovanim kandidatniho
genu u pacienti s MPS IIIC byly nalezeny mutace, které jsou odpovédné za deficit N-

acetyltransferdzy. Postup je podrobné&ji rozepsan v ndsledujicich kapitolach.

5.2.1.1 Rodiny pacientt

U péti Ceskych pacienti ze Ctyf nepiibuznych rodin bylo diagnostikovano onemocnéni
MPS HIC na zdklad¢ biochemického vySetfeni aktivity N-acetyltransferdzy. K méfeni aktivity
N-acetyltransferdzy v kultivovanych fibroblastech nebo lymfocytech byla pouZita metoda
s fluorogennim  substritem  4-methylumberlliferyl ~ p-D-glukosaminidem.'”  Aktivita
N-acetyltransferdzy byla ddle méfena u sedmi nepochybnych heterozygotli a 89 zdravych
kontrol. Hodnoty aktivit byly u pacientli niz$i neZ 1.0 nmol/h/mg, u heterozygotii byly
vintervalu 11.6 + 1.5 nmol/h/mg a u kontrol byly vintervalu 24.4 + 5.7 nmol/h/mg.
Na zédklad¢ hodnot aktivit u 54 rodinnych pfislusnikii ze ¢tyt postiZzenych rodin byl sestaven
autozomdaln¢ kodominantni model dédi¢nosti onemocnéni. U ¢tyt jedincti, u kterych byla
hodnota mezi 13.0 — 14.6 nmol/h/mg, nebylo mozné urcit biochemicky fenotyp. Rodokmeny
Ctyf Ceskych rodin s vyznafenou dédicnosti onemocnéni na zdkladé méfeni aktivit

N-acetyltransferazy jsou na obr viz. ptfilozend publikace (Fig.1).
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5.2.1.2 Pozi¢ni klonovani a vazebna analyza

Ausseil a kol. publikoval kandidatni oblast genu pro MPS IIIC o velikosti 8.3 cM
na chromozému 8 v okoli centromery.'?® U &ty Geskych postiZenych rodin byla vyhotovena
vazebnd analyza na zdkladé biochemickych dat skodominantnim modelem dédi¢nosti
s penetranci 0.99. Osmnéict STR markerd na chromozému 8 zahrnovalo interval 18.7 cM,
véetn¢ publikovaného 8.3 cM intervalu. OznaCeni a pozice markerti jsou v Tab. 5.
Genotypovani bylo provedeno na sekvenatoru LI-COR IR2 za pouziti Saga genotyping
software.'”” Vysledky vazebné analyzy v roding A (&len AIV.10) a B (&len BIIL7) zaZily
interval na 2.6 cM mezi markery D8S1831 a D8S1051. Maximélni LOD skére bylo 7.8

v blizkosti markeru D8S531.

Tab. 5 Oznaceni a pozice STR markert pouzitych pii mapovani genu HGSNAT.

umisténi na ch8

D-number nazev préoby Heterozygotie opakovani velikost cM cM
deCode Marshfield

D8S1477 GGAA20C10 86% | (pcr)n 139-179 60.34
D8S532 AFM081yd11 83% | Di (AC)n 239-255 59.76 64.75
D8S268 AFM156xa3 58% | Di (AC)n 255-265 60.01 65.13
D8S1051 UT7847 53% | (pcr)n 206 60,92 66,73
D8S1115 ATA17H02 72% | (per)n 142-172 67.27
D8S1460 ATA38C03 74% | (pcr)n 125-140 61,85 66,2
D8S531 AFMO081xe9 64% | Di (AC)n 125 62,26

D8S1745 AFM200xh12 81,50% | Di (AC)n 125-137 62,89 66,2
D8S589 GATA12HO1 33% | Tetra (GATA)n 137-149 62,89 66,73
D8S1133 GATA28C05 36% | Tetra (GATA)n 177-197 62,89 67,27
D8S1831 AFMa071yf9 73% | Di (AC)n 263-277 63,65 67,27
D8S538 AFM274ve5 82% | Di (AC)n 169-181 63,89 67,27
D8S524 AFM242zf6 64% | Di (AC)n 248-272 64,48 67,27
D8S1815 AFMa046wg9 81,50% | Di (AC)n 217-249 64,73 67,27
D8S1110 GATA8G10 73% | Tetra (GATA)n 262-286 65,47 67,27
D8S601 AFM276xe9 89% | Di (AC)n 223-236 65,75 67,27
D8S2332 GATA156H01 75% | (pcr)n 148-176 68,19 69,4
D8S1113 GGAA8G07 81% | Tetra (GGAA)n 217-245 70.74 77.89

5.2.1.3 Kandidatni gen TMEM76

Kandidatni oblast obsahovala 32 zndmych nebo predikovanych geni a ORFs. Na zdklad¢
publikovanych molekuldrnich vlastnosti N-acetyltransferazy'** byla vyloucena vét§ina gend

z této oblasti. Naopak predikovany gen oznaceny TMEM?76 (transmembrane protein 76)
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odpovidal vySe zminénym kritériilm. TMEM?76 je velky cca 73 kDa a obsahuje jedendct
transmembranovych domén'® a &tyf potencidlni N-glykosylaéni mista.'® Prvnich 67
aminokyselin tvofi pfedpoklddany signdlni peptid. C-konec, ktery pravdépodobné smétuje do
cytosolu, obsahuje konzervované motivy Tyr-X-X-® a Leu-Leu. Motivy se tcastni interakce
s adaptorovymi proteiny zodpovédnymi za smérovani membranovych proteinli do cytosolu.
Predikovana aminokyselinovd sekvence TMEM76 s vyznaCenymi doménami je na obr. viz

ptilozend publikace (Fig.3).

5.2.1.4 Gen HGSNAT

Soucasné oficidlni oznafeni genu TMEM76 je HGSNAT (heparan-o-glucosaminide
N-acetyltransferase gene). HGSNAT se nachdzi na chromozému 8pl1.1 a obsahuje 18 exoni.
Plnodélkovd cDNA je dlouhd 4.5 kb, obsahuje 1.992 bp otevieny Cteci rdmec a dva
polyadenylacni signdly. Celkem byly amplifikovany pomoci RT-PCR tfi transkripty, kromé
hlavniho transkriptu, koédujictho aktivni protein jeSt¢ dva krat$i transkripty. Transkript,
u kterého dochdzi k vynechdni exond 9 a 10, patrné vede k tvorbé neaktivniho zkraceného
proteinu (in-frame delece 64 AK), a tim k absenci transmembrianovych domén III a IV.
U dalsiho transkriptu dochdzi k vynechéani exont 3, 9 a 10, které vede k posunu ¢teciho rdmce

a pred¢asnému stop kodonu na aminokyselinové pozici 126.

RT-PCR 5’-konce vedlo k posunu pocatku transkriptu oproti referencni sekvenci
NM_152419.2 o vice nez 36 nukleotidi upstream (84 nukleotidli nad uvedeny pocitek ORF),
kde se nachdzi ATG kodon ve ¢tecim ramci genu. Pfredpoklddany translatovany produkt je tak

0 28 AK delsi nez v referencni sekvenci NP_689632.

5.2.1.5 Sekvenovani genu HGSNAT a analyza mutaci

Sekvenovani genu HGSNAT potvrdilo vysledky vazebné studie. U vSech péti Ceskych
pacienti byly nalezeny mutace, které svym charakterem vedou ke ztrit¢ funkce
N-acetyltransferdzy. Pozd¢ji bylo vySetieno dalSich 18 pacientl z 15 nepfibuznych rodin ze
zahrani¢i. Vysledky molekuldrni analyzy vSech pacientii vySetfenych v Praze jsou v Tab. 4.
Pozice trans nalezenych mutaci byla ovéiena u péti Ceskych a dvou feckych pacienti
vySetfenim vzorkll rodic. Déle byla ovéfena pfitomnost nalezenych mutaci u rodinnych
piislusnikti ve vSech Ceskych rodindch. Pfitomnost ¢i nepfitomnost mutaci plné segregovala
s naméfenou enzymovou aktivitou N-acetyltransferdzy. Mutace byly pfitomny u vSech

jedincti, biochemickych heterozygotii se snizenou enzymovou aktivitou, véetné Ctyf jedincd,
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u kterych se hodnoty aktivity pohybovaly mezi 13.0 — 14.6 nmol/h/mg, tj. mimo puvodné

stanoveny interval pro heterozygoty.

U ostatnich zahrani¢nich pacientl nebyly vzorky rodict dostupné. U heterozygotii
predpokldddme, Ze vzhledem k patogennimu charakteru nalezenych mutaci ve spojitosti
s onemocnénim jsou nalezené mutace v pozici trans. U homozygot nemiiZzeme vyloucit
piitomnost rozséhlé delece na jedné z alel. VétSina homozygotii pochdzi z rodin uzavienych
etnickych skupin (tureckych, pékistanskych), tudiZ predpokladame, Ze stejnou mutaci nesou
ob¢ alely. U jednoho pacienta pivodem z Béloruska, byla sekvenovanim genomové DNA

nalezena pouze jedna heterozygotni mutace. cDNA nebyla v tomto piipad¢ dostupna.

Celkem byly nalezeny 4 nonsense mutace, 11 missense mutaci, 2 mutace, které zptisobuji
posun cteciho rdmce, 6 intronovych mutaci, které ovliviiuji sestfihovd mista a jedna rozsihla

delece, kterd zahrnuje exon 1.

VSechny nalezené missense mutace se nachédzeji v mezidruhové vysoce konzervované

oblasti genu HGSNAT. (Obr. 13)

ytoplasma
membrana

G514E (@

@ |P599L
@|w431c
M510K |@
ss46F|@ @ |s569L @|nsa3T
P311L|@
R372C G4525 E499K K551Q
C104F R372H
L165P

Obr. 13 Topologie lidské HGSNAT v lysozomalni membran¢ s predikovanymi 11
transmembranovymi doménami a 4 glykosylacnimi misty - Zluté. Missense mutace nalezené

v UDMP Praha jsou &erveng&, mutace nalezené v tistavu v Montrealu modfe.
Obr. podle Hiebicka 2006 a Ruijtra 2008.
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Tab. 6 Mutace v genu HGSNAT u pacienti s MPSIIIC

rodina. exon/ exon/
pacient plvod alela 1 predpokladand zména intron _alela 2 predpokladand zména intron
1.1 Czech c.1118-1133del16  p.I1373SfsX5 11 ¢.1600C>T p.R534X 15
2.1 Czech c.1046T>G p.L349X 10 c.1529T>A p-M510K 14
3.1 Czech €.935+5G>A p.F313XfsX1 9 c.1234C>T p.R412X 12
3.2 Czech €.935+5G>A p.F313XfsX1 9 c.1234C>T p.R412X 12
4.1 Czech c.1115G>A p.R372H 11 c.1796C>T p.P599L 17
5.1 Belorussia c.311G>T p.C104F 2 ? ?

6.1 Turkey c.1810+1G>A p.S567NfsX14 17 c.1810+1G>A p.S567NfsX14 17
6.2 Turkey c.1810+1G>A p.S567NfsX14 17 c.1810+1G>A p.S567NfsX14 17
71 Turkey g.124_2462de|$ del promotor_exon1 g.124_2462de|$ del promotor_exon1

8.1 Turkey g.12472462de|$ del promotor_exon1 g.12472462de|$ del promotor_exon1

9.1 USA c.1706C>T p.S569L 17 c.202+1G>A # 1
9.2 USA c.1706C>T p.S569L 17 c.202+1G>A # 1
9.3 USA c.1706C>T p.S569L 17 c.202+1G>A # 1
10.1 Germany/Turkey  ¢.1334+1G>A # 12 c.1334+1G>A # 12
1.1 Germany/Turkey ~ ¢.1234C>T p.R412X 12 c.1234C>T p.R412X 12
121 Germany c.1114C>T p.R372C 11 c.1114C>T p.R372C 11
13.1 Germany c.1541G>A p.G514E 14 c.1541G>A p.G514E 14
14.1 Germany/Turkey  ¢.932C>T p.P311L 9 c.932C>T p.P311L 9
15.1 Germany c.494T>C p.L165P 4 c.1637C>T p.S546F 16
16.1 Greece c.1706C>T p.S569L 17 c.1351_1355dupG  p.l453HfsX45 13
171 Greece c.1495G>A p.E499K 14 c.1351_1355dupG  p.l453HfsX45 13
18.1 GB ¢.1626+4dupA # 15 ¢.1758C>G Y586X 17
19.1 GB/Pakistan c.828-2A>G # 7 c.828-2A>G # 7

$ Hranice delece 2339 bp byly stanoveny podle gDNA sekvence z GenBank Accession
number NC_000008.9 (CON 03_MAR_2008) Region: 43112749_43177127

# pravdépodobna sestfihova mutace, cDNA nebyla k dispozici

Dvé mutace, jedna delece 16 nukleotidi (c.1118_1133dell6) a jedna duplikace

(c.1351_1355dupG), vedou kposunu ctectho ramce a predCasnému stop kodonu

na aminokyselinové pozici 376, respektive 497.

Celkem Sest mutaci vedlo k abnormalnimu sestifihu transkriptu. Mutace c.1810+1G>A

vede ke ztrdté donorového sestithového mista gt v intronu 17. Dinukleotid gt na zacatku

intronu je konzervovanym donorovym sestfihovym mistem, jakdkoliv mutace v tomto misté
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vede k abnormdlnimu sestfihu. Analyza cDNA potvrdila vynechdni exonu 17 v transkriptu,
ktery m¢l za ndsledek posun cCtectho rdmce a tvorbu pied¢asného stop kodonu
na aminokyselinové pozici 583. U dalSich dvou mutaci ¢.202+1G>A a c.1334+1G>A nebyla
k dispozici cDNA, vzhledem ke stejnému charakteru mutaci, ztrat¢ donorového sestfihového

mista, predpoklddame, Ze i zde dochézi k abnormélnimu sestfihu mRNA.

Analyza cDNA u dvou ceskych sourozencti ukdzala, Ze sestfihovd mutace c.935+5G>A

vede k inzeri prvnich 89 bazi intronu 9 a ztrat¢ exonu 10 v transkriptu.

Intronovd mutace c.1626+4dupA ovliviiuje konzervované donorové sestfihové misto
exonu 15. Podle dvou predikénich programi'** '** dochdzi vlivem mutace prednostnd
k vyuziti dinukleotidu gt na pozici + 5_6 jako donorového sestfihového mista, a tim k tvorbé
abnormdlnimu transkriptu a posunu cteciho ramce (wt: TATTCTTgtaagtaa, mut +4dupA:

TATTCTTGTAAAGgtaa).

Mutace ¢.828-2A>G rusi akceptorové sestfihové misto (agGA) exonu 8, nukleotid A na
pozici -2 je plné¢ konzervovanym sestithovym mistem u eukaryot. Pfedpokldddme, ze

zémeénou za jiny nukleotid dochdzi k abnormalnimu sestiihu.

Rozsdhld delece byla nalezena pomoci PCR préb u dvou homozygotnich pacienta

puvodem z Turecka. Metoda identifikace rozsdhlych deleci pomoci PCR préb u homozygota
je popsana v kapitole 2. V tomto ptfipadé¢ se navic podafilo preklenout deletovanou ast a
amplifikovat zkrdceny PCR produkt. Sekvenovanim tohoto PCR produktu byla piesné
vymezena hranice delece a urCen jeji rozsah na 2339 bp. Ackoliv delece zahrnuje exon 1
a velkou cast predpoklddané promotorové oblasti, u obou pacientii byly pomoci RT-PCR

amplifikovany produkty zahrnujici exony 2 — 18.

