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Abstrakt

Dédiéné poruchy metabolismu (DMP) jsou riznorodou skupinou nékolika set rtznych
onemocnéni S relativné vysokou kumulativni incidenci (uvadi se az 1:600). U DMP dochazi
k hromadéni substratu a nedostatku produktu v uréitych metabolickych cestach, coz je
zpusobeno deficitem enzymu, popf. jeho aktivatoru, nebo dysfunkci transportniho proteinu,
avSak zakladni pfi¢ina je na irovni DNA. PfiCiny rozdilnych fenotypovych projevii u pacienti
se stejnym genotypem casto nejsou znamy.

V ramci své prace na Ustavu dédiénych metabolickych poruch, 1.LF UK a VFN jsem se
zabyvala navrhem novych metod pro vyzkum DMP a aplikaci téchto metod u pacienti a
jejich rodin. Vytvotila jsem postupy pro izolaci lysosomalnich membran, slouzici pro vyzkum
lysosomalnich stfadavych onemocnéni, ale také obecnych vlastnosti lysosomii. Dale jsem
zavedla nékolik metodik pro stanoveni poméru inaktivace chromosomu X, ¢imz se vyrazné
navysilo procento zen, u kterych je mozné tento parametr stanovit. Tyto metody nyni
vyuzivame U heterozygotnich zen s X-vazanym onemocnénim, u nichz studujeme vliv X-
inaktivace na fenotypové projevy onemocnéni. Podrobnéji je v této praci popsan ptipad divky
s manifestaci mukopolysacharidosy typu II, divky s deficitem enzymu OTC a rodiny s mutaci
v genu HPRT1.

Kli¢ova slova

lysosom, lysosomalni membrana, gradientova centrifugace, inaktivace chromosomu X,
metylace DNA, promotor, repetitivni oblasti, dédi¢na metabolickd onemocnéni, Huntertv
syndrom, deficit OTC, Lesch-Nyhaniv syndrom



Abstract

Inherited metabolic disorders (IMD) form a diverse group of several hundred different
diseases with a relatively high cumulative incidence (stated up to 1:600). They are associated
with accumulation of the substrates and lack of the products in specific metabolic pathways,
which is caused by deficiency of the enzyme or its activator, or dysfunction of the transport
protein. However, the underlying cause is at the DNA level. The grounds for different
phenotype manifestation in patients with the same genotype are often not known.

During my work at the Institute of Inherited Metabolic Disorders, | designed several new
methods for the research of IMD and applied them in the patients and their families. | created
procedures for the isolation of lysosomal membranes that are used for the research of
lysosomal storage disorders and general properties of lysosomes. Next, | introduced several
novel assays for determination of the X-inactivation ratio, which led to a significant increase
of informative women. Nowadays, we use these methods in heterozygous women with X-
linked diseases in order to study the influence of X-inactivation on the manifestation of the
diseases. The cases of a girl with mucopolysaccharidosis type 11, a girl with OTC deficiency
and a family with the mutation in HPRT1 gene are described here in more details.

Keywords

lysosome, lysosomal membrane, gradient centrifugation, X chromosome inactivation, DNA
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OTC deficiency, Lesch-Nyhan syndrome
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1 Uvod

1.1  Lysosom

Termin lysosom byl poprvé pouzit Christianem de Duve (de Duve C. et al., 1955) a mél
odrazet roli této organely coby hlavniho mista intracelularniho $té€peni (lyze) makromolekul
za ucelem znovuvyuziti jejich stavebnich jednotek. Lysosom je soucéasti endosomalné-
lysosomalniho systému, ktery hraje kritickou roli v celé fad¢ bunéénych procest, vcetné
sekrece, signalizace, reparace a recyklace membran, metabolismu Zeleza, apoptozy a obratu
makromolekul a latek vstiebanych endocytosou, fagocytosou nebo autofagii (viz obr. 1).
Lysosom je tudiz klicovym regulatorem bunééné homeostazy a nachazi se na rozcesti mnoha
bunécnych pochodu, jejichz naruseni ma zavazny dopad na zdravi jedince (Settembre C. et

al., 2013; Appelgvist H. et al., 2013; Saftig P. a Klumperman J., 2009).
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Obr. 1: Endosomalné-lysosomalni systém (ELS) a jeho interakce s biosyntetickou drahou. Lysosomalni proteiny
jsou syntetizovany v endoplazmatickém retikulu (ER) a transportovany skrze ERGIC (ER-Golgi intermediate
deparment) a Golgiho aparat do trans-Golgiho sit¢ (TGN), odkud se mohou dostat do sekre¢nich vackl nebo
ptimo do ELS. Nejlépe popsanym zplisobem transportu do ELS je clathrin-dependentni transport lysosomalnich
hydrolas modifikovanych manosa-6-fosfatem, ktery je rozpoznavan receptory M6PR v trans-Golgiho siti.
Material pro degradaci se do lysosomii dostava z riiznych zdrojt, z procesu autofagie, fagocytosy ¢i endocytosy.
Endocytickd draha zacind zformovanim rannych (early) endosomd, kde je material tfidén a muze byt bud
zadrZen, nebo transportovan pies recyklujici endosomy zpét k buné¢nému povrchu. Cinnosti proteint ESCRT
vznikaji v endosomu intraluminalni va¢ky (ILV). V ranném endosomu klesa pH a postupné je transformovan do
pozdniho (late) endosomu, neboli multivezikularniho téliska (MVB), které fuzuje s lysosomem a dochazi
k degradaci materialu. Enzymy se poté znovu zakoncentruji v novém lysosomu. Lysosom a pozdni endosom
mohou také fizovat s plasmatickou membranou, pficemz dochézi k uvolnéni ILV, které jsou dale nazyvany
exosomy. Na obrazku je zobrazen clathrin-dependentni typ endocytosy, na kterém se podili adaptorovy protein
AP2. Na tvorb¢ a fuzovani vackd ve znazornéném systému se Ucastni cela fada dalSich proteinti: AP1, AP3,
COPI, COPII, ale také napt. Rab, v-SNARE a t-SNARE proteiny a mnohé dalsi (neukazano).



Lysosomy se pod elektronovym mikroskopem jevi jako denzni (tmava) téliska v cytosolu,
o velikosti < 1 um, ale jejich velikost (i pocet) se za uréitych podminek miize dramaticky
ménit. Lysosom ma kyselé vnitini prostfedi (lumen, pH < 5) a vysoky obsah iontii Ca®* (az
600 uM). Je ohranicen jednoduchou membranou, kterd je chuda na cholesterol a na vnitini
stran¢ je pokryta ochrannou vrstvou (glykokalyx), tvofenou hlavné oligosacharidovymi
fetézci glykoproteini LAMP1, LAMP2, LIMP1/CD63 a LIMP2, které brani poskozeni
membrany hydrolasami. V endosomalnim systému jsou z limitujici membrany generovany
intraluminalni vacky (ILV), které nemaji glykokalyx, obsahuji vysoké mnozstvi bis(mono-
acylglycerol)fosfatu (BMP) a v lysosomu jsou spoleéné s obsaZzenymi membranovymi
proteiny a glykolipidy degradovany. V lumen lysosomu se kromé aktivatori (napf. saposinii)
nachazi cca 50 solubilnich hydrolas (proteas, peptidas, fosfatas, nukleas, glykosidas, sulfatas,
lipas aj.), které jsou aktivni pii kyselém pH a jsou soucasti mnohakrokovych katabolickych
procesu. Za cileni téchto enzymi do lysosomu jsou zodpovédné hlavné modifikace manosa-6-
fosfatem, ktery je rozpoznavan receptory M6PR (CI-M6PR a CD-M6PR) v trans-Golgiho
siti. Samotny lysosom ale tyto receptory postrada, protoze jsou z endosomu recyklovany zpét.
Kromé¢ toho existuji i nezdvislé cesty, napt. PB-glukocerebrosidasa vyuziva jako receptor
protein LIMP2 (Reczek D. et al., 2007).

V lysosomalni membrané (LM) se nachazi 140-300 proteint, které se podili na fadé procesu:
acidifikaci lysosomu (zejména vATPasova H* pumpa), fizi a interakci S jinymi bunéénymi
strukturami (Rab7 GTPasa a SNARE proteiny), fizeni pozice vramci buiky (komplex
BORC, obr. 2) a transportu latek do/z lumen, kam krom¢ transportéri (napi. ABCD4 pro
kobalamin) spada také fada iontovych kanali (napi. CIC7, MCOLN1) a mebranovy enzym
HGSNAT. Proteiny LM obsahuji v cytoplasmatické €asti motivy zodpovédné za cileni do
lysosomu, tyrosinovy a/nebo dileucinovy motiv. Mezi nejhojnéjsi proteiny LM patii kromé
rodiny LAMP a LIMP proteini také protein NPCI1, ktery se spolecné s proteinem NPC2
podili na transportu cholesterolu ven z lysosomu.

U mnoha dal$ich transportnich d&ja zatim nejsou uréeny proteiny, které je zprostiedkovavaji
(Chapel A. et al., 2013), a stale jsou nachazeny nové proteiny LM, poptipadé nové role
znamych proteinl. Napf. vroce 2012 byl objeven lysin/argininovy transporter LAAT-1,
vzdaleny homolog cystinosinu (CTNS), jehoZ aktivita vysvétluje, jak podévani cysteaminu
pomaha ulehcit projeviim cystinosy (Liu B. et al., 2012). V roce 2015 byl identifikovan
hledany lysosomalni K* kanal, protein TMEM175 (Cang C. et al.,, 2015). Zajimavym
zjisténim byla také role proteint NPC1 a LAMPI coby receptort pro viry Ebola a Lassa (Jae



L.T. a Brummelkamp T.R., 2015).

Jak se funkce lysosomu lisi u rGznych typli bun¢k nebo za riiznych podminek, se vi relativné

malo. Identifikace transkripéniho faktoru EB (TFEB), hlavniho regulatoru biogeneze

lysosomu a autofagie, ale odhalila, jak se lysosom pfizplisobuje vliviim prostiedi (viz obr. 3),

napf. nedostatku zivin nebo akumulaci substratd (Sardiello M. et al., 2009; Settembre C. et
al., 2011; prehledné v Settembre C. et al., 2013).
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Obr. 2: Komplex BORC a jeho funkéni studie. Schéma vlevo ukazuje, jak je komplex BORC (obsahujici
myrlysin, Myr) zapojen do interakce s kinesinem (kinesin-1), ktery zprostfedkovava pohyb lysosomu smérem
k (+) konci mikrotubulu. V burikach, které neexprimuji myrlysin (myrlysin KO) lze oproti kontrole (WT)
pozorovat juxtanuklearni pozici lysosomalniho markeru Lampl (zeleng). Adaptovano z literatury (Pu J. et al.,
2015). Za normalnich ristovych podminek jsou lysosomy vétSinou lokalizovany na periferii buiky, ale pfi
hladovéni dochazi ¢innosti TRPML1 (MCOLN1), priméarniho lysosomalniho Ca?* kanalu, K rychlé redistribuci
do blizkosti jadra, kde dochazi k fuzi s autofagosomy (popsano v Li X. et al., 2016).
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1.1.1 Izolace lysosomii a lysosomalnich membran

Obr. 3: Mechanismus signalizace z lyso-
somu do jadra. Za normalnich podminek
je protein TFEB fosforylovan komple-
xem mMTORCI1, klicovym kontrolorem
buné¢ného riistu, ha povrchu lysosomu a
zadrzovan v cytoplasm&.  Pfi  napf.
hladovéni dochazi (v pifimé reakci na
obsah aminokyselin v lysosomu) k inakti-
vaci mMTORC1 a uvolnéni iontd Ca?
z lysosomu c¢innosti MCOLNI1. To vede
k aktivaci kalcineurinu a defosforylaci
TFEB, ktery je translokovan do jadra a
aktivuje transkripci genll lysosomalni a
autofagické drahy. TFEB se vaze na tzv.
element CLEAR (coordinated lysosomal
expression and regulation), ktery se
nachazi v promotorové oblasti ~500
genll. Adaptovano z literatury (Ballabio
A., 2016).

Studium proteomu organel je kliCové pro pochopeni jejich funkce. Pro izolaci lysosomut a

lysosomalnich membran (LM) byly pouzity rizné techniky (Liibke T. et al., 2009; Schroder

B.A. et al., 2010), které nejcastéji spocivaji v subcelularni frakcionaci pomoci gradientové
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a/nebo diferencialni centrifugace nebo vyuzivaji specifickych vlastnosti lysosomalnich
proteini (Sleat D.E. et al., 2007). Vysledné preparaty slouzi ke studiu jednotlivych
lysosomalnich membranovych proteinti (Meikle P.J. et al., 1995; Taute A. et al., 2002) nebo
provedeni proteomickych studii (Schroder B. et al., 2007a,b; Bagshaw R.D. et al., 2005a,
Callahan J.W. et al., 2009; Chapel A. et al., 2013). Avsak u této prace je Casto slozité rozlisit
mezi proteiny, které jsou lysosomu vlastni a které do né&j byly transportovany k degradaci.
Navic neni lehké ziskat Cisty preparat lysosomdu, které objemové tvoii zhruba 1 % bunky.
Z téchto duvodu neni identifikace, validace a funkéni charakterizace lysosomalnich proteind
u konce.

Rozdéleni lysosomil, mitochondrii a peroxisomi na denzitnich gradientech ma své limitace,
protoze rozmezi hustoty téchto organel jsou velmi podobna a piekryvaji se, obzvlasté pti
vyuziti sacharosy. U jinych typt médii jako je Percoll, Nycodenz nebo OptiPrep (iodixanol)
se mohou rozmezi hustoty velmi lisit, napf. v iodixanolovém a sacharosovém gradientu maji
lysosomy niz8i hustotu nez mitochondrie, ale pfi pouziti Percollu je to (neznamo proc)
naopak. Tato média jsou vyrazné drazs$i nez sacharosa, ale na rozdil od sacharosy u nich lze
pracovat v izoosmolarnich podminkach. Nevyhodou je, Ze Percoll je tieba z frakci odstranit,
protoze tento koloidni roztok neumoziuje piimé spektrofotometrické métfeni, a Nycodenz
netvoii pii centrifugaci samovoln¢ gradient.

Separace lysosomli mliZze byt znaéné vylepSena pomoci technik, které ovliviuji hustotu
organel. Podavani Tritonu WRI1339 (tyloxapolu) nebo dextranu pokusnym zvifatim
(Leighton F. et al., 1968; Arai K. et al, 1991), inkubace kultivovanych bunék
s progesteronem (Gasingirwa M.C. et al., 2008) nebo inkubace vzorku s 1-2 mM CaCls,,
vedouci k zvétseni objemu mitochondrii a snizeni jejich hustoty (Arai K. et al., 1991;
Kawashima A. et al., 1998), podstatné vylepsilo oddéleni lysosomii od mitochondrii. Nicméné
tyto procedury vedou ke vzniku organel s abnormalnimi vlastnostmi.

Diettrich a kol. uspésné obohatili frakci LM ziskanou z gradientu Percollu pomoci
imunoadsorpce na kuli¢ky potazené protilatkou proti proteinu LAMP2 (Diettrich O. et al.,
1996). Stejnd vyzkumna skupina pozd¢ji pfisla s metodou magnetické chromatografie
(Diettrich O. et al., 1998), jejiz vyhodou je, ze nezavisi na morfologii a hustoté lysosomi,
ktera mize byt u sttadavych onemocnéni pozménéna. Kultivované fibroblasty inkubovali se
superparamagnetickymi koloidnimi ¢asticemi Fe/dextranu. Lysosomy obsahujici endocyto-
vané Castice nasledn¢ zachytili na magnetické kolon¢ a LM ziskali hypotonickou lyzi.

Lyze lysosomt a separace LM pomoci centrifugace je dalsi technikou, ktera byla vyuzita pro
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obohaceni LM, pficemz pro lyzi muze byt vyuzit hypoosmoticky pufr (Ohsumi Y. et al.,
1983; Chapel A. et al., 2013) nebo metylestery urcitych aminokyselin, které pisobi selektivné
na lysosomy (Goldman R. a Kaplan A., 1973; Symons L.J. a Jonas A.J., 1987; Schroder B. et
al.,, 2007a). Takovou latkou je napiiklad metylester methioninu (MME), ktery snadno
prostupuje do lysosomu, kde dojde k jeho stépeni, akumulaci methioninu a osmoticka
nerovnovaha nasledné vede K prasknuti lysosomu.

Vétsina strukturdlnich a biochemickych analyz lysosomu byla provedena na lysosomech
izolovanych z krysich jater, popt. lidské placenty, u kterych Ize ziskat vysoce purifikovany
vzorek. lzolace z biologického materialu jiného typu vyzaduje Gpravu standardnich metod
(Graham J.M., 2009), piicemz je obtizné dosahnout srovnatelné Cistoty a vytézku. Proto
existuje tak vysoké mnozstvi ¢lankl popisujicich postupy izolace. Srovnanim proteinového
sloZzeni lysosomill izolovanych ztkdni nebo bunéénych linii ziskanych od pacient
s lysosomalnim stfadavym onemocnénim a kontrol lze identifikovat mutovany gen/protein,
ktery je pfi¢inou daného onemocnéni (Sleat D.E. et al., 2009). Vétsina vzacnéjsich proteinti
byla av$ak identifikovana nepiimo pomoci genetického mapovani (napf. Hrebicek M. et al.,

2006; Siintola E. et al., 2007; Rutsch F. et al., 2009).

1.1.2 Lysosomalni stifadava onemocnéni

Dysfunkce lysosomu je spojena s fadou onemocnéni, ale i S procesem starnuti. Do uréité miry
muze byt sttadani nedegradovaného materialu v lysosomu, tzv. lipofuscinu, povazovano za
fyziologicky jev a bylo popsano hlavné v postmitotickych tkanich (mozku, srdci) a jatrech.
Lipofuscin ma Zlutohnédé zbarveni, vykazuje autofluorescenci S excitaci v oblasti 320-
480 nm a je obecné povazovan za indikator starnuti, protoze se jeho mnoZzstvi s vékem
zvySuje (Schroder B.A. et al., 2010).

Koncept lysosomalnich stfadavych onemocnéni (LSD) byl vytvoten Henri G. Hersem, jenz
objevil, ze Pompeho choroba (glykogenosa typu 1l, OMIM #232300) je zptuisobena deficitem
lysosomalniho enzymu (Hers H.G., 1963). Lysosomalni stfddava onemocnéni jSou
heterogenni skupinou zhruba 60 onemocnéni, které lze na zakladé slozeni a morfologie
sttddaného materidlu rozdélit na mukopolysacharidosy, glykoproteinosy, (sfingo)lipidosy,
glykogenosy a neuronalni ceroidni lipofuscinosy. Souhrnné se v Ceské republice vyskytuji
s prevalenci 12,25 ptipadii na 100 000 Zivé narozenych (Poupetova H. et al., 2010).

Obecné mohou byt LSD zpiisobeny nedostatecnou enzymovou aktivitou v disledku mutace

enzymu nebo jeho aktivatoru, poptipadé¢ poruchou vV posttranslaéni modifikaci enzymu

12



(mukolipidosa typu II, polysulfatasovy deficit) nebo poruchou funkce protektivnich proteini
(galaktosialidosa). Dalsi Sirokou kategorii jsou onemocnéni zptisobena deficitem proteind,
které nemaji katalytickou (hydrolytickou) funkci, jako jsou napf. transportery a jiné proteiny
V lysosomalni membrané, ale i uvniti lysosomu. Do této kategorie spadd napft. sialin
(onemocnéni Salla), cystin (cystinosa) a NPC1 a NPC2 (Niemann-Pickova choroba typu C).
U syndromi Hefmanského-Pudlaka, Griscelliho a Chediak-Higashiho dochazi k rozsahlejsim
zménam vezikularniho transportu a biogeneze lysosomil a ptibuznych organel (LRO).

Deficit jednotlivych lysosomalnich proteini mutze mit negativni dopad nejen na urcitou
metabolickou drahu, ale i na zakladni funkce lysosomu (Platt F.M. et al., 2012; Segatori L. et
al., 2014), napt. na proces autofagie, pii jehoz poruseni dochazi k akumulaci dysfunk¢nich
mitochondrii a jinych substrati. Casté je také ovlivnéni homeostizy ionti Ca?*. Stiadava
onemocnéni ¢asto postihuji centrdlni nervovou soustavu, coz vede k mentalni retardaci,
progresivni degeneraci a pied¢asné smrti pacienta. Dysfunkce lysosomi a autofagie je také
jednim z molekularnich mechanismt u adultnich neurodegenerativnich onemocnéni, jako je
Huntingtonova, Alzheimerova nebo Parkinsonova choroba (Lee J.H. et al., 2010), kde se
navic ukazuje, Ze heterozygotni mutace v genu kodujicim lysosomdlni protein mulze
predisponovat k vyvoji onemocnéni (Settembre C. et al., 2013).

Moznost korekce enzymového deficitu byla demonstrovana jiz na konci 60. let (Fratantoni
J.C. etal., 1968), kdy pfi spole¢né kultivaci fibroblastt s riznymi defekty doslo k normalizaci
fenotypu. Soucasné terapeutické strategie se zaméfuji na enzymovou substituci, inhibici
syntézy substratu, vyuziti molekularnich chaperonti, transplantaci kostni dfené¢ a genovou
terapii za pomoci virovych (i nevirovych) vektoru (Wakabayashi T. et al., 2015). Velkou
prekazkou jsou vysoké ndklady na preklinické a klinické studie a obtiznost piekroCeni
hematoencefalické bariéry, coz se S riznym uspéchem dafi obejit intratekdlnim podavanim
daného enzymu (Muenzer J. et al., 2016). V posledni dob¢ vzbudila pozornost také moznost
nahradit pfi bunéfné terapii hematopoetické bunky autolognimi indukovanymi
pluripotentnimi kmenovymi buitkami (iPSC). Tyto bunky nebo jejich diferencované formy by
mohly byt selektovany na zakladé poméru inaktivace chromosomu X a vyuzity pro 1écbu u
zen heterozygotnich pro X-vazana onemocnéni, od kterych byly ziskany (Bhatnagar S. et al.,

2014), a to bez vyuziti genové manipulace.
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1.2 Inaktivace chromosomu X

U zivocichu se vyvinuly ruzné komplexni mechanismy regulace genové davky, které
kompenzuji rozdil v po¢tu chromosomtt X mezi pohlavimi (Disteche C.M., 2012) a vedou
k velké variabilit¢ exprese lisici se jak mezi zivo¢isSnymi druhy, tak mezi jedinci rizného i
stejného pohlavi, mezi riiznymi vyvojovymi fazemi organismu, tkdinémi i bunéénymi typy.
U placentalnich savci je kompenzace davky X-vazanych gent zprostfedkovana inaktivaci
jednoho z chromosomu X (X-inaktivaci, XCI) v sami¢ich bunkach, coz ma vyrazny dopad na
projevy X-vazanych onemocnéni. Metabolickd onemocnéni zplisobend mutacemi v genech
lokalizovanych na chromosomu X se zdsadné odliSujici od autosomalnich onemocnéni nejen

dédic¢nosti, ale i bunécnou a tkanovou biologii.

1.2.1 Imaktivni chromosom X a jeho typické vlastnosti

Pohlavni chromosomy se v prubéhu evoluce vyvinuly zparu identickych autosomu
V podstatné odlisné chromosomy. Zatimco lidsky chromosom X ma délku 156 Mbp a nese
zhruba 2000 gend, u chromosomu Y dosSlo béhem poslednich >165 miliona let K vyrazné
degeneraci (Veyrunes F. et al., 2008). Ta byla zpusobena potlaéenim rekombinace, ktera
zabranila pienosu faktoru (SRY) determinujiciho pohlavi (Bachtrog D., 2013). Meioticka
rekombinace mezi chromosomy X a Y je limitovana na kratké pseudoautosomalni oblasti
(PAR1 a PAR2) v termindlnich ¢astech chromosomi. Mimo tyto oblasti zlstal zachovan
pouze omezeny pocet funkénich X-Y pard, tzv. gametologli (Ross M.T. et al., 2005).

Jiz v roce 1949 pozoroval Murray Barr siln€ heterochromatické télisko, tzv. Barrovo télisko,
které se nalézalo v samicich somatickych buinikach v interfazi na periferii jddra (Barr M.L. a
Bertram E.G., 1949). To, ze se opravdu jedna o inaktivni chromosom X, potvrdila svymi
pokusy Mary F. Lyon v roce 1961 (Lyon M.F., 1961). Kompenzace davky X-vazanych gent
je dosazeno inaktivaci transkripce jednoho z chromosomt X v samicéich buiikach a zaroven
zvySenim exprese (upregulaci) X-vazanych gent U aktivniho chromosomu X (Xa) (Ohno S.,
1967). Byly popsany dva hlavni mechanismy upregulace, které zahrnuji vys$Si pomér
acetylace H4K16 a histonové varianty H2A.Z v promotorovych oblastech X-vazanych gent a
zvysenou stabilitu RNA (Deng X. et al., 2013). V souladu s tim byl na 5” konci X-vazanych
al., 2011). Nicméng, platnost tzv. Ohnovy hypotézy 0 upregulaci je stale velmi diskutovana
(VeitiaR. et al., 2015).

Inaktivni chromosom X (Xi) je tvofen vysoce kondenzovanym fakultativnim
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heterochromatinem, replikuje se v pozdni S-fazi buné¢ného cyklu (Hansen R.S. et al., 1996) a
nachazi se v oblasti chudé na transkripty hnRNA, tzv. Cot-1 hole (Clemson C.M. et al., 2006).
Pro Xi je typicka ptitomnost mnoha epigenetickych regulacnich znaku, jako jsou modifikace
histont H3K27me3, H3K9me2, H2AK119ub a inkorporace histonové varianty macroH2A.
Zaroven dochazi k hypoacetylaci histond a ztrat¢ modifikace H3K4me3. Dale je u Xi
ptitomna vysoka urovein metylace CpG ostriivkll (oblasti bohatych na CpG dinukleotidy)
Vv promotorovych oblastech genii podléhajicich inaktivaci a naopak ve srovnani s aktivnim
chromosomem niz8§i metylace DNA v intergenovych a intragenovych oblastech (viz obr. 4)
(Cotton A.M. et al., 2015; Hellman A. a Chess A., 2007; Weber M. et al., 2005). Za
modifikace Xi jsou mimo jiné zodpovédné Polycomb represivni komplexy (PRC1 a PRC2),
histondeacetylasy (HDAC) a DNA metyltransferasy (DNMT).
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Obr. 4: Ptehledny souhrn metylace DNA u Xa a Xi Vv leukocytech periferni krve (PB). Procenta udavaji
primérné hodnoty metylace DNA vSech CpG dinukleotidd zatazenych do dané kategorie. Pfitomnost CpG je
graficky reprezentovana ovalnymi znackami, které ale neodrazeji skuteénou hustotu CpG. Adaptovano
z literatury (Cotton A.M. et al., 2015).

Obr. 5: Lokalizace Xist RNA (Cy3,
cervené) vjadrech mysich fibroblast
(DAPI, modie) koresponduje s typickou
lokalizaci Xi na okraji jadra. Foto:
autorka.

Inaktivni chromosom X je pokryt dlouhou nekddujici RNA XIST/Xist (obr. 5), ktera je
exprimovana vyluéné z Xi (Brown CJ. et al., 1991; Clemson C.M. et al., 1996). XIST/Xist
RNA ma charakteristiky mRNA (je sestiihovana a polyadenylovana), ale unika jadernému
exportu do cytoplasmy a zustava v jadie. Je kodovana genem lezicim v oblasti XIC/Xic (X-
inactivation center) obsahujici dalsi geny regulujici inaktivaci (pfehledné v Galupa R. a Heard
E., 2015). U c¢lovéka ma XIST RNA délku 19,3 kb a s mysi Xist RNA o délce 17,9 kb sdili
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nékolik kratkych usekd vysoké homologie (oznadovanych A az F). Oblast repetitivniho
elementu A na 5" konci je evolu¢né konzervovana a nepostradatelna pro umléeni transkripce.
Zaroven je postacujici pro uml¢eni transkripce reportérového genu (Minks J. et al., 2013).
Inaktivace chromosomu X je reverzibilni, k reaktivaci dochadzi v samiéich zarodeénych
bunkach, kde také dochazi ke ztrat¢ epigenetickych znaki typickych pro heterochromatin a ke
ztraté XIST RNA.

1.2.2 Ustanoveni inaktivace chromosomu X

K iniciaci inaktivace chromosomu X dochazi v raném embryondlnim vyvoji a umléeni
exprese je u mysi kompletni zhruba ve stadiu E6.5, u ¢lovéka pozdé&ji. Vybér budouciho Xi je
nahodny. Ackoli neni jasné, jak faze vybéru probihd, na zakladé¢ pokusi s XX-XY

heterokaryony bylo demonstrovano, Ze nevyzaduje homologni parovani Xic (Barakat T.S. et

Avsak existuje mechanismus, ktery zjistuje poéet chromosomt X ve vztahu kK autosomiim.
Tim se vysvétluje pro¢ jedinci s nadbyteénym poctem (napf. u karyotypu 46,XXX nebo
46,XXY) maji aktivni pouze jeden chromosom X, zatimco u triploidnich jedinca je tento
pocet proménlivy (Yang C. et al., 2011). V literatuie jsou piehledné popsany rtizné modely
vedouci k monoalelické expresi Xist RNA a iniciaci nahodné X-inaktivace, pficemz tyto
modely se navzajem nemusi vylu¢ovat (Augui S. et al., 2011).

V obdobi ustanoveni inaktivace je pfitomno pouze omezené mnoZzstvi bunck, coz vede
k nerovnomérné distribuci bun€k, které maji aktivni paternalni (Xp) nebo maternalni (Xm)
chromosom X. U mysi existuje v preimplanta¢nim stadiu také tzv. imprintovana X-inaktivace,
kdy dochazi vyluéné kumlceni Xp, ale u vnitini bunécné masy dochazi k reaktivaci a
nasledné nahodné inaktivaci (obr. 6). Paternalni chromosom X zGstava u mysich extraembry-
ondlnich tkani inaktivni, avSak u ¢loveka a napf. kralika nebo koné nebyla imprintovand X-
inaktivace nalezena (Okamoto I. et al., 2011; Wang X. et al., 2012). Ustanoveni imprintované
i nahodné X-inaktivace je iniciovano Sifenim Xist RNA in cis (Avner P. a Heard E., 2001), po
kterém nasleduje exkluze RNA polymerasy II, modifikace histonil a jiné zmény néasledované
na zaveér nejstabilnéjSi metylaci DNA v promotorovych oblastech genli. Tato soustava
epigenetickych znakl synergicky udrzuje inaktivovany stav chromosomu (Chang S.C. et al.,
2006; Csankovszki G. et al., 2001). Inaktivace chromosomu X vyzaduje zésadni reorganizaci
chromatinu, dochazi ke globalni ztraté lokalnich struktur a vytvoteni dvou velkych domén,

oddélenych oblasti obsahujici makrosatelit DXZ4 (Rao S. et al., 2014).
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Obr. 6: Pribéh ustanoveni X-inaktivace u mysiho embrya. Pod ¢asovou osou jsou znazornény postupné zmény,
ke kterym dochazi u chromosomu X b&éhem tohoto procesu. Adaptovano z literatury (Tollefsbol T., 2011).

V roce 2013 Engreitz a kol. vysvétlili, jak se Xist RNA §iti do distalnich oblasti chromosomu
X (Engreitz J.M. et al., 2013). Pro izolaci Xist RNA a asociované DNA pouzili novou metodu
purifikace vyuzivajici antisense RNA (RAP). Takto identifikovali mista, kam se po indukci
vaze Xist RNA a zjistili, ze nevyuziva sekven¢ni podobnost, ale oblasti, které jsou v prostoru
blizko nov¢ transkribované Xist RNA. Tyto oblasti nejsou bohaté na LINEI elementy, které

v

by mély hrat roli pii Sifeni XCI (Lyon M.F., 1998), ale spise se jedna o aktivni oblasti bohaté
na geny, ze kterych se Xist RNA dale $ifi do oblasti chudych na geny, obsahujici i tyto
repetitivni elementy (Simon M.D. et al., 2013). Xist RNA interaguje s chromatinem diky
matrixovému proteinu hnRNPU (SAF-A) (Hasegawa Y. et al., 2010) a indukuje dalsi
represivni chromatinové modifikace a sbaleni chromatinu vazbou proteint (da Rocha S.T. et

al., 2014), pticemz funguje jako leseni pro jejich organizaci (viz obr. 7).

HNRNPU/
SAF-A

HNRNPU/
SAF-A

Obr. 7: Model umléeni transkripce zprostiedkovaného Xist RNA. Na protein hnRNPU (SAF-A) se vaze Xist
RNA fungujici jako leSeni, na které se vazou dalsi proteiny indukujici represivni modifikace chromatinu a jeho
sbaleni. Vazba PRC2 je nepiima, zprostiedkovana jinymi proteiny nebo modifikacemi chromatinu. Adaptovano
z literatury (McHugh C.A. et al., 2015).

Proteiny pfimo interagujici s Xist RNA byly identifikovany pomoci hmotnostni spektrometrie
po purifikaci komplextt RNA-protein ve dvou nedavnych pracich (Chu C. et al., 2015;
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McHugh C.A. et al., 2015), jez napt. shodné objevily interakci s proteinem Spen/SHARP,
ktery vaze a aktivuje HDAC3. V rozporu s piedchozi publikaci (Zhao J. et al., 2008) nebyla
potvrzena piima interakce komponent komplexu PRC2 a Xist RNA. Dale bylo zjisténo, Ze
béhem imprintované a ndhodné inaktivace se na Xist RNA vaze identicka skupina proteinu,
coz podporuje piedstavu, ze tyto dvé formy inaktivace se 1iSi pouze mechanismem vybéru
chromosomu X (Chu C. et al., 2015). Nedavno byla uvedena hypotéza, ze pfi imprintované
XCI hraje roli maternalni imprint branici inaktivaci Xm, kterym by mohla byt modifikace
H3K9me3 v protomotorové oblasti Xist (Fukuda A. et al., 2014).

Dalsi prace (Vallot C. et al., 2013) identifikovala dlouhou nekodujici RNA XACT, ktera je
specificky exprimovana u lidskych pluripotentnich kmenovych (hPS) bunék, ale neni
ptitomna u mysi. XACT RNA pokryva aktivni chromosom X a jeji exprese je spjata
S pocatkem reaktivace chromosomu X (Vallot C. et al., 2015). Je mozné, Ze specificky pro
Cloveéka zprostiedkovava mechanismus, kterym je v buiikach zabranéno inaktivaci obou
chromosomit X. U mysi tuto negativni regulaci zastava Tsix RNA (Lee J.T. a Lu N., 1999).
Lidska TSIX RNA ma vyznamné niz$i komplementaritu ke XIST, nez mysi Tsix ku Xist, takze
jeji funkce coby antisense represoru byla ¢asto zpochybiiovana.

Ackoli jsme se za 55 let od objeveni X-inaktivace naucili hodné 0 tomto fenoménu, ktery je
pokladan za paradigma epigenetické regulace (Lee J.T., 2011), dodnes jsou nalézany nové
faktory a nové mechanismy. Na tomto misté je tfeba zdlraznit, Ze velkd Cast informaci
pochazi z experimentl s my$imi buiikami, které se v oblasti X-inaktivace vyznamné lisi, at’ uz
v mnozstvi unikajicich genti, existenci imprintované X-inaktivace nebo uloze Tsix RNA.
S objevem indukovanych pluripotentnich kmenovych bunék (iPSC) v roce 2006 (Takahashi
K. a Yamanaka S., 2006) se otevielo nové pole pro charakterizaci chromosomu X a XCI,
protoze umoziiuje zkoumat zmény, které probihaji b&hem vyvoje, reprogramovani a
pluripotence u lidskych bunék bez etickych problémt. Dosavadni znalosti o vlivu
pluripoten¢nich faktord na regulaci XCIl a reaktivaci jsou piehledné popsany V literatuie
(Galupa R. a Heard E., 2015).

1.2.3 Geny unikajici inaktivaci chromosomu X

Inaktivace chromosomu X zajist'uje v ramci buniky monoalelickou expresi genli. Nékteré geny
ale mohou do rtizné miry unikat inaktivaci a byt exprimovany i u Xi. Unikajici geny se ¢asto
nachazeji v klastrech a u ¢loveéka jsou koncentrovany predevs§im na kratkém raménku v XAR

(X added region), evolu¢né mladsi ¢asti chromosomu X. Nékteré z nich jsou soucasti tzv. X-
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Y part, tzn. Ze maji na chromosomu Y sviij paralog, ktery ma stejnou funkci nebo u néj doslo
k vyvoji specifické funkce, Casto souvisejici s vyvojem varlat. VétSina unikajicich gent ale
bud’ nema paralog, nebo se vyvinul v pseudogen, coz vede k celkové vyssi expresi u Zen. Ve
srovnani s Xa je ale mira exprese U Xi niz§i a pohybuje se v Sirokém rozmezi do ~70 % Xa
(gen P2RY8 v PARI1), coz ukazuje, Ze ani geny v pseudoautosomalnich oblastech nejsou
schopny dosahnout stejné exprese (Cotton A.M. et al., 2013). To mize byt zplsobeno
blizkosti inaktivniho chromatinu nebo selektivni upregulaci alely na Xa (Heard E. a Disteche
C.M., 2006).

Pfi ustanoveni X-inaktivace jsou oblasti s unikajicimy geny schopné vytvofit smy¢ku a pfitom
neporusit Siteni Xist RNA (Engreitz J.M. et al., 2013). Nadale pak postradaji pfitomnost Xist
RNA a represivnich chromatinovych modifikaci. Dal$i analyzy chromatinu také naznacuji, ze
spolu domény s unikajicimi geny mohou interagovat (Splinter E. et al., 2011) a jsou chranény
izolatorovymi elementy, na které se vaze protein CTCF (Filippova G.N. et al., 2005). Oblasti
s Klastry unikajicich genti se shoduji s topologicky asociovanymi doménami (TAD) (Marks
H. et al., 2015; Giorgetti L. et al., 2016).

Ve srovnani s mysi, kde inaktivaci unika 3-6 % gent (Yang F. et al., 2010; Wu H. et al.,
2015), se u c¢loveka nachazi vyrazné vyssi mnozstvi genii odolavajicich inaktivaci. Zhruba
15 % gend je konzistentné exprimovano jak z Xa, tak z Xi, a dalSich ~10 % gent pak unika
inaktivaci variabilné (Carrel L. a Willard H. F., 2005). Identifikace unikajicich genl byla
Vtomto piipadé provedena s vyuzitim hybridnich bun&¢nych linii, ve kterych je mozné
oddélit Xi od Xa a nasledné zkoumat expresi u Xi. Seznam takto nalezenych unikajicich genti
byl potvrzen nebo rozsifen analyzou alelicky specifické exprese. U lymfoblastoidnich
bunécnych linii bylo zjisténo, Ze inaktivaci unikéd 13 % gent a velka ¢ast geni (~29 %) unika
inaktivaci jen u urcité skupiny Zen, a to s velmi Sirokym rozmezim exprese (Cotton A.M. et
al., 2013), coz je dalsi faktor pfispivajici k fenotypovym rozdilim (Peeters S.B. et al., 2014).
Jak bylo zjisténo na zéklad¢ analyzy metylace DNA u jednovajecnych dvojcat, v tomto
variabilnimu tniku hraje roli geneticka komponenta (Cotton A.M. et al., 2015).