5.2.2 Diskuze

K identifikaci genu HGSNAT odpovédného za onemocnéni MPS IIC vedlo nékolik
navzdjem se dopliujicich ptistupl. Pozi¢ni klonovani a vazebnd analyza u Ctyt ¢eskych rodin
byla zaloZzend na autozomdlné¢ kodominantnim modelu, ktery vychéazel zrozdilné aktivy
N-acetyltransferdizy u homozygotii, heterozygoti a zdravych jedinci. Soucasné¢ byla
provedena montrealskou skupinou vazebnd analyza zaloZend na autozomadlné recesivnim
modelu, do které bylo postupné zahrnuto 60 pacientd. Oba modely vedly k zizZeni diive

4

publikované kandiddtni oblasti'** na interval 4.2 ¢tM u montrealské skupiny a na interval

2.6cM u prazské skupiny. Vymezend kandidatni oblast obsahovala 32 zndmych a
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predikovanych gent. Na zdkladé¢ molekuldrnich vlastnosti hledaného genu byl vybran gen
TMEM?76, v soucCasnosti oznaCovany jako HGSNAT, u kterého byly identifikovdny
transmembranové domény a glykosylacni mista. Navic byla pomoci DNA ¢ipt sledovana
exprese vSech 32 kandidatnich gent u dvou pacienti a ¢tyf kontrol. VSechny zminéné
piistupy vedly k oznaceni genu TMEM76 (HGSNAT ) jako kandidatniho odpovédného genu

pro onemocnéni MPS IIIC.

Sekvenovanim kandidatniho genu TMEM76 (HGSNAT ) byly nalezeny patogenni mutace
u 44 vysetiovanych pacienti ze 40 rodin s MPS IIIC (z toho u jednoho pacienta
vySetfovaného v CR a u &tyf pacientd vySetfovanych na pracoviti v Montrealu byla nalezena

pouze jedna heterozygotni mutace). U dvou pacientil Zddnd mutace zatim nalezena nebyla.

Pfi Northern blot analyze byl hybridizovan 220 bp dlouhy fragment z cDNA , ktery
zahrnoval exony 8-10. Ve vSech sledovanych tkanich byly detekovany dva hlavni transkripty
dlouhé 4.5 a 2.1 kb, to odpovida pfitomnosti dvou polyadenylacnich signalti v cDNA, na obr.
viz priloZend publikace (Fig.5). Nejvyssi exprese byla zaznamenéna v leukocytech, srde¢nim
svalu, plicich, placenté a jatrech, naopak nizkd exprese byla zaznamendna v thymu, tlustém
sttevé a mozku, coz je ve shod¢ s expresi ostatnich lysozomadlnich proteind. Dva, respektive
tii transkripty byly amplifikovany pomoci RT-PCR v kultivovanych fibroblastech,
lymfocytech a kosternim svalu. Transkript, ktery zahrnoval celou koédujici oblast, byl
detekovan ve vSech uvedenych tkanich a dva kratsi fragmenty. U prvniho z kratSich
transkriptl (detekovany ve vSech studovanych tkani) dochazi k vynechédni exont 9 a 10, a tim
k deleci 64 aminokyselin; u druhého (detekovaném pouze v kosternim svalu) dochazi
k vynechani exont 3, 9 a 10, a tim k posunu ¢tectho rdmce a k vytvoreni pred¢asného stop
kodonu. Piedpokldadame, ze tyto kratké transkripty vedou k tvorbé neaktivniho enzymu nebo
k jejich translaci viibec nedochdzi. Predpoklad podporuje analyza u pacienta CIII.1. Pacient je
sloZzenym heterozygotem pro nonsense mutaci vexonu 12 a pro sestfihovou mutaci
v intronu 9. Ve fibroblastech byl krom¢ transkriptil, které nesou mutaci v exonu 12, a nebo
u nichZ dochézi k abnormalnimu sestfihu vlivem mutace v intronu 9, nalezen i nemutovany
zkraceny transkript, u kterého je vynechdn exon 9 a 10 (stejny jako u kontrolnich vzorki).

Pfesto namétfend enzymova aktivita N-acetyltransferdzy pacienta CIII. 1 je téméf nulova.

Jako diikaz, Ze mutace v genu HGSNAT vedou k onemocnéni MPS IIIC byla provedena
funkéni expresni studie. Bylo pfipraveno nékolik konstruktii obsahujicich kédujici sekvence
lidského HGSNAT nebo mysiho orthologu Hgsnat. K transfekci byly pouzity kultivované

fibroblasty pacienta s nedetekovatelnou enzymovou aktivitou N-acetyltransferazy, pacient byl

55



homozygotem pro sestfihovou mutaci, kterd vede k vynechdni exonu 17. Komplementacni
studie prokdzala obnoveni aktivity N-acetyltransferazy ve fibroblastech. Popis konstruktl

a podrobné vysledky funk¢ni analyzy jsou uvedeny v ptilozené publikaci.

Protein ~ kédovany  genem — HGSNAT, heparin acetyl-CoA:a-glukozaminid
N-acetyltransferdza (HGSNAT), je vysoce konzervovany a je predikovan téméf ve vSech
znamych zvitecich genomech. Presto HGSNAT protein nevykazuje sekven¢ni podobnost
k Zadné jiné znamé prokaryotické nebo eukaryotické N-acetyltransferdze nebo k jinému
lysozomélnimu proteinu. Domnivame se, Ze HGSNAT patii do nové strukturni tiidy proteini,
které jsou odpovédné za transport acetyl-CoA pies bunécnou membrdnu a ndslednou N-
acetylaci. Jedinym dalSim homolognim proteinem je COG4299 zrodiny bakteridlnich
proteintl, ktery neni blize specifikovan. Nemtizeme vyloucit podobnou funkci téchto proteina
v glykosaminoglykanovém metabolismu, piipadné v transmembrdnové acetylaci. Samotny
mechanismus transmembranové acetylace je nejasny. Byly publikovidny dvé rozdilné teorie.
Prvnim je ping-pong mechanismus,**"*® kde vlivem navizani acetylové skupiny na His
zbytek v aktivnim misté proteinu dojde ke konformaéni zméné¢, a tim k pfenosu do lysozému,
kde dojde k N-acetylaci heparan sulfatu. Druhou teorii je tvorba pfechodného tercidlniho

komplexu enzymu, acetyl-CoA a heparan sulfitu.'”’

Ve stejné dobé&, kdy byla Hiebickem a kol. publikovdna analyza genu HGSNAT
odpovédného za onemocnéni MPS IIIC, dospél nezévisle ke stejnym vysledkiim Fan a kol."*®

K identifikaci genu HGSNAT pouZzil odlisny postup, zaloZeny na proteomické analyze.

Hlavnim rozdilem v obou publikacich je velikost genu HGSNAT, jeho 5’-konec. Hiebic¢ek
a kol. uvadi velikost ORF 1992 bp, tj. o 84 nukleotidli del§i smérem k 5’-konci nez Fan a kol.
a databdze NCBI (GenBank: NM_152419.2). Delsi transkript, ktery zahrnoval novy ATG
kodon ve ¢tecim ramci byl opakované nalezen pomoci RT-PCR u kontrolnich i pacientskych
vzorkl. Velikost predikovaného polypeptidu HGSNAT je tak o 28 aminokyselin delsi na
N-konci nez velikost uvedend v GenBank: NP_689632.2. Rozdil v uvedeném pocatku
transkripce je pravdépodobné din vysokym obsahem GC v 5’-koncové oblasti genu,

amplifikace PCR produktti je v tomto misté velice obtiZna.

Dalsi nejasnosti genu HGSNAT je promotorova oblast. U dvou pacientil byla nalezena

rozsédhld delece, kterd vedla ke ztrit¢ vice neZ 2 kb, vcéetné exonu 1, CpG oblasti

139-141

a predpokladané promotorové oblasti 300 azZ 600 bp upstream od genu HGSNAT. Ptesto
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u téchto pacientll byl pomoci RT-PCR detekovan transkript, ktery zahrnoval exony 2 — 18.

s . o o . 140, 141
Domnivame se, Ze zde existuje alternativni promotor v intronu 1.
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5.3 Souhrn kapitoly 3

Pomoci nékolika postupil, tj. porovnanim zndmych molekuldrnich vlastnosti enzymu,
vazebné analyzy a genové exprese, se podarilo identifikovat gen HGSNAT, ktery koduje
protein heparin acetyl-CoA: a-glukosaminid N-acetyltransferdzu (HGSNAT). Mutace v genu
HGSNAT vedou k deficitu enzymu HGSNAT a k onemocnéni MPSIIIC. Protein HGSNAT
byl poslednim enzymem v degradaci glykosaminoglykant, u kterého nebyl zndim odpovédny

gen.

Ackoliv je MPSIIIC recesivnim onemocnénim, byl k mapovéani genu HGSNAT u Ceskych
pacientll pouZit autozomdln¢ kodominantni model. Sledovanym znakem byla sniZen4 aktivita
N-acetyltransferdzy u prenasecii onemocnéni. Tim se pocet informativnich jedinc zvysil

z 5 na 54.

Identifikace genu HGSNAT oteviela fadu otdzek, co se tykd molekuldrnich vlastnosti
samotného genu i proteinu. HGSNAT je pravdépodobné clenem nové strukturni tiidy
transmembranovych proteinii a je tudiZz nemozné odvozovat jeho vlastnosti na zakladé
homologie s jinymi proteiny. Hlavnimi cili dal$iho studia bude proto objasnéni a potvrzeni
bunécné lokalizace proteinu, lokalizace C- a N-konce vné€ nebo uvnitt lysozému, identifikace
aktivniho mista enzymu, vysvétleni mechanismu transmembranové acetylace, stejné jako
objasnéni funkce prokaryontnich proteinti rodiny COG4299. Dalsim cilem bude urceni
pocatku transkripce a s tim souvisejici velikost proteinu a identifikace promotoru, pfipadné
alternativnich promotorovych oblasti. K potvrzeni vlivu nalezenych mutaci na aktivitu

enzymu budou zavedeny expresni studie.
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6 Zavér

Urceni vztahu mezi onemocnénim a jeho molekuldrni podstatou je jednim z hlavnich cili
1ékaiské genetiky. V ramci studie: ,,Molekularni analyza vybranych dédi¢né podminénych
onemocnéni“ byly popsiny postupy, které vedou k objasnéni molekuldrni podstaty
u onemocnéni s jiZ zndmymi odpovédnymi geny i u onemocnéni, u kterého byl odpovédny

gen teprve identifikovan.

Souhrnem lze fici, Ze hlavni cile studie byly splnény:

Klinicka, biochemickd a molekularné biologicka analyza vybranych dédi¢nych
poruch metabolismu organickych kyselin

¢ Byl zaveden komplexni systém diferencidlni diagnostiky u pacientli s poruchou

metabolismu ketonovych latek a s methylmalonovou acidémii.

e Byla zavedena molekuldrni analyza u pacienti s poruchou metabolismu
ketonovych latek, jmenovité s deficitem 3-hydroxy-3-methylglutaryl-CoA lydzy

a B-ketothioldzy, a u pacientd s methylmalonovou acidémii.
Charakterizace X-vazaného syndromu spojeného s deleci chromozému X

e Byla popsdna rozsdhld delece u pacienti s X-vdzanou agammaglobulinémii

wowe

a vyslovena hypotéza pravdépodobné pfiCiny vzniku téchto deleci.

¢ Byla zavedena jednoduchd metoda pro stanoveni rozsdhlych deleci u hemizygota

a homozygota.
Studium molekuldrni podstaty mukopolysacharidézy typu ITIIC
e Byl identifikovan gen HGSNAT spjaty s onemocnénim MPS IIIC.
¢ Byly nalezeny mutace v genu HGSNAT u pacientti s MPSIIIC.
e Byly charakterizovany hlavni molekulérni vlastnosti genu HGSNAT.

Studie pfispéla k rozsiteni znalosti zkoumanych dédi¢nych onemocnéni. Zavedené postupy
molekuldrnich analyz jsou souéasti diagnostiky na Ustavu dédi¢nych metabolickych poruch
v Praze. Vysledky téchto analyz slouzi k prevenci, prognéze i 1é¢bé onemocnéni
au postizenych rodin byla umoznéna prenatdlni diagnostika. Vysledky byly publikovany
v nékolika domadcich i1 zahrani¢nich odbornych ¢asopisech a prezentovany na mezinarodnich

konferencich. Nékteré z publikaci byly ddle citovany.
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7 Podil autora na resené problematice a podékovani

Vramci jednotlivych kapitol se autorka podilela zejména na Castech souvisejicich

s molekuldrni analyzou onemocnéni, konkrétné:

Kapitola 1: Klinickd, biochemickd a molekuldrné biologicka analyza vybranych dédi¢nych

poruch metabolismu organickych kyselin:

e zavedeni metod pro molekuldrni analyzu a vySetfeni pacientll s poruchou metabolismu
ketonovych latek (deficit 3-hydroxy-3-methylglutaryl-CoA lydzy a B-ketothiolazy),

a u pacientll s methylmalonovou acidémii
e korelace genotypu a fenotypu onemocnéni

Kapitola 2: Charakterizace X-vdzaného syndromu spojeného sdeleci nékolika genti

na chromozému X:

e zavedeni metod a zjiSténi rozsahu deleci u pacientti s X-vdzanou agammaglobulinémii

pomoci PCR prob
Kapitola 3: Studium molekuldrni podstaty mukopolysacharidézy typu IIIC
e pozi¢ni klonovani a vazebna analyza genu HGSNAT
¢  molekuldrni analyza genu HGSNAT u pacientii u pacientti s MPSIIIC

e charakteristika molekuldrnich vlastnosti genu HGSNAT - identifikace transkriptu,

identifikace 5’-konce transkriptu
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9 Seznam pouZitych zkratek a nomenklatura

3KTD deficit 3-ketothiolazy

AcAc acetoacetat

AdoCbl adenosylkobalamin

AK aminokyselina

ATR ATP : kobalamin(I) adenosyltransferdza
CGH komparativni genomova hybridizace
cDNA kédujici DNA

cM centiMorgan

DDS, DDP  dystonia-deafness syndrom

HL 3-hydroxy-3-methylglutaryl-CoA lyédza
HGSNAT heparin acetyl-CoA: a-glucosaminide N-acetyltransferase
LINEs long interspersed elements

LSDs lysozoméalni onemocnéni

LOD logarithm of the odds

MeCbl methylkobalamin

MCEE DL-methylmalonyl-CoA racemdza
MMA methylmalonova acidémie/aciddria
MCM methylmalonyl-CoA mutéaza

MPS IIIC mukopolysacharidéza typu IIIC

MTS Mohr-Tranebjaerg syndrom

NMD nonsense mediated decay

ORF otevieny Cteci rdmec

PCR polymerazova fetézova reakce

RT-PCR reverzni transcripce PCR

SINEs short interspersed elements

SNP single nukleotide polymorphism

STR short tandem repeats

T2 mitochondridlni acetoacetyl-CoA thioldza
VNTR variable number of tandem repeats
XLA X-vazand agammaglobulinémie

Nomenklatura: Mutace byly pojmenovany ve shodé¢ s Human Genome Variation Society

http://www.hgvs.org/.

Kvuli prehlednosti je vétSina mutaci v praci popsdna na uUrovni proteinu, vliv mutace na

proteinovou strukturu nebyl experimentdlné zjistovan, jedna se o piedpokladany vliv.
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Summary: Two methods, spectrophotometry and HPLC, were compared in the
analyses of 3-hydroxy-3-methylglutaryl-CoA lyase (HL) activity in three unrela-
ted Czech patients with 3-hydroxy-3-methylglutaric (HMG) aciduria and their
family members. The HL activities in cultured fibroblasts and/or isolated
lymphocytes of probands were below the detection limits of the methods used.
Both methods were also suitable for recognition of all heterozygotes in affected
families. We searched for pathogenic mutations in the HL gene. Molecular analy-
ses revealed that two patients are homozygous for known mutation H233R and
R41Q, respectively, whereas the third patient is a compound heterozygote
for the mutation H233R and a novel mutation Pro9fs(—1). This study expands
the knowledge of the genotypic variability of the HMG aciduria.

3-Hydroxy-3-methylglutaryl-CoA lyase (HL; EC 4.1.3.4) deficiency leading to
3-hydroxy-3-methylglutaric (HMG) aciduria (McKusick 246450) is an autosomal
recessive disorder presenting in neonates or infants and characterized by severe
hypoketotic hypoglycaemia and metabolic acidosis, hyperammonaemia, vomiting
and hypotonia (Wysocki and Hahnel 1986). HL is a key enzyme of leucine cata-
bolism in mitochondria of most tissues. In liver, the HL has an additional function,
the synthesis of the ketone bodies. Avoidance of fasting, carnitine supplementation,
and low-protein and low-fat diet improve the prognosis in the affected children.
HMG aciduria can be diagnosed on the basis of the characteristic organic acid
pattern, with marked elevated 3-hydroxy-3-methylglutaric, 3-methylglutaconic,
3-hydroxyisovaleric and 3-methylglutaric acids. The diagnosis can be confirmed
by enzyme assay in leukocytes, cultured skin fibroblasts or liver (Wysocki and

433

73



434 Pospisilova et al

Hiéhnel 1986). The heterozygotes can be identified by finding intermediate enzyme
activities in leukocytes, lymphocytes or fibroblasts (Barash et al 1990; Gibson
et al 1982). The gene for HL is on chromosome 1p36.1 and consists of nine exons
(Wang et al 1996), which are transcribed into a messenger RNA of 1.7 kb (Mitchell
et al 1993).

The incidence of HL deficiency is quite low except in Saudi Arabia, where HMG
aciduria is the most common organic acidaemia (Ozand et al 1992). So far about
42 cases have been reported (Funghini et al 2001; Muroi et al 2000). The molecular
defects have been investigated, revealing considerable genetic heterogeneity.
Twenty-one distinct mutations have been identified in the HL gene to date. Previous
mutational analyses have shown the presence of the common HL mutations R41Q
and F305fs(—2) among Saudi Arabians (Mitchell et al 1998). Another mutation,
Glu37X, has repeatedly been found in Southern European and Mediterranean
populations (Casale et al 1998; Pie et al 1997). A relatively common mutation,
E279K., was found among the Japanese (Muroi et al 2000) besides other mutations
unique to each family (Buesa et al 1996; Casals et al 1997; Funghini et al 2001;
Mitchell et al 1993, 1995; Wang et al 1996).

We present the results of the spectrophotometric and HPLC measurements of HL
activity and molecular analyses of the HL gene in three unrelated Czech families with
HMG aciduria.

CASE REPORTS

Patient 1: The 6 year-old boy was born at term from the first uncomplicated preg-
nancy with birth weight 3630g and length 53cm. Early postnatal adaptation
was uneventful, but hypotonia developed on the third day of life followed by
irritability, opisthotonus, generalized seizures and metabolic acidosis. His clinical
symptoms improved during three days of ventilatory support and glucose infusion.
GC-MS analysis of urinary organic acids revealed massive excretion of 3-hydroxy-3-
methylglutaric acid (6971 mmol/mol creatinine) and 3-methylglutaconic acid
(4238 mmol/mol creatinine), elevated 3-hydroxyisovaleric acid (364mmol/mol
creatinine), mild lactic aciduria and moderate dicarboxylic aciduria. From the
second week of life, the child has been on a low-protein diet supplemented with
carnitine and leucine-free amino acid mixture. No metabolic decompensation
has developed since the neonatal period. The anthropometric parameters and psy-
chomotor development correspond to his age, but antiepileptic therapy was started
at the age of 3 years because of two attacks of generalized seizures.

Patient 2: The 4-year-old girl was born at term from the second pregnancy with
birth weight 2700 g and length 47 cm. The early postnatal adaptation was uneventful
and psychomotor development in the first year of life was normal. At the age of 18
months during the third day of acute respiratory infection she started to vomit; sev-
eral hours later rapid deterioration of consciousness and seizures developed. Meta-
bolic acidosis and hypoglycaemia of [.5mmol/L (normal 3.3-5.8) were revealed
at admission to the intensive-care unit. Her clinical symptoms improved during
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parenteral fluid therapy with glucose. GC-MS analysis of urinary organic acids
showed highly elevated excretion of 3-hydroxy-3-methylglutaric (3534 mmol/mol
creatinine), 3-methylglutaconic (5198 mmol/mol creatinine), 3-hydroxyisovaleric
(4944 mmol/mol creatinine) and 3-methylglutaric (191 mmol/mol creatinine) acids.
3-Methylcrotonylglycine (35 mmol/mol creatinine) and marked glutaric aciduria
(1280 mmol/mol creatinine) were present. A low-protein diet supplemented with
carnitine and an amino acid mixture without leucine was introduced. The girl is
in a good clinical condition, her psychomotor development corresponds to her age,
but she had two periods of lethargy during febrile infections.

Patient 3: Clinical data of this patient have been reported previously (Marklova
et al 1987). Briefly, the boy was admitted to hospital at the age of 18 months because
of sudden unconsciousness with hypoglycaemia of 0.9 mmol/L (normal 3.3-5.8). His
condition improved rapidly after correction of the blood glucose level. At the age of
28 months, two days after a mild respiratory infection, persistent vomiting and
diarrhoea appeared followed by a Reye-like episode with hepatomegaly, hypo-
glycaemia (1.1 mmol/L), metabolic acidosis and hyperammonaemia. GC-MS analy-
sis revealed elevation of 3-hydroxyisovaleric, 3-methylglutaric, 3-methylglutaconic
and 3-hydroxy-3-methylglutaric acids. Now, at the age of 18 years, the patient keeps
to the low-protein diet and feels well.

MATERIALS AND METHODS

Gas chromatography—mass spectrometry: The urinary organic acids were deter-
mined by standard GC-MS method (Sweetman et al 1991) using the gas
chromatograph-mass spectrometer GCQ MAT (Finnigan).

Cell culture: Human skin fibroblasts were cultured in Eagle minimal essential
medium supplemented with 10% fetal bovine serum and gentamycin.

Lymphocyte isolation: The lymphocytes were isolated from whole venous blood
collected into EDTA by gradient centrifugation (Boyum 1968).

Enzymatic assays: HL activity determination was performed by two distinct
techniques: a spectrophotometric method according to Wanders (1988) and an
HPLC method according to Kikuchi (1990). The cellular homogenates were pre-
pared using ultrasound probe Sonopuls HD 2070 (Bandelin Electronic). Protein con-
centration was determined by the method using bicinchoninic acid (Smith et al 1985).
The activity of citrate synthase was measured as control mitochondrial enzyme
(Lowenstein 1969). The spectrophotometric measurements were performed with
the centrifugal analyser Cobas Fara (Roche). A Waters Model 990 HPLC system
equipped with a Supelcosil LC-18 column (Supelco) was used for HPLC analysis.
All chemicals were obtained from Sigma and Merck.

DNA isolation: Genomic DNA was isolated from cultured skin fibroblasts and /or
venous blood using a standard protocol with QIAamp DNA Blood Mini Kit and
QIAamp Tissue Kit (Qiagen, Valencia, CA, USA).
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RNA isolation: Total RNA was prepared from cultured fibroblasts and/or
white blood cells using the guanidinum thiocyanate method (Chomzynski and
Sacchi 1987).

Reverse transcription PCR: The total RNA was reverse-transcribed using Super-
Script IT reverse transcriptase and oligo-dT, g primer (Gibco BRL). Full-length HL
c¢DNA (cHL) was amplified using primers cHL-T7 and cHL-RP containing universal
overhangs for T7 and RP (shown bold) sequencing primers (5-AATAC-
GACTCACTATAGGATGGCAGCAATGAGGAAG-3, 5-GAAACAGCTATG-
ACCATGTCAGCCCTCAAAGCCTCT-3).

¢DNA sequencing: The PCR products were purified using 1% TAE agarose gel and
QIA gene purification kit. Deletion and frameshift were verified by sequencing of
cloned PCR products (pCR 2.1 vector, TOPO TA cloning kit (Invitrogen)).
Thermostable polymerase and Cy-5-labelled universal primers M13F or T7 and
RP and one Cy-5-labelled specific primer (5-GGAGAGTTTTCAGAGGTTTG-3")
were used. Sequencing was performed using an automated fluorescent sequencer
(ALF Express, Pharmacia).

Amplification of genomic fragments by PCR: Exons 2 and 7 of the HL gene were
amplified in 20 pl reactions containing I pl of template (genomic DNA), 0.2mmol/L
dNTPs, 10 pmol of each primer, 2.5 U KlenTaq polymerase (AB peptides), 50 mmol/L
Tris-HCI pH 9.1, 16 mmol/L ammonium sulphate, 150 ug/ml bovine serum albumin
(BSA), 3.5mmol/L MgCl,, 5% dimethyl sulphoxide (exon 2). The sequences of the
primers were: ex2, S-AATACGACTCACTATAGAGTTCTGTTTCGGGACTG-3';
5-GAAACAGCTATGACCATGTCCTCTACTCTCCCCTAA-3'; ex7, 5'-ATGAT-
GTGACAGCCGTAA-3; 5-CACACTGAAAACCCTGTA-3.

ARMS analysis: The missense mutation R41Q was verified by ARMS analysis.
PCR primers were designed to discriminate between the mutant and the wild-type
alleles (R41Q+ recognizing mutation - ACCTTTTCATTTTGTAGTCCATTT-3’
and R41Q— recognizing wild-type 5-ACCTTTTCATTTTGTAGTCCATTTC-3".
Upper primer ex2: 5S-AATACGACTCACTATAGAGTTCTGTTTCGGGAC-
TG-3'), was used.

PCR-RFLP analysis: Exon 7 of the HL gene and cHL were amplified as described
above. The amplified products were digested with MspAl-1 (BioLabs) enzyme rec-
ognizing mutated sites c.698A>G and 27delG. Digested fragments were loaded
on 7% polyacrylamide gel and visualized using ethidium bromide.

RESULTS

The results of two distinct assays for 3-hydroxy-3-methylglutaryl-CoA lyase in
cultured fibroblasts and/or isolated lymphocytes derived from three patients
with HMG aciduria and the members of affected families are shown in Table 1.
The HL activities in the cells of the patients were less than 1% of healthy
controls. The HL activities in the heterozygotes’ lymphocytes ranged from 37%
to 69% of simultaneous healthy controls, determined by the spectrophotometric
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method, and from 36% to 48% of simultaneous healthy controls, determined by
HPLC technique.

Molecular analyses of the gene for HL revealed that two patients are homozygous
for the known mutations H233R and R41Q, respectively, whereas the third patient is
a compound heterozygote for the known mutation H233R and a novel one-point
deletion in exon 1 of the HL gene. The results of mutation studies in probands with
HMG aciduria and their family members are summarized in Table |. The new

1240 bp

876 bp
R xR R

524 bp

363 bp

352bp

; \ 319 bp

¥ NS e D

CTTCCC/GG G C

C

Figure 1 Mutation analysis in patient 2. (A) cDNA sequence of cloned RT-PCR product:
mutated allele with one base deletion. (B) cDNA sequence of RT-PCR product, where the both
alleles are seen. (C) cDNA sequence of cloned RT-PCR product, wild-type allele. The arrow
denotes the G deletion on position 27 causing a frameshift that leads to the premature
stop codon after 32 amino acids. (D) PCR-RFLP analysis of cDNA for detection of
¢.698A =G and 27delG mutationsin the HL gene; both mutations were recognized by MspAl-1
digestion. Lane 1 contains pUC 19 molecular markers; lanes 2-5 represent samples from a
normal control, the patient’s father and mother, and patient 2, respectively: lane 6 represents
an undigested PCR product. The PCR product was 1240 bp long and was cut into three bands
of 876 bp. 319 bp and 45 bp (not shown) in a control sample. In patient 2, who is a compound
heterozygote for ¢.698A =G and 27delG mutations, the PCR product was cut into six bands
of 524bp, 352bp, 319bp and 45 (not shown) corresponding to the allele with c.698A=G
mutation and 876bp and 363 bp corresponding to the second allele with 27delG mutation.
The patient’s father and mother are heterozygous for 27delG and ¢.698A =G, respectively.
The sample of her brother who is heterozygous for 27delG is not shown in this figure
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mutation 27delG leads to a frameshift Pro9fs(—1) and premature stop codon after 32
amino acids. The analysis of this mutation is shown in Figure 1, giving cDNA
sequences of the patient’s cloned PCR product (Figure 1A) and its PCR product,
where both alleles are seen (Figure 1B). The subsequent PCR-RFLP analysis of
cDNA confirmed the compound heterozygosity of the patient (Figure 1D). The
MspAl-1 enzyme used for a digestion recognized the mutated sites c.698A=>G
and 27delG. The use of this enzyme allowed the detection of both mutations in
one PCR product.

DISCUSSION

The previously reported values of HL activity determined by distinct laboratory
methods differ widely. We chose two nonradiochemical methods for enzyme assay,
spectrophotometry and HPLC, because of their relative simplicity and safety. Using
these methods, it was possible to differentiate homozygotes and heterozygotes from
healthy subjects. There were no significant discrepancies between results of
spectrophotometric and HPLC assays in probands or heterozygotes or normal con-
trols. Both lymphocytes and fibroblasts are suitable for the confirmation of
diagnosis. Lymphocytes seem to be an appropriate material for the detection of
heterozygotes, and they could substitute for fibroblasts because they are easier
to obtain. Indeed, mutation analysis remains the most reliable way of heterozygote
detection, although our results did not show the overlap of heterozygous and normal
enzyme activities. The results of the enzyme assays correlate with those of mutation
analyses and give evidence of an autosomal recessive mode of inheritance.

In the six HL alleles derived from the three Czech patients with HMG aciduria,
three distinct mutations in the HL gene were identified: two known missense
mutations and a novel one-base deletion. Both known mutations detected in two
patients at the homozygous level are causal for HL deficiency. Patient 1 is homo-
zygote and patient 2 is compound heterozygote for a transition ¢.698A =G, which
replaces histidine in position 233 by arginine. Histidine 233 lies in the catalytic site
of the enzyme and the absence of its nucleophilic activity in the mutated enzyme is
assumed to be responsible for the decrease in the HL activity (Roberts et al 1996).
A recently reported French patient was found to be a compound heterozygote
for H233R and L263P mutations (Zapater et al 1998). This patient with relatively
high residual enzyme activity (12%) presented in the third year of life. Our patient
homozygous for mutation H233R had an absolute lack of enzyme activity and
the disease appeared at 3 days of life with a very severe attack. The finding of
the identical mutation H233R in patients 1 and 2 and the origin of families from
the same geographical region could signify possible consanguinity. It was not
confirmed by the construction of a pedigree in affected families. The transition
¢.122G>A identified in patient 3 at the homozygous level replaces arginine in position
41 by glutamine. This mutation is the most frequent in Saudi Arabians (Mitchell
et al 1998). The previous expression study showed that mutation R41Q caused a
marked decrease in HL activity. Mutation R41Q has been predicted to generate
HL peptides that lack an essential amino acid residue and is considered to be causal
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for HL deficiency. In two Saudi homozygotes for mutation R41Q the disease caused
a first attack within 3 days of life, and in two other infants the disease appeared later
(Ozand et al 1991, Mitchell et al 1998). In our patient homozygous for R41Q the first
attack of disease appeared at 18 month of age. Although R41Q is the most frequent
mutation in Saudis, it occurs in other populations as well. Six Saudi patients
and one Turkish patient homozygous for R41Q, together with an Italian patient
heterozygous for this mutation, have been identified (Mitchell et al 1998), suggesting
that this mutation may have arisen independently more than once. The detection of
this mutation in a Czech patient supports this suggestion. Absolute lack of HL
activity in patients | and 3 confirmed the seriousness of the mutations found.