Pro odhaleni unikajicich genti se také pouziva nepiimy pfistup hodnoceni epigenetickych
modifikaci v dané oblasti. Takto byly identifikovany unikajici geny na zékladé¢ vyznamné
vy$$i trovné intragenové nonCpG metylace (Lister R. et al., 2013) a chyb¢jici metylace
v CpG ostravcich v promotorovych oblastech (Cotton A.M. et al., 2011; Sharp A.J. et al.,
2011). Dalsi Groven variability uniku byla pozorovana u riznych typt tkéni. Napfic¢ 27 typy

tkani byl konzistentni stav metylace pozorovan u 71 % geni, z nichz 9 % unika a 62 % je
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stabiln¢ inaktivovano (Cotton A.M. et al., 2015). Moznym nedostatkem téchto analyz je, ze
nerozliSuji 5-metylcytosin a 5-hydroxymetylcytosin, ktery je vyznamné obohacen napf.
vmozku (Jin S.G. et al., 2011) a je znamkou probihajici aktivni demetylace zavislé na
enzymu Tet2. Exprese u Xi se mize ménit v Case, nékteré geny se mohou totiz béhem vyvoje
a starnuti organismu reaktivovat (Berletch J.B. et al., 2011).

Abnormalni fenotyp u jedinct s aneuploidii pohlavnich chromosomt (napt. 45,X0; 47,XXY;
47, XXX) je zCasti zpusoben pravé abnormalni hladinou exprese unikajicich gent (Prothero
K.E. et al., 2009). U Zen s Turnerovym syndromem dochézi k dysgenezi vajecnikti a fadé
fyzickych abnormalit. Mala postava se dava do souvislosti s haploinsuficienci genu SHOX
v PAR, ktery koduje transkripéni faktor, a vysoka tmrtnost (> 90 %) embryi s karyotypem
45,X0 in utero souvisi s niz§i expresi gent dulezitych pro vyvoj placenty (Berletch J.B. et al.,

2011). V kontrastu s tim mysi s karyotypem 45,X0 maji zfejmé normalni fenotyp.

1.2.4 ZesSikmeni inaktivace chromosomu X

Po ustanoveni inaktivace pfechazi Xi do tzv. udrzovaci faze, ve kter¢ je stejny chromosom X
stabiln¢ propagovan jako inaktivni pii nasledném dé¢leni buniky po zbytek zivota daného
jednotlivce. Umlceny stav Xi je udrzovan diky epigenetické regulaci. Na zakladé toho jsou
zeny mozaikou dvou bun&€nych populaci s aktivnim paterndlnim nebo maternalnim
chromosomem X (Migeon B.R., 2014). Pomér téchto dvou populaci je vétsinou vyvazeny, ale
u nékterych Zen se muze vyrazné odliSovat od primérného poméru 50:50 a tomuto jevu se
v angli¢ting tika ,,X-inactivation skewing“. V ¢estin¢ neni ustaleny pieklad tohoto terminu a
V této praci bude dale pouzivan termin ,,zeSikmeni* X-inaktivace. Informace v literatufe se pii
feSeni, co je vyznamna odchylka od primérného poméru XCI, velmi lisi. Hranice je uméla a v
zavislosti na uvazeni autori se muze pohybovat v Sirokém rozmezi od 70:30 do 90:10
(Migeon B.R., 2014).

Ke vzniku vyrazného zeSikmeni mohou piispivat rizné faktory. Vrozené zesikmeni XCI bylo
pozorovano u hybridnich mysi, u nichz byl vybér chromosomu X ovlivnén alelami Xce (X-
controlling element), oblasti piekryvajici se s Xic (Clerc P. a Avner P., 2006). K extrémnimu
zeSikmeni muze vést také mutace v promotoru genu XIST (Plenge R.M. et al., 1997).
Nicméné, genetické odlisnosti, které¢ ovliviiuji pribéh inaktivace a tudiz pomér XCI, jsou
velmi vzacné. Zesikmeni XCI obecné neni dédi¢né a stochastické odchylky jsou castéjsi
pfi¢inou primarniho zesikmeni (Bolduc V. et al., 2008).

Kromé n¢&j existuje i tzv. sekundarni zeSikmeni, ke kterému dochazi v prub¢hu Zivota jedince
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(1 prenatdln€¢) a je zplsobeno mutacemi v genech, které ovliviuji kondici a rychlost
proliferace bunék (Minks J. et al., 2008). Vysoky pomér XCI se typicky vyskytuje napiiklad
u zen S balancovanou translokaci mezi chromosomem X a autosomem, kde dochazi k selekci
bunék s inaktivovanym normalnim chromosomem X.

V ramci projektu, ve kterém byl analyzovan pomér XCl u DNA ziskané z periferni nebo
pupecnikové krve u 1005 zdravych zen (Amos-Landgraf J.M. et al., 2006), bylo zjisténo, ze
se vyrazné zeSikmeni XCI (>80:20) nachazi u 4,9 % novorozenci a 14,2 % dospélych Zen

(viz obr. 8).
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Obr. 8: Distribuce poméru XCI u novorozencti a zdravych dospélych Zen ma podobu Gaussovy kiivky se
sttedem v hodnoté zhruba 50:50. Pro méteni byla pouzita metoda HUMARA (Allen R.C. et al., 1992) a pomér je
vyjadfen jako pomér krat$i a delsi alely. Adaptovano z literatury (Amos-Landgraf J.M. et al., 2006).

Tento vysledek je v souladu s pfedchozimi studiemi (Busque L. et al., 1996; Sharp A. et al.,
2000; Hatakeyama C. et al., 2004; Busque L. et al., 2009) a mize odrazet nahodné fluktuace
Vv populaci hematopoetickych bunék béhem ¢asu a pokles v poctu progenitorovych bunék.
Druhou moznosti je, ze dochdzi k selekci bun€k. S vékem spojené zeSikmeni muze byt
indikatorem klonalni expanze v kostni dfeni 1 u zdravych Zen (Busque L. et al., 2012).
Progresivni zeSikmeni XCI nemusi byt linearni (Sandovici I. et al., 2004) a udava se jako
jedna z moznych pficin cCastéjSich autoimunitnich onemocnéni u zen (Invernizzi P. et al.,
2008; Libert C. et al., 2010), pficemz negativni ucinek spoc¢iva v tniku pied tolerizaci
nebo odhaleni efektu mutaci. K tomuto jevu muze dochazet také napt. u sideroblastické
anémie nebo deficitu glukosa-6-fosfatdehydrogenasy (G6PD). Mossner a kol. (Mossner M. et
al., 2013) uvedli hypotézu, podle které progresivni zeSikmeni XCI u hematopoetickych bunék
predchazi vyvoji hematologickych onemocnéni s vysokou incidenci v pozdnim veku, jako je
myelodysplasticky syndrom. Asociace mezi dlouhovékosti a Grovni zeSikmeni je spornd
(Gentilini D. et al., 2012; Mengel-From J. et al., 2012).

U zdravych Zen nemusi mit pomér XCI Zadny klinicky vyznam, ale vysoké zeSikmeni miiZze
byt ukazatelem piitomnosti heterozygotni mutace na chromosomu X. Amos-Landgraf a kol.

konstatovali, ze obzvlast u novorozenci je vysoké zeSikmeni (> 90:10) tak malo
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pravdépodobné, Ze si zasluhuje podrobnéjsi zkoumani (Amos-Landgraf J.M. et al., 2006).

1.2.5 Pomér XCIl a mosaicismus v ruznych tkanich

Po ustanoveni ndhodné inaktivace dochazi k vyvoji tkani, které pochéazeji z rizného poctu
progenitorovych bun€k, coz vede ke vzniku rtiznych vzorti mosaicismu. Tento proces mtize
vést k velmi vyraznym rozdilim v distribuci, jak bylo naptf. demonstrovano u pravé a levé
hemisféry mysiho mozku (Wu H. et al., 2015). Mosaicismus exprese pak mize mit vyznamny
dopad na fenotyp.

Pomér inaktivace chromosomu X se nejCastéji diky snadné dostupnosti méti u DNA
izolované z bilych krvinek. U onemocnéni ovliviiujicich hematopoesu je analyza krevnich
bungk relevantni. U studii ostatnich onemocnéni se ¢asto bona fide pfedpoklada, ze pomér
XCI stanoveny v Krvi zhruba odpovida i ostatnim tkanim, které jsou pro porozuméni
pocet studii, které ukazuji nakolik poméry XCI v riznych tkanich koreluji. Primérna
smérodatnd odchylka pomértt XCI napti¢ tkanémi riznych osob se pohybuje v rozmezi 7,2 %
az 10,7 % (Pegoraro E. et al., 2003; Bittel D.C. et al., 2008; Minks J., 2007). U bunék s vyssi
mitotickou aktivitou mize byt v disledku i velmi mirnych selek¢nich tlakt nalezeno vyssi
zeSikmeni nez u bun€k sniz§i aktivitou. Z tohoto divodu by poméry XCI mély byt
stanovovany v nekultivovanych bunkach (Orstavik K.H., 2009). Za urcitych specialnich
podminek se v krvi (resp. u specifické buné¢né linie) mize vyskytovat extrémni zeSikmeni,
které ale neni pfitomné v ostatnich tkanich a souvisi se selekci bunék, napf. u Zen
heterozygotnich pro Brutonovu agamaglobulinémii (gen BTK), X-vazany tézky kombinovany
imunodeficit (gen IL2RG) nebo Fanconiho anémii typu B (gen FANCB) (Meetei A.R. et al.,
2004; Holden S.T. et al., 2006; Puck J.M. et al., 1992).

Pokud je to mozné, je vhodné analyzy XCI v krvi dopliiovat i 0 vysledky u jinych snadno
dostupnych tkani, napf. mocovych bunék, vlasovych cibulek nebo bukalnich stért. U poméru
XCI stanoven¢ho v bukalnich stérech bylo demonstrovéno, Ze je spolehlivym ukazatelem
pomeéru ve Spatné dostupnych tkani (De Hoon B. et al., 2015).

Mosaicismus XCI je piimo pozorovatelny jako dtisledek mutaci jen u omezeného poctu gent.
U onemocnéni incontinentia pigmenti, které je zplisobeno mutacemi v genu pro NF-xB
esencialni modulator (NEMO/IKBKG), vznikaji v souvislosti s mosaicismem XCI na kuzi
charakteristické virovité struktury hyperpigmentace, které sleduji tzv. Blashkovy linie.

Podobné mutace v genu pro ektodysplasin A (EDA) vedou ke vzniku oblasti bez potnich Zlaz
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(Sun B.K. a Tsao H., 2008; Lexner M.O. et al., 2008).

Velikost jednotlivych okrsk s aktivnim Xm/Xp je dle predpokladu u vétsiny tkani mensi nez
1 mm?, ale v souc¢asné dobé neexistuje univerzalni technika, ktera by umoznila méfit velikost
téchto oblasti v tkanich zdravych zen. De Hoon a kol. demonstrovali na zakladé meéteni
poméru XCI metylaénimi metodami, ze vzorek jater, svalu, mozku nebo vajecniku o velikosti
1 mm? je dostate¢ny pro méfeni XCl a vysledek neni zkreslen velikosti okrskii mosaiky (De
Hoon B. et al., 2015). Ve specialnich piipadech byly u Zen heterozygotnich pro X-vazana
onemocnéni vyuzity histochemické techniky, které zviditelnily velikost okrskii u vybranych
tkani, jako jsou jatra (Ricciuti F.C. et al., 1976), mozek (Willemsen R. et al., 2002), tlusté
stftevo a prsni tkan (Novelli M. et al., 2003) aj. V kontrastu s pfedchozimi vysledky bylo
odhadnuto, ze by se u §titné zlazy zdravych Zen mély nachazet markantné vétsi okrsky
o velikosti 48-128 mm? (Jovanovic L. et al., 2003) a u urotelu mo¢ového méchyte o velikosti
120 mm? (Tsai Y.C. et al., 1995). Velikost okrski je tudiz dalsi trovni variability XCI u Zen.
Prispévek mosaicismu XCI k rozmanitosti klinické prezentace X-vazanych onemocnéni je
nejcastéji studovan na mySim modelu (Shiojiri N. et al., 1997; Douvaras P. et al., 2012;
Sikora J. et al., 2016).

Ziskani novych informaci o X-inaktivaci, které se v posledni dobé objevily, bylo umoznéno
vznikem celé fady novych metod (Engreitz JM et al., 2013; Chu C. et al., 2015; McHugh C.A.
et al., 2015). Nicméné, nedavny ¢lanek popsal velmi jednoduchou, ale elegantni techniku,
kterd pomaha studovat mosaicismus XCI v riznych typech tkdni s rozliSenim jednotlivych
bunék. Wu a kol. (Wu H. et al., 2014) vyvinuli mysi linie, u kterych jsou Cre-indukovatelné
fluorescencéni reportéry (GFP a tdTomato) integrovany do oblasti Hprtl, ktera podléha
inaktivaci chromosomu X. Diky tomuto systému bylo mozné vytvofit tzv. mapy X-inaktivace,
protoze kazda burnka (resp. jeji jadro) emitovala zelené nebo Cervené svétlo v zévislosti na
tom, ktery z chromosomi X byl aktivni. Pfi pouziti riznych Cre driveri bylo navic mozné
selektivné pozorovat urcité typy tkani bez ruseni okolnimi vlivy (gen Cre byl umistén za
tkanov¢ specifickym promotorem). Autofi provedli kvantitativni analyzu mosaicismu XCI
u ¢ipkt sitnice a u vlaskovych bun¢k Cortiho organii, pfi¢emz casto pozorovali
nehomogenitu, jak v ramci jednoho organu, tak mezi levym a pravym organem (viz obr. 9).
Také pozorovali efekt mosaicismu XCI u mySiho modelu Norrieho choroby (mutace v genu
Ndp). U heterozygotnich Zen s touto chorobou existuje velmi variabilni manifestace a autofi
zjistili, Ze u heterozygotnich mysi oblasti s Xa nesoucim alelu Ndp* piesné dopliiuji oblasti,

kde dochazi k defektu v cévnim zasobeni sitnice. Norrin (sekretovany regulacni protein) tudiz
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difunduje velice omezen¢ a nedochazi ke kompenzaci v oblastech s Xa nesoucim alelu Ndp".
Korelace mosaicismu XCI s defekty na trovni bunék takto pomaha odhalit faktory ovliviiujici

klinicky fenotyp.

Obr. 9: Ukazka variace mosaicismu XCI v riznych tkanich. (A) Leva a prava sitnice ziskana od jedné dospélé
mysi (stadium P30). (B) Pii¢ny fez jazykem mysi (stadium P3). Métitko: 500 um. Adaptovano z literatury (Wu
H. et al., 2014).

Obr. 10: Transport lysosomalnich enzymi a
kooperace bunék. Nascentni enzym je v ER
glykosylovan (zelena kolec¢ka), v Golgiho
aparatu pak ziskava modifikaci manosa-6-
fosfatem (Cervena kolecka) a vaze se na M6PR
receptor. VEétSina enzymu je transportovana do
lysosomu (tlusta Sipka) a mala ¢ast (~10 %) je
sekretovana ven zbunky (tenkd Sipka).
Extracelularni fosforylovany nebo nefosforylo-
vany enzym se muze vazat na plazmatické
membrané na M6PR nebo u retikuloendotelo-
vého systému na manosovy receptor (ManR).
Oba receptory zprostiedkovavaji endocytosu a
transport exogennich enzymt do lysosomu.
Touto cestou se miZze enzym dostat do
deficitnich bunék. Adaptovano =z literatury
(Sands M.S. a Davidson B.L, 2006).

Enzyme-Deficient

Vlastnosti genovych produktii jsou rizné, muze se jednat o autonomni nebo sekretované
proteiny, které jsou buniky do rizné miry schopné sdilet. Fuller a kol. (Fuller M. et al., 2015)
vytvofili smichdnim fibroblastli ziskanych od hemizygotii a kontrol v poméru 1:1 umély
bunéény model Fabryho choroby a MPS II v heterozygotnim stavu a u téchto systému
zkoumali vlastnosti GLA a I2S, lysosomalnich solubilnich enzymu, které jsou transportovany
do lysosomu pifes M6PR receptory a mohou pro vstup do bunky vyuzivat receptory
zprostiedkovanou endocytozu (viz obr. 10). Enzym I2S mél v kontrolnich buikach
srovnatelnou koncentraci s GLA, ale v médiu se nachazel v 10x vy$§im mnozstvi nez GLA.
Zatimco u MPS II heterozygotniho systému bylo stfadani srovnatelné s kontrolou, malé
mnozstvi sekretovaného enzymu GLA nebylo schopno redukovat stfadani v deficitnich
fibroblastech. Tento efekt (slabé nebo silné metabolické kooperace) je jednim z vysvétleni

rozdili mezi X-vazanymi nemocemi a osvétluje, pro¢ u MPS II jsou asymptomatické
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heterozygotni Zeny normou, zatimco u Fabryho choroby spise vyjimkou.

Na zakladé¢ svych vysledka a zkusenosti Wu a kol. (Wu H. et al., 2014) shrnuli, Ze mosaika
XCI je ovlivnéna poctem zakladajich bunék a migraci bun¢k béhem vyvoje. Mosaicismus
XCI miize generovat funkéni diverzitu, ktera je nahodna a specifickd pro kazdého jednotlivce.
U tkani a organti jakou jsou jatra, ledviny a plice, u nichz velka ¢ast bun¢k vykonava stejnou
funkci, nemusi hrat nehomogenita roli, spiSe je dulezity celkovy pomér Xa(mut):Xa(WT),
tedy hranice, za kterou dochézi k dysfunkci. Tato hranice je zavisla na onemocnéni a typu
tkan¢. U tkani jako je Cortiho organ, nebo sitnice hraje topografiec XCI mnohem vétsi roli.
Klinickd pozorovani jsou stouto myslenkou v souladu, napf. zeny S X-vazanym

onemocnénim retinitis pigmentosa trpi variabilné ztratou zraku (Grover S. et al., 2000).

1.2.6 X-vazana onemocnéni

Hemizygozita tykajici se témét vSech X-vazanych genti vede u muzt K expozici fenotypu a
charakteristickému vzorci dédi¢nosti, ktery usnadnil odhaleni velkého mnozstvi onemocnéni
asociovanych s chromosomem X. X-vazana onemocnéni byla tradi¢né klasifikovana jako
recesivni nebo dominantni, nicméné u velké ¢asti onemocnéni je penetrance u zZen velmi
variabilni, proto bylo navrzeno od tohoto dichotomického rozdéleni upustit (Dobyns W.B. et
al., 2004). Také existuje podskupina X-vazanych dominantnich onemocnéni (zahrnujici napf.
Rettiv syndrom a incontinentia pigmenti) charakterizovana letalitou nebo snizenou viabilitou
u hemizygott (Franco B. a Ballabio A., 2006; Morleo M. a Franco B., 2008).

U Zen je manifestace mutaci v X-vazanych genech velmi riznoroda a souvisi se zeSikmenim
XCI a tnikem z XCI (Migeon B.R., 2014). Dalsimi faktory, které zvysuji diverzitu fenotypu,
jsou s vekem spojena reaktivace chromosomu X pozorovana u neurologickych poruch a
rakoviny (Spatz A. et al., 2004; Deng X. et al., 2014) a distribuce mosaicismu XCI v tkanich
(Wu H. et al., 2014). Jednim z ptikladd vys$i variability u Zen jsou napi. vétSi rozdily
Vv socialni interakci a verbdlnich schopnostech u jednovajeénych dvojcat Zenského pohlavi
oproti muzskému pohlavi (Loat C.S. et al., 2004), ale také rozdily v expresi X-vazanych
onemocnéni mezi jednovajeénymi dvojéaty (Richards C.S. et al., 1990; Redonnet-Vernhet I.
et al., 1996; Valleix S. et al., 2002; Bennett C.M. et al., 2008; De Gregorio L. et al., 2005).
Kromé gent dilezitych pro reprodukci je savéi chromosom X bohaty na geny souvisejici
s neurologickou funkci a X-vazané geny jsou v mozku vysoce exprimované (Nguyen D.K. a
Disteche C.M., 2006). Mutace v X-vazanych genech jsou pfi¢inou poruchy intelektu (ID) u 5-

10 % pacientti muzského pohlavi. Dodnes bylo identifikovano vice nez 100 kauzalnich genii
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na chromosomu X (Tzschach A. et al., 2015; Deng X. et al., 2014; Philips A.K. et al, 2014;
Hu H. et al, 2016), v¢etné noveé objevené asociace u genu TAF1 (O'Rawe J.A. et al., 2015).
S vyjimkou syndromu fragilniho chromosomu X, ktery je pii¢inou asi 25 % X-vazanych
poruch intelektu (XLID), jsou jednotlivé XLID geny zodpovédné pouze za malé procento
ptipadll, coz znesnadiiuje rutinni testovani. V jedné studii (Fieremans N. et al, 2016), kterd se
soustfedila na zeny s ID, se ukazalo, ze vysoké zeSikmeni XCI je dobry indikator XLID a
kauzalni varianta na chromosomu X byla nalezena u 6 z 18 zen.

Efekt mosaicismu XCI mize byt u riznych neurologickych onemocnéni rizny. Zatimco zeny
nesouci heterozygotné mutaci v genu HPRT1 vétSinou nemaji potize, Zeny s heterozygotni
mutaci v MECP2 maji vazné neurologické problémy (Chahrour M. a Zoghbi H.Y., 2007).
Pomér XCI je stanovovan a davan do souvislosti S projevy u fady onemocnéni (viz tab. 1).

Tab. 1: Piiklady X-vazanych onemocnéni a odkazy na literaturu.

Onemocnéni OMIM # Gen Literatura

Duchennova muskularni dystrofie 310200 DMD Juan-Mateu J. et al., 2012
Giliberto F. et al., 2014
Viggiano E. et al., 2016

X-vazana hyperamonémie 311250 OTC Yorifuji T. etal., 1998
Griinert S.C. et al., 2013
Wiskott-Aldrichav syndrom 301000 WAS Andreu N. et al., 2003

Daza-Cajigal V. et al., 2013
Boonyawat B. et al., 2013

Sideroblastickd anémie 300751 ALAS2 Cazzola M. et al., 2000
Aivado M. et al., 2006
Menkesova choroba 309400 ATP7A Desai V. etal., 2011
Lesch-Nyhantv syndrom / 300322 HPRT1 De Gregorio L. et al., 2000
Kelley-Seegmillertiv syndrom 300323 De Gregorio L. et al., 2005
Sebesta I. et al., 2008
Hemofilie typu B 306900 F9 Okumura K. et al., 2008

Esquilin J.M. et al., 2012
Di Michele D.M. et al., 2014

Syndrom fragilniho chromosomu X 300624 FMR1 Huang W. et al., 2014

X-vazana hemolyticka anémie 300908 G6PD Manco L. etal., 2011
Incontinentia pigmenti 308300 NEMO Migeon B.R. et al., 2014
X-adrenoleukodystrofie 300100 ABCD1 Maier E.M. et al., 2002

Wang Z. et al., 2013
Engelen M. et al., 2013
Retttiv syndrom 312750 MECP2  Huppke P. et al., 2006
Archer H. et al., 2007
Zahorakova D. et al., 2016
Hemofilie typu A 306700 F8 Favier R. et al., 2000
Bicocchi M.P. et al., 2005
Renault N.K. et al., 2007
Pavlova A. et al., 2009
Miyawaki Y. et al., 2010
a jiné Cho S.Y. etal., 2013
Orstavik K.H. et al., 1998
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Z lysosomalnich stfadavych onemocnéni je na chromosom X vazana Fabryho choroba,
mukopolysacharidosa typu Il a Danonova choroba (Pinto L.L. et al., 2010). Narozdil od
V hydrolytickém enzymu, ale v membranovém proteinu LAMP2, ktery neni buitkami sdilen.
Fabryho choroba (OMIM #301500) je zptsobena deficitem lysosomalni hydrolasy, a-
galaktosidasy A (GLA, EC 3.2.1.22), ktera je zodpovédna za odstépovani terminalni a-
galaktosylovych skupin z glykosfingolipidt. V disledku toho dochézi k akumulaci ¢aste¢né
degradovanych glykosfingolipidi (pievazné globotriaosylceramidu, GL-3) v lysosomech,
hlavné u vaskuloendotelialniho systému. Klasicka forma se u hemizygotd projevuje v détstvi
akroparestézii, angiokeratomy a kornealni dystrofii. V dalSich desetiletich pozvolna
progreduje kardiovaskularni, renalni a cerebrovaskularni onemocnéni, coz vede k pied¢asné
smrti ve ¢tvrté nebo paté dekadé zivota. U nékterych pacientd mize dojit K pozd€jsimu
nastupu a symptomy, které postihuji srdce a/nebo ledviny, se Casto objevi az v pozdni
dospélosti. Diive byly heterozygotni zeny popisovany jako asymptomatické ptenaSecky,
podobné jako je tomu u MPS IlI, ale nyni je ziejmé, Ze takové Zeny jsou spiSe vyjimkou a
vétSina trpi vyznamnym multisystémovym postizenim, ackoli se manifestuje pozdéji nez
umuzi (Wang R. Y. et al., 2007). Pies urcité disputace v literatuie (Morrone A. et al., 2003;
Dobrovolny R. et al., 2005; Maier E.M. et al., 2006; Elstein D. et al., 2012; Echevarria L. et
al., 2016) jsou fenotypové projevy u zZen kromé staii a typu mutace vyznamné ovlivnény
pomérem XCI, ktery koreluje saktivitou GLA. Mosaicismus XCI (resp. inkluzi GL-3)
koreluje s poskozenim podocytti, u nichz nebyla pozorovana zadna metabolicka kooperace
(Mauer M. et al., 2014).

Mukopolysacharidosa typu II (MPS II, Hunterliv syndrom, OMIM #309900) je zpisobena
deficitem lysosomalni hydrolasy, iduronat-2-sulfatasy (IDS, 12S, EC 3.1.6.13), kodované
genem IDS voblasti Xg27-Xq28. Tento enzym katalyzuje prvni krok v degradaci
heparansulfatu a dermatansulfatu a jeho deficit vede ke stfadani glykosaminoglykanti (GAG)
v mnoha tkanich a organech. V mod¢i pacientu je zvySena koncentrace GAG. MPS Il je
progresivni multisystémové postizeni, které se mimo jiné projevuje hepatosplenomegalii,
dysostosis multiplex, poruchami sluchu, makrocefalii, makroglosii, kardiomegalii a mentalni
retardaci. Situace U heterozygotnich Zen je Vv porovnani s Fabryho chorobou dramaticky
odlisna, protoze klinicka manifestace MPS Il u Zen je velmi vzacna (viz diskuze u vysledka).
Zmény u chromosomu X jsou davany do souvislosti také s vyvojem rakoviny. Pfi vyzkumu

genomu u rakovinnych tkani bylo zjisténo, Ze inaktivni chromosom X akumuluje vice mutaci
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nez autosomy (Jager N. et al., 2013), coz naznacuje zhorSenou schopnost reparovat poskozeni.
Jestlize by se takovy chromosom X aktivoval, mohl by vyznamné pfispét progresi rakoviny.
Studie Yildirim a kol. ukazala, ze ztrata Xist RNA, ktera donedavna byla povazovana za
postradatelnou p#i udrZzovani inaktivovaného stavu (Csankovszki G. et al., 1999), vede
k vyvoji rakoviny u mysSich samic¢ek (Yildirim E. et al., 2013). Autofi provedli in vivo
knockout genu Xist v hematopoetickych kmenovych bunikach poté, co probéhla nahodna X-
inaktivace, a to vedlo Kk plné penetrantni, letalni form¢ rakoviny. U ¢lovéka existuje zatim
pouze omezeny pocet informaci o mozné reaktivaci Xi u rakovinnych tkani (Chaligné R. a
Heard E., 2014).

Dalsi studie ukazala, ze ztrata XIST RNA u lidskych iPSC bunék je asociovéana se zvysSenou
expresi X-vazanych onkogenti (Anguera M.C. et al., 2012), coZ naznacuje zvySené riziko
kancerogeneze u zenskych kmenovych bunék. Zatimco nékteré vyzkumné skupiny objevily
v IPSC burnkach reaktivaci chromosomu X, jiné nikoli (piehledné v Briggs S.F a Reijo Pera
R.A., 2014), a doposud nebyla publikovana studie, ve které by autofi byly schopni status XCI
fidit, ackoli je znamy vliv kultiva¢nich podminek (Tomoda K. et al., 2012). Tyto vysledky
ukazuji, Ze pred pouzitim téchto typi bunék v klinické praxi je téeba je peclivé
charakterizovat a dokumentovat jejich vlastnosti. Ovlivnéni poméru XCI by mohlo byt

potencialné vyuzitelné pii 1é€bé X-vazanych monogennich onemocnéni.

1.2.7 Metody stanoveni poméru XCI

Z historického pohledu existovala fada metod pro detekci zeSikmeni X-inaktivace, které byly
Casto také vyuzivany pro uréeni monoklonalniho pivodu nadorovych tkani (Chen G.L. a
Prchal J.T., 2007). Jednou z prvnich byla metoda, ktera vyuzivala rizné elektroforetické
pohyblivosti isoenzymu glukosa-6-fosfatdehydrogenasy (G6PD) A a B (Beutler E. et al.,
1967). Také vznikla metoda, kterad rozliSovala Xi a Xa na zaklad¢ riizného casu replikace a
vyuzivala znaceni pomoci 5-bromo-2’-deoxyuridinu (BrdU). Tato cytogeneticka metoda byla
pouzitelna pouze v ptipadé€, ze byly chromosomy X strukturné odlisitelné (Perry P. a Wolff
S., 1974). Dal$i metoda byla omezena na lidské bunky schopné fuzovat s HPRT™ kie¢¢imi
(popf. mySimi) buiikami. Po fizi byly selektovany hybridni buniky produkujici HPRT, a tudiz
nesouci aktivni chromosom X. Ostatni lidské chromosomy byly ztraceny, protoze nebyly pod
selekénim tlakem. Za pomoci DNA sond byl ur¢en pomér hybridi obsahujicich chromosom
Xa maternalniho nebo paternalniho pivodu (Puck J. M. et al., 1987). Tato metoda byla

laboratorné, financn¢ a ¢asové naro¢na, ale poslouzila pro validaci prvnich metod zaloZzenych
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na metylaci DNA.

Metody pouzivané V soucasné dobé pro stanoveni poméru XCI jsou nepiimé a rozlisuji
chromosom Xm a Xp na zéklad¢ jednonukleotidovych polymorfismi (SNP) nebo vice
informativnich kratkych tandemovych repetic (STR). Xa pak muze byt od Xi odliSen diky
rozdilim v metylaci CpG ostriitvku v promotorové oblasti genu nebo rozdiliim v expresi genu.
Zdaleka nejvice uplatiovanou metodou zalozenou na metylaci DNA je metoda HUMARA
(Allen R.C. et al., 1992), ktera vyuziva vysoce polymorfni tandemovou repetici (CAG)n
V prvnim exonu genu pro androgenni receptor (AR). V blizkosti repetice se nachazi nékolik
rozpoznavacich mist pro metylaéné senzitivni restrikéni endonukleasy, ktera jsou u Xi

metylovana (obr. 11).

primer _ Hhal Hpall Hhal Hpall (CAG),
2ttt I —————
1 _ Xm
primer
> | | | |

1 I I IMIMMIMT————— Xp

Obr. 11: Schéma oblasti na zacatku genu AR vyuzivané metodou HUMARA. Po §tépeni DNA pomoci enzymu
Hpall nebo Hhal je za pfedpokladu, Zze doslo ke kompletnimu $tépeni nemetylované DNA, amplifikovana pouze
DNA z Xi. Porovnanim velikosti piki jednotlivych alel u $tépené a nestépené DNA se stanovi pomér XCI.

Oblast genu AR byla také pouzita pro navrh metody AR-MSP (Kubota T. et al., 1999), ktera
odstranila krok enzymového Stépeni. AR-MSP zahrnuje metylacné specifické PCR (MSP) po
chemické modifikaci DNA hydrogensifi¢itanem sodnym, pii které dochéazi ke konverzi
nemetylovanych cytosini na uracil, zatimco metylované cytosiny zlstavaji netknuty.
U nemodifikované DNA nedochazi k amplifikaci. AR-MSP ma oproti metodé¢ HUMARA
vyhodu, Ze stanovuje pomér XCI nejen na zdkladé Xi, ale i komplementarni pomér u Xa,
¢imz se vysledek zpfesiiuje. BéZn€ se avSak AR-MSP nevyuzivd, mimo jiné proto, Ze pfi
konverzi dochézi ke ztrat€ a degradaci materidlu (Pelizzola M. a Ecker J.R., 2011).

Metoda HUMARA je validovana a vhodna pro rutinni analyzu, ale nemuize byt pouzita
u vSech pacientek. Na zaklad¢ polymorfismu v genu AR je metoda vyuzitelna u zhruba 80 %
Zzen (Amos-Landgraf J.M. et al., 2006). V minulosti bylo navrhnuto nékolik metod na
obdobném principu jako metoda HUMARA, ale jejich pouziti je velmi omezené, hlavné
proto, ze nejsou tak jednoduché, robustni a vysoce informativni jako metoda HUMARA.
Souhrn téchto metod a komentafe k moznym problémiim Ize nalézt v nasledujici tabulce
(tab. 2), lokalizace oblasti na obr. 12.

Rada metod vzniklych v poslednich letech je nevyhodné zaloZena na amplifikaci dinukle-
otidovych repetic, které jsou nachylné ke vzniku vysokych tzv. stutter pikli, coz komplikuje

odecCet dat. Stutter piky vznikaji kvuli tendenci Taq polymerasy sklouznout pii in vitro
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replikaci po fetézci DNA, ¢imz vznikaji 1 produkty krat$i nez je prava alela. U STR s delsi
jednotkou repetice je ale mnozstvi stutter pikti mensi (http://www.cstl.nist.gov/strbase/).

Tab. 2: Metody zaloZené na metylaci DNA.

Polymor- Hetero-
Lokus fismus zygozita* Komenta¥ Citace
HPRT RFLP 20-30 %  méné informativni, Southern blot Vogelstein B. et al., 1987
o . Singer-Sam J. et al., 1990
0 1
PGK1 RFLP 30 % méné informativni Gilliland D.G. et al., 1991
DXS255 0 nekonzistentni metylace, Southern
(M27B) VNTR 90 % blot Boyd Y., Fraser, 1990
MAOA \S/LF.QI.(RGT)’ 75 % enzymovy krok navic Hendriks R.W. et al., 1992
AR STR (CAQG) 90 % viz déle Allen R.C. etal., 1992
. Lee S.T.etal., 1994
659 i '
FMR1 STR (CGQG) 45-65 %  nehomogenni amplifikace alel Carrel L. a Willard H.F., 1996
ZNF261  STR(TC) 90 % vyS§8i mnozstvi tzv. stutter produktd  Beever C. et al., 2003
ZDHHC15 STR (AC) 60 % vy$§i mnozstvi tzv. stutter produkti  Bertelsen B. et al., 2011
SLITRK4 STR (AC) 80 % vy§8i mnozstvi tzv. stutter produkti  Bertelsen B. et al., 2011

PCSKIN STR (CA,AG) 75% vy§8i mnozstvi tzv. stutter produktt  Bertelsen B. et al., 2011

RP2 STR (GAAA) 80 % pfi kombinaci s AR potfeba vynechat ;.24 F B et al., 2014
pomocny enzym

*U metod zaloZenych na STR oblastech jsou zapoéitany i vzorky s rozdilem v délce produktii o jedné repetici.
Pii zapocitani pouze vzorkl odlisenych o dvé a vice repetic se napf. u AR zmensi mnozstvi informativnich
vzorkil z 92 % na 79 % (analyza u 1005 Zen v Amos-Landgraf J.M. et al., 2006).

MAOA _RP2 _PCSKIN M278 AR ZNF261 ZDHHC15 PGKI HPRT1 SLITRK4 FMR1

N B EERE o2S ER Hoes

Obr. 12: Pozice oblasti (genl), které byly pouzity pro vyvoj metod pro stanoveni poméru XCI (schéma
adaptovano z UCSC Genome Browser a upraveno).

Ackoli jsou metody zaloZzené na metylaci DNA oblibené a provéfené casem, jsou
semikvantitativni a neptfimé. Metylace DNA v jednotlivych CpG dinukleotidech muze byt
také spojena sjinymi faktory nez je inaktivni stav chromosomu. Z tohoto pohledu by
stanoveni poméru XCI na zékladé genové exprese mohlo 1épe aproximovat skute¢ny pomeér
XCI (Kutsche et al., 2000), avsak metody zalozené na metylaci zstavaji mnohem castéji
pouzivané diky snadné dostupnosti a vétsi stabilit¢ vzorktt DNA oproti vzorkiim RNA.

Mezi pouzivané transkripéni metody pro stanoveni poméru XCI patii napt. metoda detekujici
polymorfismus Hinfl v exonu 6 genu XIST (Rupert J.L. et al., 1995; Amos-Landgraf J.M. et
al., 2006), analyza produkti PCR amplifikovanych z exonu 1 genu AR pomoci kapilarni
elektroforézy nebo tzv. supresivni RT-PCR s alelicky specifickymi primery identifikujicimi
SNP v oblastech vybranych gent a detekce produktii pomoci SYBR Green nebo Tagman
sond, popt. kvantifikace pyrosekvenovanim (Busque L. et al., 2009; Swierczek S.I. et al.,
2012; Mossner M. et al., 2013). Poté co sekvenovani nové generace otevielo novou éru

genetiky, bylo jenom otazkou ¢asu, nez bude tato metodika pouzita také pro stanoveni poméru

30



XCI. V nedavné dobé¢ byl publikovan c¢lanek, ve kterém autofi demonstrovali uzite¢nost
ptistupu, Ktery vyuziva celoexomové a mRNA sekvenovani, RNAseq (Szelinger S. et al.,
2014). Urceni faze (tzn. rodiCovského puvodu) alel SNP na zakladé analyzy segregace
Vv rodiné mélo minimalni vliv na vysledek. Obecné se vysledky RNAseq shodovaly s metodou
HUMARA (n =5, r = 0,84), ale zesikmeni XCI bylo u RNAseq niz$i, coz je ovlivnéno tim, ze
autofi odfiltrovali pouze geny lezici v PAR, ne vSechny unikajici geny.

Metody pouzivané pro stanoveni zeSikmeni X-inaktivace se spoléhaji na to, ze ve zkoumané
tkani je dany gen stabilné¢ podiizen inaktivaci, tzn. neni exprimovan z Xi a zaroven je
exprimovan z Xa a/nebo je jeho CpG ostrivek kompletné metylovan u Xi. Tento piedpoklad
ale v nékterych pfipadech neni splnén a proto je zjevné, ze pouzivani pouze jedné metody ma
sva uskali. V neddvné dobé¢ se objevily vyhrady i k nej€astéji pouZivané metod¢ HUMARA
(Swierczek S.I. et al., 2012) (viz diskuze u vysledkii). Metody pro stanoveni poméru XCI nam
také nemusi pfindSet uzitecnou informaci, pokud jsou vyuzity u zen, které jsou genetickymi

mosaikami (Majer F. et al., 2014).
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2 Cile

Pfredmétem této prace bylo vytvofit nové metody pro studium dédicnych metabolickych
poruch a tyto metody dale u vybranych onemocnéni aplikovat.
Tato studie obsahuje nasledujici pododdily:

A. Vytvorfeni jednoduché metody pro obohaceni lysosomu/lysosomalnich membran za
ucelem vyzkumu obecnych vlastnosti lysosomu, jejich obsahu a lysosomalnich
proteintl, ale také zmén probihajicich u lysosomalnich stfadavych onemocnéni.