We detected a novel one-base deletion, 27delG, in exon | of the HL gene in
patient 2. This mutation leads to a frameshift Pro9fs(—1) and premature stop codon
after 32 amino acids; the mRNA is not degraded. Since the stop codon occurs before
the active site of the enzyme, we assume that this mutation is disease-causing.
Expression analysis has not yet been carried out. Patient 2 is a compound hetero-
zygote for H233R and Pro9fs(—1) with an undetectable HL activity. The first disease
attack appeared relatively late at 18 months of age. The typical symptoms of nausea,
vomiting, spasm, unconsciousness, metabolic acidosis and hypoglycaemia were
present.

Our observations extend the knowledge of the genotype of HMG aciduria. The
complete biochemical and molecular diagnostics allow an earlier start of dietary
treatment of patients with HMG aciduria and genetic counselling in the affected
families.
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Two novel mutations in mitochondrial acetoacetyl-CoA thiolase deficiency
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Summary: We report a new patient with acetoacetyl-CoA thiolase deficiency in
whom we found two new missense mutations.

Mitochondrial acetoacetyl-CoA thiolase (B-ketothiolase, T2, EC 2.3.1.9) is an enzyme
active in isoleucine catabolism and ketone body metabolism. T2 deficiency (McKusick
203750) is characterized by intermittent episodes of severe ketoacidosis accompanied
by vomiting, diarrhoea, and coma, which may lead to death. The gene for T2, ACAT]I,
is localized on chromosome 11922.3-q23.1 and contains 12 exons. The incidence of T2
deficiency is low; about 40 cases and 37 different mutations have been reported
(Fukao et al 2001, 2002). We report a new patient with T2 deficiency in which
we found two new missense mutations.

A 21-month-old boy with normal perinatal period and further development was
admitted to a hospital unconscious after a short period of lethargy and vomiting
following all-day fasting. Routine biochemical testing revealed severe metabolic
acidosis (pH 6.79, HCO; 5.6, BE —25.8), hypoglycaemia (below the limit of detec-
tion), ketonuria (ketones ++++), hyperuricaemia (1939 umol/L), increased serum
urea (17.59mmol/L) and abnormal liver function tests (AST 158 U/L, normal
<38; ALT 112U/L, normal <36). GC-MS analysis of urinary organic acids reve-
aled markedly elevated 2-methyl-3-hydroxybutyrate (>4000 mmol/mol creatinine),
2-methylacetoacetate (>1000 mmol/mol creatinine), tiglylglycine (~300mmol/mol
creatinine), 3-hydroxybutyrate (>15000mmol/mol creatinine) and acetoacetate
(>10 000 mmol/mol creatinine). Tandem mass spectrometric analysis of acylcarnitines
in a dry blood spot revealed increased CsOH (2-methyl-3-hydroxybutyryl) and
Cs., (tiglyl) carnitines. The diagnosis was confirmed by enzyme assay (Middleton
1973) in cultured skin fibroblasts. Thiolase activity with and without K* was
4.3nmol/min per mg protein (control 11.94+4.1; n=10) and 4.3nmol/min per
mg protein (controls 5.3 £2.0; n=10), respectively. No activation of thiolase acti-
vity by Kt demonstrated the lack of T2 activity (+K*/—K™ activity ratio in con-
trols 2.3 £0.6; n=10).
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Sequence analysis of ¢cDNA from the patient’s cultured fibroblasts revealed
compound heterozygosity for two novel mutations in ACATI: ¢.578T>C (M193T)
in exon 6 and ¢1040T>C (I347T) in exon 11. The presence of mutations was confirmed
by PCR-ARMS analysis of gDNA. The patient’s mother is heterozygous for mutation
¢.578T>C while his father is a carrier for mutation ¢.1040T>C. Transient expression
analysis of wild-type, mock, M193T and 1314T ¢cDNAs was performed in SV40-
transformed T2-deficient fibroblasts as previously described (Fukao et al 2002). The
wild-type T2 cDNA gave a significant acetoacetyl-CoA thiolase activity (+K*/—K™*
activity ratio 9.0). On the other hand, M193T and 13471 mutant cDNAs gave a very low
acetoacetyl-CoA thiolase activity (ratios of 1.8 and 1.3, respectively). Thesedata confirmed
that M193T and 1314T mutations are causative mutations.

The patient is 4.5 years old now and his development is normal. He maintains a
dietary regime with mildly restricted protein and lipid intake and frequent feeding.
Our observations extend the knowledge of the genotype of T2 deficiency.

Supported by grant IGA MZ CR NE 6003-3/2000.
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Souhrn

Methylmalonova acidémie (MMA) je dédiéné podminéna porucha metabolismu, ktera se proje-
vuje v novorozeneckém nebo kojeneckém véku akutni poruchou funkce jater, ledvin a CNS. Cilem
prace bylo popsat klinicky prabéh, metabolické projevy a molekularni podstatu onemocnéni u 10
pacientu s MMA, kteti byli diagnostikovani v obdobi 1988-2005 v ramci selektivniho screeningu
dédi¢nych poruch metabolismu. U 7 déti se prvni priznaky onemocnéni objevily v novorozenec-
kém véku rychle progredujici poruchou védomi doprovazenou metabolickou acidézou. U 3 déti
s neprospivanim a opakovanymi atakami zvraceni se onemocnéni projevilo az v kojeneckém
véku. Laboratorni vySetfeni ukazala u vSech pacientti mirnou az vyraznou hyperamonémii, keto-
acid6zu, vyrazné zvySenou koncentraci kyseliny methylmalonové v krvi a zvySené vyluéovani
methylmalonatu, 3-hydroxypropionatu, methylcitratu a propionylglycinu v moc¢i. Enzymatické
analyzy u péti déti s MMA prokazaly poruchu aktivity methylmalonyl-CoA-mutazy (mut forma
MMA) a molekularni analyzy prokazaly piitomnost mutaci v genech MUT kédujici methylmalo-
nyl-CoA-mutazu, MMAA koédujici protein s dosud nejasnou funkci a MMAB koédujici enzym
kob(I)adenosyltransferazu. U 4 pacienta s MMA s normalni aktivitou methylmalonyl-CoA-mutazy
byla prokazana porucha metabolismu adenosylkobalaminu (cbl) - u dvou déti porucha na turovni
¢blA a u dvou déti porucha na urovni cblB. Prognéza déti s MMA neni prizniva. U pacientt s mut
formou MMA byl prabéh onemocnéni nejzavaznéjsi, étyvi z péti déti zemiely. Naopak nejmirnéj-
$i prabéh onemocnéni byl pozorovan u déti s MMA z poruchy na arovni ¢blA, které jako jediné
v tomto souboru jsou vitamin B, responzivni, zatimco ostatni pacienti s MMA byli/jsou na poda-
vani vitaminu B, rezistentni. Na zakladé vysledku této studie 1ze postiZenym rodinam nabidnout
uéinné genetické poradenstvi a prenatalni diagnostiku, ktera dosud nebyla v CR dostupna.

Kliéova slova: methylmalonova acidémie, methylmalonyl-CoA-mutaza, kobalaminovy deficit,
kyselina methylmalonova, plynova chromatografie s hmotnostné spektrometrickou detekci, tan-
demova hmotnostni spektrometrie

Summary
Methylmalonic Acidemia: Clinical, Biochemical and Molecular Biological
Study

Methylmalonic acidemia (MMA) is an inborn error of metabolism presenting in neonates or
infants as acute failure of liver, renal and CNS functions. The aim of study was a description of
clinical course, metabolic findings and molecular cause of this disease at 10 patients with MMA
who were diagnosed within selective screening of inherited metabolic diseases between 1988 and
2005. Seven patients presented in neonatal period with fast progressive coma accompanied by
metabolic acidosis. Three patients presented in infancy with failure to thrive and repeated
attacks of vomiting. Laboratory investigations revealed at all patients mild to marked hyperam-
monemia, ketoacidosis, markedly increased concentration of methylmalonic acid in blood and
elevated excretion of methylmalonic acid, 3-hydroxypropionic acid, methylcitric acid and propio-
nylglycine in urine. Performed enzyme assays demonstrated deficiency of activity of methylma-
lonyl-CoA mutase in 5 children (mut form) and molecular biological analyses detected mutations
present in MUT gene coding methylmalonyl-CoA mutase, MMAA gene coding protein with still
unclear function and MMAB gene coding enzyme cob(I)adenosyltransferase. The error of metabo-
lism of adenosylcobalamine (¢bl form) was demonstrated in 4 patients with normal activity of

190

84



methylmalonyl-CoA mutase - 2 children were identified as cblA and 2 children as cblB. Prognosis
of patients with MMA is not favourable. The most serious course of disease was present at pati-
ents with mut form, 4 of 5 died. The patients with cblA form had much milder clinical symptoms,
only they were responsive to vitamin By, while other patients with MMA were/are non-responsi-
ve to B, supplementation. On the basis of this study the efficient genetic counselling and prena-
tal diagnostics can be offered to the affected families, which were not available before.

Key words: methylmalonic acidemia, methylmalonyl-CoA mutase, cobalamine deficiency, met-
hylmalonic acid, gas chromatography/mass spectrometry, tandem mass spectrometry

Uvod

Methylmalonova acidémie (MMA) je genetic-
ky heterogenni porucha metabolismu kyseliny
methylmalonové a kobalaminu (cbl, vitamin
B;s). Onemocnéni se obvykle manifestuje
v novorozeneckém nebo kojeneckém véku zvra-
cenim, letargii, progredujici poruchou védomi,
edémem mozku, jaternim a ledvinnym selha-
nim. V akutnim stadiu jsou p#itomny ketoacidé-
za, hyperamonémie a laboratorni znamky jater-
niho pogkozeni a ledvinného selhani [1].
Onemocnéni je spojeno s vyraznou akumulaci
kyseliny methylmalonové v mo¢i a krvi. Progné-
zu postizenych déti mtze zlepSit pouze véasna
diagnostika, rychla eliminace toxickych metabo-
lith pomoci hemodiafiltrace nebo hemodialyzy
a trvala dietni terapie.

Izolovana MMA byla nalezena u pacientt
s mutacemi v MUT genu, které zptusobuji ¢astec-
ny (mut”) nebo uplny (mut?) deficit enzymu met-
hylmalonyl-CoA-mutazy (EC 5.4.99.2), jenz kata-
lyzuje izomeraci L-methylmalonyl-CoA na
sukeinyl-CoA a podili se na katabolismu nékolika
esencialnich aminokyselin — isoleucinu, valinu,
methioninu a threoninu, mastnych kyselin
s lichym nebo vétvenym poétem uhlikta a choles-
terolu. Tyto formy onemocnéni nebyvaji respon-
zivni k podavani vitaminu B;s. MUT gen sklada-
jici se ze 13 exonu je lokalizovan na chromozomu
6p21 [2, 3].

Izolovana MMA se dale vyskytuje u podskupi-
ny pacienttt s poruchou v syntéze koenzymu
methylmalonyl-CoA-mutazy — adenosylkobala-
minu (AdoCbl). Tito pacienti jsou klasifikovani
do t#{ komplementaénich skupin: c¢blA, cblB
a c¢blH. V soucasnosti jsou znamy dva geny
MMAA a MMAB odpovidajici skupiné cblA,
resp. c¢blB. Gen MMAA lezi na chromozomu
4q31.21 [4, 5] a sklada se ze sedmi exonu, které
kéduji protein o 418 aminokyselinach. Presna
funkce tohoto proteinu neni dosud znama. Gen
MMAB lezi na chromozomu 12924 [5], obsahuje
9 exontl a kéduje protein kob(I)adenosyltransfe-
razu. Vice nez 90 % pacienti s cblA formou
MMA a ptiblizné 40 % pacientt s c¢bl/B formou
jsou responzivni na podavani vitaminu B, [1].

P.

Dalsi ptiéinou MMA mohou byt jiné poruchy
metabolismu kobalaminu (c¢blC, ¢blD a cblF),
které jsou vSak spojeny s hyperhomocysteinémii
a homocystinurii.

V nagem sdéleni predkladame popis klinickych
projevi a vysledky laboratornich vySetieni déti,
u kterych jsme diagnostikovali MMA.

Soubor pacientu

V ramci selektivniho screeningu dédi¢nych
metabolickych poruch (DMP) jsme v letech
1988-2005 vyset¥ili v laboratoti Ustavu dédig-
nych metabolickych poruch (UDMP) vice nez
25 000 déti z neonatologickych a pediatrickych
pracovist ze viech regionti Ceské a Slovenské
republiky, u kterych oSettujici 1ékaii vyslovili
podezteni na DMP. U t¥inacti déti byla na zakla-
dé vyrazné zvySeného vylufovani kyseliny met-
hylmalonové v moéi a jeji zvySené koncentrace
v krvi diagnostikovana MMA. Dvé déti zemftely
jesté pred prekladem na naSe pracovisté. Devét
déti, které byly preloZzeny na Kliniku détského
a dorostového lékatfstvi VFN a 1. LF UK v Praze,
prezilo prvni akutni ataku onemocnéni. Jeden
chlapec zemfel v 16 dnech zivota na enterogenni
sepsi. Divka, ktera ptezila novorozeneckou ataku
metabolického rozvratu s néaslednym tézkym
postizenim CNS s mikrocefalii a praktickou
zastavou psychomotorického vyvoje, zemiela
v deviti mésicich v8ku v prubéhu respiraéniho
infektu. Dvé divky zemtely béhem akutni dekom-
penzace onemocnéni ve véku péti, resp. sedmi let.
Cty¥i déti s MMA jsou trvale lé¢eny prisnou niz-
kobilkovinnou dietou, ktera je doplnéna smési
esencialnich aminokyselin bez isoleucinu, met-
hioninu, threoninu a valinu, L-karnitinem
a MCT olejem (medium-chain triacylglyceroly),
pacienti jsou suplementovani vitaminem By,. Do
souboru pacient prezentovanych v tomto sdéle-
ni jsou zahrnuty i dvé slovenské divky, které byly
laboratorné vySetfeny na naSem pracovisti, ale
klinicky jsou sledovany ve SR. Tyto pacientky
jsou rovnéz na snizeném p¥ijmu bilkoviny dopl-
néném smési esencialnich aminokyselin bez iso-
leucinu, methioninu, threoninu a valinu a jsou
suplementovany vitaminem Bs.
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Metodika

Aminokyseliny v krvi byly stanoveny metodou
iontoménic¢ové kapalinové chromatografie na
automatickych analyzatorech aminokyselin
AAA339 Mikrotechna a AAA400 Ingos [6]. Laktat
v krvi a mo¢i byl stanoven enzymatickou spektro-
fotometrickou metodou pi#i 340 nm [7] na auto-
matickych biochemickych analyzatorech Hitachi
705 a 902. Organické kyseliny v moéi byly stano-
veny metodou plynové chromatografie s hmot-
nostné spektrometrickou detekci (GC/MS)
s extrakei ethylacetatem, stabilizaci oxokyselin
ve formé ethoximu a derivatizaci pomoci BSTFA
(bis-trimethylsilyl-trifluoracetamid) [8]. Vysetie-
ni byla provadéna na kapilarnich kolonéach s che-
micky vazanou fazi DB-5. Kyselina methylmalo-
nova v plazmé a séru byla stanovena metodou
GC/MS s pouzitim deuterovaného vnitiniho stan-
dardu [9]. GC/MS analyzy byly provedeny na pii-
stroji Finnigan GCQ MAT. Amoniak v plazmé byl
stanoven spektrofotometrickou metodou s gluta-
matdehydrogenazou [10]. Karnitin v plazmé
a séru byl stanoven radiochemicky se znac¢enym
14C-acetyl-CoA a acetylkarnitintransferazou [11].
Profil acylkarnitind byl stanoven ze suché kapky
krve metodou tandemové hmotnostni spektro-
metrie (MS/MS) a jednotlivé acylkarnitiny byly
kvantifikovany na smés vnitinich deuterovanych
standardu [12]. Pro stanoveni jsme pouzili tande-
movy hmotnostni spektrometr s trojitym kvadru-
polem a ionizaci elektrosprejem API 2000 (Appli-
ed Biosystems). Celkovy homocystein v plazmé
a séru jsme stanovili metodou vysokodcinné
kapalinové chromatografie (HPLC) s fluorome-
trickou detekci na piistroji Shimadzu [13].

Pro stanoveni aktivity methylmalonyl-CoA-
mutazy v lymfocytech a kultivovanych fibroblas-
tech jsme modifikovali metodu HPLC s UV detek-
ci [14]. Analyzy byly provedeny pomoci systému
Waters na koloné Supelco C;g (25 cm x 4 mm).
Kontrolni mitochondrialni enzym citratsyntaza
byl stanoven spektrofotometrickou metodou [15].

Pro ur¢eni molekularné biologické charakteris-
tiky onemocnéni jsme pouzili bézné uzivané
metody molekularni biologie. Genomova DNA
byla izolovana z vené6zni krve nebo kultivovanych
fibroblastt s pouzitim kitu QiaAmp® (Qiagen,
Hilden, Némecko). Totalni RNA byla izolovana
z vendzni krve nebo kultivovanych fibroblastt
metodou Chomeczynskiho a Sacchi [16]. Z totalni
RNA byla reverzni transkripci pripravena cDNA
s pouzitim kitu Superscript II RT a oligo dTg pri-
meru. cDNA a genomova DNA slouzily jako tem-
plat pro PCR k amplifikaci kédujicich oblasti
genu MUT, MMAA a MMAB a nepiekladanych
oblasti 5UTR a 3’'UTR a k amplifikaci exont vyse
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zminénych gent vcetné piiléhajicich éasti intro-
nt. PCR produkty byly pouzity pro analyzu
mutaci pomoci pfimého sekvenovani na automa-
tickém sekvenatoru ALF Express a dale k ovéie-
ni nalezenych mutaci restrikéni analyzou.

Sekvence pouzitych primert, detailni popis
metod a piehled restrikénich enzymu jsou k dis-
pozici na pozadani.

Vysledky

V tabulkach 1 a 2 jsou uvedeny vybrané klinic-
ké a laboratorni udaje 10 déti s MMA (3 chlapci
a 7 divek), které byly diagnostikovany na nasem
pracovisti. U 6 déti se prvni priznaky onemocné-
ni objevily jiz v prvnim tydnu Zivota, u jednoho
ditéte do 1 mésice véku a u zbyvajicich 3 pacien-
th byl nastup onemocnéni v nékolika mésicich
véku. Mezi prvni klinické priznaky nejéastéji pat-
¥ilo zvraceni, vahovy tbytek a metabolicka acidé-
za. V prubéhu dlouhodobého sledovani byla
u 6 déti zaznamenana psychomotoricka retarda-
ce, u 8 hypotonie, v 7 ptipadech anorexie a zvra-
ceni, u 4 nejstarsich pacientd bylo nutné provést
gastrostomii. Porucha rustu byla pozorovana
u 5 déti. U 2 déti byla zjisténa porucha zraku,
u dalsich 2 pacientu se projevila epilepsie.
U 9 déti byla pfitomna anémie a u 8 leukopenie.
U 4 nejstarsich déti byla prokazana renalni tubu-
larni acidoéza.

Laboratorni data uvedena v tabulce 2 jsou pte-
vazné z obdobi prvni ataky onemocnéni. GC/MS
analyza organickych kyselin v mo¢i pacientt pro-
kazala profil organickych kyselin charakteristic-
ky pro diagnézu MMA (obr. 1). Vysoka koncentra-
ce kyseliny methylmalonové byla pritomna
i v plazmé ¢éi séru vySetifovanych déti. Rovnéz
byly nalezeny odchylky v profilu aminokyselin
v plazmé nebo séru. K vyznamnym laboratornim
nalezim pii prvni atace onemocnéni patrila
hyperamonémie, laktatova acidurie a ketonurie.
U nékterych pacientt byla p¥itomna hyperlakta-
cidémie. U 6 pacientu bylo provedeno stanoveni
karnitinu v plazmé nebo séru, pficemz u vsech
téchto pacient byla vyrazné snizena koncentra-
ce volného karnitinu se zvySenym pomérem acy-
lovaného karnitinu k volnému karnitinu. Kon-
centrace celkového homocysteinu v séru/plazmé
byla v 8 ptipadech normalni, ¢imz byla vylouéena
kombinovana MMA s homocystinurii, u 2 déti
nebyl homocystein vySetien. Dale jsou v tabulce
2 uvedeny laboratorni udaje z obdobi remise, kdy
jiz byli pacienti na 1é¢bé. Metodou MS/MS sledu-
jeme koncentraci propionylkarnitinu v krvi (obr.
2) a koncentraci kyseliny methylmalonové v plaz-
mé, ktera se zda byt vhodnym markerem pro
posouzeni renalniho poskozeni.
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Obr. 1. Profil organickych kyselin v mo¢i pacien-
ta s methylmalonovou acidémii stanoveny meto-
dou plynové chromatografie s hmotnostné spekt-
rometrickou detekeci.

Vysvétlivky: a) kyselina 3-hydroxypropionova, b) kyse-
lina methylmalonova pik 1, ¢) kyselina 3-hydroxyvale-
rova, d) propionylglycin, e) kyselina methylmalonova
pik 2, f) vnit¥ni standard, g) kyselina methylcitronova
(2 piky)

Fig. 1. Profile of urinary organic acids in a pati-
ent with methylmalonic acidemia determined
using gas chromatography/mass spectrometry.
Legends: a) 3-hydroxypropionic acid, b) methylmalonic
acid peak 1, ¢) 3-hydroxyvaleric acid, d) propionylglyci-
ne, e) methylmalonic acid peak 2, f) internal standard,
g) methylcitric acid (2 peaks)

V tabulce 3 uvadime vysledky stanoveni enzy-
mové aktivity methylmalonyl-CoA-mutazy v lym-
focytech a/nebo kultivovanych fibroblastech 9 pa-
cienth s MMA. V pripadé pacienta ¢ 6 nebyl
k dispozici diagnosticky material. U 5 pacientd
jsme prokézali deficit aktivity methylmalonyl-
CoA-mutazy. U 4 pacientt byla v pfitomnosti
adenosylkobalaminu naméiena normalni aktivi-
ta methylmalonyl-CoA-mutazy. U téchto pacien-
td jsme proto dale predpokladali, Ze je jejich one-
mocnéni zptisobeno nékterym z kobalaminovych
deficitt (cblA nebo cblB).

o 2gl‘pn’hxylhmh

pr—
o
3

me OrytmalonyBoarnign
C16

g Cl4 4nas
e s

000 243 l i
183 ans
2000 SRS
3 et 3744 az
s . BEeery 1 }‘” l s fas

00 .
W0 220 240 MO 290 HKO R0 MO W0 WO A0 W0 N W0 @0 WO K0 L0
e ave

Obr. 2. Profil acylkarnitina v krvi pacienta
s methylmalonovou acidémii stanoveny metodou
tandemové hmotnostni spektrometrie.
Vysvétlivky: Cy — volny karnitin, Cy — acetylkarnitin,
Cg — propionylkarnitin, C14 — myristoylkarnitin, C16 —
palmitoylkarnitin, C;g — stearoylkarnitin

Fig. 2. Blood acylcarnitine profile in a patient
with methylmalonic acidemia determined using
tandem mass spectrometry.

Legends: C — free carnitine, Cy — acetylcarnitine, Cg —
propionylcarnitine, C;4 — myristoylcarnitine, C;g — pal-
mitoylcarnitine, C1g — stearoylcarnitine

U 9 pacienttt s MMA jsme analyzovali pfislus-
né geny. Z toho u 5 pacientt s deficitem methyl-
malonyl-CoA-mutazy byla v genu MUT prokaza-
na piitomnost mutaci zodpovédnych za vznik
onemocnéni. Nalezli jsme 4 nové mutace, 3 jedno-
bazové substituce (dvé z nich méni aminokyseli-
novy zbytek, R369C a H627Q, a tieti vytvari stop
kodon R727X) a jednu sestiihovou mutaci. Nova
mutace nalezend u pacienta ¢. 5 heterozygotné,
ktera nebyla na urovni genomové DNA identifi-
kovana, vede k chybnému sesttihu a vzniku dvou
produkttt mRNA. U prvniho produktu je deleto-

Tab. 3. Aktivita methylmalonyl-CoA mutazy v lymfocytech a/nebo kultivovanych fibroblastech u sou-

boru pacienta s MMA.

Pacient Lymfocyty Kultivované fibroblasty Zaveér
¢. celkova mutazova citréﬂ:syntélza*’k celkova mutazova citrétsyntéza**
aktivita aktivita
1. nd 127,0 nevys. nevys. deficit mutazy
2. nd 136,5 nd 55,1 deficit mutazy
3. nd 780 nd 122 1 deficit mutazy
4. 2,36 123,3 3,09 63,9 susp. cbl A/B
5. nevys. nevys. nd 91,9 deficit mutazy
7. nd 120,4 nevys. nevys. deficit mutazy
8. 2:29 97.8 3,61 a0 1 susp. cbl A/B
9. nevys. nevys. 5,82 51,2 susp. cbl A/B
10. nevys. nevys. 5,565 64,3 susp. cbl A/B
zdravé 1,97+0,65 (17) 105,8+20,2 (157) 4,22+0,90 (18) 76,4+222 (50) -
kontroly (n)

Vysvétlivky: nd — nedetekovdno, nevys. — nevysetrovano

“celkovd aktivita methylmalonyl-CoA-mutdzy méfend v pFitomnosti 5 umol |l adenosylkobalaminu je vyjddiena v nmol sukci-

nyl-CoA vytvoreného za minutu na mg bilkoviny, J

* kontrolni mitochondrialni enzym [nmol /min/mg bilk.]
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Tab. 4. Vysledky mutaéni analyzy u souboru pacientt s MMA.

Pacient ¢. Gen Alela 1 Alela 2 Vysledek
cDNA protein” cDNA protein”
i MUT c.655A>T N219Y c.2179C>T R727X mut
2. MUT c.1106G>A R369H c.1105C>T R369C mut
3. MUT c.655A>T N219Y c.1881T>A H627Q mut
4. MMAB ¢.556C>T R186W ¢.558_559delGGinsC R186fsX213 cblB
5. MUT c.607G>A G203R ¢.546-911del mut
¢.754-911del
75 MUT c.655A>T N219Y c.1881T>A H627Q mut
8. MMAA ¢.551dupG C184fsX186 ¢.551dupG C184fsX186 cblA
9. MMAB ¢.556C>T R186W ¢.556C>T R186W cblB
10. MMAA ¢.592_595delACTG T198fsX203 ¢.592_595delACTG T198fsX203 cblA

Obr. 3. Detekce sestrihové mutace v rodiné pa-
cienta ¢. 5.

c¢DNA byla amplifikovana jednim parem PCR primer1,
které lezi v exonech 2 a 7 genu MUT. PCR produkt byl
analyzovan pomoci elektroforézy na 1% agarézovém
gelu.

Vysvétlivky: sipka A — wild type, Sipka B — delece exo-
nu 4, sipka C — delece exonu 4 a ¢asti exonu 3.

1 a 3 — pacient, resp. otec, kte¥i jsou heterozygotni pro
sestrihovou mutaci, 2 — matka, 4-7 — kontroly, 8 — veli-
kostni marker 1 Pstl.

Fig. 3. Detection of the splicing mutation in fami-
ly of the patient No. 5.

c¢cDNA was PCR-amplified using forward primer locali-
zed in exon 2 and reverse primer localized in exon 7 of
MUT gene. PCR products were analyzed by electropho-
resis on 1% agarose gel.

Legends: arrow A — wild type, arrow B — deletion of
exon 4, arrow C — deletion of exon 4 and part of exon 3.
1 a 3 — patient, resp. her father who are heterozygous
for splicing mutation, 2 — mother, 4-7 — controls, 8 —
size marker 1 Pstl.

van exon 4 a u druhého dochazi k deleci exonu
4 a casti exonu 3 (obr. 3). Jiz d¥ive popsana muta-
ce N219Y byla nalezena ve 3 z 10 alel a potvrzu-
je tak casty vyskyt v kavkazské populaci [17].
U zbyvajicich 4 pacienttt s MMA byla provedena
mutacni analyza v MMAA a MMAB genech a ve
vsech pripadech jsme identifikovali mutace zod-
povédné za vznik onemocnéni. Obé nové mutace:

Vysvétlivky: :kpfedpoklddand zména v proteinu,:k:ksestr‘ihovd mutace vede ke dvéma produktiim mRNA, u nichz dochazi k deleci
exonu 4 v pronim pripadé a k deleci exonu 4 a ¢asti exonu 3 ve druhém pripadé

inserce ¢.551dupG v genu MMAA a indelova
mutace ¢.558_559delGGinsC v genu MMAB
vedou k posunu ¢teciho ramce a predéasnym stop
kodontim. U pacienta ¢. 6 nemohla byt mutaéni
analyza provedena, nebot jsme neméli k dispozi-
ci diagnosticky material. Mtazeme pouze ptedpo-
kladat, Ze onemocnéni tohoto ditéte zpusobily
stejné mutace, které byly nalezeny u jeho bratra
dvojcete. Vysledky molekularné biologického
vySetieni jsou uvedeny v tabulce 4.

Diskuse

Nejdiive byla diagnéza MMA u pacientt ze
souboru prokazana na trovni metabolitt. V akut-
nim stadiu byla ptritomna ketoacidéza a labora-
torni znamky jaterniho poskozeni a ledvinného
selhani. V krvi i v mo¢i byla zvySena koncentrace
glycinu, methioninu, vétvenych a dalsich amino-
kyselin a nékterych organickych kyselin, prede-
v§im kyseliny methylmalonové, methylcitronové
a 3-hydroxypropionové. Casta byla hyperamoné-
mie a mirna pancytopenie.

Pro potteby genetického poradenstvi a pripad-
nou prenatalni diagnostiku v postizené rodiné je
vhodné doplnit diagnostiku na enzymatické
a/nebo molekularni drovni. Tato vySetieni nebyla
donedavna v CR dostupna. Proto jsme na nasem
pracovisti zavedli metodiky, jejichz pomoci lze
diagn6zu MMA dale specifikovat na arovni prote-
inu a genu — stanoveni aktivity methylmalonyl-
CoA-mutazy a mutaéni analyzu gent MUT,
MMAA a MMAB.