B. Ovéreni, zda promotorové varianty rs4523300 a rs149596192 genu HGSNAT,
kodujiciho lysosomélni membranovy enzym, maji vliv na aktivitu enzymu méfenou
v lymfocytech zdravych osob. Tyto varianty popsala ve své dizertacni Eva Richtrova
(Richtrova E., 2014) u Sesti pacientl. Pfi analyze luciferasovou metodou mély
vyznamny dopad na expresi reportéru, a proto by potencialné mohly mit patogenni
viiv.

C. Dokonceni navrhu metod pro stanoveni pomeéru inaktivace chromosomu X, prace
zapocaté vV diplomové praci (Musalkova D., 2011), a validace téchto metod na souboru
sta vzorkli. Na zaklad¢ informaci uvedenych v tvodu je zfejmé, ze alternativni
metody, které nejsou zalozeny na dinukleotidovych repeticich, jsou stale potfebne, a to
jak v ptipadech, kdy standardni metoda neni pouzitelnd, tak pro potvrzeni jejich
vysledkd.

D. Vyuziti novych metod pro stanoveni poméru X-inaktivace u zen heterozygotnich pro
X-vazana onemocnéni rizné povahy, nejen lysosomalni stfadava onemocnéni.
Podrobnéji je zde popsan ptipad divky s mukopolysacharidosou typu Il, rodiny
s mutaci v genu HPRT1 a divky s deficitem enzymu OTC, kterd prosla transplantaci
jater.
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3 Metody

Chemikalie byly zakoupeny od firem: Biotium (Hayward, CA, USA), GE Healthcare (Little
Chalfont, UK), GeneAge Technologies (Praha, CR), Lach-Ner (Neratovice, CR), New
England Biolabs (Ipswich, MA, USA), PAA Laboratories (Yeovil, UK), Qiagen (Hilden,
Némecko), Roche (Basel, Svycarsko), Serva Electrophoresis GmbH (Heidelberg, Némecko),
Sigma-Aldrich (St. Louis, MO, USA) a ThermoFisher Scientific (Wilmington, DE, USA),
zahrnujici Applied Biosystems, Thermo Scientific, Invitrogen, Fisher Scientific. Dodavateli

oligonukleotidtl byly firmy: Generi Biotech (Hradec Kralové, CR) a ThermoFisher Scientific.

3.1 Metody pouzité pro izolaci lysosomu a lysosomalnich membran

3.1.1 Kultivace bunéénych kultur

Buiiky linii HEK293 nebo HeLa byly kultivovany v 75 cm? lahvich v komeréné doddvaném
mediu DMEM (ThermoFisher Scientific) obohaceném o antibiotika (gentamycin 40 pug/ml) a
10% fetalni bovinni sérum (FBS) (PAA Laboratories). Kultivace byla provadéna v termostatu
pii 37 °C v atmosféie s 5% CO..

3.1.2 Homogenizace bunécénych linii

Buiiky byly sesbirany skrabanim do pufru PBS a promyty v isotonickém TEA pufru (10 mM
trietanolamin, 1 mM NaEDTA, 10 mM CH3COOH, pH 7,2) s 250 mM sacharosou (Lach-
Ner). Homogenizace bunék byla provedena ve sklenéném homogenizatoru Dounce (Kimble
Chase Kontes, Vineland, NJ, USA) pii 4 °C. Homogenat byl centrifugovan v centrifuze 4K15
(Sigma) 10 min pii 1000 g, peleta byla znovu homogenizovana a centrifugovana. Super-

natanty byly spojeny a centrifugovany 15 min pii 11 000 g pro ziskani organelové pelety.

3.1.3 Lyze lysosomii

Organelova peleta byla resuspendovana v pufru slozeném z 10 mM HEPES (pH 7,2), 1 mM
Na:EDTA, 250 mM sacharosy a 20 mM methionin metylesteru (MME) (Sigma-Aldrich) a
inkubovana 15-60 min za stalého michani v rotatoru Multi Bio RS-24 (Biosan, Riga, Latvia)
pii pokojové teploté. Poté byla suspenze pfenesena na led a byly pfidany inhibitory proteaz
cOmplete Protease Inhibitor Cocktail Tablets (Roche) o kone¢né koncentraci 1x. Suspenze po
rizné dlouhych inkubacich byly centrifugovany v centrifuze 4K15 (Sigma) 25 min pfi
25000 g. V supernatantech a resuspendovanych peletach byly méfeny aktivity glukocerebro-

sidasy a hexosaminidasy a na zaklad¢ toho urc¢ena troven lyze lysosomd.
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3.1.4 Piiprava linearniho a krokového sacharosového gradientu

Linearni sacharosovy gradient byl pfipraven z 15 ml 32,5% sacharosy a 15 ml 55,5%
sacharosy (v 10 mM HEPES pufru) v gradientovém mixeru (Sigma-Aldrich) za pouziti
peristaltické pumpy Varioperpex Il (LKB, Bromma, Svédsko). Gradient byl pievrstven
organelovym koncentratem, ktery byl tésné piedtim vystaven piisobeni MME. Poptipadé byl
misto linearniho pfipraven krokovy gradient, slozeny z 6 ml 41% nebo 35% sacharosy
prevrstvené 5 ml 20% sacharosy a 5 ml organelového koncentratu po vystaveni pasobeni
MME. Gradienty byly centrifugovany pies noc pii 112 700 gmax V ultracentrifuze Optima L-
90K ve vykyvném rotoru SW32 nebo SW32.1 (Beckman-Coulter, Miinchen, Némecko), bez
pouziti brzdy. Frakce byly sbirany od hladiny. U linearniho gradientu bylo odebrano 19 frakci
po 2 ml a ukrokového gradientu 16 frakci po 1 ml nebo jen prouzek z rozhrani 20/41%
sacharosy. Frakce snejvyssi aktivitou glukocerebrosidasy byly nafedény pufrem (10 mM
Tris-HCI, pH 7,2) nejméné na desetinasobny objem a centrifugovany 2h pii 250 000 Qmax
v ultracentrifuze Optima L-90K, v rotoru 70 Ti (Beckman-Coulter). Ziskana peleta byla

resuspendovana v tomtéz pufru a zmrazena v tekutém dusiku.

3.1.5 Priiprava linearniho gradientu z OptiPrepu

Linearni gradient z OptiPrepu (iodixanol, Sigma-Aldrich) byl ptipraven a centrifugovan
obdobné jako sacharosovy gradient. K tomu bylo pouzito 6 ml 22% roztoku a 6 ml 5%
roztoku, které byly pfipraveny smichanim pracovniho roztoku (50% w/v isotonicky roztok
iodixanolu) s pufrem (0,25 M sacharosa v pufru HEPES/EDTA). Gradient byl pievrstven
5ml postnuklearniho supernatantu v tomtéz pufru. Vzorek nebyl vystaven pusobeni MME a
byl knému pfidan roztok iodixanolu o vysledné koncentraci 4 %. Gradienty byly

centrifugovany 2 hodiny pti 100 000 g. Frakce byly sbirany od hladiny (21 frakci po 0,8 ml).

3.1.6 Méreni refrakénich indext
Spravna koncentrace jednotlivych roztokd iodixanolu a sacharosy a rozlozeni v gradientech

byla kontrolovana méfenim refrakénich index na stolnim optickém refraktometru.

3.1.7 Méreni zmény pH pomoci akridinové oranze

Schopnost zmény pH u izolované frakce v zavislosti na piidavku ATP byla ovéfena dle

metody popsané v literatuie (Dell”Antone P., 1979; Moriyama Y. et al., 1982). K reakénimu

roztoku (20 mM HEPES, pH 7,2, 0,2 M sacharosa, 50 mM KCI) s 20 uM akridinovou oranzi

(Sigma-Aldrich) o objemu 1 ml byla pfidana frakce lysosomalnich membran (10 pg proteinu)

a na spektrofotometru Shimadzu UV-2550 (Shimadzu, Duisburg, Némecko) byla za pokojové
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teploty kontinudlné métfena absorbance pii vinové délce 492 nm. Po stabilizaci kiivky byl do
kyvety pridan roztok 2 mM ATP (Sigma-Aldrich) s 2 mM MgCI; a po vice nez 2 minutach
byl ptidan roztok (NH4)2SO4 0 finalni koncentraci 10 mM. Do druhé reakce byl pfidan pouze
(NH4)2S04 (zadné ATP). Zmény absorbance byly méfeny v prib&hu cca 6 minut.

3.1.8 Sonikace vzorki

Vzorky pro méfeni enzymovych aktivit byly sonikovany na pfistroji Ultrasonic Homogenizer
4710 Series (Cole-Parmer, Vernon Hills, IL, USA). Aktivity enzymt byly méfeny podle
protokolti uvedenych v literatufe (Graham J.M., 1993; Wenger D.A. a Williams C., 1991;
Voznyi Ya.V. et al., 1993). Objemy ¢inidel byly tmérné upraveny pro umoznéni méfeni na

mikrotitra¢nich desti¢kach.

3.1.9 Meéreni koncentrace proteinu

Koncentrace proteini byla stanovena pomoci metody Bradfordové (Bradford M.M., 1976).
Vzorky byly inkubovany 5 min s ¢inidlem Bradford (Sigma-Aldrich) a nasledné byla zméfena
absorbance roztoku pii vlnové délce 595 nm na multidetekénim desticCkovém readeru
Synergy 2 (Dialab, Wiener Neudorf, Rakousko). Pro sestaveni kalibra¢ni rovnice byl pouzit

hovézi sérovy albumin (BSA) o koncentraci 0,1 mg/ml.

3.1.10 Méreni aktivity glukocerebrosidasy a hexosaminidasy

20 pl vzorku bylo inkubovano Vv mikrotitra¢ni desti¢ce 30 min pii 37 °C s20 pl 5 mM
substratu 4-metylumbelliferyl-B-D-glukosidu (Glycosynth, Warrington, Anglie) v Mcllvai-
nov¢ pufru (0,1 M/0,2 M citrat/fosfatovy pufr, 0,5% taurocholat sodny, 0,4% Triton X-100,
pH 5,4). Reakce byla zastavena 200 ul 0,2 M glycin-NaOH pufru (pH 10,6). Pro kalibraci byl
pouzit 1 uM roztok 4-metylumbelliferonu (4-MU) (Sigma-Aldrich). Fluorescence uvolnéného
4-MU a kalibrace byla méfena pii excitaci v oblasti 365 nm a emisi v oblasti 448 nm na
multidetekénim destickovém readeru Synergy 2. Specificka aktivita glukocerebrosidasy byla
vyjadiena v nmol 4-MU uvolnéného ze substratu na mg proteinu za 1 minutu. Méfeni aktivity
hexosaminidasy bylo obdobné, inkubacni ¢as byl zkracen na 15 minut a pouzit byl substrat
5mM 4-metylumbelliferyl-N-acetyl-p-D-glukosaminid (Glycosynth) v Mcllvainové pufru
(0,1 M/0,2 M citrat/fosfatovy pufr, 0,05% BSA, pH 4,4).

3.1.11 Méreni aktivity sukcinatdehydrogenasy
15 ul vzorku bylo inkubovédno v polypropylenové mikrotitracni desticce 20 min pii 37 °C

s80 ul 10 mM sukcinatu sodného (Sigma-Aldrich) v 50 mM fosfatovém pufru (pH 7,5).
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Nasledné bylo do reakce pfidano 27 ul p-iodonitrotetrazoliové violeti (INT, Sigma-Aldrich)
0 koncentraci 2,5 mg na ml fosfatového pufru. Desticka byla inkubovana dalsich 10 min pfi
37 °C a reakce byla zastavena piidanim 270 pl smési etylacetat/etanol/trichloroctova kyselina
v poméru 5:5:1 (v/v/w). Desti¢ka byla centrifugovana 1 min p#i 3 000 g a 300 ul roztoku nad
precipititem bylo pfed méfenim piepipetovano do polystyrenové mikrotitracni desticky.
Absorbance roztoku byla ihned méfena pii 490 nm na multidetekénim destickovém readeru
Synergy 2. Vysledna aktivita sukcinatdehydrogenasy byla vyjadiena v nmol redukovaného

INT na mg proteinu. Molarni absorpéni koeficient redukovaného INT je 19 300 cm™ M,

3.1.12 Méreni aktivity alkalické a kyselé fosfatasy

20 pl vzorku bylo inkubovéano v mikrotitra¢ni desti¢ce 30 min pti 37 °C s 90 pl reakéni smési,
ktera je pfipravena smichanim 16 mM p-nitrofenylfosfatu (Sigma-Aldrich) s pufrem v poméru
1:1. Pufr pro méfeni alkalické fosfatasy tvotil 50 mM borat sodny/NaOH (pH 9,8), pro mé&feni
kyselé fosfatasy byl pouzit 180 mM acetatovy pufr (pH 5,0). Pii méfeni alkalické fosfatasy
byl do reakéni smési navic vmichan 2 mM MgCl.. Reakce byla zastavena piidanim 270 pl
0,25 M NaOH. Desticka byla centrifugovana 1 minutu pfi maximalnich otackach (3 000 g) a
300 pl roztoku bylo ptepipetovano do nové polystyrenové mikrotitracni desticky. Absorbance
roztoku byla méfena pii 410 nm na multidetekénim destickovém readeru Synergy 2. Vysledna
aktivita fosfatasy byla vyjadfena v nmol p-nitrofenolu uvolnéného ze substratu na mg

proteinu za 1 minutu. Molarni absorpéni koeficient p-nitrofenolu je 9 620 cm™ M2,

3.1.13 Méreni aktivity katalasy

Vzorek o objemu 2 pl byl pfidan k 6 pl vzorkového pufru, ktery byl pfipraven smichanim 2%
Tritonu X-100 s roztokem Tris/BSA (0,1 g BSA/100 ml 20 mM Tris-HCI pufru, pH 7,0)
v poméru 1:2. Nasledné bylo do jamicky ptidano 100 pl substratu (2,55 mM H20> v roztoku
Tris/BSA) a ptesné po 1 minuté inkubace na ledu byla reakce zastavena 200 pl roztoku
oxysulfatu titani¢itého (0,225 g/100 ml 1 M H2SOg). Desticka byla centrifugovana 1 min pfi
3000 g a 280 pl roztoku bylo ptepipetovano do nové polystyrenové mikrotitracni desticky.
Absorbance vzorku byla méfena pii 405 nm na multidetekénim destickovém readeru Synergy
2 a porovnana s hodnotou absorbance substratu v ¢ase nula. Aktivita katalasy se v podstaté
urcovala zpétnou titraci H2O2 zbylého po ukonceni enzymové reakce a byla vyjadiena v mU
na mg proteinu. Aktivita 1 U je definovana jako mnozstvi enzymu schopné zpracovat za

danych reak¢nich podminek 90 % substratu za 1 minutu v objemu 50 ml.
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3.1.14 Méreni aktivity NADPH-cytochrom c reduktasy

Vzorek o objemu 12,5 ul byl v mikrotitra¢ni desti¢ce smichan s 250 pul 50 mM fosfatového
pufru o pH 7,7, 2,5 ul 10 mM EDTA, 12,5 ul cytochromu ¢ (25 mg/ml 1x PBS) a 2,5 ul
roztoku rotenonu (1 mg/ml etanolu), ktery slouzi jako inhibitor interferujici mitochondrialni
oxidace NADPH. Absorbance vzorku byla méfena pfi pokojové teploté pii 550 nm na
multidetek¢nim destickovém readeru Synergy 2 dokud se neustalila, a poté bylo pfidano 25 ul
roztoku NADPH (2 mg/ml fosfatového pufru). Smés byla dikladné promichana a absorbance
vzorku byla zaznamenavana po dobu 5 minut v intervalech 30 s. Vysledna aktivita enzymu
byla vypocitana ze sklonu piimky (v oblasti méfeni s linearnim piiristkem absorbance) a
vyjadiena jako nmol redukovaného cytochromu ¢ na mg proteinu za 1 min. Molarni absorpéni

koeficient redukovaného cytochromu c je 27 000 cm™ M,

3.1.15 SDS polyakrylamidova elektroforéza (SDS-PAGE)

Separa¢ni gel byl pfipraven smichanim 40% roztoku akrylamidu/bis-akrylamidu (Sigma-
Aldrich), separa¢niho pufru (1,5 M Tris base, 13,9 mM SDS, pH 8,8), 0,06% APS
(peroxodisiran amonny, Sigma-Aldrich) a 0,06% TEMED (tetrametyletylendiamin, Sigma-
Aldrich). Smés byla nalita mezi sestavena skla, pielita vrstvou vody a ponechana 45 min
polymerovat. Pro pfipravu zaostfovaciho gelu byl pouzit pufr obsahujici 0,5 M Tris base a
13,9 mM SDS, pH 6,8. V piipad¢ separace na 7-15% gradientovém gelu byla smé&s michana
v gradientovém mixeru (Sigma-Aldrich) a nalévana za pouziti peristaltické pumpy
Varioperpex Il (LKB). Zpolymerovany gel byl ptipevnén do aparatury MightySmall SE260
(Hoefer, San Francisco, CA, USA). Vzorky (10 ug proteinu z kazdé frakce ziskané béhem
purifikace LM) byly smichany s pufrem 6x SDS-PAGE (0,012% bromfenolova modft, 30%
glycerol, 0,347 M SDS a popi. 6% pB-merkaptoetanol). Elektroforéza probihala v pufru
(192 mM glycin, 25 mM Tris base, 3,47 mM SDS) pii napéti 70 V, po 1 h bylo napéti

zvySenona 120 V.

3.1.16 Western blot

Rozdélené vzorky byly blotovany na PVDF membranu Immobilon-P (Merck Millipore,
Bedford, MA, USA) v polosuché blotovaci aparatufe (Biotec-Fischer, Reiskirchen,
Némecko). Blotovaci papiry byly ekvilibrovany v blotovacim pufru (48 mM Tris base,
39 mM glycin, 0,037% SDS, 20% metanol, pH 9,2), membrana navic 15 s v metanolu. Pfenos
proteindi na membranu probihal 1h pfi konstantnim proudu 1-2 mA/cm?. Poté byla membrana
1h blokovana v pufru PBS-T (137 mM NaCl, 2,7 mM KCI, 7,8 mM NaxHPO4, 1,5 mM
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KH2PO4, pH 7,3, 0,05% TWEEN20) obsahujicim 3% BSA (Serva Electrophoresis) a
promyta v PBS-T. Pro detekci LAMP1 byla pouzita krali¢i primarni protilatka (1:5000,
darovano Dr. Carlssonem, University of Umea, Svédsko) a kozi sekundarni protilatka proti
krali¢im 1gG (ThermoFisher Scientific). Membrana byla inkubovana 1h s piislu§nou primarni
protilatkou v PBS-T s 1% BSA, promyta 2x po dobu 5s a 2x 10 min a inkubovéana 45 min se
sekundarni protilatkou konjugovanou s reporterovym enzymem HRP (kifenovou peroxidazou)
v PBS-T s 1% BSA. Po promyti membrany byl na blot aplikovan chemiluminiscenéni substrat
SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific) a signal
detekovan na pfistroji ChemiGeniusQ za pomoci programu GeneSnap (SynGene, Cambridge,
UK). Pro vyhodnoceni vysledkd byl pouzit program GeneTools (SynGene). Vsechny
inkubace a promyvani byly provedeny pii pokojové teploté a za stdlého michédni na pftistroji

Orbital Shaker OS-20 (Biosan, Riga, Lotyssko).

3.2 Metody pouzité pro studii vlivu promotorovych variant HGSNAT

3.2.1 Méreni aktivity enzymu HGSNAT

10 pl vzorku bylo inkubovéano 17 hodin pifi 37 °C s 10 ul 6 mM acetylCoA a 10 pl 3 mM
substratu  4-metylumbelliferyl-p-D-glukosaminidu (Moscerdam, Oestgeest, Nizozemi)
Vv Mcllvainové pufru (0,1 M/0,2 M citrat/fosfatovy pufr, 0,25% Triton X-100, pH 5,5).
Reakce byla zastavena 600 pl 0,2 M glycin-NaOH pufru (pH 10,6). Pro kalibraci byl pouzit
1 uM roztok 4-metylumbelliferonu. Fluorescence uvolnéného 4-MU a kalibrace byla méfena
pfi excitaci v oblasti 365 nm a emisi v oblasti 448 nm na fluorimetru LS 55 (Perkin Elmer,
Waltham, MA, USA). Specificka aktivita enzymu byla vyjadiena v nmol 4-MU uvolnéného
ze substratu na mg proteinu za 17 hodin. Mé&feni hexosaminidasy, kontrolniho enzymu, je

popsano vyse (3.1.10).

3.2.2 Méreni koncentrace proteinu

Pro méfeni byla vyuzita Hartree-Lowryho metoda (Hartree E.F., 1972). 200 ul vzorku bylo
inkubovano 10 min pti 50 °C s 200 pl roztoku A (2 g vinanu sodno-draselného, 90g Na>COs,
450 ml 1 M NaOH, doplnéno do 1 1 vodou). Smés byla ochlazena a po pfidani 20 pl
roztoku B (2 g vinanu sodno-draselného, 1 g CuS04.5H20, 10 ml 1 M NaOH, doplnéno do
100 ml vodou) inkubovana 10 min pii pokojové teploté. Po ptidani 600 pl roztoku C (Folin-
Ciocalteouvo ¢inidlo, Sigma-Aldrich, zftedéno vodou v poméru 1:14) byla smés inkubovéana
10 min pii 50 °C a ochlazena. Na spektrofotometru Shimadzu UV-2550 byla zméfena

absorbance vzorka pii 650 nm. Jako standard byl pouzit roztok BSA o koncentraci 0,1 mg/ml.
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3.3 Metody pouzité pro stanoveni poméru inaktivace chromosomu X

3.3.1 Piiprava vzorki gDNA, RNA a cDNA

Genomova DNA byla izolovana standardni fenol-chloroformovou extrakci nebo s pouzitim
QiaAmp DNA Blood Mini Kit (Qiagen) dle ptilozené¢ho protokolu. RNA byla izolovana za
pouziti TRIzolu (Invitrogen). Z izolované RNA byla podle standardniho protokolu pfipravena
cDNA pomoci reverzni transkriptasy SuperScript II. DNA a RNA z jater byla izolovana
pomoci soupravy AllPrep DNA/RNA/Protein Kit (Qiagen). Koncentrace a kvalita nukleovych
kyselin byla métena na ptistroji Nanodrop ND-1000 Spectrometer (Thermo Scientific).
Vzorky genomové DNA pro validaci metod byla ziskany zlymfocyti periferni krve
separovanych na vrstvé Ficoll-Pague (GE Healthcare). DNA byla ziskana od 100 zdravych
dobrovolnych darkyn ve véku od 9 do 72 let (primérny vék 36,5 let, median 35 let), péti
muzskych dobrovolniki a 18 ¢lent péti rodin. VSichni darci byli ¢eského ptivodu. Studie byla

povolena etickou komisi a ode vSech zcastnénych byl ziskédn informovany souhlas.

3.3.2 Bioinformatické studie a navrh primeru

Hledani novych oblasti vhodnych pro X-inaktivaéni studie bylo provedeno pomoci programu
Galaxy (Goecks J. et al., 2010; Blankenberg D. et al., 2010; Giardine B. et al., 2005). Cela
sekvence chromosomu X (verze NCBI36/hgl8) byla systematicky prohledana pro nalezeni
oblasti, které¢ obsahuji v tésné blizkosti (max. 300 bp) CpG ostriivek a kratkou tandemovou
repetici (STR) s jednotkou repetice mezi 3-6 bp (lokalizovano pomoci programu Tandem
Repeats Finder). Pii nasledné selekci byly vypustény oblasti lokalizované v oblastech PAR1 a
PAR2 (Mangs A.H. a Morris B.J., 2007). Takto zuzeny vybér byl zobrazen v prohlizeci
UCSC Genome Brower (Kent W.J. et al., 2002) a pro dalsi evaluaci byly vybrany oblasti,
které lezely v domnélych promotorovych oblastech genl. Protoze jsme neméli k dispozici
zadna data o variabilit¢ STR v naSich vybranych oblastech, byla jejich variabilita predikovana
pomoci programu SERV (Legendre M. et al., 2007) a vybrany pouze sekvence s VARscore
> 0,9. Nasledné bylo na zakladé literatury (Park C. et al., 2010; Carrel L. et al., 2006; Carrel
L. a Willard H.F., 2005; Sudbrak R. et al., 2001) zkontrolovano, zda oblasti neunikaji
inaktivaci. Nase kritéria splinovalo 19 oblasti, pro néz byly v programu Primer-BLAST (Ye J.
et al., 2012) navrhnuty primery. Vhodné metyla¢né senzitivni a jiné restrikéni enzymy byly

nalezeny pomoci programu Webcutter 2.0 (http://www.firstmarket.com/cutter/cut2.html).

3.3.3 Stépeni DNA a polymerazova fetézova reakce (PCR)
Analyzovanda DNA (200 ng) byla pfes noc inkubovana pii 37 °C s10 U metylacné
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senzitivniho restrikéniho enzymu a 1-3 U pomocného restrikéniho enzymu (New England

Biolabs, NEB) v piislusném pufru a s 100 pg/ml BSA pokud bylo potieba (detaily v tab. 3).

Tab. 3: PCR primery a enzymy pouZité v jednotlivych metodach I az V a délka vznikajicich produkta.

No. Gen Repetice Primery g:zs;:;l;éni aé;;(a
RN G | S CISHSSCATCTICTOOATOST s
| owe con TAROSASCCSCCMCTISCCTERT M g
Ve oo § HEXCSCCCCTCACOTICNISOCST s sz
Vmow  coo  STAVOIGGACOSSTACCOCTAST e na

30blast repetice CGG obsahuje mensi oblast s repetici GCGGCA. PTento gen je asociovéan s fragilnim mistem
FRAXEF. Nebyla nalezena asociace se specifickym fenotypem (Lukusa T. a Fryns J.P., 2008).

Stejné mnozstvi DNA bylo inkubovéano paralelné pouze s pomocnym enzymem. Ten byl do
smési piidan za ucelem snizeni komplexity gDNA. Pomocny enzym S§tépil sekvence DNA
mimo amplifikovanou sekvenci a nebyl citlivy k metylaci, takze §tépil aktivni i inaktivni
chromosom X stejnou mirou. Enzymy byly inaktivovany inkubaci 10 min pti 95 °C a 30 ng
DNA bylo nasledné amplifikovano s navrzenymi primery (Applied Biosystems), pfi¢emz
zbytek smési byl dale skladovan pti -20 °C (Kiedrowski LA et al., 2011). Jeden z primert
v kazdé sadé byl fluorescenéné znaCen pomoci 6-FAM nebo HEX. PCR reakce byly
provadény v objemu 10 pl a obsahovaly 1x PC2 pufr (50 mM Tris—HCI pH 9,1, 16 mM
(NH4)2S04, 2,5 mM MgClz, 150 pg/ml BSA), 200 uM dNTPs, 0,3 pM primery, 10%
dimetylsulfoxid (DMSO), 240 mU Klentagl (DNA Polymerase Technology, St. Louis, MO) a
2,2 mU DeepVent polymerasy (NEB). DNA byla amplifikovana v termocykleru C1000
Touch Thermal Cycler (BioRad, Hercules, CA, USA). Denaturace (94 °C 2 min) byla
nasledovana 35 cykly (94 °C 5 s, 68 °C 20-25 s) a finalni extenzi, kterd byla z ptivodnich
10 min pfi 68 °C prodlouzena na 30 min pro podpofeni netemplatové adice dATP
polymerdzou a minimalizaci tvorby tzv. split pikti. Obdobny protokol pro metodu HUMARA
byl publikovan v literatufe (Boudewijns M. et al., 2007).

3.3.4 Horizontalni elektroforéza v agarosovém gelu

Agarosa (Serva Electrophoris) byla rozpusténa (1,5 g/100 ml) v 1x TBE pufru (89 mM Tris,
112 mM H3BOs, 2 mM EDTA) a po ztuhnuti timto pufrem prelita. Vzorky byly smichany
s 6x Loading dye (Thermo Scientific) a interkala¢ni barvickou GelRed (Biotium). Na gel byly
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nanaSeny paralelné¢ s hmotnostnim standardem GeneRuler 100 bp DNA ladder (Thermo
Scientific) a elektroforéza probihala pii intenzité ~10 VV/cm. Vizualizace DNA byla provedena
na UV transiluminatoru (Vilber Lourmat, Marne La Vallée, Francie). Pokud bylo poticba
precistit produkty PCR, byla pouzita souprava High Pure PCR Product Purification Kit
(Roche).

3.3.5 Kapilarni elektroforéza

Produkty PCR u nestépenych vzorki byly ziedény vodou v poméru 1:75, u stépenych vzorka
1:30. Podle moznosti byly vytvofeny smési PCR produktd. Poté byly vzorky smichany s Hi-
Di formamidem (Thermo Scientific) a standardem GeneScan 500ROX (Applied Biosystems)
v poméru 0,5:9:0,5 (celkem 10 pl). Tyto smési byly separovany na sekvenatoru 3500xL
Genetic Analyzer (Applied Biosystems). Pro zpracovani vysledkli byl pouzit program
GeneMapper software v4.1 (Applied Biosystems).

3.3.6 Selekce primeri a uréeni poméru XCI pomoci novych metod

I: 305

Primery byly pouzity pro PCR amplifikaci 24 vzorkt I o el

III: 318

zenské DNA. Amplifikace u péti sad primerd a2
(ocislovanych I, II, III, IV a V) vedla ke vzniku

305
287
318 + 321
243 + 276
301 + 313

produktil s variabilni délkou. Specifita té&chto produkti 332

318 + 321

byla potvrzena amplifikaci nezavislé skupiny vzorkt, 23+27¢

ziskanych od péti rodin, kde byla pozorovana _

segregace alel (pfiklad jedné z rodin na obr. 13). gzé +321
313

305

287 + 284
318 + 321
243 + 249
301 + 319

Obr. 13: Velikosti produktt amplifikovanych
pomoci PCR se sadami primeru [ az V.

Vzorky gDNA izolované od 100 kontrolnich osob (Zen) byly amplifikovany pomoci péti sad
primerti pro identifikaci informativnich vzorkd, u kterych byl nésledné stanoven pomér X-
inaktivace. Pomér XCI byl vypocten jako pomér ploch pikd dvou alel analyzovaného
polymorfniho mista ziskanych u vzorku Stépeného pomoci metylacn€é senzitivniho
restrik¢niho enzymu Hpall nebo Hhal. Tento mezivysledek pak byl zkorigovan pomérem
ploch pikli u nestépeného vzorku. Tim se pfedeslo chybé zplsobené preferencni amplifikaci
kratsi alely. Pomér XCI byl vypocten u informativnich heterozygotli, u kterych se produkty
PCR lisily o dvé nebo vice jednotek repetice. U vzorki, kde se produkty liSily jen o jednu
repetici se nabizi moznost zavést korekei, ktera by odecetla ptispévek stutter piku delsi alely

Kk hlavnimu piku kratsi alely. Zminky o takové korekci lze nalézt v literatuie (Busque L. et al.,
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2009; Mossner M. et al., 2013; Sharp A. et al., 2000), nicmén¢, my jsme ji nezavedli, protoze
velikost stutter piki neni uniformni. V kazdé sérii vzorka byl zahrnut také muzsky vzorek pro
potvrzeni Gplného $tépeni metylacné senzitivnim restrikénim enzymem (obr. 14). VVzorec pro

vypocet poméru XCI byl pievzat z literatury (Thouin M.M. et al., 2003):

A (%) = 100*%(D1/UL)/(D1/U1 + D2/U2)
Az (%) = 100*%(D2/U2)/(D1/U1 + D2/U2)
Az (%) + A1 (%) =100
(As/A: reprezentuji procento bunék, u kterych je alela 1 nebo 2 inaktivni, U1/U; reprezentuji plochu piku alely 1
nebo 2 u nestépeného vzorku, D1/D; reprezentuji plochu piku alely 1 nebo 2 u §tépeného vzorku.)
A Male

B Female - no skewing C Female - high skewing

u2

- Hpall
. Ul

Ll

+ Hpall .
D1 D2

[ |

| . l,"n,JI‘. Lol N Nl “| b1

Obr. 14: Vysledky fragmentacni analyzy — metoda Il. Nestépené (- Hpall) a §tépené (+ Hpall) vzorky byly
amplifikovany s pfisluSnymi primery a vzniklé produkty PCR byly separovany pomoci kapilarni elektroforézy.
Analyza vysledki byla provedena pomoci softwaru GeneMapper. (A) Muzskd DNA. Ve srovnani s nestépenym
vzorkem, u kterého vznika vzdy jen jeden produkt, u §tépeného vzorku nedochazi k amplifikaci. (B) Zenska
DNA. Vysledky analyzy u Zeny s ndhodnou inaktivaci chromosomu X ukazuji podobny pomér produkti u
$tépené a nestépené DNA. (C) Zenska DNA. Vysledky analyzy u Zeny s vysokym zesikmenim XCI.

Vysledek byl vyjadien jako pomér delsi alely ke kratsi A1:A2. Hodnota byla primérem dvou
méfeni. ProtoZe jsme pii porovnavani vysledk jednotlivych metod nevédéli, jestli jsou
jednotlivé alely in cis, nemohli jsme pfimo porovnavat nase vysledky. Pro Gi¢ely porovnavani
jsme tedy vysledky prevedli na odchylku od primémého poméru XCI 50:50. Skala vysledki
se pohybovala od 0 do 50 %, kde 0 % odpovida stejné expresi z obou alel a 50 % odpovida

expresi vyhradné jedné alely.

3.3.7 Ur¢€eni poméru XCI s vyuzitim oblasti genu AR

Konvenéni metoda HUMARA, ktera kombinuje Stépeni pomoci metylaéné senzitivnich
restrikénich endonukleaz a PCR, byla provedena podle publikovaného protokolu (Racchi O.
et al., 1998) s tim rozdilem, ze jeden z primert byl znacen fluorescenéni znackou HEX.
Poméry XCI byly rovnéz uréovany pomoci metody AR-MSP, ktera také vyuziva oblast genu
AR (Kubota T. et al., 1999). Vzorky DNA byly modifikovany pomoci hydrogensifi¢itanu
sodného (NaHSO3) podle protokolu popsaného V literatufe (Frommer M. et al., 1992) nebo
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s pouzitim soupravy EpiTect Bisulfite kit (Qiagen). Modifikovana DNA byla amplifikovana
pomoci PCR sdvéma sadami primerd AR-M nebo AR-U, které specificky amplifikuji
metylovanou sekvenci Xi, respektive nemetylovanou sekvenci Xa. Produkty PCR byly
separovany pomoci kapilarni elektroforesy a poméry XCI byly vypocitany dle publikované

rovnice.

3.3.8 Urc¢eni poméru XCI na zakladé transkripénich metod — metoda SNaPshot

Pro metodu SNaPshot byly vyuzity exonové jednobazové polymorfismy (SNP) v genech
ZNF75D (rs1129093), IDS (rs11549009), MAGED2 (rs1043031 a rs1043034) a MED12
(rs5030619). Vybér téchto oblasti a dalsi detaily metod jsou popsany v literatufe (Musalkova
D. et al., 2015), SnaPshot reakce byly provedeny dle prokolu vyrobce (ABI PRISM SnaPshot
Multiplex Kit, Applied Biosystems). Principem metody bylo provedeni RT-PCR a
hybridizace oligonukleotidovych sond v tésné blizkosti SNP. Poté byly tyto sondy
prodlouZeny o jednu bazi ptfipojenim fluorescenéné znaceného ddNTP na pozici zkoumaného
SNP. Produkty reakce byly separovany pomoci kapilarni elektroforézy a velikosti pikl byly

pouzity pro vypocet poméru exprese alel, ktery byl upraven podle kalibra¢nich ktivek.

3.3.9 Urceni poméru XCI na zikladé sekvenovani produkti RT-PCR

RT-PCR produkty byly analyzovany pomoci hlubokého sekvenovani. Pro rozliSeni maternalni
a paterndlni alely bylo mozné u pacientky s deficitem OTC vyuZit jak mutaci ¢.583G>C
v exonu 6 genu OTC, tak SNP ¢.137A>G (rs1800321) v exonu 2. U pacientky s MPS Il byla
vyuzita mutace ¢.1403G>A v genu IDS a SNP ¢.156 A>T (rs12097) v genu LAMP2.

Pro ptipravu knihovny bylo pouZito singleplexové PCR a Nextera XT library preparation kit
(Hllumina, San Diego, CA). Pro sekvenovani byl vyuzit sekvenator MiSeq a MiSeq reagent kit
v2 (500cycle) (Illumina). Pro odstranéni duplikaci, mapovani a urceni variaci byl pouZit
software NextGENe (SoftGenetics, State College, PA). Jako referen¢ni sekvence byla pouzita
sekvence genomu hg19 (NM_000531 u OTC).

3.3.10 Analyza polymorfismi pomoci soupravy Investigator Argus X-12

Genomova DNA byla analyzovana pomoci soupravy Investigator Argus X-12 (Qiagen)
zamé&fujici se na 12 STR markerd na chromosomu X a amelogenin pro urc¢eni pohlavi
(obr. 15). Amplifikace a nasledna separace na kapilarni elektroforese a analyza dat byla

provedena dle pokynti vyrobce.
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Hp22.35 Amelogenin X Obr. 15: Pozice oblasti 12 mikrosatelitnich markeri na
Rp22.32 Dxs10148  ——— 9O Mb linkage group 1~ chromosomu X. Vzdalenost od telomery p raménka je
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3.3.11 SDS-PAGE a Western blot

Provedeni SDS-PAGE elektroforesy a nasledného Western blotu je popsano v kapitole 3.1.15
a 3.1.16. Pro méfeni koncentrace proteinu ve vzorcich byl pouZit infraerveny spektrometr
DirectDetect (Merck Millipore). Signal byl kvantifikovdn v oblasti 1600-1700 cm™. Pro
detekci byla pouzita polyklonalni krali¢i protilatka anti-OTC IgG (HPA000243) a mono-
klonalni mysi protilatka anti-GAPDH IgM (G8795) od firmy Sigma-Aldrich a monoklonalni
krali¢i protilatka anti-CPS1 IgG (ab155083) od firmy Abcam (Cambridge, UK).

3.3.12 Méreni aktivity enzymu OTC

Stanoveni aktivity enzymu bylo provedeno pomoci modifikované jiz dfive publikované
metody (Tuchman M. et al., 1989). Jako substrat byl pouzit izotopov€é znaceny ornitin-d6 a
produkt enzymové reakce citrulin-d6 byl detekovan pomoci LC-MS/MS za vyuziti komeréné

dostupné soupravy pro analyzu aminokyselin (EZ:faast, Phenomenex, Torrance, USA).