U 5 pacientt jsme prokazali deficit methylma-
lonyl-CoA-mutazy na drovni enzymu. Normalni
mutazova aktivita u dalsich 4 pacientd nevyluco-
vala MMA z duvodu poruchy syntézy mutazového
kofaktoru AdoCbl. U téchto pacientt jsme proto
pomysleli na néktery z kobalaminovych deficita
(cblA nebo ¢blB). Normalni koncentrace celkové-
ho homocysteinu v plazmé a séru vyloucéila jiné
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kobalaminové deficity (cblC, c¢blD a cblF). Z lite-
ratury je znamo, e u pacienti s MMA z diivodu
deficitu cblA byva mirngjsi klinicky prabéh one-
mocnéni, nez je tomu u pacientit s kobalamino-
vym deficitem cbiB, jejichZz klinicky stav byva
podobné zévazny jako u pacientd s uplnym defi-
citem mutazy mut? [1]. Toto se také potvrdilo
u pacientt s MMA z naseho souboru. Dvé divky
s MMA z deficitu cblA jsou dlouhodobé v dobrém
klinickém stavu, zatimco prubéh onemocnéni
u dalgich dvou divek s deficitem cblB je pomérné
vazny.

Nejtézsi klinicky prabsh onemocnéni byl
zaznamenan u 6 pacientd s deficitem methylma-
lonyl-CoA-mutézy, z nichz 4 jiz zemfteli. Nejstar-
§i pacient (¢. 1) ze souboru je heterozygotem pro
znamou mut mutaci a novou mutaci, ktera prav-
dépodobné vede ke vzniku proteinu, ktery je o 23
aminokyselin kratsi. Klinicky stav tohoto chlapce
neni ve srovnani se zbyvajicimi péti pacienty
s mut? formou tak zavazny. Proto se domnivame,
ze aktivita proteinu u tohoto pacienta je ¢astecné
zachovéna, ale vzhledem k nedostate¢né citlivos-
ti HPLC metody pouZzivané ke stanoveni aktivity
methylmalonyl-CoA-mutézy jsme tuto nizkou
zbytkovou aktivitu nedetekovali. Pro lep$i cha-
rakterizaci této a dalsich novych mutaci bude
provedena expresni analyza.

Podle nagich zkusenosti dochazi mezi objeve-
nim se prvnich pfiznak onemocnéni a stanove-
nim diagnézy na zakladé cileného metabolického
vySetieni k urc¢ité prodleve, kterda u nékterych
nasich pacientt ¢inila i nékolik dnt. V posledni
dobé byly vyvinuty nové analytické techniky pro
diagnostiku DMP, mezi kterymi si ziskala své
nezastupitelné misto tandemova hmotnostni
spektrometrie (MS/MS). Tato vykonnd, rychla
a vysoce senzitivni technologie je ve svété vyuzi-
vana pro selektivni i novorozenecky screening
DMP. Pomoci MS/MS lze zachytit pacienty s léci-
telnou DMP di#ive, nez toto onemocnéni mize zpi-
sobit zavazné poskozeni ditéte ¢ dokonce jeho
amrti. MS/MS vysetieni ze suché kapky krve
umoziuje diagnostikovat nékolik rtznych DMP
véetné MMA a dalsich organickych acidémii, ami-
noacidopatii a poruch mitochondrialni B-oxidace
mastnych kyselin. Vzhledem k velmi ¢asnému
nastupu onemocnéni u MMA ma pouziti MS/MS
v novorozeneckém screeningu obrovsky preven-
tivni vyznam. V soulasnosti se novorozenecky
screening v CR, screening fenylketonurie, hypo-
thyreézy a kongenitalni adrenalni hyperplazie
provadi z krve odebrané 4. az 5. den Zivota ditéte.
Odbér krve pro screening DMP metodou MS/MS
se doporuéuje provést jiz 3. den po narozeni.

Nage zkusenosti ukézaly, ze se mirna MMA
¢asto vyskytuje sekundarné z dtivodu nedostatku
vitaminu By, ve stravé. Pomérné vyrazna sekun-

darni MMA byla prokazana u kojenct, jejichz
matky byly na ptisné vegetarianské vyzive.

U kriticky nemocného ditéte s MMA s vysokou
hladinou kyseliny metylmalonové v krvi, vyraz-
nou hyperamonémii a poruchou védomi je nutno
k rychlému sniZeni hladin kyseliny methylmalo-
nové a amoniaku pouzit nékterou z mimotélnich
eliminaénich metod, nejlépe hemodiafiltraci.
Dietni 1é¢ba je zaloZzena na omezeni denniho pfi-
jmu piirozenych bilkovin na 0,8-1,4 g/kg, dalsi
potieba bilkovin je hrazena smési esencidlnich
aminokyselin bez isoleucinu, valinu, methioninu
a threoninu. Ve vyzivé je dale nezbytné snizit p¥i-
jem mastnych kyselin s lichym po¢tem uhlikd,
¢ast energetickych potteb ditéte je mozné hradit
MCT oleji. Nékteré déti s MMA ptiznivé reaguji
na podavani hydroxykobalaminu (1-3krat tyd-
né). U postizenych déti je vidy nutna suplemen-
tace L-karnitinem (100 mg/kg) a megadavkami
vitaminu C (50—-100 mg/kg), dale se doporucuje
podavat détem metronidazol, ktery potlacuje rust
strevnich bakterii produkujicich kyselinu propio-
novou, prekursor kyseliny methylmalonové. Pti
16¢bé je monitorovan nejen rust a vyvoj ditéte, ale
i funkce jater a ledvin a hladiny aminokyselin,
organickych kyselin, karnitinu a amoniaku.
Pokud u ditéte s MMA dojde k hyperamonémii, je
nutno zvysit vydej nebilkovinného dusiku podé-
vanim benzoéatu sodného v davce 100-250 mg/kg
a den.

Ve shodé s pripady popsanymi v odborné lite-
ratuie odpovidala reakce nasich pacientd na
podavani vitaminu B, pFi¢iné onemocnéni. Nasi
pacienti s mut a cblB formami MMA nebyly B,
responzivni, zatimco obé pacientky s MMA z defi-
citu ¢blA dobie reagovaly na podani vitaminu
B,,. U nékolika pacientt se vyvinula psychomo-
toricka retardace, ktera ziejmé neni zpusobena
samotnou chorobou, ale spiSe je nasledkem pro-
délanych atak hyperamonémie, vyrazné zvySené
koncentrace kyseliny methylmalonové v krvi ¢i
,metabolic stroke“ epizod.

CAVE! U kazdého ditéte s MMA by mél byt
v pribéhu akutnich horeénatych onemocnéni sni-
7en pifjem bilkovin ve vyZivé na polovinu povole-
ného denniho pijmu a ve snaze zabrénit katabo-
lismu by mél byt zajistén dostateény kaloricky
piijem, nejlépe formou intravenézniho podavani
10-13 % glukézy. P¥i intravenéznim podavani
tukt jsou pouzivany preparaty obohacené o MCT
oleje. U kriticky nemocnych déti s poruchami
védomi je nutno k odstranéni toxickych metaboli-
t& pouzit mimotélni eliminaéni metodu. P¥i véas
zahajené 16¢bé mtize byt prognoéza ditéte s MMA
dobra. U nékterych déti dochazi v prabéhu dospi-
vani k progredujici poruse tubularnich a jaternich
funkei, které vedou k indikaci transplantace led-
vin a jater.
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Zavér

Prognéza postizenych déti s MMA v CR neni
stale ptizniva. Diagnéza MMA byla u nasich paci-
entd stanovena az pii akutné probihajicich p¥i-
znacich s tézkym postizenim CNS. Ditéti s MMA
1ze sice pomoci mimotélnich eliminaénich metod
zachranit zivot, ale pro pacienta i jeho rodinu by
bylo lep#i, kdyby byla v CR dostupna véasna dia-
gnostika tohoto zavazného metabolického one-
mocnéni pri novorozeneckém screeningu DMP
pomoci MS/MS. Diagnostika MMA byla v CR
zatim moZna jen na turovni metabolitd, pro kom-
plexni diagnostiku je v8ak Zadouci i potvrzeni
diagnézy na dalSich trovnich. Nové laboratorni
metody a techniky zavedené v Ustavu dédi¢nych
metabolickych poruch v Praze umoznily potvrze-
ni diagnézy na enzymové a molekularné biologic-
ké trovni. S pouzitim téchto metod mtiiZze nase
pracovisté poskytnout postiZenym rodinam uéin-
né genetické poradenstvi a nabidnout jim prena-
talni diagnostiku. Vysledky této studie jiz umoz-
nily provést prenatalni diagnostiku ve tFech
pripadech dalsiho téhotenstvi v postizenych rodi-
nach.
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Abstract X-linked agammaglobulinemia (XLA) is charac-
terized by low levels of B-lymphocytes with early-onset,
recurrent, microbial infections occasionally causing neuro-
logical symptoms. We observed an atypical clinical course of
XLA, complicated since early childhood with neurological
impairment, progressive sensorineural deafness, and dystonia
in six boys of four unrelated families. The neurologic symp-
toms suggested the diagnosis of Mohr—Trancbjacrg syn-
drome, caused by mutations in the 7IMMS8A gene, previously
known as DDPI, and located centromerically of BTK. Deaf-
ness dystonia peptide (DDP1) participates in neurological de-
velopment and is a part of the mitochondrial protein import
pathway. Mutation analysis of the B7K gene revealed gross
deletions of different lengths in all patients, in one case ex-
tending approximately 196 kb, including the genes TIMMSA,
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TAF7L, and DRP2. The most prominent clinical findings of
this contiguous deletion syndrome are the combination of
immunodeficiency and sensorineural deafness, which were
present in all affected boys. The severity of symptoms, how-
ever, did not correlate with the extent of the deletion.

Keywords X-linked agammaglobulinemia (XLA) - Bruton
tyrosine kinase (BTK) - Mohr—Tranebjaerg syndrome -
immunodeficiency - sensorineural deafness

Introduction

Bruton agammaglobulinemia, or X-linked agammaglobulin-
emia, OMIM 300300, is a classical form of primary humoral
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immunodeficiency, characterized by a B-cell specific matura-
tion defect and, as a consequence, absence of B cells and low
levels of immunoglobulins [1-4] ameliorated by immuno-
globulin substitution therapy [5]. The genetic basis of the
disease was discovered in 1993 [6, 7]. The affected gene,
Bruton tyrosine kinase, BTK, encompasses 37.5 kb and
contains 19 exons. BTK is expressed in all hematopoietic
cells, with the exception of T lymphocytes and plasma cells
[8]. The mutations causing XLA appear almost uniformly
throughout the entire BTK gene [9, 10].

In the same chromosomal region, located 770 bp cen-
tromerically of the BTK gene, is the gene originally named
DDPI [11-13]. The HUGO Gene Nomenclature Commit-
tee has named this gene “Translocase of inner mitochon-
drial membrane 8 homolog A” (7IMMSA). 1t is a relatively
small gene consisting of two exons and producing a
97-amino-acid polypeptide [12]. The original gene name,
DDPI for deafness dystonia protein, refers to the main
clinical symptoms of the disease known as Mohr-Tranebjaerg
syndrome, originally described by Mohr [14] and subse-
quently by Tranebjaerg [15, 16], which is due to mutations in
this gene. TIMMS8A was later found to be associated with the
protein import system in the intermembrane space of
mitochondria [17].

In the current report, we describe six boys, including two
brother pairs from four unrelated families, all of them
diagnosed with XLA in carly childhood. All presented in
the first years of life with progressive neurologic symptoms
including sensorineural deafness, which are not typical for
boys with XLA. These unusual clinical findings initiated a
more detailed investigation for a possible genetic basis for
the complex clinical problems. The occurrence of a
contiguous deletion syndrome consisting of a large deletion
that included both BTK and TIMMS8A genes was suggested

Table 1 Clinical and Laboratory Parameters

in two clinical reports demonstrating the co-existence of
XLA and the Mohr-Tranebjaerg syndrome [11, 12]. While
we were analyzing our material, which included a patient
with an extended deletion encompassing the BTK-
TIMMSA-TAF7L-DRP2 genes, a similar deletion was
described in two identical twins [18]. In this paper, we
report on the largest cohort of XLA patients with T/MMS8A
mutations, including a case with a deletion encompassing
the TAF7L and the DRP2 genes. We further demonstrate
that the 7/MM8A encoded protein is absent, presumably
leading to a defect in protein import in mitochondrial
intermembraneous space.

Patients and Methods
Patients
History and Case Reporis

A total of six boys from four unrelated families were
investigated, two brother pairs now aged 25, 33, and 5 and
6 years, respectively, one boy 13 years old and one who
died at the age of 6 years (Table 1).

Patient 1 is a 33-year-old man with no family history of
immunodeficiency and/or neurological problems. He was
well until the second year of life when he developed recurrent
respiratory infections, which intensified when he entered
preschool. The deafness appeared gradually over the next 3
years. The diagnosis of XLA was made at 9 years of age
during a hospital stay for severe bronchopneumonia. Despite
immunoglobulin therapy, he continued to have infections. At
present, his clinical problems include progressive deafness,
abnormal speech, aggressive behavior, and muscle wasting.

Age at Age when  Age when first 1eG  IgA IgM  IgE CD3+ CD4+ CD8+ CDI9+ CDI6HS6+
diagnosis  IVIg started infection occured en (g (g (IUm) (%) (%) (%) (%) (%)
Pt1 9 years 18 years 3 years 246 0.14 0.19 <30 NA NA NA NA NA
(pneumonia)
Pt2 18 months 11 years 15 months 242° 0.09 049 <30 89 57 25 0 NA
(complicated sinusitis)
Pt3 8 months 20 months 6 months 1.61  <0.07 <0.04 <30 97 58 36 0 1
(bronchitis)
Pt4 7 months 8 months 3 months <0.1 <007 <0.04 <2 92 64 26 0 12
(bronchitis)
Pt5 2 months 6 months 7 months .39 <0.07 006 <2 85 53 39 1 14
(pneumonia)
Pt6 8 months 8§ months 6 months 027 <007 07 <2 90 71 15 1.3 NA
(pneumonia)
At diagnosis, T-cell function was intact in all tested patients.
*On IVIg substitution
@ Springer
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Patient 2, the 25-year-old brother of patient 1, has a
similar history, including recurrent respiratory infections
and progressive deafness since attending preschool,; how-
ever, the psychological component and general wasting are
less pronounced.

Patient 3, born in 1994, died at the age of 6 years from
progressive dystonia, neurological impairment, and general
wasting. Family history is negative for immunodeficiency;
however, the maternal grandmother has had progressive
torticollis spastica, dysphonia, and monoparesis of right
upper extremity for 35 years, symptoms sometimes
reported in carrier females for mutations in the TIMMSA
gene. The diagnosis of XLA was established at 2 years of
age, and he was treated effectively with intravenous
immunoglobulins (IVIg), without further major infections.
Delayed speech development led to the discovery of
sensorineural deafness at the age of 4 years. First signs of
dystonia appeared at the age of 5 years and progressed
rapidly to a severe form of spasticity until his death due to
pneumonitis and cardiorespiratory failure.

Patient 4, now 6 years old, was healthy until 3 months of
age when he started to suffer from recurrent respiratory
infections. The diagnosis of XLA was confirmed at 7
months of age. Repeated infectious episodes resolved with
the introduction of regular IVIg infusions. He subsequently
developed slowly progressing psychomotor retardation
and severe speech impairment; since the age of 4 years,
he has sensorineural hearing loss. No spasticity has been
documented.