3.3.13 Statisticka analyza

Statistickd analyza (korelace, srovnavani metod) byla provedena za vyuziti softwarového
balicku XLSTAT (Addinsoft, New York, NY). Shoda metod a opakovatelnost byla ur¢ena na
zakladé Bland-Altmanovy metody (Bland J.M. a Altman D.G., 1986).
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3.4  Ostatni metody

Jakékoli daldi metody vyuzivané ostatnimi spolupracovniky na UDMP, respektive jejich
specifické variace, jsou piehledné popsany v literatuie, ktera je pfipojena jako piiloha k této

dizertacni praci.
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4 Vysledky a diskuse

4.1 Izolace lysosomalnich membran z kultivovanych bunék

Lysosomalni membrany (LM) byly tradi¢n¢ izolovany pomoci celé fady metod a jejich
kombinaci (diferencidlni centrifugace, separace v denzitnim gradientu aj.), pii¢emz se Casto
vyuzivala Gcelovd zména vlastnosti urcitych organel, popfipad¢ jejich lyze. Pro vyzkum
proteinti a lipidd LM jsme vyvinuli jednoduchou a casové nendrocnou metodu slouzici
k obohaceni LM z kultivovanych bunék linii HEK293 a HeLa (obr. 16).
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Obr. 16: Schéma postupu pfi izolaci lysosomalnich membran. Organelovy koncentrat (OP) ziskany Sto¢enim
postnuklearniho supernatantu (PNS) byl inkubovan s 20 mM metylesterem methioninu (MME), ktery indukuje
lyzi lysosomi. Vzorek byl nasledné rozdélen pomoci krokového sacharosového gradientu a obohacena frakce
LM byla ziskana z rozhrani 20%/35% sacharosy.

Organelovy koncentrat (OP) jsme vystavili po dobu 45 min ptsobeni 20 mM metylesteru
methioninu (MME), ktery se pouziva pro selektivni lyzi lysosomu (Goldman R. a Kaplan A.,
1973; Schroder B. et al., 2007a). Metylestery ur¢itych aminokyselin snadno prostupuji do
lysosomu, kde jsou St€peny pomoci hydrolas. Nasledné dochazi k akumulaci volnych
aminokyselin a zména osmotického tlaku zptisobi prasknuti lysosomu. Cas pisobeni a
koncentrace MME byly urceny na zéklad€ optimalizace a jsou vysledkem kompromisu mezi
urovni lyze lysosomi a proteolyzy (viz Musalkova D. et al., 2013). Pro obohaceni LM jsme
se nejdiive neuspésné pokouseli vyuzit diferencialni centrifugaci (Ohsumi Y. et al., 1983).
Nasledn¢ jsme se rozhodli provést separaci lyzatu na linearnim gradientu sacharosy
0 koncentraci 32,5-55,5 % (Schroder B. et al., 2007a). Pro sledovani obohaceni LM byla
vyuzita aktivita glukocerebrosidasy (B-Gluc), coz je periferni enzym LM bez transmem-

branové domény, pouzivany jako marker LM (Schroder et al., 2007a,b). U linearniho

46



gradientu bylo mozné pozorovat dvé oblasti se zvySenou aktivitou B-Gluc (obr. 17A), prvni
v oblasti 30-41% sacharosy a druha v oblasti okolo 45% sacharosy, kde se také, jak ukazuje
aktivita sukcinatdehydrogenasy (SDH), vyskytovala drtivd vétSina mitochondrii. Nasledné
jsme navrhli krokovy gradient (lyzat/20% sacharosa/41% sacharosa), ale frakce z rozhrani
20%/41% sacharosy bohata na B-Gluc obsahovala mitochondrialni kontaminaci (obr. 17B).
Tento problém byl prakticky eliminovan pfi sniZzeni koncentrace sacharosy ve spodni vrstvé

z 41 % na 35 % (obr. 17C), coz samozicjmé vedlo ke snizeni vytézku LM (resp. B-Gluc).

a0 &0
A ——B-Gluc —&—SDH — —sucrose

Obr. 17: Vysledek separace vzorku na linearnim
sacharosovém gradientu (A) nebo krokovém
gradientu se spodni vrstvou o koncentraci 41 %
(B) nebo 35 % (C). Frakce byly sbirany od
hladiny. V jednotlivych frakcich byla métena
aktivita glukocererobrosidasy (B-Gluc, marker
LM), sukcinatdehydrogenasy (SDH, marker
mitochondrii), a popf. f-hexosaminidasy (B-Hex,
luminalni lysosomalni hydrolasa). Aktivita je
vyjadiena v procentech celkové  aktivity.
Z refrakénich indexd byla dopocitana koncen-
—O— BGluc —— SDH —+—p-Hex trace sacharosy v procentech (na vedlejsi ose).
Na panelu (B) lze vidét, ze vétSina aktivity
luminalniho enzymu [B-hexosaminidasy byla
detekovana ve frakcich 2-6, odpovidajicich
oblasti, kam byl pfed centrifugaci aplikovan
vzorek. To ukazuje, ze po disrupci lysosomi
pomoci MME doslo k vyliti solubilniho obsahu,
ktery nepronikal do gradientu. Malé¢ mnozstvi -
Hex bylo také detekovano ve frakcich 11 a 12
(spolu s B-Gluc), coZ miiZe byt zptisobeno tim, Ze
. ’ ’ ’ ’ " " * . B-Hex piechodné asociuje s membranou nebo
C oo ——soH = —sucrose / byla ¢&ast B-Hex po prasknuti lysosomu a
nasledném uzavieni zachycena uvniti LM.
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Frakce LM ziskana z rozhrani 20%/35% sacharosy obsahovala vysoké mnozstvi proteinu
LAMP1 (obr. 18A) a m¢la vysokou aktivitu B-Gluc (viz tab. 4). Specificka aktivita B-Gluc se
pfi procesu zvysila primérné 15x (7-22x, provedeno 7 experimentd), promyti membran
pomoci 10 mM Tris pufru vedlo k dal§imu, zhruba dvojnasobnému zvyseni. Celkovy vytézek
¢inil zhruba 9 % pocate¢ni celkové aktivity B-Gluc. Preparat promytych LM mél ziejmé

zachovanou aktivitu multiproteinového komplexu vATPasové pumpy H* iontd, protoze po
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ptidavku ATP ke vzorku doslo k acidifikaci, ktera byla méfena jako zmeéna absorbance

akridinové oranze pti 492 nm (viz obr. 18B).
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Obr. 18: Charakterizace preparatu LM. (A) Western blot detekujici glykosylovany protein LAMPI1 v jedno-
tlivych frakcich: homogenat (H), postnuklearni supernatant (PNS), organelovy koncentrat (OP), supernatant po
stoCeni organel (OS) a frakce 11 (F11) z krokového gradientu sacharosy. (B) Acidifikace preparatu LM po
piidani ATP pozorovana jako zména absorbance akridinové oranze pii 492 nm. Do kyvety byl pfidan nejdiive
vzorek LM (Ghosts), poté roztok ATP a MgCl, a nakonec roztok sulfatu amonného, coz vedlo k alkalizaci
vzorku. U kontrolniho pokusu nebylo pfidano ATP (viz panel dole), a tudiz nedoslo k poklesu absorbance.

Tab. 4: Purifikace LM z bunééné linie HeLa, typicky experiment.

Protein B-glukocerebrosidasa
Frakce Celkem Vytézek | Vytézek Specificka aktivita Purifikaéni
(mg) (%) (%) (nmol/mg/min) faktor

Homogenat (H) 49,5 100 100 1,31 1
Peleta z 1. centrifugace (jadra, buiiky) 8,1 16,4 8,4 0,67 -
Postnuklearni supernatant (PNS) 37,8 76,3 88,6 1,53 1,2
Peleta z 2. centrifugace (organely, OP) 9,7 19,6 77,1 5,17 3,9
Supernatant po stoceni organel (OS) 21,3 43,1 11,2 0,34 -
Frakce LM (frakce 11)* 0,4 0,9 12 18,24 13,9
Promyta frakce LM 0,1 0,3 8,8 38,5 29,6

* Frakce 11 méla nejvyssi specifickou aktivitu f-Gluc v rdmci sacharosového gradientu (viz obr. 17).
Aktivity enzymd, které slouZily jako markery kontaminace jinymi bunéénymi soucastmi, byly
obecné nizké (mén€ nez 1 % pocatecni celkové aktivity), s vyjimkou katalasy (2,6 %), coz
zna¢i pro mirnou kontaminaci peroxisomy, a alkalické fosfatasy (marker plasmatické
membrany). 1 vysoce purifikované preparaty LM avSak obsahuji proteiny plasmatické
membrany (Schroder B. et al.,, 2010). To neni pfekvapivé, protoze mezi témito dvéma
kompartmenty dochazi skrze endocytosu a sekre¢ni drahu k pocetnym interakcim (fuzim a
oddélovanim membranovych vacki). Lysosomadlni lokalizace byla pozorovana i u5’-

nukleotidasy (Wattiaux R. et al., 1978), dalsiho markeru plasmatické membrany.
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O obohaceni preparatu LM odstranénim perifernich membranovych proteinii nebo slabé
navazanych luminalnich proteinli pomoci oplachl s vysokym obsahem soli (napt. 0,1 M
Na,COs; Bagshaw R.D. et al., 2005b) jsme se nepokouseli. Tento krok mize byt prospésny,
protoze snizuje komplexitu vzorku a odstraituje proteiny nespecificky adsorbované na
membrany pfi frakcionaci. Na druhou stranu vede ke ztraté asociovanych proteinti, které jsou
dalezité pro transport a interakce lysosomu.

Ackoli nase metoda neposkytuje LM o vysoké Cistoté, vysledné obohaceni je porovnatelné
s metodou izolace magnetickou chromatografii (Diettrich O. et al., 1998). Vyhodou nasi
metody je, Ze nevyzaduje nefyziologickou zatéz endosomalné-lysosomalniho systému
magnetickymi ¢asticemi (nebo detergenty), které vedou ke vzniku abnormalnich bunék.
Metoda je robustni a velmi u¢inna pifi eliminaci mitochondridlni kontaminace. Vysledky
obohaceni a vytéznosti jsSou velmi podobné u obou vyzkousenych bunéénych linii HEK293 a
HeLa, coz naznacuje, ze by mohla byt adaptovana i pro jiné typy bunék.

Pro studium lokalizace latek v rdmci riznych bunénych kompartmentii je nicméné vhodné;jsi
vyuzivat napt. gradient vytvofeny z iodixanolu, ktery umoziuje jemnéjsi rozdéleni organel
(obr. 19). Tento gradient muze byt prevrstven pfimo postnuklearnim supernatantem, ¢imz se
s vyhodou vyhneme resuspendaci pelety organelového koncentratu. To je krok, ktery se musi

provadét velice jemné, protoze lysosomy obsahuji velké mnozstvi degradativnich enzymd.
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cat OptiPrep === Protein Obr. 19: Vysledek separace vzorku
postnuklearniho  supernatantu na
linearnim iodixanolovém (OptiPrep)
gradientu: rozdéleni u bunééné linie
HelLa (A) a HEK293 (B). Frakce
byly sbirany od hladiny a nasledné
byla méfena aktivita glukocere-
robrosidasy a B-hexosaminidasy (j3-
Gluc a B-Hex, markery lysosomil),
sukcinatdehydrogenasy (SDH, mar-
ker mitochondrii), Kkatalasy (Cat,
marker peroxisomll) a alkalické
fosfatasy (ALP, marker plazmatické
membrany).
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celkové aktivity, mnozstvi proteinu
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4.2  Ovéreni vlivu promotorovych variant genu HGSNAT

Acetyl-CoA:a-glukosaminid N-acetyltransferasa (dale jen N-acetyltransferasa, HGSNAT, EC
2.3.1.78) je lysosomalni transmembranovy enzym, ktery katalyzuje acetylaci glukosaminido-
vych zbytkli v heparansulfatu, dualezity mezikrok pfi jeho degradaci. Deficit enzymu
zpusobuje Sanfilippav syndrom typu I1IC (mukopolysacharidosu typu 111C, MPS 11IC, OMIM
#252930). Enzym je kédovan genem HGSNAT lokalizovanym v pericentromerické oblasti
chromosomu 8 (Fan X. et al., 2006; Hrebicek M. et al., 2006). U HGSNAT byly identifi-
V nedavném ¢lanku (Richtrova E. et al., 2016) jsme charakterizovali promotor genu HGSNAT
jako promotor bez TATA (a CAAT) boxu, jehoz klicové elementy jsou obsazeny v useku
0 délce 1054 bp nad exonem 1 (vysledky souhrné v obr. 20). Zhruba 400 bp této oblasti se
ptekryva s nemetylovanym CpG ostriivkem. Pomoci metody 5'RACE (Rapid amplification of
cDNA ends) byly identifikovany dva hlavni zacatky transkripce (TSS) v pozici +1 a -15
(pocitano od DS-ATG), a transkripty tak obsahuji pouze DS-ATG (obr. 20G). Snizeni
reportérové aktivity v oblasti -101/-20 (obr. 20A) a -1073/-716 (obr. 20C) naznacilo
ptitomnost silnych regulaénich elementt. V oblasti -101/-20 byla predikovana &tyfi
potencialni vazebna mista pro transkrip¢ni faktor Spl (Specificity protein 1) (ozna¢ena A-D,
obr. 20G). Cilena mutageneze jednotlivych mist (obr. 20D) vedla jak k vyznamnému snizeni
reportérové aktivity na 55 % referen¢ni hodnoty (misto Sp1-A, p < 0,05), tak k vyznamnému
zvySeni aktivity na zhruba dvojnasobek (mista Spl1-B a Spl-C). U mista Spl-D doslo
K nevyznamnému snizeni 023 %. Vazba Spl byla nasledné¢ potvrzena chromatinovou
imunoprecipitaci (obr. 20F) a potvrdila dilezitost tohoto faktoru pro regulaci promotoru.

Geny kodujici lysosomalni proteiny maji ¢asto promotory bez TATA boxu a nemetylovany
CpG ostritvek a takové promotory jsou obvykle asociovany s konstitutivni expresi (Zhu J. et
al., 2008). Predpoklada se, ze u eukaryotickych promotortt bez TATA boxu je vazba RNA
polymerasy II a komplexu TFIID, a tudiz iniciace transkripce, umoznéna faktorem Spl (Pugh
B.F. A Tijan R., 1991; Gill G. et al., 1994; Emami K.H. et al., 1998), patficiho do rodiny Sp
transkrip¢nich faktort se zinkovymi prsty. Mnohonasobnd vazebna mista pro Spl jsou ¢astou
charakteristikou promotortit bez TATA boxu a byvaji lokalizovana 40-80 bp nad zacatkem
transkripce (Smale S.T. a Kanadoge J.T., 2003). Molekuly Spl tvoii multimerni komplexy,
které¢ synergicky aktivuji transkripci (Pascal E. a Tjian R., 1991). Vzijemné pusobeni
jednotlivych mist neni pln¢ pochopeno a v literatuie je taktéz popsano snizeni i zvySeni

aktivity transkripce po zamezeni vazby faktoru (Li R. et al., 1996; Hewetson A. et al., 2003).
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Obr. 20: Charakterizace promotoru genu HGSNAT. (A-E) Analyza luciferasové aktivity u konstruktli obsahuji-
cich vyznaéené oblasti promotoru, popf. variace. AS znac¢i protismérnou (antisense) orientaci. Pro analyzu byla
pouzita souprava Dual-Luciferase Reporter Assay System a tranzientni transfekce do HepG2 bunék. Hodnoty
reprezentuji primér + vybérovou smérodatnou odchylku nejméné dvou nezavislych méfeni, z nichz kazdé bylo
provedeno v triplikitu. Hodnoty byly vztahovany ke konstruktu (-1305/-20), ktery ptedstavuje hodnotu 1.
Prazdny vektor pGL4 byl pouzit jako negativni kontrola. (A) Dele¢ni analyza v blizkosti zacatku transkripce
(TSS). (B) Analyza konstruktii v protismérné orientaci. (C) Delecni analyza v 5’oblasti. (D) Funk¢ni analyza
vazebnych mist pro Spl. Kazdé misto bylo mutovano zvlast. (E) Funk¢ni analyza variant nalezenych u pacientt
s MPS 1IIIC. (F) Analyza vazby Spl pomoci chromatinové imunoprecipitace (ChIP). Fragmentovana DNA
z HepG2 bungk, které byly tranzientné transfekovany vektorem pN3-Spl, byla pouZita pro imunoprecipitaci
pomoci protilatky proti Spl (abSpl) nebo proti histonu H3 (abHisH3, pozitivni kontrola), popifipadé byla
inkubovana bez protilatky (ab -, negativni kontrola). Imunoprecipitaty a vstupni DNA (INPUT) byly pouzity pro
PCR amplifikaci promotorovych oblasti geni HGSNAT a SLC22A18, ktery slouzil jako pozitivni kontrola. (G)
Schéma promotorové oblasti genu HGSNAT a exonu a intronu 1 (chr8:42994700-42996700; GRCh37/hg19).
Vyznaceny jsou pozice dvou variant, rs4523300 a rs149596192. CpG ostrivek je vyznacen tlustou ¢ernou carou,
nemetylovany usek ovefeny bisulfitovym sekvenovanim carkovanou carou. Nahofe je rozepsdna sekvence
oblasti obklopujici TSS (-101/+50) a podtrZzenim vyznacena predikovana vazebna mista pro faktor Sp1l. Nukleo-
tidy mutované pii funkéni analyze jsou vyznaCeny tuénym pismem, dva potencialni inicia¢ni kodony rameckem.
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Promotorové fragmenty (-1305/-20 a -1305/+50) vlozené v antisense orientaci (obr. 20B)
vedly ke snizeni reportérové aktivity na ~50-60 %, coz ukazuje na divergentni iniciaci
transkripce. To je relativné Casty jev u lidskych promotort, ktery se neomezuje jenom na
bidirekcionalni promotory (Seila A.C. et al., 2008; Core L.J. et al., 2008). Upstream od genu
HGSNAT (> 5 kb) nelezi zadny znamy gen, ktery by s nim mohl sdilet promotor.

Uplny vydet predikovanych vazebnych mist pro transkripéni faktory (p-value < 10°) lze
nalézt v dodatku ke &lanku. Mezi potencialni vazebna mista s niz§im skore (p-value > 107
pak spada i motiv CLEAR v oblasti -737/-742 a -867/-873, coz je vazebné misto pro TFEB,
hlavni regulator biogeneze lysosomu a autofagie (Sardiello M. et al., 2009; Settembre C. et
al., 2011). Tato vazebna mista ale pravdépodobné neslouzi k vazbé TFEB. Velice malo
opravdovych motivii CLEAR leZi vice nez 300 bp nad TSS a Palmieri a kol. pfi vyuZiti fady
technik nepotvrdili vazbu TFEB na promotor HGSNAT (Palmieri M. et al., 2011).

U péti z 23 pacienti s MPS Il1IC v nasem souboru byla nalezena promotorova varianta
rs4523300 (4 heterozygotné, 1 homozygotn€¢) a u jednoho pacienta vzacna varianta
rs149596192 (heterozygotné). Kvili jejich potencidlné patogennimu dopadu byla provedena
analyza téchto variant pomoci luciferasového reportérového systému, kterd ukazala, Zze ob¢
varianty vedou k vyznamnému snizeni exprese reportéru (p < 0,05), a to na 68 % u rs4523300
a 59 % u rs149596192 (obr. 20E). Bioinformaticka studie nepredikovala, ze by tyto zdmény
vedly k inaktivaci vazebného mista pro transkripéni faktory.

Nasledn¢ jsme se zabyvali analyzou aktivity N-acetyltransferasy v bilych krvinkach
u zdravych osob nesoucich tyto varianty. U 100 kontrolnich vzorkd byla provedena
genotypizace pomoci metody PCR-RFLP a u 68 z nich byla zméfena aktivita N-
acetyltransferasy (obr. 21).

70 Obr. 21: Aktivita N-acetyltransferasy u 68
= 5 w 5 & kontrolnich osob, které byly na zakladé
< 60 8 ¢ genotypu rozdéleny d0'6 sk'upin. Vysledky
g o U prvnich ti skupin jsou doplnény
£ 50 - o o 0 krabicovy diagram, jehoz hranice jsou
3 R 8 o vymezeny 25. a 75. percentilem (rozmezi
E 4 (] 8 o IQR), centrélni linie ukazuje medidn,
) 1 S o ] symbol ,+“ ukazuje primér souboru.
S 30 4 R % & o o Vousy sahaji do vzdéalenosti minimalni a
g o maximalni hodnoty v rameci rozmezi 1,5
= 5 - o nasobku IQR. Odlehlé hodnoty jsou zna-
< M - ;o
z O e zornény jako jednotlivé body (s vyplni).

O
I 10 -

0 : : : : : ,
rs4523300: CC CG cC GG cC CG
rs149596192: GG GG GA GG AA GA
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Jednotlivé skupiny tvofilo 77 homozygoti pro WT alely (u 45 zméfena aktivita), 14
heterozygoti u rs4523300, 6 heterozygotd u rs149596192, 1 homozygot u kazdé varianty a
1 osoba, ktera nesla heterozygotné obé varianty. Pfi porovnani skupin nebyl nalezen
vyznamny rozdil. To neni Upln¢€ piekvapivé, protoze u zdravych kontrol existuje znacna
variace v aktivit¢ N-acetyltransferasy. Je mozné, Zze varianty maji pouze Casteény vliv na
regulaci N-acetyltransferasy in vivo, a je obtizné odhalit jejich prispévek, obzvlasté¢ pak

U heterozygotd.
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4.3  Vyvoj novych metod pro stanoveni zeSikmeni chromosomu X

Mista na chromosomu X, kterd by potencialné mohla byt vhodna pro stanoveni poméru XCl,
byla vyhledana podle schématu na obr. 22. Z ptiivodnich 84 oblasti byl vybér zazen na 19, pro
jejichz amplifikaci byly navrzeny fluorescenné znaCené primery. Na zaklad¢ dalsi selekce
bylo vybrano 5 para primerd, u kterych byly optimalizovany podminky $tépeni DNA a PCR
amplifikace. Podrobnosti tohoto vybéru jsou uvedeny v diplomové praci (Musalkova D.,
2011).

nalezeni Gsekl DNA s CpG ostriivkem a STR (3-6 bp) v max. vzddlenosti 300 bp
nastroj Galaxy (http://main.g2.bx.psu.edu/)
Human genome assembly Mar. 2006 (NCBI36/hg18)
84 nalezenych oblasti
L
vyFazeni Usekl lezicich v pseudoautosomalnich oblastech PAR1 a PAR2
L
vyfazeni usekll s CpG ostrlivkem leZicim mimo promotorovou oblast genu
zobrazeni v UCSC Genome Browser (http://genome.ucsc.edu/)

A

vyfazeni sekvenci s nizkou variabilitou STR

predikce programu SERV (http://www.igs.cnrs-mrs.fr/SERV/)
vybrany uUseky s VARscore >0,9
i A
kontrola, zda vybrané oblasti gend neunikaji X-inaktivaci
na zaklade literatury
L
navrzeno 19 parl primerd, fluorescenéné znaéeno
Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/)
e
zjisténi variability - PCR amplifikace u 24 Zenskych kontrolnich vzorkl DNA
potvrzeni specifity produktd - u ¢lend rodin
kapilarni elektroforesa 3500xL Genetic Analyzer, program GeneMapper v4.1
&
nalezena mista Stépeni pro Hpall/Hhal (min. 2) a pomocné restrikCni enzymy
Webcutter 2.0 (http://bio.lundberg.gu.se/cutter2/)

N N N N N NOY Y
L U W P A N

L
( navrzeno 5 metod (I, II, III, IV a V) )

Obr. 22: Postup navrhu novych metod pro stanoveni poméru XCI.

A

I I 111 v Vv
RPS6KA3 CNKSR2 AR RPS6KA6 TMEM185A HMGB3
crx [ EEN TN TN T | [ 12 SEESI-AETENT W

B I Il [l v Vv

400 bp —
300 bp —

200 bp —

Obr. 23: (A) Pozice oblasti (gent), které byly vybrany pro navrh metod (schéma bylo adaptovano z UCSC
Genome Browser). (B) Reprezentativni vysledky jednotlivych metod u vzorkii muzské gDNA. Symboly +, —
znaci, zda byla gDNA pred amplifikaci Stépena pomoci metylacné senzitivniho restrikéniho enzymu
(Hpall/Hhal), ¢i nikoli. L, standard.
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Takto byly navrzeny metody I, II, III, IV a V, vyuZzivajici oblasti geni RPS6KA3, CNKSR2,
RPS6KA6, TMEM185A a HMGB3 (pozice na chromosomu X je naznacena na obr. 23A).
Z4dna ze studovanych oblasti nebyla amplifikovana pomoci PCR u muzské gDNA, ktera byla
v piedchozim kroku $tépena pomoci metylaéné senzitivniho restrik¢niho enzymu (obr. 23B).
Tyto oblasti tudiz nejsou metylované u aktivniho chromosomu X.

Nové metody byly dale validovany porovnanim jejich vysledkl s vysledky standardni metody
AR-MSP. Metoda AR-MSP je technicky naro¢néjsi varianta metody HUMARA zaloZena na
metyla¢né specifickém PCR, ale jeji vyhodou je, ze v kazdém vzorku je stanoven pomér XCI
nejen na zdklad¢ inaktivnich chromosomii X, ale i komplementdrni pomér u aktivnich
chromosomii X. Spravnost vysledki metody AR-MSP jsme potvrdili srovnanim
s konvenéni metodou HUMARA a s tranksripénimi metodami. Pii srovnani vysledkt u 18
vzorkd (na Skale 0-100 %) byla pozorovana velmi vysoka korelace mezi AR-MSP a metodou
HUMARA (Pearsontv korela¢ni koeficient r = 0,926, p < 0,001). Primérny rozdil (MD) mezi
metodami byl 0,5 % a standardni odchylka (SD) £ 7,9 %. Vysledky srovnani AR-MSP
s transkripénimi metodami (TA) jsou zpracovany na obr. 24. I zde byla zjisténa vysoka
korelace a dobra shoda vysledkd. Proto byly pro dalsi pouziti vysledky metody AR-MSP

povazovany za referen¢ni a byly vyuzity pro validaci novych metod.

A Scatter plot B: Bland-Altman plot C: Histogram
50 40 00T
r=20,789 MD =-0,4 % (SD+5,9 %)
p < 0,0001 k%)

20
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20

Transcription assays (average)

Average (AR + TA)/2
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Obr. 24: Srovnani vysledki ziskanych pomoci transkripénich metod (TA) a metody AR-MSP (AR). (A) X-Y
graf, zobrazena ptimka y = X, Pearsoniv korela¢ni koeficient (r) a pravdépodobnost (p). (B) Bland-Altmantiv
graf, zobrazen je prumér rozdili (plna pfimka), jeho 95% konfidencni interval (teckované piimky), 95% limity
shody (pfimky se stiidajicimi se ¢arkami a body), hodnota primeéru rozdild (MD) a smérodatné odchylky (SD).
(C) Histogram pro hodnoceni normality distribuce.

Pro tyto ucely byl pouzit soubor 100 kontrolnich vzorkl zenské gDNA ziskanych z krve. Pred
pouzitim jednotlivych metod bylo zji§téno, zda jsou vyuzivané STR oblasti v jednotlivych
oblastech polymorfni, tzn. jestli pii amplifikaci vznikaji délkové odlisené produkty. Metody
pak byly povaZovany za informativni, jestlize vznikaly dva produkty liSici se nejméné o dvé

jednotky repetice. Metoda I byla informativni u 13 vzorkt, ITu 18, Il u 24, IV u 61 a metoda
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V u 55 vzorki. Metoda HUMARA/AR-MSP byla ve srovnani s tim vyuzitelnd u 67 vzorku.
Me¢teni poméru XCI bylo u téchto vzorki provedeno tak, jak je popsano v metodické sekci.

Reprezentativni vysledky metod IV a V jsou uvedeny na obrazku (obr. 25).

A Male B Female - no skewing C Female - extreme skewing

- Hpall |

i8¢k 384138
£

+ Hpall )

I I

S — — ) — WS . AV . L C—— [ ——— N T

Obr. 25: Vysledky fragmenta¢ni analyzy — metoda IV (zelen€) a V (modie). Nestépené (- Hpall) a $tépené
(+ Hpall) vzorky byly amplifikovany s pfislusnymi primery a vzniklé produkty PCR u sady IV a V byly pied
separaci kapilarni elektroforézou smichany. Analyza vysledkil byla provedena pomoci softwaru GeneMapper.
(A) Muzskd DNA. Ve srovnani s nestépenym vzorkem, u kterého vznika vzdy jen jeden produkt, u $tépené¢ho
vzorku nedochazi k amplifikaci. (B) Zenska DNA. Vysledky analyzy u Zeny s ndhodnou inaktivaci chromosomu
X ukazuji podobny pomér produktil u §tépené a nestépené DNA. (C) Zenska DNA. Vysledky analyzy u Zeny
s extrémnim zeSikmenim XCI ukazuji, Ze jedna alela pfitomna u nestépeného vzorku prakticky chybi
u stépeného vzorku.

Meéfeni poméru XCI jednotlivymi metodami bylo u kazdého vzorku provedeno dvakrat a na
zakladé toho byl stanoven koeficient opakovatelnosti, ktery reprezentuje maximalni rozdil
dvou opakovanych méfeni (s 95% pravdépodobnosti). Pro jednotlivé metody mél koeficient
hodnotu: 8,6 % u AR-MSP, 3,6 % u metody HUMARA (obdobny vysledek v Busque L. et
al., 2009), 6,6 % u metody I, 3,6 % u metody Il, 7,0 % u metody I, 8,1 % u metody IV a
12,9 % u metody V, coz potvrdilo, ze jednotlivé metody poskytuji konzistentni vysledky.
Pouze metoda V je mén¢ opakovatelna nez referencni metoda AR-MSP.

Vysledky poméru XCI naméfené v rdmci naSeho souboru (n = 86) odpovidaji vysledkiim
naméfenym u dospélych Zen (n = 415) v ramci vétsi studie (Amos-Landgraf J.M. et al., 2006).
Z nasledujici tabulky (tab. 5) lze vycist, ze mezi studiemi neni vyznamny rozdil
V procentudlnim zastoupeni Zen s vysokym zeSikmenim XCIL.

Tab. 5: Procento Zen s vysokym pomérem XCI.

Pomér XCI >80:20 >90:10 >095:5
nase studie 174% 47% 23%
Amos-Landgrafetal.,, 2006 142% 36% 17%

Nové metody byly dale srovnavany s referenéni metodou. ProtoZze je zaloZena na rozdilné
metylaci v promotorové oblasti genu AR, jsou jeji vysledky pouze aproximaci skutecné
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hodnoty poméru XCI. V takovémto piipadé srovnavani podobnych nepfimych metod je
vhodné pouzit metodu Blanda a Altmana (Bland J.M. a Altman D.G., 1986). Na obr. 26 je
uvedeno srovnani X-Y grafii, Bland-Altmanovych grafi a také histogramy pro posouzeni
normality. Na obr. 27 je uvedeno srovnani nejen s AR-MSP, ale také s ostatnimi novymi
metodami, pokud AR-MSP nebylo u daného vzorku informativni. Protoze nebylo jisté, zda
jsou alely jednotlivych STR oblasti in cis nebo in trans, jsou vysledky uvedeny ve skale 0—
50 %, kde 0 % odpovida stejné expresi obou alel a 50 % odpovidd expresi vylucné jedné

alely.
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Obr. 26: Srovnani vysledki ziskanych pomoci jednotlivych metod a metody AR-MSP (AR). Kazdé metod¢ je
vénovan jeden sloupec. (A) X-Y graf, zobrazena pfimka y = X, Pearsoniv korela¢ni koeficient (r) a
pravdépodobnost (p). (B) Bland-Altmantv graf, zobrazen je pramér rozdilti (plna ptimka), jeho 95% konfidencni
interval (teCkované ptimky), 95% limity shody (pfimky se stfidajicimi se ¢arkami a body), hodnota priméru
rozdil (MD) a smérodatné odchylky (SD). (C) Histogram rozdilt pro hodnoceni normality distribuce.
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Obr. 27: Srovnani vysledkd ziskanych pomoci jednotlivych metod a metody AR-MSP (AR). Jestlize AR-MSP
nebylo u vzorku informativni, bylo srovnani provedeno s jinou novou metodou, popiipadé s primérem vice
metod, pokud byl k dispozici. Symboly metod uvedeny v legendé.

Kvuli malé informativnosti metody I bylo mozné s AR-MSP srovnat vysledky pouze u sedmi

vzorkti a ty nekorelovaly (r = -0,075). U péti vzorkti bylo mozné porovnat vysledky

57



S ostatnimi novymi metodami a toto srovnani naopak ukazovalo velmi dobrou shodu.
V kazdém piipadé Slo ale o velmi maly pocet vzork. Obdobnych vysledkt bylo dosazeno i
u metody III. Ta byla vice informativni, ale bohuzel nebylo mozné srovnat s metodou AR-
MSP vysledky u vzorku s vysokym zeSikmenim XCI, ¢imZ toto srovnani utrpélo (r = 0,134).
U metody II byla pozorovana vysoka korelace s AR-MSP (r = 0,868, p <0,001). Pramér
rozdili byl -0,8 % (SD + 4,1 %). Korelace u metody IV byla také vysoka (r = 0,716,
p <0,001), primér rozdili 2,8 % (SD = 8,9 %). U metody V byla pozorovéana stfedni Groven
korelace (r = 0,672, p < 0,001), primér rozdili 6,4 % (SD + 9,8 %). V kontrastu s ostatnimi
metodami konfiden¢ni interval pro primér rozdili neobsahoval nulu, z ¢ehoz vyplyva, ze
u této metody miize existovat tzv. vychyleni méfeni. Histogramy rozdild jsou na tomto misté
vice relevantni u metody IV a V, u kterych je naméfeno vice dat a naznacuji normalni
distribuci.

Na zaklad¢ téchto vysledkli mizeme shrnout, ze nejlepsi shodu s referenéni metodou AR-
MSP vykazuje metoda II, kterd ma velmi nizkou smérodatnou odchylku rozdili méfeni, a
proto Uzké 95% limity shody (vypoctené jako primér + 1,96*SD). Bohuzel tato metoda casto
neni pouzitelnd, kvlili malo polymorfni STR oblasti (informativnost 18 %). Na druhou stranu
metody IV a V maji STR oblasti mnohem variabilnéjsi, ale trpi Sir§Simi 95% limity shody.
Proto se musi ocCekavat urcitd mira neshody pii pouziti téchto metod. Na zéklad¢ naSich dat se
neda ptimo podpofit pouzivani metody I a III. Je tieba poznamenat, Ze v literatufe se takto
zevrubné srovnavani pii zavadéni novych metod nepouziva, takze nase vysledky pfinaseji 1
predstavu o tom, nakolik se vysledky poméru XCI mohou bézné lisit.

Me¢teni poméru XCI pomoci metody AR-MSP/HUMARA v kombinaci s metodami Il, IV a V
vede k vyznamnému zvySeni poctu vzorkd, u kterych lze tento pomér stanovit, a to z 67 % na
96 %. Navic je mozné u 69 % vzorkl provést stanoveni pomoci dvou a vice metod, a tim se
zvySuje spolehlivost vysledku. Protoze byla demonstrovana dobrd shoda s referen¢ni
metodou, daji se tyto metody pouzivat pro vysetfeni vzorkd, u kterych je metoda HUMARA
neinformativni, nicméné u metody V bylo pozorovano pozitivni vychyleni méfeni, coz
znamena, ze u této metody mohou byt vysledky mirné nadhodnoceny. Bland a Altman (Bland
J.M. a Altman D.G., 1986) v takovém piipadé navrhuji moznost hodnotu vychyleni (zde
6,4 %) od vysledku odecist. To je mozné, protoze je splnéna podminka, aby vychyleni bylo
konstantni v celé skale hodnot.

Zajimavym vysledkem u naSeho souboru byla diskrepance u jednoho ze vzorku (no. 79,

tab. S1), ktery poskytoval vyznamné odlisné vysledky u metod zalozenych na metylaci
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v oblasti genu AR (26,9 %) a u naSich novych metod I, IV a V i transkripénich metod
(~6,9 %). Tuto diskrepanci lze pozorovat i v grafech (obr. 24 a 26), kde se jedna o bod
nejvzdalenéjsi od priméru rozdilu metod u Bland-Altmanovych grafii. Podobné piipady jsou
popsany v literatute (Beever C. et al., 2003; Bertelsen B. et al., 2011) a mize k nim dochazet,
jestlize metylace studované oblasti nekoreluje s inaktivaci chromosomu X.

Do urcité miry muze ke vzniku diskrepanci také pfispivat pritomnost tzv. stutter pikti. Nové
metody jsou tudiz velmi uziteéné nejen pro méfeni u vzorkd, u kterych je oblast genu AR
neinformativni, ale také pro potvrzeni vysledki. Metoda HUMARA je povazovana za zlaty
standard pro méfeni poméru XCI a je zdaleka nejpouzivanéj$i metodou v této oblasti. Jeji
vysledky obecné souhlasi s X-inaktivaci, ale existuji namitky proti tomu, aby se bez vyhrady
pouzivala jako pravy pomér XCI. Swierczek a kol. (Swierczek S.I. et al., 2012) zjistili, Ze
alelicka exprese genu AR nekoreluje Giplné s vysledky metody HUMARA. Podle autorti je to
zpuisobeno tim, ze metoda HUMARA nevyuzivd metylace DNA piimo v promotoru genu AR
ale v prvnim exonu. Na druhou stranu, Mossner a kol. (Mossner M. et al., 2013) upozornili na
mozné technické problémy v provedeni piedchozi studie. Tato problematika jeSté neni
uzaviend a je potfeba zdlraznit, Ze ob¢ studie Se zabyvaly souborem zhruba tficeti vzorku.
Spekulace, kterou navrhl Swierczek a kol. by mohla dobfe vysvétlit diskrepanci u vzorku
Z naSeho souboru zminéného vyse.

Pii zpétném porovnani s nejnovE€jSimi poznatky ziskanymi na zdkladé metylace DNA
analyzované ve 27 tkanich riznych zen (Cotton A.M. et al., 2015) mizeme geny vyuZivané
naSimi metodami zafadit mezi stabilné inaktivované napfi¢ vSemi tkdnémi, zatimco gen AR
byl u 8 tkani klasifikovan jako gen s variabilnim unikem.

Vyhodou naSich novych metod je to, ze jsou vSechny zaloZeny na trinukleotidovych
repeticich, u kterych je obecné mensi riziko zkresleni vysledkl kvili tzv. stutter pikim nez
umetod s dinukleotidovymi repeticemi. Pfi kombinaci metody II, IV a V s metodou
HUMARA je tfeba vytvofit pouze dvé restrikéni smési na jeden vzorek a produkty PCR
jednotlivych metod 1ze pted separaci pomoci kapilarni elektroforézy smichat diky rtiznému

znaceni primert a rizné velikosti vyslednych produkta.
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4.4  Aplikace novych metod pro stanoveni zeSikmeni chromosomu X

Vyvinuté metody pro stanoveni poméru X-inaktivace jsou vhodné i pro ostatni aplikace, ve
kterych se vyuzivd metoda HUMARA, napiiklad pro urceni klonality nadorovych tkani.
Nicméné jejich hlavni vyhoda spociva v méfeni poméru XCI u vysokého procenta vzork,
u kterych metoda HUMARA neni informativni. Nase nové metody jsou robustni a vhodné pro
rutinni analyzu, nicmén¢ z diivodl popsanych v predchozi kapitole je vhodné pouzivat jejich
kombinaci, poptipad¢ vysledky metody HUMARA dopliiovat jinou metodou. Nase metody

pro méfeni poméru XCl byly vyuzity V ramci projekti, které jsou popsany nize.