Patient 5 is the 5 year old brother of patient 4. The
diagnosis of XLA was made early due to the positive family
history at the age of 2 months. Despite I'VIg therapy, he
suffered from acute bronchopneumonia at the age of 7
months and chronic bronchitis since 16 months of age.
Speech development has been delayed and signs of hearing
loss could be demonstrated at the age of 2.5 years.
Interestingly, a maternal uncle of patients 4 and 5 died in
early childhood of severe infection of unknown etiology,
otherwise the history is uneventful.

Patient 6 is now 13 years of age and of African-
American origin. He presented at 6 months of age with
respiratory distress, pneumonia, and neutropenia that had
resolved by the time of discharge. At 8 months, the diagnosis
of XLA was made. Despite regular IVIg substitution, he
developed a few additional episodes of pneumonia. At 3
years of age, delay in language and motor development was
noticed and aundiometry revealed behavioral thresholds at
80 dB bilaterally. The hearing loss was progressive and of
sensorineural character. Family history is negative. The
patient’s two healthy sisters are carriers for his mutation.

Patients 1, 2, and 3 are from the Czech Republic; the two
brothers, patients 4 and 5, are from Estonia; and patient 6 is
from the USA.

19| Springer

Audiometry, Evoked Otoacoustic Emissions

The investigation proved postlingual sensorineuronal deaf-
ness in the three Czech patients. All patients had a detailed
car, nose, throat, and audiological investigation. All three
boys had evidence of normal middle ear structures and
function verified with normal tympanogram and evoked
otoacoustic emissions. In patients 1 and 2, progressive
sensorineural hearing loss was detected and hearing
threshold was determined at about 50-100 dB. Hearing
aids were made for these two brothers at 7 and 4 years of
age, respectively. The absent auditory brainstem response
of patient 4 at the age of 4 years pointed to central hearing
loss. Patient 6 has had severe language delay detected since
3 years of age. Audiometric examination of this patient,
performed at 3 years of age, revealed absence of V wave
response to either ear up to 90 dB but robust otoacoustic
emissions. He refused to wear the hearing aids. Audiometry
data for patient 5 is not available.

Methods
Immunological Investigation

The levels of immunoglobulins were assessed by nephe-
lometry with appropriate antisera (Boehring, Germany).
B- and T-lymphocyte analysis was performed by flow
cytometry using commercially available monoclonal anti-
bodies (Becton Dickinson, USA).

Exclusion of Kinship Among the Families

DNA analysis of hypervariable region I in mitochondrial
DNA was used to prove that families of the two probands from
the Czech Republic were not related. The nucleotides 16019—
16390 (372 nucleotides in total) within the hypervariable
region [ were sequenced and compared between the families.

Molecular Analysis of the BTK and T/IMMS&A4 Gene Region

The extent of the deletions in patients 1-6 were analyzed by
inspection of presence/absence of PCR products in patient and
control genomic DNA. The initial mutation detection of the
BTK gene was made according to Vorechovsky et al. [19].
PCR products covering all exons of BTK and TIMMSA
genes and the first exon of TAF7L gene were analyzed.
Thirteen additional PCR probes were designed: seven of
them were located in introns of the BTK gene; another six
probes were situated in the intergenic region between the
genes TIMMS8A and T4F7L. Positions of PCR probes and
primers were designed according to the reference sequence
in GenBank (accession no. NC_000023.9) and are available
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together with PCR conditions upon request. Specificity of
the probes situated at the deletion breakpoints of the indi-
vidual patients was verified by direct sequencing. Specificity
of all probes was analyzed by sequencing of control PCR
products. Determination of the deletion endpoint in patient 6
was performed by ligation-mediated PCR. First, 200 pmol of
44mer oligonucleotide (5'-CTAATACGACTCACTAT
AGGGCTCGAGCGGCCGCCCGGGCAGGT) and 200
pmol of 8mer oligonucleotide (5'-ACCTGCCC) were
annealed and used as an adapter. Gene specific primer
(ACCAGACCCTGACATACAGT) and adapter primer AP1
(5'-CCATCCTAATACGACTCACTATAGGG) were used for
amplification. Nested PCR was performed with the adapter
primer AP2 (ACT CACTATAGGGCTCGAGCGGC) and
the nested gene specific primer (CCTCTCTGGAGCCT
CAGTTA) under the conditions described elsewhere [20].

Mitochondria

Platelets were isolated from heparinized blood by differen-
tial centrifugation as reported previously [21]. In patient 3,
skin, muscle, and liver biopsies were obtained at autopsy.
Mitochondria were isolated according to Makinen and Lee
[22] without the use of protease. The activities of mitochon-
drial enzymes, NADH-coenzyme Q10 oxidoreductase
(NCQR, complex I), succinate-coenzyme Q10 oxidoreduc-
tase (NCQR, complex II), coenzyme Q10 cytochrome c
oxidoreductase (CQCR, complex IlI), cytochrome c oxidase
(COX, complex IV), NADH-cytochrome ¢ reductase (NCCR,
complex I[+III), succinate cytochrome ¢ reductase (SCCR,
complex II+III), and citrate synthase (CS) were measured
spectrophotometrically [23] in platelets from the three Czech
patients and, in addition, in isolated muscle mitochondria
obtained from patient 3. The ratio between activities of
individual respiratory chain complexes and CS was calcu-
lated to eliminate the possible effect of changes in the
number of mitochondria in patient cells. Blue native
clectrophoresis was used for separation of mitochondrial
proteins in the first dimension and sodium dodecyl sulfate
(SDS) electrophoresis in the second dimension. A fibroblast
culture from a skin biopsy was successful in patient 3. The
cells were grown at 37°C in Medium 199 with Earle’s Salts
supplemented with 10% heat inactivated fetal bovine serum
(GibcoBRL, USA), 100 U/ml penicillin (GibcoBRL), and
100 pg/ml streptomycin (GibcoBRL) with 5% CO,.

Mitochondrial Import and Co-immunoprecipitation Studies

To demonstrate the presence or absence of the TIMMS8a—
TIMMI13 complex in mitochondria, we performed co-
immunoprecipitation assays for TIMMS8a and TIMMI13.
Detergent solubilized (0.16% n-dodecyl maltoside) fibro-

blast mitochondria were incubated with protein A-Sephar-
ose beads containing immobilized rabbit IgG monospecific
for human TIMMS&a and TIMM13 [24, 25]. After washing,
bound proteins were eluted with SDS-containing sample
buffer. Samples were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and im-
munoblotting with rabbit antisera monospecific for
TIMMSa. In a control set of experiments, the abundance
of mitochondrial proteins was determined by immunoblot
analysis for Hsp60 and TIMM23, a substrate of TIMM8a.

Results
Diagnosis of XLA and Mohr—Tranebjaerg Syndrome

The diagnosis of XLA was suggested in all six boys by the
very low level of serum immunoglobulins and absence of B
cells. These findings were confirmed by demonstrating large
deletions involving the BTK gene. The clinical diagnosis of
Mohr—Tranebjaerg syndrome was based on sensorineural
deafness associated with dystonia and confirmed molecularly
by the deletion of the TIMM8A gene (Fig. 1).

Mapping deletions

Sixteen PCR probes were used to delineate the deletion
breakpoint regions (Fig. 1) in patients 1-5. Patients 1 and 2
(sibling pair) have a 30-kb deletion with breakpoints in
intron 18 of the BTK gene and 29 kb centromerically of the
first exon of the TIMMS&A gene, respectively. The deletion
includes the last exon of the B7K gene and both exons of
the 7TIMMSA gene. The deletion detected in patient 3
includes the last exon of the BTK gene and the entire
TIMMS&A gene (a situation resembling that found in patients
1 and 2), but the breakpoints are different and the overall
extent of the deletion is smaller (approximately 20 kb). The
extent of the deletion in patients 4 and 5 (siblings) is
approximately 22 kb. It involves exons 6-19 of the BTK
gene and both exons of the TIMMSEA gene. None of the
deletions of patients 1-5 includes the T4F7L gene, which is
situated 57 kb centromerically of the TIMMSA gene. In
patient 6, polymerase chain reaction (PCR) analysis failed to
amplify any of the BTK exons except exon 1, which is
outside the coding region. The extent of the deletion was
determined by nested PCR and sequencing (see “Methods™).
The deletion of 196 kb includes the entire coding region of
the genes BTK, TIMMSA, TAF7L, and DRP2 (Fig. 1).

Functional analysis of mitochondrial function

The activities of respiratory chain complexes in isolated
platelets from the three Czech patients were within the

@ Springer

96



644

I Clin Immunol (2007) 27:640-646

<+—— celntromere

100310000
L

telomere —»
100528000
]

DRP2

TAFIL +——

TIMMBA <

BIK e

i 1&2

L

patient 3
patients 4&5

patient 6

Fig. 1 Extent of deletions in patients 1-6. The upper part of the
scheme shows the reference sequence of 218-kb region of chromo-
some X (NC_000023.9) containing four genes (telomere — centro-
mere, BTK, TIMMSA, TAF7L, and DRP2). Arrows show direction of
the gene transcription. In the lower part, the lines depict the extent of
deletions: deletion in patients 1 and 2 (30 kb) and deletion in patient 3

reference range of age related controls, except of respiratory
chain complex [+III, where a decrease to 60% of the lower
limit of age-related controls was observed. In isolated
muscle and liver mitochondria of patient 3, the activities of
respiratory chain complexes (I, II, I+III, I+IIL, and IV)
were within the reference range, and electrophoretic
analyses did not show any significant differences in the
amount or composition of respiratory chain complexes I,
I TV and V.

To confirm that the DDPI-TIMMI13 complex was
absent as predicted, fibroblast mitochondria from patient 3
(designated Aexon) and an age-matched control (designat-
ed WT) were analyzed by co-precipitation for the presence
of the TIMMS8a-TIMM13 complex (Fig. 2). After separa-
tion by SDS-PAGE, TIMMS8a was detected in the WT cell
line but not the patient cell line (Fig. 2, left panel). Steady-
state levels of mitochondrial proteins, analyzed by immu-
noblotting, were similar in patient and control cell lines
(Fig. 2, right panel). Thus, the patient cell line lacks the
TIMMBa-TIMMI13 complex, but the abundance of mito-
chondrial proteins is not significantly altered. This set of
experiments suggests that affected tissues, such as the
neural system, will have to be investigated to dissect
defects caused by the Mohr—Tranebjaerg syndrome.

Discussion

A contiguous deletion syndrome as an underlying defect of
XLA with sensorineural deafness was originally discovered
when the regions surrounding the B7K gene were mapped
in detail [11]. The association of XLA and Mohr-
Trancbjaerg syndrome was subsequently recognized in a
single family that took part in a study that identified the
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(approximately 20 kb) include the last exon of BTK and both exons of
TIMMS8A. Deletion in patients 4 and 5 (approximately 22 kb) include
exons 6—19 of BTK and both exons of TIMMS8A. Deletion in patient 6
(196 kb) includes the entire coding region of the genes BTK,
TIMMSA, TAF7L, and DRP2.

TIMMS8A gene and the corresponding DDP1 protein [12].
The only surviving male in this family had Mohr—
Tranebjacrg syndrome and XLA [12]. Three additional
patients with XLA, deafness, and large deletions involving
BTK and TIMMS8A were published in 2001 [26], and more
recently, two identical twin boys with a deletion atfecting
two additional genes, 7AF7L and DRP2, have been
described [18]. All patients with the contiguous deletion
syndrome affecting the X22q region, including ours, had
clinical and laboratory findings that fulfilled the criteria for
XLA [27]. The immunodeficiency was apparently not
affected by the concomitant neurological condition.

The clinical syndrome of X-linked deafness/dystonia
was first described by Mohr and Mageroy in 1960 [14] and
by Tranebjaerg et al. in 1992 [15]. The causative gene was
discovered in 1996 [12] and subsequently shown to affect

WT Aexon
Ba[13[Ba[13

i |

Fig.2 The TIMM8a-TIMM13 complex is absent in patient cells. Left
panel Fibroblasts from the age-matched control (WT) and patient
(Aexon) were solubilized in 0.16 mg/ml n-dodecyl maltoside, and
aliquots were immunoprecipitated with antibodies against TIMM&8a or
TIMM13 followed by immunoblot analysis with antibodies against
TIMMS8a. The TIMMS8a-TIMMI3 complex was undetectable in the
patient cell line. Right panel The steady-state levels of two
mitochondrial proteins, Hsp60 and TIMM23 (hTim23, a substrate of
TIMM&8a) were investigated by immunoblot analysis. Levels of Hsp60
and TIMM23 were similar in the control and patient cell lines. WT'
Control cells; Aexon patient cells without the exons encoding for
DDP1.

WT |Aexon
[S— HsP60

Timm8a

v m— ':‘4

hTim23
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the assembly of DDP1 (TIMMS8a) and TIMMI13 in the
mitochondria [28]. The discovery of the molecular defect
allowed a more refined description of the clinical pheno-
type of the Mohr-Tranebjaerg syndrome. In addition to
sensorineural deafness, the principal neurologic symptom,
many patients develop dystonia, ataxia, spasticity, visual
impairment, fractures, and mental deterioration. These
clinical symptoms are highly variable and present in
different combinations in individual pedigrees [12, 29—
32]. This variability in the neurological impairment is
exemplified by the six patients reported in this paper. The
deafness and associated speech delay was uniformly present
in all boys. However, the dystonia and spasticity that
developed in patient 3 and that led gradually to general
wasting and death were not present in other patients. The
reason for the variability in the clinical symptoms is
unknown and not related to the extent of deletion. In
concordance with our observation, no relation between the
extent of deletion and the severity of the symptoms was
reported by Richter et al. [26]. Patients 1 and 2, both
presenting with severe psychomotor retardation, extensive
hearing loss, and muscle wasting, have a deletion of
approximately 30 kb, whereas patient 6 with a 196-kb
deletion that includes not only most of the BTK gene and
the TIMMSA gene but also the T4F7L and DRP2 genes
(Fig. 1) developed a substantially milder phenotype. The
TAF7L gene encodes a transcription factor that belongs to
the TATA-binding-protein (TBP) associated factors (TAFs).
Together with TBP, TAF7L forms the testis-specific version
of the general transcription factor TFIID and is involved in
male germ-cell differentiation [33]. Male mice with an
inactivated Taf7] gene were recently reported to produce
abnormal sperm [34]. The DRP2 gene encodes dystrophin
related protein 2, a member of the dystrophin family that is
exclusively expressed in the nervous system, where its
function is not fully understood [35]. Interestingly, patient
6, who lacks both TAF7L and DRP2 at the age of 13 years,
has not developed signs of dystonia, and his neurological
problems are limited to hearing loss. He is prepubertal and
no information is available as to the quantity or quality of
his sperm count. The mechanism(s) leading to the senso-
rineural deafness/dystonia remains unclear, but a specific
subset of calcium-binding carriers, the aspartate/glutamate
carriers, citrin and aralarl, depend on TIMMS8a for import
[25]. The deficient assembly of membrane transport
proteins, discovered by Roesch et al. when studying a cell
line derived from a Mohr—Tranebjaerg patient with a known
mutation in 7IMM8A [24], was also observed in a fibroblast
line generated from patient 3 with the deletion of part of
BTK and the entire TIMMS8A4 gene; the TIMMS8a—TIMM13
complex could not be assembled. The consequences of this
defect on mitochondrial transport mechanism leading to the
clinical symptoms are not completely understood. In

concordance with previous studies, our analyses showed
that loss of TIMMB8a—TIMM]13 complex does not affect the
OXPHOS system significantly [24, 36]: both the quantity
and the composition of the respiratory chain complexes in
isolated muscle and liver mitochondria from patient 3 were
normal. In the three patients evaluated, the activities of the
respiratory chain complexes I+1II in isolated platelets were
decreased, while the activities of other respiratory chain
complexes were normal. It has been postulated that the
activities of some respiratory chain complexes may be
affected by decreased NADH levels in the mitochondria as
result of a compromised aspartate—malate NADH shuttle
and lower TIMMI13 biogenesis [25]. Unlike other mito-
chondrial discases that are caused by defects in the energy
generation system of mitochondria, the deafness/dystonia
syndrome must have a different, not yet elucidated,
mechanism, as the OXPHOS system is intact in the
Mohr-Tranebjaerg syndrome.

Conclusions

The detailed genetic analysis of the contiguous deletion
syndrome affecting the X22q region provided the explana-
tion for the rare combination of agammaglobulinemia and
neurological symptoms. Unexpectedly, the additional loss
of the TAF7L and the DRP2 genes observed in one of our
patients and recently in two twins [18] did not result in a
characteristic phenotype, although we expect to discover
not yet recognized deficiencies, for example, abnormal
sperm counts in adult males lacking TAF7L.
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Mutations in TMEM76* Cause Mucopolysaccharidosis 111C

(Sanfilippo C Syndrome)
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Mucopolysaccharidosis IIIC (MPS IIIC, or Sanfilippo C syndrome) is a lysosomal storage disorder caused by the inherited
deficiency of the lysosomal membrane enzyme acetyl-coenzyme A:a-glucosaminide N-acetyltransferase (N-acetyltrans-
ferase), which leads to impaired degradation of heparan sulfate. We report the narrowing of the candidate region to a
2.6-cM interval between D8S1051 and D851831 and the identification of the transmembrane protein 76 gene (IMEM76),
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 betore 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-acetyltransterase has been ham-
pered by its low tissue content, instability, and hydro-
phobic nature.**

Genetic deficiency of N-acetyltransferase causes muco-
polysaccharidosis [IIC (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 1IIC and had an apparently
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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 D8S1051 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 ITIIC."®

Here, we report the results of linkage analyses that nar-
rowed the candidate region for MPC 1IIC to a 2.6-cM in-
terval between D8S1051 and D851831 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
HIC.

Material and Methods
Families

In Montreal, 33 affected individuals and 35 unaflected 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
IIIC-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.

Genolyping

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

Gene-Expression Analysis

For each of 32 genes located in the candidate interval, a single
S’-amino-modified 40-mer oligonucleotide probe (Illumina) was
spotted in quadruplicate on aminosilane-modified microscopic
slides and was immobilized using a combination of baking and
UV cross-linking. Total RNA (250-1,000 ng) from white blood
cells of two patients with MPS IIIC (patients AIV.8 and BIIL.S) 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
ol arrays by use of the lmFit 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 D851115 and D851460, and, according to
the March 2006 freeze of the human genome sequence from the University of California-Santa Cruz Genome Browser, the order is
D851115-(500 kb)-TMEM76-(800 kb)-centromere-(200 kb)-D851460. B, Multipoint LOD scores from the Montreal data from four runs
of SimWalk2, version 2.91," showing the variation between runs.
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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

www.ajhg.org The American Journal of Human Genetics  Volume 79  November 2006 811

104



AlV.8

-
.
TMEM76
o~
o
@
8
3
o
§‘ y
T
. g =
. .
% % .
=8 * tore --:"
-16 -1.0 -0.5 0.0 (-] 1.0
Log fold change

Figure 4.

BllLS
-
.
TMEM76
-
o~
o
@ .
]
B
g
3
7 .
-
o.. . . . -
© . @
- .
% ane
-1.0 -0.5 0.0 05 1.0 1.5 20
Log fold change

Volcano plot of genes located within the MPS IIIC candidate region, showing significantly reduced expression of the TMEM76
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between the patient and control samples.

filter plates (Millipore). Each sequencing reaction contained 2 pl
of purified PCR product, 5.25 pl of H,O, 1.75 gl of 5 x sequencing
buffer, 0.5 pl of 20 pM primer, and 0.5 pl of Big Dye Terminator
v3.1 (all from Applied Biosystems). In Montreal, PCR products
were analyzed using an ABI 3730xl 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
11IC 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 S-actin, as described in the Material and
Methods section.

Northern Blotting

A 12-lane multiple-tissue northern blot containing 1 pg of poly
A+ RNA per lane from various human tissues (BD Biosciences
Clontech) was hybridized with the 220-bp ¢DNA 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 2x 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
S-GAATTCATGACGGGCGGGTCGAGC-3'; reverse primer 5-
ATATGTCGACGATTTTCCAAAACAGCTTC-3) and was cloned
into pCMV-Script, pCMV-Tag4A (Stratagene), and pEGFP-N3 (BD
Biosciences Clontech) vectors by use of the EcoRI and Sa!l restric-
tion sites of the primers. The cloned sequence was identical to
GenBank accession number AK152926.1, except thatan “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 Tag DNA
polymerase (Invitrogen), a sense primer with an HindIII site (5'-
AAGCTTGGCGGCGGGCATGAG-3), and an antisense primer
with an Sall site (5-GTCGACCTCAGTGGGAGCCATCAGATTTT-
3Y) 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 ¥ 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 TMEM76 coding sequence subcloned into pCMV-Script
vector by use of Lipofectamine Plus (Invitrogen) according to the
manufacturer’s protocol. The cells were harvested 48 h after trans-
fection, and N-acetyltransferase activity was measured in the ho-
mogenates of TMEM76-transfected and mock-transfected cells
(i.e., transfected with only the cloning vector).

Enzyine 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
[IIC~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 D851831. 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 D8S18317 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 DRO00652.1 (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 TIIC (AIV.8
and BIILS5; 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 TMEM76 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 ¢DNA 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 Il 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 CIIL1 and CIIL.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 HIC-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:
¢.1031G—A p.W344X 2 Exon 10
. 1046T—G p.L349X 1 Exon 10
c.1234C-T p.R412X 8 Exon 12
¢.1600C->T p-R534X 1 Exon 15
Missense mutations:
.3116—T p.C104F 1 Exon 2
€.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
. 1495G—A p-E499K 3 Exon 14
¢.1529T—A p-M510K 1 Exon 14
¢.1706C—T p.S569L 4 Exon 17
. 1769A—T p.D590V 1 Exon 17
¢.1796C—T p.P599L 1 Exon 17
Frameshift mutations:
©.1118_1133del p.13735fsX3 1 Exon 11
€.1420_1456dup p.V488GfsX22 1 Exon 13
c.1834delG p.V6125fsX16 1 Exon 18
Splice-site mutations:
€.202+1G—A p.L69EfsX32° 1 Intron 1
.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.[677+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 [1IC and showed
almost complete loss of N-acetyltransferase activity in cul-
tured skin fibroblasts. Among other severely atfected 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 (8569L) 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.
8):

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 TMEMZ76 cDNA or ¢cDNA of the mouse
ortholog of TMEM76 carrying a FLAG tag on the C-ter-
minus or of a fusion protein of mouse TMEM76 with en-
hanced green fluorescent protein (EGFP). All constructs
increased the N-acetyltransferase activity in the mutant
fibroblast cells to approximately normal level (fig. 6A).
Significant increase in activity was also observed in trans-
fected COS-7 cells, confirming that the TMEM76 protein

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.13735fsX3 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 il 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.V6125fsX16 1 Finland
Families with no mutations identified to date 2 North Africa and Portugal
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Figure 6. Functional expression of human and mouse TMEM76 protein. A, The full-size human and mouse TMEM76 coding sequences
subcloned into pCMV-Script, pCMV-Tag4A, and pEGFP-N3 vectors were expressed in COS-7 cells and in cultured skin fibroblasts from a
patient with MPS IIIC. The cells were harvested 48 h after transfection, and N-acetyltransferase activity was measured in the homogenates
of TMEM76-transfected and mock-transfected fibroblast or 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 «-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, colocalizingwith the  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 1IIC to a 2.6 cM-interval (D8S1051-D851831)
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-
tegrated bioinformatic search and gene-expression anal-

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-
fatase deficiency [MIM 252900]), MPS IIIB {(«-N-acetylglu- ; P ) b .
cosaminidase deficiency [MIM 252920]), MPS IIIC (acetyl- ysis both pinpointed a single gene, TMEM76, which en-
CoA:e-glucosaminide acetyltransferase deficiency), and ~ codes a 73-kDa protein with predicted multiple trans-
MPS 1IID (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’ culturedskin ~ 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-acetyltransterase 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 contor-
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 ITIIC 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 {rom 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-
Brimet =) sosomes. ] Biol Chem 258:3006-3011
TMEM76_Exon1_F CTCCCGAAGACAAACACTCC 2. Bame KJ, Rome LH (1985) Acetyl-coenzyme A:x-glucosamin-
TMEM76_Exon1_R GCGAAGTCGCAGCAACAGL ide N-acetyltransferase: evidence for a transmembrane acet-
TMEM76_Exon2_F AAGCTTTTGAGAAGCACTACTGG ylation mechanism. ] Biol Chem 260:11293-11299
TMEMZ6_Exon2_R GAAGGGCTTTAGACATGAGAGL 3. Pohlmann R, Klein U, Fromme HG, von Figura K (1981) Lo-
TMEM76_Bxon3_F GGAAAAGTCATGTCAGGATCTCC calisation of acetyl-CoA: a-glucosaminide N-acetyltransferase
TMEM76_Exon3_R GAATAATACATGTTCCTGGGTACG . ) ) ) .
TMEM76 Exond F TTATTCTGCCTCCATGATATTAGE in microsomes and lysosomes of rat liver. Hoppe Seylers 7
TMEM76_Exon4_R CTACAGAAAGCGTCATGGACTGC I
TMEM76 Exon5 F GGAAATTCAGCATGAGAATATAGG 4. Hopwood ]JJ, Freeman C, Clements PR, Stein R, Miller AL
TMEM?G:ExonS:R GCCACTTGAGGGTGACAGC (1983) Cellular location of N-acetyltransferase activities to-
TMEM76_Exon6_F GAATATGAGCTTTAATTTTATTTCC ward glucosamine and glucosamine-6-phosphate in cultured
TMEM76_Exon6_R TTAGGAATACGGGAGCTACAACC human skin fibroblasts. Biochem Int 6:823-830
TMEM76_Exon7_F CAAAATGAAATTTACCCCTTAGC 5. Meikle PJ, Whittle AM, Hopwood ]JJ (1995) Human acetyl-
TMEM76_Exon7_R ACATCCAAGAAATCCTTCCTAGC coenzyme A:a-glucosaminide N-acetyltransferase: kinetic
TMEM76_Exon8_F CCTTCCTTTTCACATAGCAAACC characterization and mechanistic interpretation. Biochem ]
TMEM76_Exon8_R GCTCTGTGAAGGACGTATATAAGC 308:327-333
THENFE. Bromi_F CERCTSSGLEACTTICIAAC 6. Kresse H, von Figura K, Bartsocas C (1976) Clinical and bio-
TMEM76_Exon9_R CCAGCATCATCTGAAAAACAGG ' - i i i i e
TMEM76 Exon10 F GGGGCTATATTCTGAACTCTTCC chemical findings in a family with Sanfilippo disease, type
TMEM76_Exon10 R ACCTGAGATGGAGGAATTGC C. Clin Genet 10:364
TMEM76_Exon11_F CTGGGATGAGAGGAGAAGTCC 7. Bartsocas C, Grobe H, van de Kamp JJ, von Figura K, Kresse
TMEM76_Exon11_R ACTTGAAGCCAGGAGTGAGG H, Klein U, Giesberts MA (1979) Sanfilippo type C disease:
TMEM76_Exon12_F CCTTCTATTTGCATTTAGTTCACC clinical findings in four patients with a new variant of mu-
TMEM76_Exon12_R GAGAATTCCTCTGACTCGAGACC copolysaccharidosis IT. Eur J Pediatr 130:251-258
TMEM76_Exon13_F TTTTATTCTTGTCCCTCTGTTCG 8. Klein U, Kresse H, von Figura K (1978) Sanfilippo syndrome
1tz Exonts B CACTICTGAAAGCCTRAGTTCC type C: deficiency of acetyl-CoA:a-glucosaminide N-acetyl-
THREMA: Bronlé F TGElETSRACLIELISINGG transferase in skin fibroblasts. Proc Natl Acad Sci USA 75:
TMEM76_Exon14_R CCATAGCACAAGAGAGAATATGC
TMEM76_Exon15_F TCTTTGTCAGGTAGTTAAGACAGTGG §1R5-g1a9
TMEM76_Exon15 R GTGAAGGAAAGGAATTTTAGC 9. Sanhhppo SI, Podosin R, Langer L()JI, Good RA (1965) Mental
TMEM76_Exon16_F ACAAGTTTCAGCCCTCTCTACG retardation associated with acid mucopolysacchariduria (he-
TMEM76_Exon16_R GTGGAGGAGACGTTTCAGTGC paritin sulfate type). J Pediatr 63:837-838
TMEM76_Exon17_F ATGCTGAAATTGGATTTGTTCC 10. Klein U, van de Kamp JJP, von Figura K, Pohlmann R (1981)
TMEM76_Exon17_R ACCAAGGATGCTCCAGAGG Sanfilippo syndrome type C: assay for acetyl-CoA:a-glucos-
TMEM76_Exon18_F AGTAGCCAACAATGGAAGTGC aminide N-acetyltransferase in leukocytes for detection of ho-
TMEM76_Exon18_R GAGCCGTGTCACAGTTAACC mozygous and heterozygous individuals. Clin Genet 20:55—
Note.—For bidirectional sequencing on the ALFexpress 59
DNA sequencer, all primers have the universal overhang syn- 11. Meikle PJ, Hopwood ]JJ, Clague AE, Carey WF (1999) Preva-
thesized on the 5 end (AATACGACTCACTATAG for forward [F] lence of lysosomal storage disorders. JAMA 281:249-254
primers and CAGGAAACAGCTATGAC for reverse [R] primers). 12. Pinto R, Caseiro C, Lemos M, Lopes L, Fontes A, Ribeiro H,
Pinto E, Silva E, Rocha §, Marcao A, Ribeiro I, Lacerda L,
Ribeiro G, Amaral O, Sa Miranda MC (2004) Prevalence of
Web Resources lysosomal storage diseases in Portugal. Eur | Hum Genet 12:
; : 87-92
?Ocli:;?n numbers and URLs for data presented herein are as 15, Tttt B, Wevers: A, Rielfer Wi, Srommerf defonglt,
van Weely S, Niezen-Koning KE, van Diggelen OP (1999) The
BLAST, http://www.ncbi.nlm.nih.gov/blast/ {used to identify or- frequency of lysosomal storage diseases in The Netherlands.
tholog protein sequences) Hum Genet 105:151-156
Entrez Gene, http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db = 14. Zaremba ], Kleijer W], Juijmans ]G, Poorthuis B, Fidzianska
gene (for GenelD 138050) E, Glogowska I (1992) Chromosomes 14 and 21 as possible
GenBank, http://www.ncbi.nih.gov/Genbank/ (for accession candidates for mapping the gene for Sanfilippo disease type
numbers AK152926.1, AK149883.1, DRO00652.1, XM 372038.4, [IC. ] Med Genet 29:514
NT_007995.14, XP_539948.2, XP_588978.2, XP_341451.2, and 15. Ausseil ], Loredo-Osti JC, Verner A, Darmond-Zwaig C, Maire
XP_519741.1) I, Poorthuis B, van Diggelen OP, Hudson TJ, Fujiwara T™,
Human Genome Variation Society, http://www.hgvs.org/ Morgan K, Pshezhetsky AV (2004) Localization of a gene [or
Online Mendelian Inheritance in Man (OMIM), http://www.ncbi mucopolysaccharidosis IIIC to chromosome region 8pll-
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