441 Analyza poméri XCI u divky s velmi vzicnou manifestaci MPS I1

Prevalence MPS 1l se pohybuje v rozmezi 0,43-1,09 na 100 000 zivé narozenych déti
(Poupetova H. et al., 2010). Drtiva vétSina pacientd jsou muzi a V literatufe nalezneme pouze
omezené mnozstvi symptomatickych zen (viz tab. 7). Jedna z téchto Zen (no. 7) méla defektni
ob¢ alely IDS. U zbyvajicich pacientek byla pti¢inou onemocnéni kombinace jedné mutované
(poskozené) alely IDS a vysokého zeSikmeni XCI s preferen¢ni inaktivaci zdravé alely, coz
bylo v nékterych piipadech (napf. no. 1 a 16) zptusobeno strukturni abnormalitou. Tabulka
navic ukazuje, Ze mutovand alela je Casto zdédéna od matky s vyrovnanym pomérem X-
inaktivace.

V nedavném ¢lanku (Reboun M. et al., 2016) jsme popsali prvni piipad divky s manifestaci
MPS Il v Ceské republice. Hol¢i¢ka se narodila v roce 2010 zdravym, neptibuznym rodi¢im
puvodem z Ukrajiny a jeji poc¢ate¢ni vyvoj byl normalni. Ve vé€ku dvou let byly pozorovéany
prvni potize (chrapani, problémy s feci a se sluchem) a ve v€ku tii let byla zaznamenana
mirna mentalni retardace, mirna hepatosplenomegalie, hrubé rysy obli¢eje, hyperplazie dasni
a jiné ptiznaky a zmény odhalené rentgenovym vysetfenim skeletu. V moci byla nalezena
nadmérna exkrece heparansulfatu a dermatansulfatu (60,5-65,7 g/mol kreatininu; kontroly
< 15,5 g/mol). V leukocytech a séru byla naméfena vyrazné snizend aktivita enzymu IDS
(tab. 6), zatimco aktivity celé fady dalSich lysosomalnich enzymu byly v kontrolnim rozmezi
(ukazano na ptikladu dvou enzymi).

Tab. 6: Aktivity lysosomalnich enzymu v leukocytech a séru.

Zdroj Enzym (typ MPS) Ak_tivita enzymu (nmol/mg/1-17h)
Pacientka | Matka | Otec | Kontroly

[-galaktosidasa (kontrolni enzym) 144 175 | 146 | 95-272
Leukocyty a-iduronidasa (MPS 1) 35 18,1-57,5
iduronat-2-sulfatasa (MPS II) 0,46 49,2 28,1-70,4

Sérum iduronat-2-sulfatasa (MPS 1) 19 364-954
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Tab. 7: Seznam ptipadi pacientek s manifestaci MPS II a odkazy na literaturu.

Geneticky defekt

Pricina klinické manifestace

Metodika stanoveni
poméru XCI

Vysledek stanoveni

Situace u pFibuznych

Ref.

Reciproka translokace t(X;5)
(q28;q33) porusujici gen IDS

Poruseni genu IDS +
zeSikmeni XCI (inaktivace WT alely)

BrdU znaceni

Pozdni replikace normalniho
chromosomu X

Translokace u rodi¢t nenalezena

Mossman J. et al., 1983;
Roberts S.H. et al. 1989

del(Xg25) + mutace v genu

IDS

Mutace jedné alely +
zeSikmeni XCI (inaktivace WT alely)

BrdU znaceni

Pozdni replikace chromosomu X s
deleci

Delece u rodict nenalezena, u matky
snizena aktivita IDS

Broadhead D.M. et al.,
1986

Delece oblasti Xq27.3-928

Delece paternalnim chr. X +
zeSikmeni XCI (inaktivace WT alely)

Metylace DXS255; hybridni

buriky; analyza IDS cDNA

Pouze paternalni (mutovany)
chromosom X je aktivni

Delece u matky nenalezena, matka
ma vyrovnany pomer XCI

Clarke J.T. et al., 1990;
1991; 1992

Informace nedostupna

Mutace jedné alely +
zeSikmeni XCI (inaktivace WT alely)

Metylace DXS255

Zesikmeni X-inaktivace

Identické dvojce nemanifestuje MPS
I a mé vyrovnany pomér XCI

Winchester B. et al.,
1992

¢.1403G>A (p.R468Q)

Mutace jedné alely +
zeSikmeni XCI (inaktivace WT alely)

Hybridni buniky; metylace AR;
restrikéni analyza IDS cDNA

Pouze maternalni (mutovany)
chromosom X je aktivni

Matka (het.) ma vyrovnany pomer
XCI

Sukegawa K. et al., 1997

¢.1403G>T (p.R468L)

Mutace jedné alely +
zeSikmeni XCI (inaktivace WT alely)

Metylace AR; restrikéni
analyza IDS cDNA

Pouze maternalni (mutovany)
chromosom X je aktivni

Matka (het.) ma vyrovnany pomér
XCI

Sukegawa K. et al., 1998

p.L41P (homozygotn¢)

Obg¢ alely defektni

Metylace DXS255, MAOA, AR

Extrémni zeSikmeni, neddvano do
souvislosti s onemocnénim

Matka (het.) ma vyrovnany pomer
XCI

Cudry S. et al., 2000

Delece 3254bp véetné celého

exonu 8, inserce 20bp

Delece na paternalnim chr. X +
zeSikmeni XCI (inaktivace WT alely)

Metylace DXS255, MAOA, AR,

FMR1

Pouze paternalni (mutovany)
chromosom je aktivni

Mutace u rodi¢l nenalezena, matka a
sestra maji vyrovnany pomér XCI

Cudry S. et al., 2000

Delece ¢.706-719, inserce G

Delece na maternalnim chr. X +
zeSikmeni XCI (inaktivace WT alely)

Metylace AR, sekvenovani IDS

cDNA

Pouze maternalni (mutovany)
chromosom je aktivni

Matka (het.) ma vyrovnany pomer
XClI

Tuschl K. et al., 2005

10

Intragenova inverze

(rekombinace gen-pseudogen)

Inverze na maternalnim chr. X +
zeSikmeni XCI (inaktivace WT alely)

Metylace AR

Pouze maternalni (mutovany)
chromosom je aktivni

Matka (het.) - pomér XCI
nestanoven/neukazan

Manara et al., 2010

11 ¢.1327C>T (p.R443%) Mutace jedné alely + Metylace AR, FMR1 Metody nejsou informativni Dcera (het.) - pomér XCI nestanoven Sohn Y.B. et al., 2010
ptedpokladano zeSikmeni XCI
12 ¢.1568A>G (p.Y523C) Mutace jedné alely + Metylace AR 97:3, maternalni (mutovany) Matka, teta, babicka (het.) maji Kloska A. et al., 2011
zeSikmeni XCI (inaktivace WT alely) chromosom je preferencné aktivni ~ pomér XCI (20:80, 30:70 a 74:26)
13 ¢.879G>A (p.Y285Efs*47, Mutace jedné alely + Metylace AR; sekvenovani IDS  >95:5, maternalni (mutovany) Matka, sestra (het.) maji vyrovnany ~ Zhang H. et al., 2011
sestfihova mutace) zesikmeni XCI (inaktivace WT alely) CDNA chromosom je preferen¢né aktivni  pomér XCI (40:60 u matky)
14 Delece exont 1-4 (min. Mutace jedné alely + Nespecifikovano Neukazano Delece u matky a sestry nenalezena  Jurecka A. et al., 2012
rozmezi: ¢.1-103_184del) zeSikmeni XCI (inaktivace WT alely) (extrémni poméry XCI), otec zdravy
15 ¢.1327C>T (p.R443%) Mutace jedné alely + Metylace AR 92:8 (parentalni ptivod Mutace u matky a sestry nenalezena, Pifia-Aguilar R.E. et al.,

zeSikmeni XCI (inaktivace WT alely)

nespecifikovan)

otec zdravy

2013

16

Reciproka translokace t(X;9)
(928;q12) neposkozujici IDS

Poskozeni regulace exprese DS +
zeSikmeni XCI (inaktivace WT alely)

BrdU znaceni; metylace AR

100:0, paternalni chromosom (s
translokaci) je preferencné aktivni

Translokace u rodi¢u nenalezena

Lonardo F. et al., 2014

17

C.1403G>A (p.R468Q)

Mutace jedné alely +
zeSikmeni XCI (inaktivace WT alely)

Metylace AR, CNKSR2;

transkripéni metoda (LAMP2)

>96:4, paternalni (mutovany)
chromosom je preferenéné aktivni

Mutace u rodi¢t nenalezena, matka
ma vyrovnany pomér XCI

Reboun M. et al., 2016

Poméry XCI jsou udavany ve formatu aktivni Xmu:Xwr. ZKratka ,,het.“ oznacuje heterozygotné piitomnou mutaci, bez manifestace.
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Divka je nyni na enzymové substitucni terapii, exkrece glykosaminoglykant se snizila na
hodnotu 19,5-22,5 g/mol kreatinininu, ale problémy s feci pretrvavaji a rozvoj motorickych
schopnosti je opozdény.

Pii vySetieni genu IDS byla nalezena heterozygotni mutace ¢.1403G>A (p.Arg468GIn). Tato
mutace je rekurentni (Brusius-Facchin A.C. et al., 2014), ma zavazné dopady na enzymovou
aktivitu a procesovani proteinu IDS (Sukegawa-Hayasaka K. et al., 2006) a u rodi¢t nebyla
nalezena. Zadné dal§i patogenni zmény pii vySetieni moznosti rekombinace mezi genem a
pseudogenem a pii analyze deleci/duplikaci metodou MLPA nebyly nalezeny.

Kvili moznosti somatického mosaicismu u rodicli, bylo u DNA izolované z tfi bunéénych
typu (periferni leukocyty, mocovy sediment a bukalni stéry) provedeno hluboké sekvenovani
PCR amplikonid. Pocet ¢teni mutované alely byl u vSech vzorkli pod detekénim limitem
(< 0,5 %), somaticky mosaicismus tudiz nebyl nalezen, ale germinalni mosaicismus vyloucit
nelze.

VysSetieni metylace v oblasti genu AR ukézalo u pacientky extrémni zeSikmeni jak
Vv leukocytech ziskanych z krve, tak u bukalnich stérd (tab. 8). Maternalni alela byla téméf
kompletné inaktivovana. Stejny vysledek byl nalezen pii vySetfeni genu CNKSR2. Pri
vySetieni transkriptd hlubokym sekvenovanim byla u genu LAMP2 nalezena zdanliva
homozygozita pro paternalni alelu c.156A a u genu IDS exkluzivni exprese mutované alely.

Tab. 8: Analyza transkripti genu IDS a inaktivace chromosomu X ve téech oblastech.

Metyla¢né sensitivni metoda Analyza transkriptu
Vzorek AR CNSKR2 LAMP2 IDS
Xqgl2 Xp22.12 XQg24 Xq28
(%) (%) AT (%) G:A (%)
Proband (leukocyty) 98:2 99:1 100:0 0,5:99,5
Proband (bukalni stéry) 96:4 n.d. n.d. n.d.
Matka (leukocyty) n.i. 70:30 n.d. n.d.

n.d. neméfeno; n.i. neinformativni marker

Z izolovanych mononukledrnich bun¢k periferni krve (PBMC) byly pfipraveny dvé iPSC
bunécné linie. Tyto builkky byly positivni pro charakterické markery pluripotence (Oct3/4,
SSEA4, anti-TRA-1-81, Lin28 a Sox2) a mély vyrazné€ snizenou aktivitu enzymu IDS (1,49 a
2,32 nmol/mg/h) ve srovndni s kontrolami (17,15 a 21,32 nmol/mg/h). Tyto linie mély
potencidl se diferencovat do kardiomyocytl a neurondlnich bun€k. Analyza poméru XCI
u téchto dvou iPSC kloni, které byly kultivovany za béZnych podminek ukazala stejny
vysledek jako u leukocytli (preferecni inaktivaci materndlni alely, pomér 98:2). Pii vyuziti

podminek, které¢ by mély vést k vytvoreni iPSC s vys$Sim pluripotenénim potencidlem (naive
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iPSC) a resetovani X-inaktivace (Gafni O. et al., 2013), nedoslo ke zméné poméru XCI. Pro
tento vysledek existuji tfi vysvétleni: 1) chromosom X ziistal inaktivni a nedoslo k resetovani
X-inaktivace, 2) k resetovani doslo, ale chromosom X neni posléze inaktivovan nahodné, 3)
¢ast bun¢k dosédhla reprogramovaného stavu, kdy jsou oba chromosomy X v buiice aktivni, to
ale nelze metylacné sensitivni metodou odhalit. Nicméné u linie ziskané od heterozygotni
zeny s Fabryho chorobou, doslo k posunu z poméru 97:3 na pomér 80:20. Tyto linie mohou
byt v budoucnu velmi uzite¢né nejen pro vyzkum patogeneze onemocnéni a testovani riznych
terapeutickych pfistupt, ale také pro vyzkum obecnych mechanismi inaktivace chromosomu
X a pfi¢in vedoucich k extrémnimu zeSikmeni.

Jak je ukazano v tabulce 7, extrémni zeSikmeni (> 95:5) ve prospéch aktivni mutované alely
je velmi Castym jevem u symptomatickych pacientek s MPS Il (zatimco jejich taktéz
heterozygotni matky maji nahodny pomér XCI). U pacientek je v souladu s tim nalezena
velmi nizkd aktivita enzymu IDS, srovnatelnd S hemizygotnimi muzi. MPS II se tak
vyznamné 1i§i od Fabryho choroby, jiného X-vdzaného lysosoméalniho onemocnéni, kde
u vétSiny heterozygotnich Zen se stfedni Urovni enzymové aktivity dochdzi k vyvoji
symptomd, ackoli pozdéji nez u hemizygotnich muzt. Podle piedpokladu (Conzelmann E. a
Sandhof K., 1983) by troven enzymové aktivity vyssi nez cca 10 % méla byt dostate¢na pro
normalni degradaci substratu. AvSak u X-vazanych onemocnéni je situace jina, protoze zde
existuji okrsky deficitnich bunék, kde je chromosom X bez mutace inaktivovan. Absence
symptoml u vétSiny heterozygotnich Zen s mutaci v genu IDS miiZze byt vysvétlena velmi
nizkym prahem postacujicim pro degradaci substratu nebo vyssim pfijmem externiho enzymu
do deficitnich bunék. Otazkou, zda jsou tyto Zeny opravdu asymptomatické se zabyvala studie
(L.L. de Camargo Pinto et al., 2010), ktera nenasla ani slabé znamky onemocnéni. Mensi
studie (E. Guillén-Navarro et al., 2013) v rozporu stim prosazuje, ze i u Zen s pomérem
XCI > 75:25 ve prospéch aktivni mutované alely mize dochazet k progresivni, mirné klinické
manifestaci. Vysledky této studie jsou ale limitované napft. tim, Ze nestanovili, ktera alela je
inaktivovana, a méfeni provedli pouze u DNA ziskané z krve.

Nase vysledky v kombinaci s informacemi v literatufe ukazuji, ze vysetfeni poméru XCI
uMPS II mé prognostickou hodnotu a mélo by se vyuzivat. Pfi nalezeni extrémniho
zeSikmeni X-inaktivace ve prospéch aktivniho mutovaného chromosomu X, coz je ziejmé
asociovano s vysokym rizikem vyvoje symptomt, by brzké zavedeni enzymové substitucni

terapie mohlo byt prospesné.
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4.4.2 Analyza poméri XCI Vv rodiné s mutaci v genu HPRT1

Deficit hypoxantin-guaninfosforibosyltransferasy (HPRT/HGPRT) je vrozenou poruchou
purinového metabolismu, u které rozpoznavame odlisné formy onemocnéni. Enzym HPRT
(EC 2.4.2.8) je kodovan genem HPRTL1 v oblasti Xq26.2 a ma centralni roli ve zpétném

vyuziti produktt katabolismu purinovych nukleotidu (viz obr. 28).

DE NOVO SYNTHESIS

SALVACE SYNTHESS i Obr. 28: HPRT katalyzuje za
S - pritomnosti  fosforibosylpyrofos-
G“f" T O “I"’ — Al fatu (PRPP) dvé obdobné reakce:
; konverzi guaninu na guanosinmo-

Guanosin h a Inosine <+—— Adenosin APRT R
e T HPRT . cosne nofosfat (GMP) a hypoxantinu na

' ¢ e inosi fosfat (IMP). Ad
Guanine Hypoxanthine Adenine mosinmonofosfat ( ) aptO'
| PRPP ¥k coiliom vano Z literatury (Torres R.J. a

» Xanthine o Juan G.P., 2007)

¢ Xanthine oxidase
Uric Acid

Castecny deficit enzymu (> 8 % aktivity), také znamy jako Kelley-Seegmillertiv syndrom
(OMIM #300323), je obvykle asociovan s nadprodukci purinii hypoxantinu a xantinu, ktera
vede ke zvySené syntéze kyseliny mocové (hyperurikémii, dné, urolitiase a nefrolitiase).
Zvysené mnozstvi téchto metabolitl 1ze detekovat i v moci. Klinicka manifestace muze do
rizné miry zahrnovat neurologické poruchy (varianty Lesch-Nyhanova syndromu) a
u klasického Lesch-Nyhanova syndromu (OMIM #300322; < 1,5 % aktivity) typické sebe-
poskozujici chovani. Heterozygotni Zeny byvaji asymptomatické. Diagnostika Zen na zakladé
biochemickych tdaji a enzymovych aktivit je nespolehliva (viz dale), coz zna¢né komplikuje
situaci, neni-li identifikovana mutace v genu HPRT1 (Torres R.J. et al., 2012).

My jsme méli prileZitost studovat klinické, biochemické a molekularné genetické
charakteristiky u ¢eské rodiny s hyperurikémii a mutaci v genu HPRT1 (Kostalova E. et al.,

2015). Rodokmen této rodiny a dalsi udaje jsou zobrazeny na obr. 29.

1950
l. 1 2%? Obr. 29: Rodokmen rodiny. Ve vysedich je

vyznaceno, zda se u jednotlivych osob vyskytuje
hyperurikémie, dna, ¢i deficit enzymu HPRT
v erytrocytech a zda je pfitomna sestfihova
mutace ¢.402+1G>A v genu HPRT1.

998 2003

5 o) 35

.

@ hyperuricemia %B ME enzymatic HPRT deficiency
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\t:;:;? oy carrier of c.402+1G>A . gout
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Drive popsana sestiihova mutace ¢.402+1G>A v genu HPRT1 (Jinnah H.A. et al., 2000; Fu R.
et al., 2014) byla v této rodiné nalezena u jednoho chlapce a ¢tyf zen. Tti z téchto Zen (I1.1,
I11.1, 111.3) mély hyperurikémii a normalni exkreci purini v moci, jedna (11.2) méla normalni
hodnoty urikémie. U zeny II.1 se navic od véku 33 let vyvinulo n€¢kolik dnavych zachvati a je
denng¢ 1é¢ena 200 mg allopurinolu. Jeji synovec (111.4) s Lesch-Nyhanovym syndromem mél
neurologické symptomy, hyperurikémii, hyperurikosurii, zvysenou exkreci hypoxantinu a
xantinu vmoc¢i a velmi nizkou aktivitu HPRT v erytrocytech. Pacient 1.1 je 1éCen pro
hyperurikémii a dnu od véku 53 let. Pfesnéjsi biochemicka, klinicka a geneticka data jsou
shrnuta v ¢lanku (Kostalova E. et al., 2015), kde jsou uvedeny i nalezené polymorfismy
(rs1165165, rs2231142, rs16890979) uratovych transportéri (SLC17A3, ABCG2 a SLC2A9)
asociované s hyperurikémii (Dehghan A. et al., 2008). Tyto variace a jejich segregace ale
nevysvétlily rozdily pozorované ve zkoumané roding.

Pro mozné vysvétleni rozdilu mezi Zenami II.1 a I1.2 bylo provedeno méteni poméru XCI
pomoci nasich metyla¢nich metod (Musalkova D. et al., 2015). Standardni metoda HUMARA
nebyla vyuzitelna. Pivod jednotlivych alel bylo mozné rozlisit na zaklad¢ analyzy otcovy
(1.1) genomové DNA (obr. 30). Pii analyze poméru XCI byly amplifikovany produkty PCR,
jejichz velikost naznaCovala, Ze u chromosomu X doslo pfi meiotickém déleni k rekombinaci
usektt DNA. Tyto vysledky byly zpfesnény pomoci analyzy 12 STR markert na chromosomu

X a potvrzuji specifitu naSich metod.

I 14,17, 8

289

19, 13, 32.2<1
19, 13, 32.2 <"

44.2, 35,14 44.2, 35, 14

19, 13, 32.2
289

]

.4

Obr. 30: Pozice oblasti vyuzivanych nasimi metylaénimi metodami (tuén€) a STR markert ze soupravy
Investigator Argus X-12 (Qiagen) na chromosomu X (schéma bylo adaptovano z UCSC Genome Browser).
Cisla uvadgji velikosti PCR produktli v bp (tuéné), popf. pocet repetic. Nazvy STR markerd jsou uvedeny
v metodické sekci. U chromosomu jsou barevné oznadeny oblasti obsahujici markery o stejné délce, piesna
rozhrani oblasti nezname a jsou naznac¢ena pouze velmi hrubg.
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Vysledky stanoveni ukdzaly extrémni zeSikmeni (SD + 0,1 %) u genomové DNA izolované
Z leukocytt, tzn. pomér 0,4:99,6 u zeny II.1 a 1,5:98,5 az 0,2:99,8 u Zeny II.2, s preferenéné
aktivni paternalni WT alelou. Stejny vysledek byl nalezen 1 u divky III.3 a naznacoval mozné
sekundarni zeSikmeni v krvi zptsobené selekci bunck s aktivnim chromosomem X bez
mutace v genu HPRT1. K tomuto jevu mtze dochazet, pokud ma dand mutace v genu HPRT1
zavazny dopad na aktivitu enzymu (Migeon B.R., 2014), coz je v tomto piipadé splnéno.
Selek¢ni tlak pusobi i proti HPRT™ prekurzorim erytrocytli @ ma za nasledek, Ze naméfena
hodnota aktivity HPRT v periferni krvi spada do normalniho rozmezi (Hakoda M. et al.,
1995).

Stanoveni bylo tudiz doplnéno u genomové DNA izolované z moci a/nebo bukalnich stéra.
U pacientky 11.2 a jeji dcery II1.3 byla nalezena nahodna inaktivace (rozmezi 49:51 az 45:55),
zatimco U pacientky Il.1 bylo nalezeno mirné zeSikmeni ve prospéch aktivni paternalni alely
(pomér 22:78). Ptic¢ina vyznamného rozdilu pozorovaného mezi obéma sestrami proto zastava
otevienou otazkou.

Hodnoty urikémie jsou ovlivnény mnoha faktory, jak genetickymi, tak environmentélnimi, a
hyperurikémie muze byt vysledkem zvySené produkce a/nebo neucinné rendlni exkrece
kyseliny mocové. Proto vyvstava otazka, zda v této rodin€ hyperurikémie u Zen souvisi
S pfitomnosti mutace v genu HPRT1. Nicméné u tfi dalSich nepfibuznych asymptomatickych
heterozygotnich Zen z rodin s deficitem HPRT (viz ¢lanek Kostalova E. et al., 2015) byla také
nalezena hyperurikémie a normalni exkrece purini. Deficit HPRT se ziejmé muze
prezentovat jako hyperurikémie a/nebo dna jak u muzd, tak i u heterozygotnich zen a tato
moznost, ackoli vzacna, by méla byt u zen s hyperurikémii a normalni exkreci purint

zvazovana.
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4.4.3 Analyza poméria XCI v explantatu jater divky s deficitem OTC

Deficit OTC (OMIM #311250) je nejcastéjsi dédiéna porucha mocovinového cyklu. Gen OTC
je lokalizovan v oblasti Xp21.1 a podléha inaktivaci. Exprimovan je vylu¢né V jaternich
hepatocytech (a stfevni mukoze) a koduje ornitintranskarbamylasu (OTC, E.C. 2.1.3.3.),
enzym mitochondrialni matrix, ktery katalyzuje reakci mezi karbamylfosfatem a ornitinem za

vzniku citrulinu a fosfatu (obr. 31).
HCO5 + NHg" + 2 ATP Obr. 31: Schéma mocovinového cyklu.
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Deficit OTC je asociovan se zavaznou hyperamonémii, kterd mtze vést az k edému mozku a
smrti. Muze se projevovat jako neonatalni onemocnéni (skoro vyhradné u chlapctl) nebo
postneonatalni onemocnéni (¢asteCny deficit) kdykoli béhem Zivota. Opakované episody
hyperamonémie u pacientll s castecné zachovanou aktivitou enzymu mohou vést ke
kognitivnimu postizeni. Hyperamonemicka krize mlize byt navozena riznymi stresory, jako
jsou operace, nehoda (Choi J.H. et al., 2015), vysoky pfijem proteinu (Reddy D.B. et al.,
2013), poporodni obdobi, hladovéni, uziti urcitych 1é¢iv, chemoterapie a jiné (Cavicchi C. et
al., 2014). Onemocnéni je dlouhodobé 1é¢eno dietou. Akutni episody hyperamonémie
vyzaduji agresivni 1é€bu sniZujici koncentraci amoniaku (hemodialyza, peritoneédlni dialyza,
vymeénna transfize) a zajisténi kalorického ptijmu pro prevenci katabolismu. U pacientd se
Spatnou metabolickou kompenzaci na dieté¢ je mozno zvazit transplantaci jater. Klinické
symptomy u heterozygotnich Zen jsou velmi variabilni, jak co se ty¢e nastupu onemocnént,
tak jeho zavaznosti, a souvisi s genotypem a pomérem X-inaktivace v jatrech (Yorifuji T. et
al., 1998). Cast Zen zlstava asymptomaticka. Existuje piipad darkyné, u které se vyvinuly
symptomy po darovéani ~60 % objemu jater, u kterych byl pfi biopsii normalni histologicky
nalez. Symptomy se vyvinuly i u jejiho bratra, ktery byl ptijemcem (Mukhtar A. et al., 2013).

My jsme méli moznost detailné studovat poméry XCI a dalsi parametry u divky s klinickou
manifestaci deficitu OTC. U pacientky bylo zjisténo, ze nese heterozygotné rekurentni mutaci
€.583G>C (p.G195R) v exonu 6 (Choi J.H. et al., 2015; Kim G.H. et al., 2006; Tuchman M.
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et al., 1994), kterou sdédila od matky (popsana v Storkanova G. et al., 2013).

Protein OTC je v cytoplazmé syntetizovan jako 354 aminokyselin dlouhy preprotein, u né¢hoz
je po importu do mitochondrie odstfizeno prvnich 32 aminokyselin a vznika funk¢ni protein
v podobé¢ homotrimeru. Aktivni misto je zformovano na rozhrani podjednotek trimeru.
Aktivita enzymu je regulovana posttranslaénim mechanismem, acetylaci lysinu 88 Vv blizkosti
aktivniho mista (obr. 32), ktera snizuje enzymovou aktivitu (Yu W. et al., 2009). Deacetylace
je zprostiedkovana mitochondrialnim sirtuinem Sirt3, NAD" dependentni deacetylasou, ktera
stimuluje OTC pii hladovéni organismu (Hallows W.C. et al.,, 2011) a funguje jako
metabolicky sensor reagujici na mnozstvi NAD™ v mitochondriich. Obdobné napi. Sirt5
stimuluje karbamylfosfatsyntetasu (CPS1), dal§i enzym mocovinového cyklu (obr. 31)
(Nakagawa T. et al., 2009; Li L. et al., 2016).

Obr. 32: Struktura lidské formy proteinu OTC (ID: 1EP9; Shi D. et al., 2001) s navazanym karbamylfosfatem.
Protein je ukazan ve dvou polohach jako tzv. space-filling model. Barva vyznacuje konzervovanost
aminokyselin ve $kale 1 (nejnizsi, tyrkysova) az 9 (nejvyssi, burgundska fialova), tak jak na zakladé srovnani
sekvence 150 proteinti vypocital program Consurf (http://consurf.tau.ac.il; Landau M. et al., 2005; Ashkenazy H.
et al., 2016). Pro vypocet bylo pouzito vychozi nastaveni. Mutovana, vysoce konzervovana aminokyselina
glycinu 195 (skore 9) se ve struktufe nachazi pod vyznacenym aspartatem 196. Dale je vyznacen histidin 117
(skore 9), ktery dopliuje aktivni misto vedlejsi podjednotky, lysin 88 (skore 9), ktery podléha acetylaci sirtuinem
Sirt3, a lysin 46 (skore 1), ktery v dusledku polymorfismu rs1800321 mlze byt zaménén za arginin. Vpravo
nahofe se nachazi zjednoduSena reprezentace srovnani 566 forem proteinu OTC (adaptovano ze stranky
http://ureacycle.cnmcresearch.org). Cislovani odpovida lidské formé proteinu, velikost pismen odpovida
konzervovanosti.

OTC je evoluéné vysoce konzervovany protein a struktura lidské formy byla uréena na
zakladé krystalografie (ID v databazi RCSB PDB: 10TH, 1C9Y, 1EP9 a 1FVO).
Identifikovana missense mutace p.G195R méni vysoce konzervovanou aminokyselinu
Vv ornitin-vazebné doméné (obr. 32), coz vede k vyznamné redukci aktivity i mnozstvi

proteinu (Kogo T. et al., 1998). U chlapct je asociovana s neonatalni formou onemocnéni a
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vyskytla se také u dvou divek, z nichz jedna ve v€ku 2 let podstoupila transplantaci jater
(Choi J.H. et al., 2015). Druha v détstvi prodélala mnoho hyperamonemickych piihod a trpi
zéavaznou mentalni retardaci (Tuchman M. et al., 1994).

Nase pacientka podstoupila ve véku 14 let ispéSnou transplantaci jater, ktera byla provedena
kviili zhorSujici se metabolické kontrole a zvySené frekvenci hyperamonemickych piihod (2-3
ro¢n¢) béhem puberty. Z explantatu jater pacientky byla izolovana fada vzorkt (viz obr. 33),
které byly vyuzity pro studium vlivu X-inaktivace na projevy onemocnéni. V prvni fad¢ bylo
zkoumano 25 kouskt (~1 cm?®), které byly odebirany postupné z jedné strany jater na druhou
podél stfedni linie, a vzhledem k jejich velikosti by mély reprezentovat velké mnozstvi
malych ostrivka deficitnich i normalnich bun¢k (De Hoon B. et al., 2015). Z téchto 25
kouskl byla simultanné izolovana DNA a RNA, které byly vyuzity pro stanoveni poméra
XCI na zakladé¢ metylace DNA a pomért alel transkripti genu OTC. Dale bylo izolovdno
6 kouskdl (~2 cm?®), které byly rozdéleny na dvé ¢asti (A a B) a vyuzity nejen pro stanoveni
pomeéri XCI a alel transkriptt, ale 1 pro stanoveni mnozstvi a aktivity enzymu OTC. Z téchto
vzorkl byla pted rozdrcenim (v kapalném dusiku) také odebrdna mensi ¢ast pro provedeni
imunohistochemickych analyz. Tyto analyzy byly provadény také v 7 vzorcich zmrazenych
v roztoku Tissue-Tek O.C.T. (smés syntetickych pryskyfic a glykolt) a parafinovych fezech

(neukazano na obrazku).

. Obr. 33: Schéma zpracovani

: = vzorkll izolovanych z jater a jinych
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Pro analyzu poméri XCI pomoci metod vyuZivajich metylaci DNA nebylo mozné vyuzit
metodu HUMARA, protoZe nebyla informativni, ale vSechny t¥i naSe publikované metody
CNKSR2, TMEM185A a HMGB3 (Musalkova D. et al., 2015) byly pouzitelné (obr. 34).
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Obr. 34: Délky produkti PCR (Vv bp) u jednotlivych ¢leni rodiny.
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Obr. 35: Srovnani vysledkti poméru XCI a exprese alel ve 25 vzorcich ziskanych z jater (Cislovano 1 az 25). (A)
Podil bunék (v %) s aktivnim chromosomem X nesoucim mutaci — ur¢eno pomoci tif metod na zaklad¢ metylace
DNA. Vysledky jsou pro srovnani uvedeny i u 2 vzorki krve (rok odbéru 2002 a 2013) a vzorku bukalniho stéru
a mocového sedimentu. U vzorku bukalniho stéru byla analyza metodou TMEM185A a HMGB3 provedena
pouze jednou kvili malému mnozstvi vzorku. U vzorku krve (z roku 2002) byla ze stejného divodu vyuzita
pouze metoda CNKSR2. (B) Podil ¢cDNA (v %) nesouci mutaci ¢.583G>C ¢ SNP ¢.137A>G — uréeno na
zakladé sekvenovani RT-PCR produkti na piistroji MiSeq (Illumina). U vzorkd 8, 9, 20 a 25 bylo stanoveni
z technickych divodd provedeno pouze jednou. (C) Porovnani praméru piedchozich vysledk ziskanych
u vzorkt DNA (poméry XCI) a RNA (poméry exprese alel), doplnéno o X-Y graf.
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Primérny pomér XCI v jatrech stanoveny u sady 25 vzorkl se pohyboval v rozmezi 46:54 az
82:18 (pramér 70:30) s preferencné aktivnim chromosomem X nesoucim mutaci (obr. 35A).
Vysledky jednotlivych metod spolu velmi dobie korelovaly az na vzorky 4, 20 a 21, kde
metoda TMEM185A opakované podavala nizsi vysledek. Vysledky poméra XCI také vysoce
korelovaly s poméry alel transkriptd (r = 0,82, p < 0,0001, obr. 35C), které se pohybovaly
okolo stejného praméru, ale v Sir§im rozmezi 41:59 az 96:4 (pramér 73:27, obr. 35B).

Pom¢éry alel transkriptii byly stanoveny na zaklad¢ sekvenovani RT-PCR produktt a alely
byly odliSeny nejen na zakladé mutace ¢.583G>C v exonu 6, ale i na zakladé SNP ¢.137A>G
v exonu 2 (rs1800321, p.K46R). Tato benigni variace ma vysokou frekvenci vyskytu (0,195)
a vyskytuje se ¢asto i u hemizygotti. Oproti tomu mutace ¢.583G>C nebyla identifikovana ani
u jedné z~87 000 alel vprojektu EXAC (http://exac.broadinstitute.org). Velmi vysoka
korelace (r = 0,99, p < 0,0001) obou stanoveni neni piekvapiva, protoze ob¢ varianty se
nachazely na stejném produktu PCR. BohuZzel ostatni metody vyuzivajici polymorfismy
Vv jinych genech (LAMP2, IDS) nebylo mozné z divodu homozygotniho stavu vyuzit, takze
nelze fici, zda byly hodnoty ovlivnény stabilitou transkriptu.

V souhrnu byla vtéto ¢asti analyzy demonstrovana zna¢na intraorganova variace v X-
inaktivaci, a také znac¢ny rozdil mezi pomérem stanovenym v krvi a primérem u jater. To
ukazuje, ze vysledek stanoveny na zaklad¢€ biopsie nemusi odpovidat priméru jater a nemél
by byt povaZovan za reprezentativni Cast celku (napt. ve Wakiya T. et al., 2012), coz
potvrzuje 1 praxe (Griinert S.C. et al., 2013; Ricciuti F.C. et al., 1976). Zifejm¢ ani stanoveni
poméru XCI v krvi nemusi byt vhodna nahrada. U pacientky byl pomér XCI naméfeny v Krvi
57:43 a 44:56 (obr. 35A), coz odpovida dolni hranici rozmezi v jatrech (obdobné v Yorifuji T.
et al., 1998). Navic pomér XCI stanoveny v krvi matky pacientky, ktera je asymptomaticka,
¢ini 62:38 ve prospéch aktivni mutované alely, a je tudiZ srovnatelny s pomérem u dcery.
Poméry XCI a exprese alel byly analyzovany také u dalSich dvanacti vzorkt, které byly
rozemlety a vyuzity pro stanoveni mnozstvi proteinu OTC metodou Western blot (obr. 36A) a
aktivity enzymu OTC. Poméry XCI se v této sad¢ vzorkti pohybovaly v uz§im rozmezi 59:41
az 77:23 (primér 69:31), ale i pies takto malé rozdily bylo mozné pozorovat, Ze tyto hodnoty
koreluji s mnozstvim proteinu i s aktivitou (obr. 36B, tab. S2 v ptiloze, p < 0,01). Nicmén¢ pii
porovnani se zdravymi kontrolami dostdvame, Ze zatimco by na zékladé metylace DNA mélo
mit 30 % bunck aktivni chromosom X bez mutace, primérné mnozstvi proteinu OTC
(vztazeno ku GAPDH) je 20 % a primérna aktivita také. Stanoveni u RNA bude jesté

zopakovano, nicmén¢ hodnoty se zifejmé pohybuji okolo 25 %.
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Obr. 36: Srovnani vysledkti u vzorku jater ziskanych od pacientky s deficitem OTC (oznaceno 1A az 6B) a
3 kontrol (1V, V, VI). (A) Reprezentativni vysledky Western blotu — detekce proteinu OTC, GAPDH a CPS1.
Kontrola IV byla pouzita pro sjednoceni vysledkt ze dvou gelt. Byla nanesena na prvni gel spole¢né se vzorky
1A az 6B od pacientky, i na druhy gel, kde se nachazely kontroly V a VI. (B) Srovnani vysledk u 12 vzorkt
ziskanych od pacientky. Pomér XCI byl naméfen pomoci metody CNKSR2 a ukazuje podil bunék (v %)
s aktivnim chromosomem X bez mutace v genu OTC (Seda barva). Analyza exprese ukazuje podil RNA (v %)
bez mutace ¢.583G>C (zelena barva). Mnozstvi proteinu OTC/GAPDH detekované na Western blotu (modra
barva) a aktivita enzymu OTC (bordod) jsou udany v % (porovhano se 100 % u kontroly IV). Vpravo od grafu
jsou zobrazeny hodnoty korela¢nich koeficientd.

Pro detekci proteinu OTC byla pouZita dobfe charakterizovana polyklondlni krali¢i IgG
protilatka (HPA000243), ktera specificky reagovala s jaterni tkani a zfejmé detekuje jen WT
protein (viz obr. 37). Pozorované rozdily v absolutnich hodnotach mohou byt ovlivnény fadou
faktordi, napfiklad rGznym skladovanim vzorkli pacientky a kontrol a riiznou patologii
(stavem) tkan¢. Také je tfeba mit na mysli, Ze kromé hepatocytlh obsahuje jaterni tkan 1 jiné
typy bunék: buniky endotelu, Kupfferovy bunky, hvézdicovité Itovy bunky, NK T-lymfocyty a
cholangiocyty. Hepatocyty tvoii cca 80 % objemu jaterni tkané, ale jen 60 % poctu bun¢k, a
pii stanoveni poméru XCI je vyuzita DNA 1 z téchto, v tomto pfipad¢ nerelevantnich zdrojl,
zatimco ostatni stanoveni se tykala specificky OTC (RNA, protein, aktivita).

Nase vysledky jsou obdobné jako v publikaci (Yorifuji T. et al., 1998), kde nalezli intra-
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organovou variaci poméru XCI v rozmezi 59,2 az 81,8 % ve prospéch aktivniho chromosomu
X nesouciho mutaci (n = 5). Nicméné, nas§ soubor je obsahlejsi a charakterizovany na vice
urovnich, proto jsou vysledky spolehlivéjsi. Zatimco Yorifuji a kol. na sadé¢ 4 vzork
demonstroval velmi vysokou korelaci poméru XCI s aktivitou enzymu (r = 0,996), u nasi sady
vzorkl byla korelace téchto parametri nizsi (r = 0,736).

Vysledky v ramci dvojic A-B byly velmi podobné, az na par 4A-4B, coz demonstruje, ze i
u vzorkll odebranych v tésné blizkosti mizeme nalézt znac¢né rozdily. V ramci celé¢ sady

6 part, ale rozdily nejsou statisticky vyznamné (parovy t-test, hladina vyznamnosti a = 0,05).

Obr. 37: Imunohistochemicka analyza jater, detekce proteinu OTC. (A) pacientka s deficitem OTC, x200; (B)
kontrola (etylicka cirhoza), X40. V jatrech pacientky je patrny mosaicismus exprese OTC a fokalni glykogenosa
(svétly ostrivek) v pozitivni oblasti.

Po strance histopatologické byla pro jatra charakteristickd fokalni glykogenosa, steatosa a
mirna fibrosa (obr. 38). Jak je vidét na pfedchozim obrazku (obr. 37), ostie ohrani¢ené
ostrivky glykogenosy se nachazely i1 v oblastech, ve kterych je produkovan enzym OTC a
nesouvisi bezprostiedné s mosaicismem X-inaktivace. Tento jev se navic vyskytuje i
U chlapct s timto onemocnénim a u dalSich onemocnéni, kterd nejsou X-vazana, jako je
deficit karbamylfosfatsyntetasy (CPS1) a argininosukcinatlyasy (ASL), nebo syndrom HHH
(hyperamonémie, hyperornitinémie a homocitrulinurie) a LPI (intolerance bilkovin s lysinurii)
(Badizadegan K. a Perez-Atayde A.R., 1997; Yaplito-Lee J. et al., 2013; Carpentieri D. et al.,
2015). Spole¢né maji tato onemocnéni to, ze se jedna o poruchy produkce mocoviny, at uz
piimo o deficit enzymu mocovinového cyklu, nebo poruchu transportu ornitinu. Mechanismus
vzniku fokalni glykogenosy neni znam, ale v literatuie se spekuluje, ze na akumulaci ma vliv
specificka strava pacientti (Yaplito-Lee J. et al., 2013; Miles L. et al., 2005).

Tyto vysledky zatim nebyly publikovany a budou dale rozsifeny, hlavné v oblasti
imunohistochemické analyzy. Bude nasledovat podrobné zkoumani zonace jaternich lalackd,

lokalizace ostrivki glykogenu, kvantifikace podilu OTC* a OTC oblasti a dalsich parametrd,

73



vcéetné celkového mnozstvi glykogenu.

zékladni ptehled), x100; (B) parafinovy fez, VgEI (van Gieson, barveni kolagennich a elastickych vlaken), x100;
(C) zmrazena tkan, PAS (periodic acid Schiff, barveni glykogenu a neutrdlnich polysacharidt), x400; (D)
zmrazena tkan, Sudan (Oil Red O, barveni neutralnich tuk®), x400. V jatrech je patrnd fokalni glykogenosa
(svétlé ostrivky v panelu A a B, syté v C), steatosa (C, D) a mirna fibrosa (B). Ostriivky glykogenosy jsou
diastasa sensitivni (tzn. nebarvi se v PAS po inkubaci s enzymem, neukazano).

Mosaicismus X-inaktivace je ovlivnén poctem zakladajich bunék a migraci bunék béhem
vyvoje a muze generovat funk¢ni diverzitu, kterd je nahodna a specifickd pro kazdého
jednotlivce (Wu H. et al., 2014). Wu a kol. uvedli hypotézu, Ze u organu jakym jsou jatra, kde
velka ¢ast bunék vykonava stejnou funkci, nemusi hrat nehomogenita X-inaktivace roli a
dilezity je spiSe celkovy pomér bunék s aktivnim chromosomem nesoucim mutaci a bez
mutace. Pfi pfekroCeni urcité hranice, ktera je zavisla na onemocnéni a typu tkan¢ (a ziejme
charakteru mutace) dochazi k dysfunkci. U nami studované pacientky jsme nenasli extrémni,
ale spiSe mirné zeSikmeni X-inaktivace. Primérny pomér XCI v jatrech se pohyboval okolo
hodnoty 70:30 ve prospéch aktivniho chromosomu X nesouciho mutaci a primérna aktivita
okolo 20 % hodnoty kontrol a tyto hodnoty bohuzel u pacientky na dietni 1é¢bé po nastupu
puberty nestacily k udrzeni metabolické kompenzace a vedly k opakovanym episodam

hyperamonémie.
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5 Zavér

Pro ucely vyzkumu dédi¢nych metabolickych onemocnéni jsem navrhla nékolik metod. Po
vyzkou$eni vice piistupt jsem zavedla jednoduchy, robustni postup, jak obohatit lysosomalni
membrany z kultivovanych bunék na krokovém sacharosovém gradientu (Musalkova D. et al.,
2013), coz je metoda, ktera nyni slouzi nejen ke zkoumani obecnych vlastnosti lysosomu, ale
také zmeén probihajicich u lysosomalnich stfadavych onemocnéni.

Do této skupiny onemocnéni patii mimo jiné mukopolysacharidosa typu IIIC, ktera je
zpusobena mutacemi v genu HGSNAT, kodujicim lysosomalni membranovy enzym. Nase
kolegyné Eva Richtrova ve své dizertacni praci (Richtrova E., 2014) popsala u Sesti pacientl
s mukopolysacharidosou typu IIC promotorové varianty rs4523300 a rs149596192. Pii
provedeni luciferasové reportérové metody jsme zjistili, Ze tyto varianty maji vyznamny vliv
na expresi, a proto jsem ovéfovala, zda maji také vliv na aktivitu enzymu meéfenou
v lymfocytech zdravych osob. Pti roziazeni skupiny dle genotypu ale nebyly nalezeny rozdily
v enzymov¢ aktivité (Richtrova E. et al., 2016).

Dale jsem navrhla a ovéfila n€kolik jednoduchych metod pro stanoveni zeSikmeni inaktivace
chromosomu X (Musalkova D. et al., 2015), které jsou zalozeny na rozdilné metylaci DNA
Vv promotorovych oblastech genti u aktivniho a inaktivniho chromosomu X. V disledku
inaktivace chromosomu X jsou zeny mosaikou dvou bunéénych populaci. Vyzkumem
distribuce této mosaiky a poméru XCI se mizeme dovédét vice o efektu X-inaktivace na
Klinickou manifestaci X-vazanych onemocnéni, a t0 ndm mize pomoci identifikovat zeny
s pravdépodobnou vyssi zatézi.

Nase nové metody byly vyuzity v fadé projektl, z nichZz podrobnéji je v této praci popsano
vyuziti u divky s velmi vzacnou manifestaci mukopolysacharidosy typu IT (Reboun M. et al.,
2016). Jedna se o prvni piipad divky s touto chorobou v Ceské republice, u niz klinicka
manifestace koresponduje se zavaznou formou syndromu, tak jak se projevuje u chlapci.
Pfi¢inou onemocnéni je ziejmé extrémni zeSikmeni X-inaktivace (pomér XCI témét 100:0),
které vede K expresi mutované alely, zatimco zdrava alela je v drtivé vétsiné bunck
inaktivovana. Z bunék izolovanych z krve byly vytvotreny iPSC bunky, které budou slouzit
jako bunéény model pfi budoucim vyzkumu patogeneze a 1¢cby MPS 11.

Dalsi vyuziti naSich metod se tykalo rodiny s mutaci v genu HPRT1 (Kostalova E. et al.,
2015), kde se na zakladé poméru XCI a jinych parametri nepodafilo vysvétlit rozdily
pozorované mezi zZenami. Sestfihovd mutace ¢.402+1G>A v genu HPRT1 ma v této rodiné

zavazny vliv na pomér XCI naméteny v Krvi a ziejmé zde dochazi k selekci bunék s aktivnim
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chromosomem X bez mutace.

Tretim projektem byla studie pomértt XCI v explantovanych jatrech divky s deficitem OTC,
ktera kvuli vysoké frekvenci hyperamonemickych ptihod podstoupila transplantaci. Zde jsem
popsala intraorganovou variaci v X-inaktivaci a zna¢ny rozdil mezi pomérem stanovenym
Vv krvi a primérem u jater. Demonstrovala jsem, Ze naméfené¢ poméry XCI koreluji s expresi,
mnozstvim proteinu a aktivititou enzymu OTC. Primérny pomér XCI v jatrech byl 70:30 ve
prospéch aktivni mutované alely a pramérna aktivita v porovnani s kontrolami byla 20 %.
Tato hodnota bohuzel nestacila pro udrzeni dlouhodobé metabolické kompenzace po nastupu
puberty.

Vzhledem k nasim zku$enostem doporucujeme pii stanoveni poméru X-inaktivace pouzivat
nejen kombinaci vice metod, ale dé€lat analyzu pokud mozno ve vice tkanich, nejen v krvi, ale
1 napt. bukélnich stérech, vlasovych vaccich nebo mocovych buiikéch. V dnesni dobé mame i
diky nasi praci, ale také novym metodickym piistuptim, po ruce celou fadu metod jak pomér
XCI studovat. Pokouset se vysvétlit fenotypovou variaci na zakladé jednoho parametru je ale

samoziejme piili§ ambicidzni.
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6 Seznam zkratek

4-MU
ABCD
ALP
AR
ATP
B-Gluc
B-Hex
bp
BrdU
BSA
Cat
CLEAR
CpG
CPS1
CTCF
DAPI
ddNTPs
DNA
DNMT
dNTPs
G6PD
GAG
GAPDH
GLA
GFP
HDAC
HGSNAT
hnRNP
HPRT
hPS
HUMARA
ID

IDS
iIPSC
KO
LAMP
LIMP
LM
LRO
LSD
M6PR
ManR
MD
MLPA
MME
MPS

4-metylumbelliferon

ATP-binding cassette transporter, family D
alkalicka fosfatasa

androgenni receptor

adenosin-5’-trifosfat

B-glukocerebrosidasa

-hexosaminidasa

par bazi DNA/RNA

bromodeoxyuridin

bovinni sérovy albumin

katalasa

coordinated lysosomal expression and regulation
kovalentné spojené nukleotidy C a G
karbamylfosfatsyntetasa 1

CCCTC-binding factor

4’ 6-diamidin-2-fenylindol
2’,3’-dideoxynukleosid-5"-trifosfat
deoxyribonukleova kyselina

DNA metyltransferasa
2’-deoxynukleosid-5"-trifosfat
glukosa-6-fosfatdehydrogenasa
glykosaminoglykan
glyceraldehyded-3-fosfatdehydrogenasa
a-galaktosidasa A

zeleny fluorescencni protein

histondeacetylasa

acetyl-CoA:a-glukosaminid N-acetyltransferasa
heterogenous nuclear ribonucleoprotein
hypoxantin-guaninfosforibosyltransferasa
lidské pluripotentni kmenové bunky

metoda pro stanoveni poméru XCI vyuZivajici gen AR
porucha intelektu

iduronatsulfatasa

indukované pluripotentni kmenové buiky
knockout

lysosomalné asociovany membranovy protein
lysosomaln¢ integrovany membranovy protein
lysosomalni membrana

organely piibuzné lysosomiim

lysosomalni stfadava onemocnéni
manosa-6-fosfatovy receptor

manosovy receptor

primérny rozdil mezi metodami

multiplex ligation-dependent probe amplification
methionin metylester

mukopolysacharidosa
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MSP
NPC
OMIM
OP
oTC
PAR
PB
PBMC
PBS
PCR
PNS
PRC
RAP
RFLP
fi
RNA
rpm
RT-PCR
SD
SDH
SHOX
SNP
SRY
STR
TA
TAD
TFEB
TMEM
TSIX
UCSC
WT
Xa
XACT
XAR
Xce
XClI
Xi
XIC
XIST
XLID
Xm
Xp

metylacné specifické PCR
Niemann-Pickova choroba typu C
online Mendelian inheritance in man
organelova peleta/koncentrat
ornitintranskarbamylasa
pseudoautosomalni oblast

periferni krev

mononukledrni buiiky periferni krve
fosfatovy pufr s NaCl

polymerasova fetézova reakce
postnuklearni supernatant
Polycomb represivni komplex

RNA antisense purification
polymorfismus délky restrikénich fragmenta
refrak¢ni index

ribonukleova kyselina

otacky za minutu

PCR spojené s reverzni transkripci (popft. real-time PCR)
smérodatnd odchylka
sukcinatdehydrogenasa

short stature homeobox
jednobazovy polymorfismus
Sex-determining region Y

kratka tandemova repetice
transkripéni metoda

topologicky asociovana doména
transkrip¢ni faktor EB
transmembrane protein
antisense ke XIST
University of California, Santa Cruz
wild-type

aktivni chromosom X

X-active specific transcript
X-added region

X-controlling element

inaktivace chromosomu X

inaktivni chromosom X
X-inactivation center

X-inactive specific transcript
X-vazana porucha intelektu
maternalni chromosom X

paternalni chromosom X; kratké raménko chromosomu X
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Short Communication

Rapid Isolation of Lysosomal Membranes from Cultured Cells

(lysosomes / lysosomal membrane / methionine methyl ester / gradient centrifugation)

D. MUSALKOVA_ J LUKAS, F. MAJER, O. HREBICEK. E. SVOBODOVA
L. KUCHAR, J. HONZIKOVA, H. HULKOVA, J. LEDVINOVA, M. HREBICEK

Institute of Inherited Metabolic Disorders. First Faculty of Medicine, Charles University in Prague and

General University Hospital in Prague, Czech Republic

Abstract. We present a simple method for enrich-
ment of lyvsosomal membranes from HEK293 and
HelLa cell lines taking advantage of selective disrup-
tion of lysosomes by methionine methyl ester. Orga-
nelle concentrate from postnuclear supernatant was
treated with 20 mmol/l methionine methyl ester for
45 min to lyse the lysosomes. Subsequently, lysoso-
mal membranes were resolved on a step sucrose gra-
dient. An enriched lysosomal membrane fraction
was collected from the 20%/35% sucrose interface.
The washed lysosomal membrane fraction was en-
riched 30 times relative to the homogenate and gave
the vield of more than 8 %. These results are compa-
rable to Iysosomal membranes isolated by magnetic
chromatography from cultured cells (Diettrich et al.,
1998). The procedure effectively eliminated mito-
chondrial contamination and minimized contamina-
tion from other cell compartments. The enriched
fractions retained the ability to acidify membrane
vesicles through the activity of lysosomal vacuolar
ATPase. The method avoids non-physiological over-
loading of cells with superparamagnetic particles
and appears to be quite robust among the tested cell
lines. We expect it may be of more general use, adapt-
able to other cell lines and tissues.
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Introduction

Lysosomal membranes (LM) are often isolated from
biological material for proteomic studies (Schrider et
al.. 2007a.b: Callahan et al.. 2009) or for the study of
individual Iysosomal membrane proteins (Meikle et al..
1995; Taute et al., 2002). Hypotonic lysis of lysosome-
enriched fractions from isopycnic centrifugation on
density gradients is a frequently used method for prepa-
ration of LM (Meikle et al., 1995). Lysosomes can be
purified to high purity by well-established procedures
from some animal tissues, for instance from rat liver,
which was the principal source of Iysosomes for most of
the structural and biochemical studies of the organelle.
Isolation from other tissues may require procedures tai-
lored to achieve the required enrichment or yield (which
are almost as a rule inversely related variables). The
ability to isolate the organelles from readily available
tissues is especially important in the study of human
cells and general isolation procedures may need to be
optimized for a specific tissue or for preservation of
lysosomal functions (Graham., 2009) — hence the num-
ber of papers describing isolation of lysosomes from
different tissues or cell lines. We have aimed to develop
a simple method for isolation of human lysosomal mem-
branes. which would allow us to perform biochemical
studies on lysosomal ghosts — lysosomal membrane
vesicles without lysosomal matrix proteins.

Lysosomes, mitochondria, and peroxisomes have si-
milar and partially overlapping densities in sucrose and
to a lesser extent in other gradient media, making their
full separation based on density alone very difficult. The
resolution of lysosomes, however, can be significantly
improved by several techniques. Density perturbation of
lysosomes in gradients can greatly enhance their separa-
tion from other organelles (Graham. 2009). Highly puri-
fied lysosomes were isolated from animal tissues by
density shift of lysosomes after treatment of animals
with Triton WR1339 (Leighton et al., 1968) or dextran
(Arai et al., 1991). Mitochondria swell in the presence
of calcium ions and become less dense, and addition of
CaCl,in 1 millimolar final concentration to postnuclear
supernatant improves their separation from lysosomes
in Percoll gradients (Arai et al., 1991).

Folia Biologica (Praha) 59, 41-46 (2013)
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LM were also successfully isolated by magnetic chro-
matography after treatment of cultured skin fibroblasts
with superparamagnetic magnetite/dextran nanoparti-
cles: lysosomes containing endocytosed particles were
retained on the magnetic column and LM were obtained
after on-column hypotonic lysis of lysosomes (Diettrich
etal., 1998).

Lysis of Iysosomes and separation of lysosomal mem-
branes by centrifugation is another technique suitable
for enrichment of LM even from complex organelle
fractions. Ohsumi et al. (1983) directly treated postnu-
clear supernatant from rat liver with a hypotonic buffer
to lyse lysosomes and collected enriched LM by a fowr-
step differential centrifugation procedure. Also. methyl
esters of certain amino acids can be used for selective
rupture of lysosomes (Goldman and Kaplan, 1973).
They readily cross the lysosomal membrane and enter
lysosomes, where they are converted to free amino ac-
1ds. presumably by lysosomal hydrolases. Accumulation
of free amino acids leads to lysosomal swelling and rup-
ture across a wide concentration range. This property
was used for disruption of the lysosomal function in tis-
sues (Reeves et al.. 1981) and for enrichment of LM
from lysosomes (Symons and Jonas. 1987: Schroder et
al.. 2007a).

Here we present a simple method for isolation of LM
from HEK293 and HeLa cell lines taking advantage of
selective disruption of lysosomes by methionine methyl
ester, which produces lysosomal membrane vesicles re-
taining the ability to acidify their content.

Material and Methods

HEK293 or HeLa cells from 12-22 confluent 75 cm?
flasks were washed twice by PBS, collected by scraping,
washed once in isotonic TEA buffer (10 mmol/] trietha-
nolamine, 1 mmol/l EDTA Na,. 10 mmol/l acetic acid.
pH 7.2) with 250 mmol/l sucrose and homogenized in
the total volume of 8 ml of the same buffer by 10 strokes
of tight-fitting pestle B in the glass Dounce homogeniz-
er (Kontes. Kimble Chase Kontes, Vineland. NJ). The
homogenization and all further manipulations were per-
formed at 4 °C unless specified otherwise. The homoge-
nate was centrifuged for 10 min at 1.000 = g in a swing-
out rotor in a tabletop centrifuge: the supernatant was
collected and the pellet was re-homogenized by three
strokes in the Dounce homogenizer in a total volume of
5 ml of TEA and centrifuged in the same conditions.
Both portions of postnuclear supernatant were comi-
bined and centrifuged for 15 min at 11,000 = g to collect
the organelle pellet. The organelle pellet was re-sus-
pended in 8 ml of isotonic HEPES buffer (10 mmol/l
HEPES. pH 7.2. 250 mmol/l sucrose. 1 mmol/l EDTA
Na,) and 20 mmol/l methionine methyl ester (MME,
Sigma-Aldrich, St. Louis. MO) (Schréoder et al., 2007a)
and incubated for 45 min at room temperature with stir-
ring. After that the suspension was placed on ice, pro-
tease inhibitors were added (Complete, Roche Diagnos-
tic, Mannheim, Germany) to a 1+ final concentration,

and the suspension was centrifuged at 20,000 = g for
20 min. The pellet was resuspended in 8 ml of isotonic
HEPES buffer.

The degree of lysosomal lysis was estimated from the
amount of hexosaminidase activity released into the su-
pernatant. Samples (200 ul) were taken at 15 min inter-
vals, stored on ice after the addition of protease inhibi-
tors (Complete, Roche), and centrifuged at 25,000 = g
for 25 min. Supernatants were collected and hexosami-
nidase and glucocerebrosidase activity was measured as
described below.

A linear sucrose gradient was prepared from 15 ml of
32.5 % (w/v) sucrose and 15 ml of 55.5% (w/v) sucrose
using a gradient mixer. The gradient was overlaid with
8 ml of MME-treated organelle suspension. Alternative-
ly, a step sucrose gradient was constructed in the follow-
ing manner: 6 ml of 41% or 335% (W/v) sucrose in
10 mmol/l HEPES buffer was overlaid with 5 ml of
20% sucrose in the same buffer and. finally. by 5 ml of
methionine methyl ester-treated organelle suspension.
The gradients were cenfrifuged at 112,700 = g_ in SW
32 or SW 32.1 (Beckman-Coulter, Mimchen, Germany)
overnight without braking and sixteen 1 ml fractions
were collected from the top of the step gradient or the
band at the 20/41% sucrose interface was collected by a
cannula. The linear gradient was fractionated into nine-
teen 2 ml fractions from the top. The fractions with the
highest glucocerebrosidase specific activity were dilut-
ed 10 or more times with 10 mmol/l Tris buffer pH 7.2,
pelleted by ultracentrifugation at 250,000 < g for 2 h
in 70 Ti rotor (Beckman-Coulter). and flash frozen in
liquid nitrogen.

ATP-dependent acidification of lysosomal ghosts pre-
pared by MME-dependent lysis of organelle suspension
was determined by the acridine orange absorbance de-
crease assay as described previously (Dell” Antone,
1979; Moriyama et al., 1982). The reaction solution
(1 ml) contained 20 mmol/l HEPES buffer. pH 7.2.
0.2 mol/l sucrose, 50 mmol/l kalium chloride, and
20 pmol/1 acridine orange (Sigma-Aldrich). The absor-
bance of acridine orange was followed at 492 nm at
room temperature using a Shimadzu UV-2550 photo-
meter (Schimadzu, Duisburg, Germany) with slits set to
5 nm. Lysosomal membranes (10 pg of protein) were
added and the absorbance at 492 nm was allowed to sta-
bilize before the addition of ATP (sodium salt, Sigma-
-Aldrich) and MgCl,, both to a final concentration of
2 mmol/l. Decrease of the absorbance at 492 nm was
followed for more than 2 mimutes, after which ammo-
nium sulphate was added to a final concentration of
10 mmol/l and absorbance changes were followed for at
least another minute.

The amount of lysosomal membrane protein LAMP1
in fractions during purification was determined by
Western blotting. Ten g of protein from each fraction
were separated on a 7-15% gradient SDS-PAGE gel ac-
cording to Laemmli (1970) and transferred onto PVDF
Immobilon-P membrane (Millipore, Bedford. MA) by
semi-dry blotting. The membrane was blocked with 3%
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Fig. 1. Resolution of LM fraction from HeLa cells on the linear sucrose gradient

Organelle concentrate prepared from postnuclear supernatant was treated with 20 mmol/l MME for 45 min. overlaid onto
linear 32.5%-55.5% sucrose gradient and centrifuged overnight at 112,700 < g_ . In fractions the activity of glucocere-
brosidase (B-Gluc) and succinate dehydrogenase (SDH) was determined and expressed as percents of the total activity.

Sucrose concentration is shown in percents (w/v).

BSA and 0.05% Tween 20-phosphate-buffered saline.
The membrane was probed with anti-LAMPI1 rabbit
polyclonal antibody (1 : 5000, a kind gift of D1. Carlsson.
University of Umea, Sweden) at room temperature for
I h, washed four times with PBS-Tween and then incu-
bated with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit TgG (1 : 3000, Thermo Scientific, Rock-
ford. IL) in PBS-Tween containing 1% BSA. After wash-
mng. the blot was developed with an enhanced chemilu-
minescence (ECL) detection kit (Thermo Scientific).

The activities of marker enzymes succinate dehydro-
genase. acid and alkaline phosphatase, catalase. and
NADPH - cytochrome ¢ reductase were determined
as described by Graham (1993). Glucocerebrosidase
and total hexosaminidase activity was measured fluori-
metrically (Wenger and Williams, 1991). Glucocereb-
rosidase. which does not have any transmembrane do-
mains. is considered a peripheral lysosomal membrane
protein and was used as a marker of lysosomal mem-
brane (Schréoder et al.. 2007b). Sucrose concentrations
in gradient fractions were determined by refractometry.
Protein concentrations were measured using the
Bradford method (Bradford. 1976).

Results and Discussion

We first attempted to obtain enriched LMs from
MME-treated postnuclear supernatant by differential
centrifugation according to Ohsumi et al. (1983). The
fractions we obtained. however. contained multiple
marker enzyme activities and specific activities of lyso-
somal markers did not suggest enrichment of LM (data
not shown). We have therefore fractionated the MME-
lysate on a linear 32.5%—355.5% sucrose gradient. There
were two peaks of glucocerebrosidase activity — the first

at about 30—41% and the second. which also contained
significant mitochondrial contamination, at approxi-
mately 45% (Fig. 1). We have designed a step gradient
(lysate/20% sucrose/41% sucrose) and collected a glu-
cocerebrosidase-enriched membrane fraction from the
20%/41% sucrose interface. The fraction still contained
some mitochondrial contamination, which was essen-
tially eliminated by lowering sucrose concentration
from 41% to 35% in the gradient — at the same time
leading to a decreased yield of enriched LM (Fig. 2).
Lysosomal marker enzyme activity was enriched in
the LM fraction recovered from the 20%/35% sucrose
interface. We have also followed the amounts of proto-
typical lysosomal membrane protein LAMP1 (Schréder
et al. 2010) in fractions by Western blotting. showing
enrichment of the antigen during the purification pro-
cess (Fig. 3). Glucocerebrosidase activity was enriched
on average 15 times (7-22 times. 7 experiments in to-
tal): washing of the fraction in 10 mmol/l Tris further
increased its specific activity approximately twice
(Table 1). In a typical experiment. the postnuclear su-
pernatant contained 89 % of the glucocerebrosidase ac-
tivity. while organelle pellet retained 77 % activity.
The highest of the 20%/35% interface fractions (frac-
tion 11, enrichment relative to the homogenate 14x)
contained 12 % of the homogenate glucocerebrosidase
activity. The washed pellet from this fraction represent-
ed 8.8 % of the initial activity. Contaminating activities
were generally low (less than 1 %) with the exception of
catalase (2.6 %). suggesting mild contamination with
peroxisomes (Table 1). While highly purified LM prepa-
rations contain plasma membrane marker proteins
(Schréder et al., 2010), presumably originating from the
plasma membrane portions entering the endosomal/ly-
sosomal system via endocytosis. it should be noted that
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Fig. 2. Resolution of LM fraction from HeL a cells on the step sucrose gradient
MME-treated organelle concentrate was resolved on the step gradient created by overlaying 20% sucrose over 35% su-

crose. The gradient was centrifuged overnight at 112,700 x g_ . In fractions the activity of glucocerebrosidase (f-Gluc)

and succinate dehydrogenase (SDH) was determined and expressed as percents of the total activity. Concentration of su-

crose is shown in percents (w/v).

some plasma membrane fragments may also focus on
the 20%/35% (41%) sucrose interface (Scott et al..
1993) as LM. as was noted in some experiments.
Spurious contamination of the LM fraction by plasma
membrane arguably may occur as a result of the more
vigorous homogenization.

We have determined activities of total hexosamini-
dase, a lysosomal matrix enzyme. in 25,000 = g super-
natants of samples taken during MME treatment of the
organelle concentrate as a measure of lysosomal lysis.
The supernatant of the sample taken after 15 min con-
tained 36.7 % of total hexosaminidase activity of the
sample subjected to MME. The samples taken at 30. 45,
and 60 min retained 39.0 %, 47.6 %, and 54.4 % of the
initial hexosaminidase activity, respectively. At the
same time the total hexosaminidase activity in the sam-
ple decreased by 13 % (9.81 nmol/ml/min at 0 min to
8.54 nmol/ml/min at 60 min). The increased concentra-
tion of MME (50 mmol/1) did not result in higher release
of hexosaminidase into the supernatant. Glucocerebro-
sidase activity did not increase in the supernatant during
the MME treatment. On the basis of these results, 45 min
were chosen for MME treatment as a compromise be-
tween higher degree of lysosomal lysis and the risk of
proteolysis.

We have not attempted to further enrich the core lyso-
somal membrane proteins by removing peripheral mem-
brane proteins or loosely bound matrix proteins by high-
salt washing, although these proteins may contaminate
the enriched lysosomal fractions to a significant level. Tt
1s of interest that matrix proteins may associate, even
temporarily, with the lysosomal membrane (Jadot et al.
1979) and some lysosomal proteins, including glucocer-
ebrosidase. apparently exist in luminal and membrane-
bound form (Imai, 1985).

H PNS OP

Y B

0S F11

150 —

100 —

%

25

Fig. 3. Western blotting of subcellular fractions with anti-
LAMPI1 antibody

Ten g of protein from each fraction were loaded to indi-
vidual lanes. From the left: homogenate (H). post-nuclear
supernatant (PNS). organelle pellet (OP). post-organellar
supernatant (OS). and washed lysosomal membranes
(F11). Positions of molecular weight markers in kilodal-
tons are shown on the left. Note the typical blurred appear-
ance of the bands, which is assumed to be due to differen-
tial glycosylation.

107



Vol. 59

Rapid Isolation of Lysosomal Membranes

45

Table 1. Purification of lvsosomal membranes from HeLa cells. Tvpical values for protein concentration and glucocere-

brosidase activity are shown.

Fraction Protein Glucocerebrosidase
Total (mg) Yield (%) Yield (%) Specific activity  Purification
(nmol/mg/min) factor

Homogenate 49.5 100.0 100.0 1.31 1.0
Nuclear pellet 8.1 16.4 84 0.67 -
Postnuclear supernatant 37.8 76.3 88.6 1.53 1.2
Organelle pellet 9.7 19.6 77.1 5.17 3.0
Postorganellar supernatant 213 43.1 1.2 0.34 -
LM Fraction

(Fraction 11 from the sucrose gradient **) 0.4 0.9 12.0 18.24 13.9
Washed LM fraction 0.1 0.3 8.8 38.5 29.6

* Organelle pellet was divided into two portions overlaid over two identical sucrose gradients. The values here are averaged from both
gradients.
*Fraction 11 of the sucrose gradient had the highest specific glucocerebrosidase activity and was considered the LM fraction (see Fig. 2).

ATP/MqgCl,
0.02 Ghosts |
0.00 - 1
(NH,),S0,
g 002
c
(1]
S
g -0.04-
c
£
‘E -0.06 -
©
-0.08 -
-0.10 T T T T T T
0 50 100 150 200 250 300 350 400
seconds
006 - B (NH,),50,
0.04 4
aé) |
a 0.02
& Ghosts
3 | (no ATP)
5]
2
©
-0.02 4
'0-04 | T T T T T T
0 50 100 150 200 250 300 350 400
seconds

Fig. 4. Acidification of lysosomal ghosts after the addition of ATP

Acidification of washed lysosomal membrane vesicles was measured as the decrease of acridine orange absorbance at 492
nm. The reaction solution (1 ml) contained 20 mmol/l HEPES buffer. pH 7.2, 0.2 mol/1 sucrose, 50 mmol/1 kalium chlo-
ride. and 20 pmol/1 acridine orange (Sigma-Aldrich). Lysosomal ghosts (10 pg of protein) were added (Ghosts) and the
following reagents were added at the time points depicted by arrows: ATP and MgCL (panel A). both to a final concentra-
tion of 2 mmol/l. and ammenium sulphate to a final concentration of 10 mmol/l. When ATP was omitted (panel B). the
decrease of absorbance did not occur.
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The washed lysosomal membranes were acidified af-
ter the addition of ATP (Fig. 4). The activity of the multi-
protein complex of vacuolar ATPase. the proton pump
residing in the lysosomal membrane which is responsi-
ble for the acidification of lysosomes, was apparently
preserved in samples of enriched lysomal membrane
fractions. Addition of ammonium sulphate (final con-
centration 10 mmol/l) resulted in alkalization of the
membrane vesicles (Fig. 4).

We have sought to develop a simple method for the
1solation of LM that would not require non-physiologi-
cal overloading of the lysosomal/endosomal system
with particles or detergents as the resulting cells are
clearly abnormal. In our hands. the method of Ohsumi et
al. (1983). originally optimized for rat liver tissue and
based on hypotonic treatment of postnuclear superna-
tant followed by differential centrifugation, did not pro-
vide LM in sufficient yields and purity from HEK293
cells. Osmotic lysis of lysosomes with methyl esters of
leucine or methionine, highly specific for the target or-
ganelle, was chosen for the release of LM. which were
subsequently resolved on the step sucrose gradient. The
enriched LM fraction could easily be collected from the
20%/35% interface. The procedure effectively elimi-
nated mitochondrial contamination, minimized contam-
mation from other cell compartments and appeared to be
sufficiently robust. While it did not yield LM of very
high purity, the enrichment was comparable to the mag-
netic chromatography technique developed by Diettrich
et al. (1998). The method yielded similar results both for
HEK293 and Hel a cell lines, suggesting that it may be
adapted to other cell lines or possibly tissues.
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of informative females in the cohort from 67% to 96%.
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Introduction

In placental mammals, the dosage compensation that equalizes the
expression of X-linked genes between sexes is achieved by inactivation
of one of the X chromosomes in female cells [1]. This process occurs
early in the embryonic development and is normally random with the
paternal and the maternal X chromosomes having the same chance of
being inactivated. The inactive state of the X chromosome is maintained
by epigenetic regulation and is stably inherited through the subsequent
cell divisions. As a result, females are mosaics of two cell populations
with different active X chromosomes. Their size is usually equal but in
some women the ratio may significanty differ from the 50:50 average
and this deviation is referred to as skewing of X-inactivation. The reason
for this phenomenon may be solely stochastic processes or genetic dif-
ferences that influence the course of X-inactivation. However, the
most common basis of significant skewing is the secondary cell selec-
tion. X-chromosome inactivation (XCI) patterns are most often tested
in DNA isolated from nucleated blood cells, apparently because of the
ease with which they can be obtained. Determination of the XCI pattern
is important in a number of disorders affecting blood cells because
skewing is known to affect the clinical manifestation of these diseases,

* Corresponding author at: Institute of Inherited Metabolic Disorders, First Faculty of
Medicine, Charles University in Prague and General University Hospital in Prague, Ke
Karlovu 2, 128 08 Prague 2, Czech Republic. Fax: +420224967119.

E-mail address: martin.hrebicek@If1.cuni.cz (M. Hrebicek).

http: //dx.doi.org/10.1016/j.bcmd.2014.10.001
1079-9796/© 2014 Elsevier Inc. All rights reserved.

including hemophilia A [2-8] and B [9, 10], Wiskott-Aldrich syndrome
[11-13], G6PD deficiency [14], sideroblastic anemia [15, 16], etc. X-
inactivation studies are also used to determine the clonality of hemato-
logical malignancies [17, 18] and they can be helpful when identifying
carrier females of e.g. Fanconi anemia B or X-SCID because of extremely
skewed X-inactivation as a result of selective pressure against cells car-
rying the mutation on the active X chromosome [19-21]. While X-
inactivation skewing in affected solid organs and tissues is frequently
just extrapolated from blood cells, for disorders affecting hematopoiesis
the analysis in blood cells is directly relevant.

Assays currently used for determining X-inactivation patterns are
indirect and distinguish maternal X chromosomes from the paternal
by leveraging either single nucleotide polymorphisms ( SNP) or much
more informative short tandem repeats (STR). The active chromosome
(Xa) can be discriminated from the inactive (Xi) due to the differences
in DNA methylation and also in gene expression [22]. Nevertheless,
methylation-based assays are much more common because DNA is eas-
ily accessible and more stable than RNA. The most extensively used
method (the HUMARA assay) takes advantage of a highly polymorphic
(CAG), repeat in the first exon of the human androgen receptor gene
(AR) located near several methylation-sensitive restriction enzyme
sites that are differentially methylated on the active and the inactive X
chromosome [23]. A number of similar methods have been devised
but their use is limited, mainly because they lack the HUMARA assay's
ease of performance, robustness or a highly informative repeat. MAOA
assay [24] requires an additional enzyme digestion step, HPRT assay
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[25] is based on the more laborious Southern blot hybridization, HPRT
and PGK assays [26] are based on restriction fragment length polymor-
phism (RFLP) and thus are less informative, FMR1 assay [27] can be
complicated by differential amplification of alleles and though M273
assay [28] uses hypervariable locus, its methylation status is inconsis-
tent. Recently, several new assays targeting ZNF261 [29], ZDHHCI5,
SLITRK4 and PCSKIN loci [30] emerged but they make use of dinucleo-
tide repeats, which generally leads to higher amount of stutter peaks.
The HUMARA method still remains the best option and the AR locus
was also used to design a new method — AR-MSP [31] involving
methylation-specific PCR (MSP) after chemical modification of DNA,
which completely omits the use of restriction enzymes.

While the HUMARA assay is well validated and suitable for routine
measurement of X-inactivation skewing, it cannot be used for all pa-
tients. Uninformative patients form a significant part of the population
as the polymorphism in the AR locus is informative only in about 80%
of females [32]. Obviously, there is a need for alternative methods that
allow for an analysis of X inactivation in females when the HUMARA
assay cannot be used.

Materials and methods
DNA samples

Genomic DNA was isolated according to standard procedures from
lymphocytes separated on Ficoll-Paque cushions (GE Healthcare, Little
Chalfont, UK) from peripheral blood of 100 healthy female volunteer
donors aged 9 to 72 (mean age 36,5 years; median age 35 years), five
adult male donors and eighteen members of five families. All donors
were Caucasians from the Czech population. The study was approved
by the local ethics committee and conducted in accordance with
the Declaration of Helsinki. Informed consent was obtained from all
subjects.

Bioinformatic study and primer design

The search for new loci was performed using the Galaxy platform
[33-35]. The whole X chromosome (NCBI36/hg18 assembly) was
screened for regions that contain a CpG island in close proximity
(300 bp maximum) to a simple repeat (located by Tandem Repeats
Finder programme) with the repetition length between 3 and 6 bp. Di-
nucleotide repeats were not included in the search. Regions located in
the pseudoautosomal regions PAR1 and PAR2 that escape inactivation
[36] were omitted from further processing. Genomic contexts of the
other regions were checked using the UCSC genome browser [37] and
only sequences lying in the presumed promoter regions were selected
for evaluation because, unlike the active X, the CpG islands in the pro-
moter regions of X-linked genes on the inactive X chromosome are gen-
erally hypermethylated [38]. As the data about the variability of the
selected STR regions were not available in the literature and databases

Table 1
PCR primers and enzymes used in individual assays.

that were at our disposal, the variability was predicted using the SERV
software package [39]. Only sequences with VARscore > 0.9 were
chosen. Afterward, promoter regions of genes reported to escape X-
inactivation [40-42] were excluded. Nineteen loci that fulfilled all the
above requirements were selected for further investigation and primers
were designed using Primer-BLAST [43]. Suitable methylation-sensitive
and other restriction enzymes were found using Webcutter 2.0 (http://
www.firstmarket.com/cutter/cut2.html).

Selection of the primers and determination of XCI pattern

Primers were used to amplify 24 female DNA samples to find out if
there was variability in the length of the PCR products. Amplification
with the five sets of primers (numbered [, II, 111, IV, and V, Table 1) gen-
erated specific products with variable length as confirmed by amplifica-
tion of an independent group of samples obtained from five families
(examples in Supplementary Fig. S1).

Samples of genomic DNA isolated from 100 control individuals were
PCR amplified using the five sets of primers to identify informative sam-
ples which were subsequently used for X-inactivation assays. XCI ratio
was calculated as the ratio of the peakarea of two alleles of the analyzed
polymorphic repeat after the digestion with methylation-sensitive re-
striction enzyme Hpall or Hhal. This intermediate result was corrected
by the ratio of the peak area of two alleles in the undigested sample to
avoid an error caused by preferential amplification of one of the alleles.
The ratio was calculated for informative heterozygotes in which PCR
products differed by two or more repeats. In addition, one control
male sample was included in every batch of samples to confirm the
complete digestion by methylation-sensitive restriction enzyme
(Fig. 1, Supplementary Fig. S2).

Specifically, 200 ng of analyzed DNA was digested overnight at 37 °C
with 10 U of methylation-sensitive enzyme together with 1-3 U of an
auxiliary restrictase (New England Biolabs, Ipswich, MA) in the corre-
sponding NEB buffer and 100 pg/ml BSA if needed (details in Table 1).
The same amount of DNA was treated with the auxiliary enzyme
alone. This enzyme, which was added to the reaction mix to reduce
the complexity of genomic DNA, had restriction sites outside the PCR
product and was not sensitive to methylation, digesting thus both active
and inactive X alleles equally. The enzymes were inactivated at 95 °C for
10 min and 30 ng of digested DNA was PCR amplified with the designed
primers (Applied Biosystems, Foster City, CA). One of the primers in
each set was fluorescently labeled with 6-FAM or HEX dye (Table 1).
PCR reactions were performed in 10 pl total reaction volume containing
1x PC2 buffer (50 mM Tris—HCI pH 9,1, 16 mM (NH,);504, 2,5 mM
MgCls, 150 pg/ml BSA), 200 uM dNTP's, 0,3 pM primers, 10% DMSO,
240 mU of Klentagl (DNA Polymerase Technology, St. Louis, MO) and
2,2 mU of Deep Vent polymerase (New England Biolabs). The DNA
was amplified in C1000 thermocycler (Bio-Rad Laboratories, Hercules,
CA). Denaturation (94 °C for 2 min) was followed by 35 cycles
consisting of 94 °C for 5 s and 68 °C for 20-25 s and by a final extension

Set Gene Repeat Primers Restriction enzymes used Length of the product (observed)
| RPS6KA3 CGG/GCGGCA? 5'-6-FAM-CAC AGC CAT CTT CTG CCA CGG G-3' Hpall + Rsal ~305-311
5-AAG AAA GGG GCG AGA CCC GGT-3
1| CNKSR2 GCA 5°-6-FAM-CGA GCG GGC AAG TTG GCT GA-3/ Hpall + Rsal ~278-308
5-TGT CGG GTC TCG CGG CTG TA-3'
1 RPS6KAG Cac 5°-HEX-AGG GCT CGT CCT GAG GAG (G-3' Hhal + Rsal ~306-324
5'-CGA GCG GCT GTC GTT GTG GT-3'
I\ TMEMI85A, CcaG 5-HEX-GGC CCC TCA GGT TCA TGG CG-3° Hpall + HpyCH4lll ~243-279
FAMI1A 5-CCCTCG TAC GGA AGC CCG GA-3'
v HMGB3, DKFZp779G118 [Wue 5-6-FAM-GTG GAG GCA GCT AGC GCG AG-3' Hpall + HpyCH4Ill ~286-322

5-GCT CGG GGAACG CGT TGG AA-3

* The CGG repeat region includes a smaller GCGGCA repeat region.
® This gene is known for association with the CpG island of the fragile site FRAXF.

111



D. Musallova et dl. / Blood Cells, Molecules and Diseases 54 (2015) 210-216

212

s

~adumes pa1saZip ag ul Suissy > 51 2 dwes paisaSipun ul paAsIsqo SI[A[E Jo 11ed A JO U0 T MOYS UOHBATDEU! JUWOSOWAID-Y, JO SULmays
AN YUM [ENPLAIpUI 2[EWa) utsIsAeueay) jo synsay () "y dures paisafipun pue pasafip ur s)onpoad josuotuodaid s SMoys UOTEAIDEUI SLOSOWOD-X JOTUMS0U ILM [ENDIApUI Jfewy ul siskfeue ag) jo sinsay (g) Ydd Aq payndue

2q J0u pnED [ENPAIpUI JEw way Jjdwes YN pasEip-[ipdy ‘aydwes pasadipun yumisenuod ug (v) Asoig patyddy) aremy 2L [3Lm papnpuod sem sisAeue a1 sisaoydanep Arejpdes oy Ag uoteredas aigaq paxiw a5mm
sadwes Enpapul o) A pue A1 Jawnd josionpoad Sunnsal ag pue sjas 1awud sampadsal a qum pagydume y g 2:9m sajdwres ((ipdy -+ ) paiseSip pue ((pdy — ) paisadipun {anq) A pue (wal) Al fesse — ssApue 1wuGey a josyrsay | Sy

B \ J_*_: i << d c\.,.ﬂi ; '1 < R R S S e TR )
. - lledH +
™ __,:,: g‘,c b m d,_i _.. e T i
= - l1edH -
Buimays awalxa - slewa4 O Bumadsou-sewasy g ET

112



D. Musalkova et al / Blood Cells, Molecules and Diseases 54 (2015) 210-216 213

at 68 °C for 30 min. The resulting PCR products were separated on a
3500xL Genetic Analyzer (Applied Biosystems) using GeneScan 500
ROX (Applied Biosystems) as an internal size standard. The peak area
was measured using GeneMapper software v4.1 (Applied Biosystems).

The XCI ratio determined by the assay was calculated as previously
described in [44]. The final X-inactivation pattern is expressed as the
ratio of the longer:shorter allele; the value given is the average of two
measurements. Because it was not known if the alleles from different
loci were in cis, direct comparison of the XCI ratios was not possible.
The results were expressed as the deviation from the average ratio
(50:50) on a scale from 0 to 50%, where 0% corresponded to equal ex-
pression from both alleles, and 50% represented expression solely
from one allele.

Determination of XCI pattern using the AR locus

X-chromosome inactivation was determined by the previously
published AR-MSP method inthe AR locus [31]. Samples modified by bi-
sulfite treatment were PCR amplified with two primer sets AR-M and
AR-U that specifically amplify the methylated sequence on Xi and the
unmethylated sequence on Xa, respectively. PCR products were separat-
ed by capillary electrophoresis and the XCI ratio was calculated from the
peak areas according to the formula published in the literature [31].

In 18 samples, we also compared the results with the conventional
HUMARA method, which combines PCR with methylation-sensitive re-
striction digest of genomic DNA. Primer sequences and reaction condi-
tions were the same as published [45] with the upper primer being
fluorescently labeled with HEX dye.

Determination of XCI pattern using transcription-based assays

X[ patterns in the HUMARA-informative samples were also deter-
mined using the transcription-based assays targeting exonic SNPs in
ZNF75D (rs1129093), IDS (rs11549009), MAGED2 (rs1043031 and
rs1043034) and MED12 (rs5030619) genes. Details of the procedures
are described in Supplementary Methods.

Statistics

Statistical analysis (Pearson correlation, method comparison) was
performed using XLSTAT software package (Addinsoft, New York, NY).
Agreement of the assays and repeatability was determined according
to the Bland-Altman method [46].
Results

Movel methylation-sensitive restriction/PCR-based XCI assays were

based on five sets of primers (numbered I, II, 111, IV, and V) selected in
preliminary experiments as described above. The assays were evaluated
A

for agreement with the established XCI assay, the HUMARA (AR-MSP)
method and, where possible, also with each other (Supplementary
Fig. S3). The results are summarized in Supplementary Table S1. Posi-
tions of the amplified loci on the X chromosome and the targeted
genes and repeats are shown in Fig. 2A and in Table 1, respectively.

None of the studied loci could be amplified by PCR from male DNA
samples digested with methylation-sensitive restriction enzymes
(Fig. 1A, Supplementary Fig. S2A, Fig. 2B) indicating that the loci are
not methylated on the single male active X chromosome.

Heterozygosity of the new loci

The heterozygosity of the selected loci was investigated in 100 fe-
males. Assays that used primer sets I, II, I1I, IV, and V were informative
in 13, 18, 24, 61, and 55 samples, respectively. The AR locus was infor-
mative in 67 samples from the same cohort. Samples were considered
informative if the difference in the length of alleles was two or more
repeats.

Repeatability of the assays

The repeatability of the results obtained with different assays was
evaluated by the coefficient of repeatability [46] that represents the
value below which the absolute difference between two repeated test
results may be expected to lie with 95% probability. The coefficient of re-
peatability was 8,6% for the AR-MSP assay, 3,6% for the conventional
HUMARA assay (similar result in [47]), 6,6% for assay 1, 3,6% for assay
11, 7,0% for assay 111, 8,1% for assay IV and 12,9% for assay V, confirming
that the assays provided consistent results. Only the results obtained
by assay V were less repeatable than those obtained with the AR-MSP
assay.

Concordance of the results obtained with different assays

The AR-MSP method was previously shown to provide results con-
sistent with the conventional HUMARA assay [31]. We compared XCI
patterns obtained by the AR-MSP assay with those acquired by the con-
ventional HUMARA assay (scale 0-100%). The mean of differences (MD)
was 0,5% (standard deviation [SD] 4= 7,9%) and we observed very high
correlation (Pearson correlation coefficient r = 0,926, p < 0,0001,
n = 18) between the methods. To support the assumption of trueness
of the X(I patterns determined by the AR-MSP method we also com-
pared the results to those determined by transcription-based assays.
The assays were highly correlated and in good agreement (see Supple-
mentary Fig. S4). For further work the AR-MSP was thus considered to
be the reference method for comparison with the novel methods
(Fig. 3). The methods were evaluated according to the Bland-Altman
method [46].

B [ I

400 bp —
300 bp — - i

200 bp —

Fig. 2. (A) Location of the selected loci on the X chromosome (adapted from the UCSC Genome Browser). (B) Representative results of individual assays for samples obtained from healthy

men. Lanes with + or

signs indicate whether DNA was predigested with methylation-sensitive restriction enzyme (Hpall/Hhal) or not. Lane L, ladder.
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Because of the low level of heterozygosity of the locus amplified by
primer set I, we could compare results of only seven DNA samples and
these did not correlate with the AR-MSP assay (r= —0,075). However,
five samples not informative for the AR locus were also compared to the
other new assays as indicated in Supplementary Fig. S3 and this showed
by contrast very good agreement. Similar results were obtained for
assay III. In comparison with assay I, it was more informative, but it
possibly suffered from a lack of highly skewed samples to compare.
Correlation with the AR-MSP assay was very weak (r = 0,134), mean
of differences was 1,9% (SD + 11,7%). On the other hand, the correlation
observed for assay Il and the AR-MSP was high (r = 0,868, p < 0,0001).
Mean of differences was —0,8% (SD + 4,1%). Correlation observed for
assay IV was also high (r = 0,716, p < 0,0001). Mean of differences
was 2,8% (SD + 8,9%). The assay using primer set V showed moderate
correlation (r = 0,672, p < 0,0001). Mean of differences (bias) was
6,4% (SD + 9,8%). In contrast to previous assays, confidence interval
for bias did not include zero, which suggests that there is a positive
bias. Histograms of the differences (Fig. 3C) are more relevant in assay
IV and V that have more available data points and indicate normal
distributions.

On the basis of the presented evidence, the best assay as for agree-
ment with the AR-MSP assay is assay Il that has a reasonably low SD
leading to narrow 95% limits of agreement (mean 4 1,96*SD). Unfortu-
nately, this method is not widely applicable due to poorly polymorphic
STR.Onthe other hand, assays IV and V make use of much more variable
STRs but suffer from higher SD and thus wider 95% limits of agreement.
Therefore, some level of discordance must be expected when using
these assays. Our data do not clearly support use of assays I and III as vi-
able methods for determination of X-inactivation.

Discussion

In our study, a combination of the AR locus with loci used by primer
sets II, IV, and V for X-inactivation studies significantly increased the
amount of informative females from 67% (AR-based assay only) to
96%. Moreover, 69% of samples can be evaluated by two or more assays,
thus increasing the reliability of the result (Supplementary Table S1).
The novel assays are conveniently all based on trinucleotide repeats,
which have a lower risk of distortions due to stutter artifacts than dinu-
cleotide repeats.

In general, there was a good agreement between the AR-based assay
and the selected assays, which can thus be used interchangeably with
AR-based methods. Assay V, however, showed a mild positive bias.
This means that this method tended to give slightly higher values of
skewing than the AR-based assay and novel assays Il and IV. In a similar
case, Bland and Altman [46] suggested adjustment of the results by
subtracting the bias which may be a suitable way to treat the results
of assay V. Pearson correlation coefficients of the difference versus aver-
age data showed no significant trend (data not shown) in the differ-
ences between methods as the average increased, implying that the
bias is constant across the whole range.

Interestingly, one of the samples (No. 79 in Supplementary Table S1)
gave consistently discordant results between the AR-MSP assay and the
new assays I, IV, and V (Fig. 3). We determined the XCI pattern in this
sample with the conventional HUMARA method and this result was in
concordance with the AR-MSP assay. Consequently, we did not exclude
this sample as an outlier, although the cause of the discordant results
was not obvious. Nevertheless, itis of interest that the same sample pro-
vided discordant results when comparing the AR-MSP assay with the
transcription-based assays (Supplementary Fig. S4).

Discrepancies between individual assays have been previously de-
scribed in the literature [29, 30]. These inconsistent results may arise
when the methylation status of studied CpG sites fails to correlate
with X-chromosome inactivation or due to other technical reasons.
The presence of stutter peaks may also to some level contribute to the
inconsistency. Therefore, introduction of new assays in determination

of XCI patterns is not only useful for assessing uninformative samples
but also for confirmation of XCI patterns determined by conventional
methods. As the results of assays based on testing of methylation pat-
terns in individual X-linked genes are only approximations of true
values of X-inactivation skewing, we chose to evaluate the methods
using the Bland-Altman method [46], which is the statistical tool of
choice for comparison of similar indirect methods.

The HUMARA method is often considered the “reference” X-
inactivation assay, because its results generally agree with the X-
inactivation, although there are significant caveats associated with the
acceptance of the results as the true measure of X-inactivation skewing.
The test is by far most frequently performed in blood cells and the result
is considered to be similar to the desired Xl ratio in more relevant but
less accessible tissues. Swierczek et al. [48] found that allelic expression
of human androgen receptor was not fully consistent with the DNA-
methylation based assay. They proposed that the crux of the problem
may lie in the fact that the HUMARA assay does not evaluate DNA meth-
ylation in the AR promoter but in the distant first exon of the gene. The
discrepancy can occur when the methylation from the promoter does
not extend to the first exon of the gene. In contrast, Mossner et al. [49]
pointed out to possible technical problems in the study of Swierczek
etal. as the explanation. The issue is apparently not settled, but it is im-
portant to note that the discrepancy was observed only in a subset of in-
dividuals and both studies evaluated only about thirty females each.
Although the explanation proposed by Swierczek et al. is merely a spec-
ulation, it would well explain the discrepancy in the individual
discussed above between AR-based methods and our new assays,
which evaluate methylation of CpGs located in promoters.

Conveniently, when combining assays II, IV, and V with the
HUMARA assay, just two restriction digest mixtures for one sample
are needed and PCR products of individual primer sets can be mixed
thanks to the use of different fluorescent dyes and product sizes. The as-
says presented here could be also used in other applications, where AR-
based assays are applied, e.g. to evaluate clonality of neoplastic tissue,
yet the main benefit of the new combined X-inactivation test is the po-
tential for testing of X-inactivation patterns in a high proportion of
HUMARA-uninformative females. Our novel assays appeared robust
and well-suited for routine analysis, however, before their application
in the clinical practice they may require further validation in a larger
cohort and/or selected disease population.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bcmd.2014.10.001.
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Background : X-linked hypoxanthine-guanine phosphoribosyltransferase (HPRT ) deficiency in an inherited disor-
der of purine metabolism is usually associated with the clinical manifestations of hyperuricemia. A variable
spectrum of neurological invo lvement occurs predominantly in males, Females are usually asymptomatic. Carrier
status cannot be confirmed by biochemical and enzymatic methods reliably.

Methods: We studied clinical, biochemical and molecular genetic characteristics of Czech families with hyperuri-
cemia and HPRT deficiency. We analyzed age at diagnosis, clinical symptoms, uricemia, urinary hypoxanthine

Ki rs: . L . . L
G?:I‘:D s and xanthine, HPRT activity in erythrocytes, mutation in the HPRT! gene, X-inactivation, and major urate
Hyperuricemia transporters.

Results: A mutation in the HPRT1 gene in family A was confirmed in one boy and four females. Three females with
hyperuricemia had normal excretion of purine. One female was normouricemic. An 8-month-old boy with
neurological symptoms showed hyperuricemia, increased excretion of urinary hypoxanthine and xanthine and
a very low HPRT activity in erythrocytes. We have found three other unrelated female carriers with hyperurice-
mia and normal excretion of hypoxanthine and xanthine among other families with HPRT deficiency.

Conclusions: HPRT deficiency needs to be considered in females with hyperuricemia with normal excretion of
purine metabolites. Familiar hyperuricemia and/or nonfamiliar gout should always be further investigated,

Hypoxanthine-guanine
phosphoribosyltransferase deficiency
Lesch-Nyhan syndrome

Purine metabolism

especially in children.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Hypoxanthine-guanine phosphoribosyltransferase (HPRT) deficien-
cy is an X-linked inherited metabolic disorder (OMIM 308000) classi-
fied into distinguished forms. Partial HPRT deficiency, also known as
Kelley-Seegmiller syndrome (#300323), is usually associated with the
clinical manifestations of purine overproduction which results in
increased wuric acid synthesis (hyperuricemia/gout, urolithiasis,
nephrolithiasis and kidney stones); however, a variable spectrum of
neurological manifestations, such as motor disability and intellectual
impairment, is available (Lesch-Nyhan variants). Classical features of
severe deficiency, Lesch-Nyhan syndrome (#300322), are moreover
characterized by self-injurious behavior.

Abbreviations: HPRT, hypoxanthine-guanine phosphoribosyltransferase; HUMARA,
human androgen receptor gene; MRI, brain magnetic resonance imaging; PCR, polymerase
chain reaction

* Corresponding author at: Institute of Rheumatology, Na Slupi 4, 128 50 Prague 2,
Czech Republic. Tel.: + 420 234075319; fax: +420 224914451.
E-mail address: stiburkova@revma.cz (B. Stiburkova).

http://dxdoiorg/10.1016/j.cca2014.11.026
0009-8981/© 2014 Elsevier BV. All rights reserved.

As a first step, the diagnosis of HPRT is determined by hyperuricemia
and hyperuricosuria with urinary hypoxanthine and xanthine elevation.
Secondly, HPRT deficiency is confirmed by low HPRT activity in erythro-
cytes. Finally, the results are confirmed by molecular genetics.
Treatment controlling uric acid overproduction with allopurinol or
febuxostat is available; however, allopurinol has not usually been
considered to cause behavioral and neurological symptoms [1,2]. A
recently reported treatment with S-adenosylmethionine in children
with the Lesch-Nyhan syndrome showed a dramatic reduction of self-
injurious and aggressive behavior, as well as a milder reduction of
dystonia [3].

The human HPRTI gene is located on chromosome Xq26.1 and
comprises 9 exons and 8 introns. The HGPRT enzyme (EC 2.4.2.8)
has a central role in purine metabolism: catalysis of purine salvage
and conversion of hypoxanthine to inosine monophosphate and gua-
nine to guanosine monophosphate. At present, 410 mutations in the
HPRT1 gene causing variable disease phenotype (186 missense/non-
sense, 59 splicing, 55 small deletions, 23 small insertions, 13 small
indels, 65 gross deletions, 6 gross insertions/duplications, 3 complex
rearrangements) have been described (HGMD® Professional 2014.2,
June 2014).
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We report on a Czech family that X-linked HPRT deficiency may
present as hyperuricemia and/or gout in both male and female carriers.
They represent as a case on how unreliable the diagnostics of carriers
are on biochemical and enzymatic levels only.

2. Materials and methods
2.1. Clinical and biochemical findings

The proband, a female A 11/1 (Fig. 1), was brought to our laboratory
at the same time as her nephew A 11I/4. The female A II/1 has been
analyzed for hyperuricemia at the age of 19 years. She developed the
first clinical gout attack at the age of 33 years in classical I. MTP joint
localization. Since then, she had 8 gout attacks lasting usually for 1-2
weeks. She has been treated by 200 mg allopurinol daily and she has
used colchicine during attacks. Without allopurinol treatment, she had
hyperuricemia with normal purine excretion, Her 8-month-old nephew
ATll/4 was born after 34 weeks of uncomplicated pregnancy with Apgar
score of 9-10-10. Abnormal development associated with hypotonia
was noted at 3 months of age. His milestones were delayed. Intermittent
action dystonia has developed. His mother (A I1/2) observed orange
crystals in the diaper once at the time when treatment with allopurinol
began. Renal ultrasound at the age of 13 months was suspicious of incip-
ient nephrocalcinosis without nephrolithiasis. Brain magnetic reso-
nance imaging (MRI) showed normal results, At the age of 24 months,
the patient sometimes bites buccal mucosa as compulsive self-
injurious behavior characteristic for Lesch-Nyhan syndrome. Detailed
purine metabolic investigations were performed as we reported previ-
ously [4,5].

2.2. Molecular genetic analysis

All tested individuals provided their informed consent (approved by
the Ethics Committee of the authors’ home institution) to participation
in the analyses and the presentation of results. Genomic DNA and total
RNA were extracted from peripheral white blood cells for sequenc-
ing. Genomic DNA was extracted also from urine and buccal swabs

1950

for X-inactivation analyses. Genomic DNA was isolated using
QIAamp columns (Qiagen GmbH, Hilden, Germany ) or NucleoSpin
Blood (Macherey-Nagel GmbH, Diiren, Germany ). Total RNA was ex-
tracted by BiOstic Blood Total RNA Isolation Kit (MOBIO Laboratories,
Inc., Carlsbad, CA). mRNA was reverse-transcribed using High Capac-
ity RNA to cDNA Kit (Applied Biosystems, Carlsbad, CA) according to
the manufacturer’s instructions.

All coding exons of the HPRT1 gene and selected exons of the SLC2AS,
SLC22A12, SLC17A3 and ABCG2 genes have been amplified from genomic
DNA. For transcript analyses, cDNA was used for PCR amplification in 2
RT-PCR products. Primer specification and reaction conditions are avail-
able upon request. PCR and RT-PCR products were purified using
Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI) and
directly sequenced on a capillary sequencer 3500xL Genetic Analyzer
(Applied Biosystems, Carlsbad, CA).

The X-chromosome inactivation status was analyzed by studying the
methylation of Hpall sites in the first exon of the human androgen
receptor gene (HUMARA), which correlates with X-chromosome inacti-
vation [6]. The novel STR polymorphic sites were used by Musalkova
etal [7].

3. Results
3.1. Biochemical analysis

The proband of family A 11/1, her daughter Alll/1 and her niece A 11I/3
had hyperuricemia with normal urinary excretion of hypoxanthine and
xanthine. Her 8-month-old nephew Ill/4 demonstrated hyperuricemia,
hyperuricosuria and increased urinary excretion of hypoxanthine and
xanthine. The HPRT activity in erythrocytes was 5 nmol/h/mgHb and
confirmed HPRT deficiency. One female (A 11/2) was normouricemic.
The patient A 1/1 has been treated for hyperuricemia and gout since
the age of 53 years. He does not have family mutation in the HPRT1
gene. Pedigree and family data are shown in Fig. 1 and Table 1.

Subsequently, we analyzed biochemical and clinical data from other
families with HPRT deficiency. We found three other unrelated hetero-
zygous female carriers (a 12-year-old girl B, an infant C and an adult

2&%
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1B 2D
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hyperuricemia

@ ME enzymaltic HPRT deficiency
’-M.-d carrier of c.402+1G>A % % gout

Fig. 1. Family A pedigree.
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Table 1
Clinical, biochemical and molecular genetic findings in family A and selected unrelated females with HPRT deficiency.
Clinical, biochemical and molecular genetic findings in family A and selected unrelated females with HPRT deficiency
uHyp Mutations in the HPRT1 gene
P Sex  Ageatdg Clinical symptoms sUA (umoll) ~ WXan r}{nﬁg]:?‘,ﬁg ) 151165165 rs2231142 1516800979
[CTCTT‘?II‘ mol (SLC17A3) (ABCG2) (SLC2A49)
1.2 HPRT1 : c[402+1G>A];[-]
Allj1 F 39yrs gout 478 6.9 216 C[298G>A];[=] c.[421CA];[=] C.[B44G>A];[=]
43 HFRT1 : c[402+1G>A][-]
Allf2 F 35yrs - 287 7.2 190 c[298G=A];[-] c[-L:[-] c.[844G>A];[-]
A 20.4 HFRT1 : c[402+1G>A];[-]
1 F 15yrs - 372 74 214 c[298G>A];[-] c[-]i[-] C.[B44G>A];[844G>A]
A 184 HPRT1: c[402+1G>A];[-]
mnf3 F 5yrs - 420 119 164 c[298G>A];[-] c[=]i[=] cl=]i[=]
" 1113 HPRT1: c.[402+1G>A];[0], splice
1j4 M 8 mos LND 494 64.9 5 c[=]:[0] c.[=]:[0] C.[B44G>A];[=]
132 HPRT1: c.[-];[0]
Alll M 63 yrs gout 365° 13.9" 193 c[298G>A];[0] c.[421C>A];[0] c[=1:[=]
142 HPRT1: c[158T>C];|=], p.V53A
B F 12yrs - 412 113 88 nd nd nd
284 HPRT1: g.[1484_22498delinsTCTGCCTCGA];[=]del of exons 2-3, del 21014 bp, ins 10 bp
C F 3 mos - 408 215 nd nd nd nd
153 HPRT1: c[215A>G;[-], p.Y72C
D F 55yrs - 374 13.0 203 nd nd nd

sUA = serum urate (ref. ranges 120-340); uHyp = urine hypoxanthine (ref. ranges <30); uXan = urine xanthine (ref. ranges <25); HPRT in ery = HPRT activity in erythrocytes (ref.
ranges 50-500); Creat = creatinine; P = patient; A, B, C D = notation of family; dg = diagnosis; M = male; F = female; yrs = years; mos = months; - = asymptomatic; LND = -

Lesch-Nyhan disease; nd = not done; * under allopurinol treatment.

woman D) with hyperuricemia and normal excretion of hypoxanthine
and xanthine. They were clinically asymptomatic when the diagnosis
was confirmed. Biochemical, clinical and genetic data are summarized
in Table 1. The female carrier B was from the family with a symptomatic
carrier (her sister) who has been treated for gout since the first gout
attack at the age of 9 years. The female carrier C was from the family
with a male patient with classic Lesch-Nyhan syndrome. The proband
from the family D was an adult man with arthritis, nephrolithiasis and
hyperuricemia.

3.2. Molecular genetic analysis

The HPRT1 gene analysis in family A showed the previously
described splicing mutation c.402+1G=A [8]. The first analyzed person
was the boy with HPRT deficiency (Ill/4). The hemizygosity of
c.402+ 1G>A was detected in his genomic DNA isolated from leuko-
cytes. We analyzed a predicted splice defect in transcript due to
c.402+1G>A (substitution on donor splice site). cDNA was used for
PCR amplification with one pair of specific primers; we detected 3
PCR products on horizontal agarose gel electrophoresis (Fig. 2). No
correctly spliced RNA variant was observed on sequencing
electropherogram. Three abnormal splicing variants were identified:
a) r.384_385ins384+103_384+140; r.402_403ins402+1_402+67;
402 + 1g>a. This splice variant contains an insertion of 38 bp from
intron 4 between exons 4 and 5and an insertion of 67 bp from intron
5 between exons 5 and 6 together with the presence of mutation
r.402+1g>a; b) r.385_402del. This splice variant contains a deletion
ofexon 5; and c) r.385_485del. This splice variant contains a deletion
of exons 5 and 6. Heterozygosity for family mutation c.402+1G=A
was confirmed in patient's mother (A 1I/2), patient’s 4-year-old
sister (A 11/3), mother's sister (A 11/1) and her 15-year-old daughter
(ATI/1).

The results of X-inactivation patterns in the family showed the
calculated ratio of 0.4:99.6% (SD =+ 0.1%) in the patient A II/1 and
1.5:98.5% and 0.2:99.8% in the patient A I1/2, respectively, with the
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paternal wt allele being more active, which can be described as extreme
skewing of X-inactivation. These results were obtained from genomic
DNA from leukocytes. We received different results from genomic
DNA from urine (45:55%) or buccal swabs (49:51%) in the patient A 11/2.

Analysis of urate transporters in the proband (A II/1) revealed
heterozygosity for three non-synonymous allelic variants: c.844G>A

1000-

500-

Fig. 2. Agarose gel electrophoresis of RT-PCR product. Lane 1 — GeneRuler 100 bp Plus
DNA Ladder (thick bands: 500bp and 1000 bp); lane 2 — RT-PCR products from the affect-
ed boy from family A (1ll/4 in pedigree), there are 3 abnormal splice variants; lane 3 — wt
control (PCR product is 526 bp long); lane 4 — blank control
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(rs16890979, p.V282I) in SLC2A9, c421C>A (rs2231142, p.Q141K)
in ABCG2 and ¢.298G>A (rs1165165, p.A100T) in SLCI7A3. Variants
rs16890979 and rs2231142 are associated with hyperuricemia [10,11];
however, segregation analysis of the family did not confirm these variants
as being probably disease-associated polymorphism (Table 1).

4. Discussion

HPRT deficiency shows an X-linked recessive inheritance pattern;
thus, Lesch-Nyhan syndrome occurs almost exclusively in males.
Female carriers are usually asymptomatic; fewer than ten clinically
affected females were described previously [6,8,9]. Carrier diagnosis is
an important issue for most families with HPRT deficiency and carrier
status cannot be confirmed by biochemical and enzymatic methods in
most of the cases. Accurate carrier diagnosis can be performed by
molecular genetics; however, in about 5% of patients, no molecular
defect is found [10,11].

In our reported family with HPRT deficiency, we have found a full
spectrum of Lesch-Nyhan syndrome in male probands. However, we
identified three female carriers with normal excretion of hypoxanthine
and xanthine, normal activity of HPRT in erythrocytes, and hyperurice-
mia and/or gout. Our results of the X-inactivation study in this family
showed an extremely skewed inactivation ratio (1:99) in favor of the
wild-type allele in both affected females. Although these results from
genomic DNA from leukocytes show an extreme skewing, it is notewor-
thy that the results of X-inactivation from genomic DNA from urine or
buccal swabs are random.

Serum uric acid concentration is a complex phenotype influenced by
both genetic and environmental factors, as well as their interactions.
Hyperuricemia may be the result of an overproduction and/or ineffi-
cient renal excretion. Therefore, we also studied major urate trans-
porters in the observed family [12,13]. However, no allelic variants in
SLC2A9, SLC22A12, SLC17A3 and ABCG2 segregated with hyperuricemia
were found.

Abnormal findings in our family raise the question of whether the
reported biochemical abnormalities are in agreement with the carrier
status of HPRT deficiency. There have been only a few studies of purine
metabolism in HPRT carriers. One comprehensive study [ 14] showed
that an elevated hypoxanthine and/or xanthine excretion rate differen-
tiates most heterozygotes for HPRT deficiency from non-carrier women,
and thus could be useful for carrier diagnosis. However, we found
physiological purine metabolite levels in three carriers. Moreover, we
confirmed these unexpected findings by identification of three other
unrelated female carriers with different mutations in the HPRTI gene
and normal excretion of xanthine and hypoxanthine and hyperuricemia
in our cohort of 6 families with HPRT deficiency.

5. Conclusions

Our unusual findings expand the differential diagnosis of hyperuri-
cemia and gout in females. HPRT deficiency is considered to be a rare
disorder, and most physicians will likely see only a few cases during
their careers. We believe that this case is important for several reasons.
First, it highlights the fact that HPRT deficiency may present as hyper-
uricemia and/or gout and that the presence of non-articular symptoms
and increased uric acid in serum in females should alert the rheumatol-
ogist to its possible presence. Second, familiar hyperuricemia and/or
gout are an important clue and should always be further investigated.
Third, HPRT deficiency should also be considered in females with
hyperuricemia and normal excretion of xanthine and hypoxanthine.
Simple treatment regimens such as a low-purine diet combined with a
treatment with allopurinol or febuxostat allow better control of the
disease and prevent the development of serious renal and arthritic

complications. The key to identifying this purine disorder is greater
awareness among rheumatologists, nephrologists and urologists — its
diagnosis and therapeutic management require a multidisciplinary
approach.
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X-Chromosome Inactivation Analysis in Different Cell Types
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Abstract. Mucopolysaccharidosis type IT (MPS II) is
an X-linked lysosomal storage disorder resulting
from deficiency of iduronate-2-sulphatase activity.
The disease manifests almost exclusively in males;
only 16 svmptomatic heterozygote girls have been re-
ported so far. We describe the results of X-chromo-
some inactivation analysis in a 5-vear-old girl with
clinically severe disease and heterozygous mutation
p-Arg468GlIn in the IDS gene. X inactivation ana-
Iysed at three X-chromosome loci showed extreme
skewing (96/4 to 99/1) in two patient’s cell types. This
finding correlated with exclusive expression of the
mutated allele. Induced pluripotent stem cells (iPSC)
generated from the patient’s peripheral blood dem-
onstrated characteristic pluripotency markers, defi-
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Abbreviations: DMB — dimethylmethylene blue, DMSO — dime-
thyl sulphoxide. ERT — enzyme replacement therapy. FBS — foe-
tal bovine serum. IDS — iduronate-2-sulphatase. iPSC — induced
pluripotent stem cells, LIF — leukaemia inhibitory factor, MPS IL
— mucopolysaccharidosis type IL PBMC — peripheral blood mon-
onuclear cells, SNP — single-nucleotide polymorphism, XCI —
X-chromosome inactivation.

ciency of enzyme activity, and mutation in the IDS
gene. These cells were capable of differentiation into
other cell types (cardiomyocytes, neurons). In MPS
II iPSC clones., the X inactivation ratio remained
highly skewed in culture conditions that led to par-
tial X inactivation reset in Fabry disease iPSC clones.
Our data, in accordance with the literature, suggest
that extremely skewed X inactivation favouring the
mutated allele is a crucial condition for manifesta-
tion of MPS II in females. This suggests that the X
inactivation status and enzyme activity have a prog-
nostic value and should be used to evaluate MPS IT
in females. For the first time, we show generation of
iPSC from a symptomatic MPS Il female patient that
can serve as a cellular model for further research of
the pathogenesis and treatment of this disease.

Introduction

Mucopolysaccharidosis II (Hunter syndrome, MPS
II, OMIM 309900) is an X-linked lysosomal storage
disorder caused by deficiency of iduronate-2-sulphatase
activity (IDS, EC 3.1.6.13). Iduronate-2-sulphatase en-
coded by the IDS gene (Xq27-q28) catalyses the first
step in the sequential degradation of heparan sulphate
and dermatan sulphate, and its deficiency leads to the
lysosomal accumulation of these glycosaminoglycans
(Neufeld and Muenzer, 2001).

Children with MPS II have a normal appearance at
birth and the disease manifests usually in late infancy or
toddler age. The signs and symptoms include coarse fa-
cial features. short stature with joint stiffness. dysostosis
multiplex, hepatosplenomegaly, and cognitive decline.
The prognosis depends on the severity of the disease.

Folia Biologica (Praha) 62, 82-89 (2016)
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and is poor especially in children with severe form as-
sociated with death in the second decade of life (Neufeld
and Muenzer, 2001)

Enzyme replacement therapy improves the visceral
disease: however, it has no effect on the CNS. The first
study on intrathecal idursulfase-IT in children has been
published recently (Muenzer et al., 2016) and lentiviral
isogeneic haematopoietic stem cell gene therapy was
described as a promising approach for correction of neu-
ronal manifestation in MPS II mice by ameliorating
lysosomal storage and autophagic dysfunction in the
brain (Wakabayashi et al., 20153).

Recently, the possibility of using autologous induced
pluripotent stem cells (iPSC) instead of haematopoietic
stem cells for cell-based therapy received a great deal of
attention. In female heterozygotes with X-linked dis-
eases, individual cells are either functionally normal or
deficient based on the origin of inactivated X chromo-
some (mutant or normal). and the X-chromosome inac-
tivation (XCI) remains conserved in daughter cells.
Selected iPSC clones or differentiated cells with favour-
able XCI skewing could possibly serve as suitable mate-
rial for cell therapy without the need for gene manipula-
tions (Bhatnagar et al., 2014).

The prevalence of MPS II is estimated to be 0.43—1.09
per 100,000 live births in five different countries (Pou-
petova et al., 2010). The vast majority of MPS II pa-
tients are males, while only 16 symptomatic MPS 1T fe-
male patients have been reported in the literature so far.

Three of these affected females had structural abnor-
mality of the X chromosome impairing DS expression
of the wild-type allele, while two others had both IDS
alleles defective. In the remaining 11 patients, the cause
of MPS II manifestation was the presence of one mu-
tated IDS allele in combination with highly skewed XCI
leaving only the mutated allele active (Jurecka et al.,
2012: Pina-Aguilar et al.. 2013: Lonardo et al., 2014);
other cases are reviewed in Tuschl et al. (2005) and
Scarpa et al. (2011).

Here, we describe the first MPS II female patient in
the Czech Republic. We show extremely skewed XCI
favouring the mutated allele as the apparent epigenetic
cause of the clinical manifestation. For the first time we

Table 1. Primer sequences used for PCR amplification

demonstrate iPSC generated from the MPS II patient
cells. This cellular model will serve for future research
mto the pathogenesis and treatment of MPS TI.

Material and Methods
Ethics

The study was approved by the ethics committee of
the General University Hospital in Prague (The Ethics
Committee Approval number 41/12) and was conducted
in agreement with institutional guidelines. Written in-
formed consent was obtained from both adult study par-
ticipants. On behalf of the patient, written informed con-
sent was obtained from her parents.

Molecular analvses

Genomic DNA was extracted from whole blood and
from the urinary sediment using a QLAamp DNA Blood
Mini Kit (Qiagen, Valencia, CA). DNA from buckle
swabs and total RNA were isolated using a QIAamp
DNA Micro Kit (Qiagen) and a BiOstic Blood Total
RNA Isolation Kit (MO BIO Laboratories. Inc.. Carls-
bad. CA). respectively. Reverse transcription of RNA to
c¢DNA was performed using a High Capacity RNA to
c¢DNA Kit (Applied Biosystems, Carlsbad, CA).

PCR and reverse transcription PCR (RT-PCR) products
of the IDS (GenBank NC 000023.11, NM 000202.6)
and LAMP2 (NM_002294.2) genes were generated ac-
cording to standard PCR protocols using primers shown
in Table 1. The genotypes were analysed by Sanger se-
quencing using a Big Dye Terminator v3.1 Cycle Se-
quencing Kit and a 3500xL Genetic Analyzer (Applied
Biosystems).

For amplicon-based deep sequencing. singleplex PCR
and RT-PCR products were pooled and prepared under
standard protocols using the NexteraXT kit and the
MiSeq reagent kit (2<250). respectively. Paired-end se-
quence reads were generated using the MiSeq platform
(Mlumina, San Diego, CA). Sequencing data were de-
multiplexed and trimmed for low quality and duplicates
using MiSeq reporter v.2.4. Secondary analysis of the
cDNA data was performed using TopHat v2.0.13 (Kim

Gene Fragment/ Exon Sequence
<DNA Fr.4U TAATACGACTCACTATAG GGACCTTGTGGAACTTGTGT
Fr.4L TGAAACAGCTATGACCATG AAACGACCAGCTCTAACTCC
DS ex.9aU TAATACGACTCACTATAGTCCTGCTATTTGATTGGATG
ex.9aLl TCGAAACAGCTATGACCATGGTCTATGGTGCGTATGGAAT
ebNA ex. 9b U TAATACGACTCACTATAG CGATTCCGTGACTTGGA
ex. 9b L TCGAAACAGCTATGACCATG ATGGGTAATCACAAAACGAC
<DNA FrlU GGTCGGTGGTCATCAGTGCT
FrlL ATTCTGATGGCCAAAAGTTCAT
LaMp2 SDNA ex2 U TAATACGACTCACTATAG TTTAGAGCTGGTTGAACTIC
- ex.2L TGAAACAGCTATGACCATG TCAAAGGATAAAGTCAATTAAA

Upper (U) and lower (L) primers (excepting LAMP2 ¢cDNA) contain a T7 and an RP sequence, respectively, at the 5’ end.
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et al., 2013). The human hgl9 genome sequence was
used as a reference.

X-chromosonie inactivation analysis

Two independent methods were used to determine the
XCT pattern: a DNA-methylation based assay and a
transcript expression analysis. The methylation status of
polymorphic repeat regions was examined at two loci.
AR and CNKSR2, using digestion with methylation-sen-
sitive enzyme Hpall. as described elsewhere (Racchi et
al., 1998: Musalkova et al., 2015). The DNA of the pa-
tient’s father was used as a male control.

The transcriptional assay was performed similarly as
described previously (Mossner et al.,, 2013). The RT-
PCR product containing the single-nucleotide polymor-
phism (SNP) was used for quantification of SNP allele
frequencies, which reflected the XCI ratios. The LAMP?
gene polymorphism ¢.156A>T (1s12097) was selected
for the assay as LAMP? is subject to XCT (Cotton et al.,
2013). and the patient is heterozygous for this polymor-
phism. Instead of pyrosequencing (Mossner et al., 2013),
amplicon sequencing using the Ilumina platform was
applied. The same procedure was used for quantification
of the wt/mutated allele in the /DS gene transcript.

Generation of iPSC lines

The iPSC lines were generated from mononuclear
cells isolated with Histopaque (Sigma-Aldrich, St. Louis.
MO) according to manufacturer’s instructions from pe-
ripheral blood of the presented MPS II female patient.
Isolated peripheral blood mononuclear cells (PBMC)
were frozen in 10% dimethyl sulphoxide (DMSO) in in-
activated foetal bovine serum (FBS. BenchMark™ Fetal
Bovine Serum, Gemini Bio-Products, West Sacramento,
CA) and kept in liquid nitrogen until further use. Thawed
PBMCs were cultured in complete LGM medium
(Lonza, Walkersville, MD) containing 0.4 pg/ml of pu-
rified no azide/low endotoxin NA/LE Mouse Anti-
Human CD3 (BD Biosciences. San Jose. CA). 0.4 ng/ml
of Mouse Anti-Human CD28 (BD Biosciences). and
50 ng/ml of interleukin 2 (IL2: Abbiotec, San Diego,
CA) and were plated onto CD3-coated 6-well plates for
five days. Reprogramming of the cells into iPSCs was
performed using the CytoTune™-iPS 2.0 Sendai Repro-
gramming Kit (Invitrogen, Carlsbad, CA) according to
manufacturer’s instructions. In brief, the cells were
transduced at an appropriate multiplicity of infection
(MOI) with each of the three reprogramming vectors
(KOS MOI =5, he-Myc MOI =35, hK1f4 MOI = 3) in the
complete LGM medium. The free virus was removed by
replacing the medium on the second day. The cells were
transferred onto the layer of feeder cells (irradiated
mouse embryonic fibroblasts) in the presence of HES
medium (KnockOut™ESC/APSC Medium Kit) with
8 ng/ml basic fibroblast growth factor (bFGF: Life
Technologies, New York, NY) on the 4th day after the
transduction. The selected colonies were picked and
placed in 12-well plates containing feeder cells and then
passaged with Accutase (STEMCELL Technologies Inc..

Vancouver, BC, Canada) and the StemPro EZPassage
tool (Invitrogen, Carlsbad, CA, USA) until the creation
of stable iPSC lines.

Expression of pluripotency markers in generated
1PSC was confirmed by immunostaining as previously
described (Lian et al., 2013). Primary antibodies used in
this study were directed to Oct3/4 (Santa Cruz Biotech-
nology. Dallas, TX. cat# s¢-5279). SSEA4 (Invitrogen.
cat# 41-4000). anti-TRA-1-81 (Invitrogen. cat# 41-1100).
Sox2 (Santa Cruz Biotechnology., cat¥# sc-365823),
CD63 (Abcam, Cambridge, UK, cat# ab1318). heparan
sulphate (Amsbio. Abingdon. UK. Cat¥# 370255-1) and
Lin-28 (Proteintech Group. Chicago, IL. cat# 11724-1-
AP). The cells were incubated with Alexa Fluor 488- and
Alexa Fluor 568-conjugated secondary antibodies (Mo-
lecular Probes. Invitrogen) and the nuclei were coun-
terstained with 4°.6-diamidino-2-phenylindole (DAPIL.
Invitrogen).

Naive iPSC lines were established by cultivation of
generated iPSC in NHSM medium containing leukaemia
inhibitory factor (LIF) and small molecule inhibition of
ERKI1/ERK2 and GSK3p signalling, which induce con-
version of primed iPSC toward naive pluripotency. as
described previously (Gafni et al., 2013).

Determination of enzyme activities

Total leukocytes were isolated from the blood antico-
agulated with EDTA within 24 h of drawing using the
method described by Skoog and Beck (1956). The iPSC
were re-plated onto Geltrex® (Life Technologies. Grand
Island. NY)-coated 6-well plates and cultivated in
mTeSR™]1 medium (STEMCELL Technologies Inc.)
for two passages for the remowval of the feeder cells. The
homogenates were prepared by sonication in water. The
protein concentration was determined using the method
described by Hartree (1972). Iduronate-2-sulphate sul-
phatase activity was assayed using fluorogenic substrate
4-methylumbelliferyl-a-L-iduronate-2-sulphate accord-
ing to the method described by Voznyi et al. (2001).

Results
Clinical description

A 5-year-old girl was born in term as a first child of
healthy, non-consangunineous Ukrainian parents. Post-
natal adaptation and early development were unevent-
ful. She used five words and started to walk at the age of
13 months. Snoring, hearing impairment and delayed
speech were recognized at the age of two years. A mild
improvement in hearing was observed with a hearing
device: however, the speech problems persisted. Coarse
facial features, gingival hyperplasia, mild hepatospleno-
megaly, sternal protrusion, claw hands, lumbal hyper-
lordosis. large joint contractures and mild mental retar-
dation were noted during the third year of life. At the age
of 3.5 years, clinical and laboratory analyses revealed
mild paleocerebellar symptoms, mild mitral regurgita-
tion. and “dysostosis multiplex” on the X-ray survey.
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Table 2. X chromosome inactivation at three X chromosome loci compared with a mutant alelle in the IDS gene

Sample Locus
Methyl sensitive Transcript analysis
AR (Xq12) CNSKR2 (Xp22.12) LAMP2 (Xq24) IDS (Xq28)
% % AT G:A
% %

Proband (leukocytes) 98:2% 99:1° 100:0° 0.5:99.5%
Proband (buccal swabs) 96:4 n.d.ze n.ds n.d.=s
Mother (leukocytes) n.id 70:30 n.d.s n.d.°

*Maternal chromosome is preferentially inactivated, ®transcript analysis using the amplicon-based deep sequencing: number of reads
Q=30 LAMP?2 (c.156A>T, rs12097) A: 3910. T: 2. The A allele was inherited from the patient’s father.
IDS (c.1403G>A) G: 18. A: 3668. Only the mutated allele 1s expressed. © not determined. ¢ non-informative marker

No cormeal clouding was present. Urinary excretion of
heparan and dermatan sulphates were increased (60.5—
65.7 g/mol creatinine; controls < 15.5). The IDS activity
was markedly decreased in leukocytes (0.46 nmol/4 h/mg.
control range: 28.1-70.4 nmol/4 h/mg) and serum
(19 nmol/4 h/ml. control range: 167—475 nmol/4 h/ml).
Heterozygous mutation ¢.1403G>A (p.Arg468GIn) was
identified in the IDS gene. The girl is treated with en-
zyme replacement therapy. the glycosaminoglycan ex-
cretion decreased (19.5-22.5 g/mol creatinine), but she
still has speech problems. delay of fine motor functions
and a moderate delay of the gross motor development.

X-chromosome inactivation and mutation
analysis in patient’s tissues

Examination of the methylation status at the 4R locus
(Xq12) showed extreme skewing in both blood leuko-
cytes and buccal swabs; the maternal allele was almost
completely inactivated. Complete inactivation of the
maternal allele was also observed in CNKSR?2 and ap-
parent homozygosity for the c.156A allele inherited
from the patient’s father was detected in the LAMP?2
transcript. Deep sequencing of the /DS gene transcript
revealed exclusive expression of the mutated allele
(Table 2).

As the maternal allele is completely inactivated and
only the mutated IDS is expressed. it can be deduced
that the patient inherited the mutated allele from her fa-
ther. However. Sanger sequencing did not identify the
mutation ¢.1403G>A in the patient’s parents. To detect
possible somatic mosaicism in the parental tissues.
DNA i1solated from three cell types (peripheral leuko-
cytes. urinary sediment cells and buccal swabs) was
subjected to amplicon-based deep sequencing. The
number of reads corresponding to the mutated allele was
below the detection limit (< 0.5%) when the total se-
quence depth was higher than 1300 in all analysed tis-
sues. Thus, the somatic mosaicism was not demonstrat-
ed. while germline mosaicism could not be excluded as
meiotic cells from the parents were not available for
analysis.

Generation of iPSC lines

Two of the multiple generated patient’s iPSC lines
have been used for the study. The clones were positive

for the characteristic pluripotency markers Oct3/4,
SSEA4, anti-TRA-1-81. Lin28, and Sox2 (Fig. 1). The
patient’s iPSC lines also expressed slightly higher
amounts of heparan sulphate (Fig. 2): however. the
quantitative determination of GAGs in the cell lysate us-
ing dimethyl methylene blue (DMB) with spectrophoto-
metric detection (Lopez-Marin et al., 2013) did not
show significant differences. The IDS activities in two

Fig 1. Characterization of iPSC colonies — pluripotency
markers. A: Lin28 (red). Oct3/4 (green). DAPI (blue): B:
SSEA4 (green). DAPI (blue): C: Sox2 (green), DAPI
(blue) and D: anti-TRA-1-81 (green). DAPI (blue) in phase
contrast image. A. B — 10x objective. C. D — 20 objective.

Fig 2. Detection of heparan sulphate in iPSC generated
from a MPS II patient. Heparan sulphate (red). CD63
(green), DAPI (blue). A: MPS II patient; B: control: im-
ages were recorded with a laser scanning confocal micro-
scope. 60x objective, NA 1.40
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of the patient’s iPSC clones were 1.49 and 2.32 nmol
per mg of protein per hour, compared to 17.15 and 21.32
nmol/mg/h. respectively. in the controls. The potency to
differentiate to cardiomyocytes and neuronal cells has
been confirmed using previously published protocols
(Stacpoole et al., 2011; Lian et al., 2013).

Analysis in two 1PSC clones cultured in usual condi-
tions showed the same XCT pattern with preferential in-
activation of the maternal allele (98 : 2). Using cell cul-
ture conditions described to lead to the naive state of
1iPSC with reset XCT did not result in a changed XCT
ratio in the MPS TI clones; however. in case of the Fabry
disease heterozygote used as a control. the XCI ratio
changed from 97 : 3 to 80 : 20 (Fig. 3).

Discussion

In this report we describe a 5-year-old girl with severe
deficiency of IDS activity and clinical manifestation of
the disease corresponding to the severe form of Hunter
syndrome in boys. The disease in our patient is caused
by the heterozygosity for the recurrent mutation p.
Arg468GIn (Brusius-Facchin et al., 2014) in combina-
tion with highly skewed XCI resulting in exclusive ex-
pression of the mutated allele.

To reduce the risk of incorrect interpretation of the
results due to chromosomal crossover or due to failure
of the individual loci to correlate with XCI we performed
XCT analysis using two independent methods at three
X-chromosome loci. The results of methyl-sensitive
methods (4R, CNKSR?2) agreed well with the results of
the transcription-based assay using the LAMP? gene poly-
morphism. Thus. unlike Swierczek et al. (2012). we did
not observe any discrepancy among the used methods.

To date. two states of iPSC are known, referred to as
primed and naive, which differ mainly in XCI. Several
attempts have been undertaken to generate a more naive
state (with two active X chromosomes in female cells)
in established primed iPSC (with one inactive X chro-
mosome) by different media formulation. In our study
the XCT was analysed using the methyl-sensitive meth-
od (AR) in iPSC cultured in standard media and in naive
state-inducing media (Gafni et al.. 2013). Cells derived
from the MPS II patient did not show any change in the
skewed XCT ratio in any culture conditions. There are
three explanations for this finding: 1) the X chromo-
some remains inactive in the iPSC without going
through the “reset” state when both X chromosomes in
female cells are active. 2) the X chromosome is non-
randomly inactivated after resetting XCT during iPSC
reprogramming, or 3) a fraction of cells reached the
stage of reprogramming in which both X chromosomes
are active. but the used methyl-sensitive method is not
able to detect these cells (Briggs and Reijo Pera, 2014).
In any case. the iPSC derived from the MPS II patient
differ from those derived from the Fabry disease hete-
rozygote used as a control line, which responded to me-
dia change by partial change of the XCT ratio from 97 : 3
to 20 : 80.

Extreme skewing of XCT in favour of the mutated al-
lele (> 95/5) 1s a common feature shared by sympto-
matic MPS II female patients (Scarpa et al., 2011). In
accordance with this XCI status, symptomatic MPS IT in
females is associated with profound IDS deficiency
comparable to affected hemizygous males, confirming
the recessive nature of the disease. A similar strict cor-
relation is not found in Fabry disease, another X-linked
lysosomal storage disorder, where the overwhelming
majority of heterozygotes have intermediate levels of
the deficient enzyme and develop some symptoms of the
disease, although later in life than the hemizygous males
(Echevarria et al.,, 2016). According to the threshold
model of Conzelman and Sandhoff. low levels of en-
zyme activity are compatible with normal levels of sub-
strate degradation unless they cross a threshold. which.
in lysosomal diseases. is usually lower than 10 % of the
normal activity (Conzelmann and Sandhoff, 1983). Tt is
important to note that in the tissues of heterozygotes of
X-linked disorders, there are patches of deficient cells
following the pattern of inactivation of the non-mutated
chromosome. This illuminates the development of tis-
sue pathology in Fabry heterozygotes. while carriers for
autosomal recessive lysosomal diseases are free of it.
The absence of symptoms in the majority of MPS II het-
erozygotes may be explained by the low threshold of the
enzyme activity compatible with normal degradation of
the substrate or by good uptake of the enzyme by the
deficient cells from the surrounding cells. Notably. cul-
tured fibroblasts from MPS II patients are able to cross-
correct the TDS deficiency, unlike cultured skin fibro-
blasts from the Fabry patients (Fuller et al., 2015).

Our results and the review of the literature show that
the clinical manifestation of MPS II in heterozygous fe-
males is associated with conditions leading to near mon-
oallelic expression of the mutant allele and severe IDS
deficiency. most often due to extremely skewed XCI.
This suggests that girls with skewed XCT diagnosed post-
natally might benefit from enzyme replacement therapy
(ERT), which. if introduced early, may significantly im-
prove further clinical course of the disease (Tylki-Szy-
manska et al., 2012; Tajima et al., 2013).

To our knowledge. we generated the first iPSC model
from a symptomatic MPS II heterozygote and generally
from any MPS II patient. These models are valuable for
further research of MPS II pathogenesis and testing of
therapeutic approaches in various cell types differenti-
ated from iPSC clones and relevant to the disease. The
iPSC lines from the presented case can also be used for
general research of the mechanisms leading to extreme-
ly skewed XCT ratios. as the MPS TI clones we have
studied retained their XCI skewing under naive state
culture condition in contrast with control clones.
Hypothetically. the iPSC clones from heterozygotes of
X-linked disorders with favourable XCT and thus func-
tionally normal can serve as a source of autologous ma-
terial (haematopoietic progenitors, neurons, cardiomyo-
cytes, etc.) for cell-based therapy (Bhatnagar et al.,
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Fig 3. X chromosome inactivation analysis in the patient’s iPSC generated from the MPS II patient and a Fabry disease
heterozygote serving as control. Standard culture and naive culture cells are compared. Methylation status analysis of the
AR alleles before (Hpall-) and after (Hpall+) digestion is shown. The 300-bp peak belongs to the GeneScan 500 ROX
size standard. The analysis was conducted using GeneMapper software (Applied Biosystems).
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2014). These types of therapies, however, will need to
await development of safe therapeutic protocols.
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ARTICLE INFO ABSTRACT

Atticle history: Acetyl-CoA:ai-glucosaminide N-acetyltransferase (N-acetyltransferase) is a lysosomal membrane enzyme that

Received 9 May 2016 catalyzes a key step in the lysosomal degradation of heparan sulfate. Its deficiency causes Sanfilippo syndrome

ﬁce'vl: 'z"lrje"l's?s']‘:é"“ § July 2016 type IIC (Mucopolysaccharidosis type IlIC, MPS IIIC). Here we characterize the promoter region of HGSNAT, the
cep uly

gene encoding N-acetyltransferase, which is located in the pericentromeric region of chromosome 8.
We show that HGSNAT transcription is driven by a TATA-less promoter whose key elements are contained within
the 1054 bp region upstream of exon 1. About 400 bases of the region's 3'-prime end overlap with an

Available online 22 July 2016

ﬁg?{gs unmethylated CpG island. Reduced reporter activities from promoter serial deletion constructs suggested strong
HGSNAT regulatory elements at positions —101 to —20 bp and — 1073 to — 716 bp of the downstream initiation codon
N-acetyltransferase (DS-ATG). Targeted mutagenesis of the first Specificity protein 1-A (Sp1-A) of the six in silico-predicted Sp1 sites
Promoter in the region flanking the major transcription start sites (TSSs, + 50/ —101) led to a 55% decrease of reporter ac-

Sp1 tivity, while inactivation of each of Sp1-B and Sp1-C resulted in its almost two-fold increase. The binding of Sp1 to
Housekeeping gene the region was confirmed by chromatin immunoprecipitation (ChIP). Overall, this confirms that Sp1 is important
for regulation of the HGSNAT promoter.
Promoter fragments in antisense orientation (constructs pGL4 —20/— 1305 and pGL4 + 50/—1305) led to re-
porter activities of about 50% of the pGL4 —1305/— 20 activity, implying divergent initiation of transcription
at the promoter. We identified two main TSSs at positions + 1 and — 15 from DS-ATG using Rapid amplification
of cDNA ends (5'RACE). Transcripts initiating at the TSSs thus contain only DS-ATG. Five patients from our MPS
[IIC cohort (n = 23) carried the rs4523300 promoter variant and one the rs149596192 promoter variant. Both
variants lowered the expression of the reporter down to 68% and 59%, respectively. However, white blood cell
(WBC) N-acetyltransferase activities in individuals carrying the variants did not significantly differ from homo-
zygotes for the wild-type alleles, suggesting only a partial impact of transcriptional regulation on N-
acetyltransferase activities in vivo.
© 2016 Elsevier BV. All rights reserved.

1. Introduction Hrebicek et al., 2006). Transcripts from two possible in-frame initiation

codons that contained two polyadenylation signals as well as two minor

The HGSNAT gene (OMIM: *610453) encodes acetyl-CoA:c-
glucosaminide N-acetyltransferase (N-acetyltransferase, HGSNAT, EC
2.3.1.78), which is a lysosomal membrane enzyme that catalyzes
trans-membrane acetylation of glucosaminide moieties of heparan sul-
fate (Bame and Rome, 1986a; Bame and Rome, 1986b). A deficiency of
N-acetyltransferase leads to Mucopolysaccharidosis type I1IC (MPS 11IC,
Sanfilippo syndrome I1IC, OMIM: #252930), one of the four autosomal
recessive enzyme defects of lysosomal heparan sulfate catabolism that
present clinically as Sanfilippo syndrome (Klein et al, 1981).

HGSNAT is located in the pericentromeric region of chromosome 8
and has 18 exons. It encodes a polypeptide with 11 predicted trans-
membrane domains that has multiple vertebrate orthologs and shares
similarity with an uncharacterized conserved family of bacterial pro-
teins COG4299 (Entrez Gene GenelD 138050) (Fan et al., 2006;

hitp: //dx.doi.org/10.1016/j.gene.2016.07.051
037811190 2016 Elsevier B.V. Al rights reserved.

shorter transcripts were amplified by RT-PCR. The 5" untranslated re-
gion was GC-rich (85%) and contained a CpG island (Hrebicek et al.,
2006).

Genes encoding lysosomal proteins frequently have TATA-less pro-
moters with unmethylated CpG islands; for instance, 82 of 97 human
promoters of known lysosomal genes (Lubke et al., 2009) are listed
among TATA-less and CpG-containing promoters by Eukaryotic Pro-
moter Database (http://epd.vital-it.ch/, retrieved 14th June 2016,
Dreos et al., 2015). Such promoters are usually associated with constitu-
tive rather than regulated gene expression (Zhu et al.,, 2008).

A key step in initiation of transcription at eukaryotic promoters, the
recruitment of RNA polymerase Il and a multi-subunit complex of tran-
scription factor [ID (TFIID), appears to be facilitated at TATA-less pro-
moters by Specificity protein 1 (Sp1) (Pugh and Tjian, 1991; Gill et aL,
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1994; Emami et al., 1998), a member of the ubiquitous family of zinc
finger-containing transcription factors Sp (Suske, 1999). Multiple bind-
ing sites for transcription factor Sp1 are a common feature of TATA-less
promoters, with TSSs often located 40-80 bp downstream of the Sp1-
sites (Smale and Kadonaga, 2003). It has been shown recently that tran-
scription of most lysosomal genes is coordinated under the control of
transcription factor EB (TFEB), a key regulator of lysosomal biogenesis
and autophagy (Sardiello et al., 2009; Settembre et al., 2011).

Under specific conditions (e.g. stress, starvation, lysosomal dysfunc-
tion), TFEB translocates from the cytoplasm to the nucleus where it
binds to CLEAR (Coordinated Lysosomal Expression and Regulation)
target sites in the promoters of lysosomal genes and upregulates their
expression. TFEB translocation is dependent on its phosphorylation sta-
tus, which is mediated by at least three kinases (reviewed in Settembre
etal, 2013).

Variants in disease gene promoters can be pathogenic or can modify
the effects of coding region variants (Viart et al., 2012). We have there-
fore characterized the promoter region of HGSNAT gene and evaluated
functional impact of promoter variants found in MPS IIIC patients.

2. Materials and methods
2.1. Studied individuals

We analyzed the sequence of the HGSNAT promoter and coding re-
gions in 23 MPS [IIC patients from the Czech Republic (n = 5), Belorus-
sia (n = 1), Turkey (n = 4), United Kingdom (n = 2), USA (n = 3),
Germany (n = 6), and Greece (n = 2). We received samples for diag-
nostic purposes and the patients were enrolled in the study on the
basis of a written informed consent. We also analyzed the rs4523300
and rs149596192 variants, and N-acetyltransferase activity in white
blood cells (WBCs) from 100 anonymous control samples. The study
was approved by the local ethics committee.

22. Generation of reporter gene constructs

We amplified PCR products containing parts of a predicted HGSNAT
promoter using primers with overhangs carrying Kpnl and Xhol sites
(forward and reverse primers, respectively). The amplified regions are
depictedin Fig. 1A and B. If not stated otherwise, all promoter sequences
are numbered from the downstream initiation codon ( DS-ATG). Primer
sequences derived from the genomic sequence of chromosome 8
(GenBank accession No. NG_009552.1) and the annealing temperatures
are listed in Table 1.

We then gel-purified the amplified promoter fragments using a
Wizard® SV Gel and PCR Clean-Up System (Promega Corporation, Mad-
ison, WI, USA) and cloned them directly into a TA cloning vector pCR®4
or pCR®-XL-TOPO® (Life Technologies, Foster City, CA, USA). We re-
leased the inserts having the correct sequences by double digestion
with Kpnl and Xhol (Thermo Scientific, Wilmington, DE, USA) and
subcloned them in both sense and antisense orientations into a
pGL4.16 (luc2CP/Hygro) vector (Promega, Madison, WI, USA), at the
polylinker site upstream from the firefly luciferase reporter gene, gener-
ating the pGL4 — 1305/—20, pGL4 — 1305/— 101, pGL4 —1305/+50
and — 2905/ 20 constructs, respectively.

We verified sequences of all constructs via dideoxy sequencing using
an ABIprism® A3100 automated sequencer (Life Technologies).

2.3. Generation of serial deletions and mutations

We created serial deletions and mutations in the pGL4 — 1305/— 20
by site-directed mutagenesis using a QuickChange XL site-directed mu-
tagenesis kit ( Agilent Technologies, Santa Clara, CA, USA). Deletion con-
struct pGL4 —1305/—61 is depicted in Fig. 1A and serial mutant
constructs with different 5" end deletions (pGL4 —1073/—20, pGL4
—716/—20, pGL4 —347/— 20 and pGL4 — 186/—20) are depicted in

Fig. 1C. We also created constructs carrying variants rs4523300,
rs149596192, and sequences disrupting Sp1 binding sites (mut Sp1-A
to D). The construct pGL4 — 1305/+50 was further modified to alter
the initiation ATG codon to CTG by site-directed mutagenesis (mut
CTG). Primers used for mutagenesis are listed in Table 2. We confirmed
the sequences of all constructs by DNA sequencing.

2.4, Cell culture, transfection and reporter analysis

We grew HepG2 (human hepatoblastoma) cells in Opti-MEM®
(Agilent Technologies) medium supplemented with 10% (v/v) fetal bo-
vine serum in 25 cm? flasks at 37 °C, and 5% CO-. We seeded a total of
5 x 10* HepG2 cells per well into 24-well culture plates 24 h prior to
transfection. We transfected HepG2 cells with 166 ng per well of each
construct or the empty pGL4 using the Tf&x™-20 and FuGene® HD Trans-
fection Reagent (Promega). As an internal control to normalize transfec-
tion efficiency, we co-transfected a pRL-TK vector ( Promega) harboring
the Renilla luciferase gene.

We transfected each construct in triplicate and repeated each trans-
fection experiment independently at least three times. After 48 h, we
washed transfected cells with phosphate-buffered saline (PBS) solution
and lysed them with 100 pl of Passive lysis buffer (Promega). We
assayed luciferase reporter activity using a Dual-Luciferase® Reporter
Assay System (Promega). We measured the intensity of chemilumines-
cence in the supernatant using a luminometer (Berthold Technologies,
Bad Wildbad, Germany).

2.5. Methylation of the CpG island

We analyzed the methylation of the CpG island overlapping with the
HGSNAT promoter (Fig. 2B) via bisulfite sequencing, We modified geno-
mic DNA from three control individuals with bisulfite and used itas a
template for amplification. PCR primers designed to anneal to the mod-
ified DNA are listed in Table 3. We gel-purified PCR products and se-
quenced them.

2.6. Identification of the transcription start sites

We detected HGSNAT transcripts 5’-ends using Rapid amplification
of cDNA ends (5'-RACE) modification that amplifies products specifi-
cally from capped mRNAs. For 5'/RACE we used a GeneRacer™ Kit and
FirstChoice® RLM-RACE Kit (Life Technologies) with FirstChoice®
Human Placenta Total RNA (Life Technologies) as the template. We per-
formed the RT-PCR with a 5'RACE universal primer and gene-specific
reverse primer (Table 3 ). We then gel-purified the PCR products using
a Wizard® SV Gel and PCR Clean-Up System (Promega) and either di-
rectly sequenced them or cloned them into a TA cloning vector
pCR®4-TOPO® (Life Technologies) and sequenced individual colonies.

2.7. Chromatin immunoprecipitation assay

We overexpressed Sp1 transcription factor in HEK 293 (human em-
bryonic kidney) cells by transient transfection with pN3-5p1 (a kind gift
from Prof. Guntram Suske, University of Marburg, Germany). We per-
formed a chromatin immunoprecipitation (ChIP) assay using a ChIP
Kit (Abcam, Cambridge, UK) according to the manufacturer's instruc-
tions. Briefly, we fixed collected cells in 1% formaldehyde for 10 min at
room temperature and washed them with ice-cold PBS. We re-
suspended the cells in lysis buffer and sonicated them using an E210
Focused-ultrasonicator (Covaris, Woburn, MA, USA) to shear DNA
until the majority of DNA fragments were in the range of 100-500 bp.
We incubated the chromatin with anti-Sp1 antibody (Abcam,
ab133596 [EPR6661]) overnight at 4 °C along with anti-Histone H3 an-
tibody (positive control), according to the protocol supplied by the
manufacturer. We isolated immune complexes using protein A/G aga-
rose beads, washed and eluted. We used DNA purified from the
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Fig. 1.The —1073/= 20 promoter region is important for HGSNAT promoter activity. Ludferase reporteractivities of deletion, mutated and antisense constructs (A-E), were analyzed using
the Dual-Luciferase® Reporter Assay Systemn after transient transfection into HepG2 cells. The values are represented as the means =+ SD of at least two independent experiments, each
performed in triplicate. The mean value of luciferase activities obtained with pGL4 (= 1305/—20) was set at one. An empty pGL4 vector was used as a negative control and exhibited
very low luciferase activity. (A) Deletion analysis in proximity of the TSSs. (B) Luciferase activity of sense and antisense (labelled AS) constructs. (C) Deletion analysis of the 5 flanking
region. (D) Functional analysis of Sp1 binding sites. Each Sp1 binding site was individually mutated as shown in Fg. 2. (E) Functional analysis of variants found in MPS HIC patients.
(F) ChIP analysis of Sp1 binding in the HGSNAT promoter. Sheared chromatin from HepG2 cells transiently transfected with pN3-Sp1 was used for immuno precipitation with anti-Sp1
antibody (abSp1, 2nd lane), or with the anti-Histone H3 antibody as a positive control (abHisH3, 1st lane), and without added antibody as a negative control (ab— , 3rd lane). The
above immunoprecipitates and the total input DNA (INPUT) were used for PCR amplification of parts of the HGSNAT and SLC22A18 promoter regions, respectively. SLC22A18
amplification served as a Sp1 positive surrogate control. HGSNAT and SLC22A18 regions are numbered from the DS-ATG in sequences NM_152419.2 and NM_002555.5, respectively.

immunoprecipitates as a template for PCR amplification using primers
specific for the HGSNAT promoter region and containing the putative
binding sites for Sp1 (Table 3; Fig. 1F). As a positive ChIP control, we am-
plified the part of the SLC22A18 gene (OMIM: *602631) known to con-
tain Sp1 sites (Table 3).

2.8. Bioinformatics - identification of putative transcription factor binding
sites

We used TFSEARCH (http://diyhplus/~bryan/irc/protocol-online/
protocol-cache/TFSEARCH.html), = Matlnspector  (https://www.
genomatix.de/online_help/hel p_matinspector/matinspector_help.

html, Cartharius et al, 2005) and Alibaba2 (http://www.gene-
regulation.com/pub/programs.html#alibaba2, Grabe, 2002) to identify
probable transcription factor (TF) binding sites in the HGSNAT pro-
moter. For additional searches we used matrix-scan utility from RSAT-
tools suite (http://rsat.ulb.ac.be, Turatsinze et al., 2008) and the FIMO
tool from the MEME suite (http://meme-suite.org/doc/fimo.html?
man_type=web, Bailey et al., 2009), which we also used for determina-
tion of p-values.

We searched HGSNAT transcripts, Expressed sequence tags (ESTs)
and other nucleotide sequences using GeneBank tools (http://www.
ncbinlm.nih.gov/genbank) and the UCSC Genome Browser (http://
genome.ucsc.edu/).

Table 1

Primers for amplification of cloned promoter fragment. Underlined sequences are non-hybridizing overhangs.
Promoter region Orientation Forward primer Reverse primer Tm (°C)
(—20/—-1305) Sense 5'-GGTACCTTCCCGAAACAGTGCCCCCTATC-3" 5'-CTCGAGGCCCTTGCCTGCCCGCTG-3" 67
(=20/=1305) Antisense 5'-CTCGAGTTCCCGAAACAGTGCCCCCTATC-3" 5'-GGTACCGCCCTTGCCTGCCCGCTG-3" 67
(=101/=1305) Sense 5'-GGTACCTTCCCGAAACAGTGCCCCCTATC-37 5'-CTCGAGGTCACCGCCGCCTGACTCAC-3" 67
(—101/—1305) Antisense 5'-CTCGAGTTCCCGAAACAGTGCCCCCTATC-3" 5'-GGTACCGTCACCGCCGCCTGACTCAC-3! 67
(+50/—1305) Sense 5'-GGTACCTTCCCGAAACAGTGCCCCCTATC-31 5'-CTCGAGACGGACGCGGCCAGCAGCA-3' 67
(+50/—1305) Antisense 5'-CTCGAGTTCCCGAAACAGTGCCCCCTATC-31 5'-GGTACCACGGACGCGGCCAGCAGCA-3' 67
(=20/=2905) Sense 5'-GGTACCTGACCCTGCTTGTGAACCAACCA-3 5'-CTCGAGGCCCTTGCCTGCCCGCTG-3" 68
(—20/—2905) Antisense 5'-CTCGAGTGACCCTGCTTGTGAACCAACCA-3 5'-GGTACCGCCCTTGCCTGCCCGCTG-37 68
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Table 2
Primers for generation of mutant constructs in pGL4 vector.
Deletions and Mutagenic primer #1* Tm
mutations (°C)
(—61/—1305) 5'-GOGGGCGTCCGCGCTCGAGGATATCAA-3' 63
mut_ATG=>CTG 5'-GGCGGLGGGLCTGAGIGGGGE-3 60
(—20/-1073)®  5'-GCCTAACTGGCCGGTACCTGGGATTTAATCTGTG-3' 60
(—20/—-716)" 5'-GCCTAACTGGCCGGTACATTCAGCTTGTTACAA-3' 60
(—20/—347)" 5'-CCTAACTGGCCGGTACAGTTTGGCAGAATGCG-3 60
(—20/—186)° 5'-TAACTGGCCGGTACTAGCATGGCCOGGC-3" 60
mut_rs4523300 5'-CCCAGCCTTGTGTTTTGAGATTTATCC-3 60
mut_rs149596192 5'-CTAGCATGGCCCGGCCCAGCC-3" 60
mutSpl-A 5'-GTGACGGCAGCGGAGAGATCTATGACGGGCGLGC 60
GG-3'
mutSpl-B 5'-CGGAGGGGGCGATGACGATCTCACGATCTTCCGCGG 60
CGGAGCAGCG-3
mutSp1-C 5'-CGCGCGGGCGTCCACATCTGAGCAGCGCAGGG-3! 60
mutSp1-D 5'-CGGAGCAGCGCAGATCTGG TCGCAGCGGGCAGG-3 60

# Mutagenic primer #2 was reverse complement to mutagenic primer #1.
" Underlined sequence anneals to pGL4 vector.

2.9. Detection of promoter variants

We amplified PCR products containing the single nucleotide variants
rs4523300 and rs149596192, from genomic DNA of 100 control sam-
ples. We then digested the products using Olil and Mspl restriction en-
zymes, respectively (Thermo Scientific, Wilmington, DE, USA).
Oligonucleotide primers and annealing temperatures are listed in
Table 3. The forward primer “RFLP rs4523300" was altered at one base
compared to the reference sequence to create a restriction site for the
Olil restriction enzyme (underlined, Table 3).

2.10. N-acetyltransferase activity measurements

We measured N-acetyltransferase activities in WBCs from 68 unaf-
fected individuals (Voznyi et al,, 1993). We obtained fluorogenic sub-
strates for  N-acetyltransferase  (4-methylumbelliferyl-3-p-
glucosaminide) and for the control enzyme, N-acetyl-B-b-
glucosaminidase (4-methylumbelliferyl-N-acetyl-B-p-glucosaminide)

from Moscerdam ( Oegstgeest, The Netherlands) and Glycosynth (War-
rington, UK), respectively (Wenger and Williams, 1991). We measured
protein concentration using Hartree's method (Hartree, 1972).

2.11. Statistical analysis

We used SigmaPlot software (Systat Software, San Jose, CA) for sta-
tistical evaluations of the results. For each of the five dual luciferase re-
porter assays was normalized activity of construct pGL4 (—1305/—20)
set at one, to correlate the values of independent experiments. Continu-
ous data underwent test for normality. Then we used one-way ANOVA,
followed by Bonferroni t-test for multiple comparisons versus control
group or Student-Neuman-Keuls tests for multiple comparisons. We
used unpaired t-test for statistical comparisons of different genotype
groups with measured N-acetyltransferase activities.

3. Results
3.1. The —1073/—20 promoter region drives transcription of HGSNAT

All constructs carrying upstream initiation codon (US-ATG) or DS-
ATG produced significantly higher (p <0.05) levels of reporter activity
than the pGL4 empty vector (pGL4 basic) negative control. The pGL4
—1305/—20 exhibited markedly higher luciferase activity (p < 0.05)
than the 3’-shortened construct, pGL4 — 1305/— 101. When we in-
cluded more of both the 5° (pGL4 —2905/— 20) and 3’ (pGL4 — 1305/
+50) flanking sequences in the constructs, reporter activities did not
significantly change. The pGL4 — 1305/+50 and —1305/— 61 showed
lower luciferase activity than pGL4 — 1305/— 20 (Fig. 1A). These find-
ings showed that the — 1305/— 20 region contained regulatory ele-
ments sufficient to drive expression of the HGSNAT gene.

The pGL4 —20/—1305 and pGL4 + 50/— 1305 constructs contain-
ing the promoter fragments in the antisense orientation, expressed
high average luciferase activities (53% and 65% of the corresponding
sense constructs, respectively) that were, unsurprisingly, significantly
higher than the negative control (p < 0.05). However, the construct
pGL4 —20/— 2905 containing an extended fragment of the promoter's
5’ sequence cloned in the antisense orientation produced luciferase ac-
tivity comparable to the negative control (Fig. 1B).

A
-101 -61
7 Sp1-A Sp1-B 7 Sp1-C Sp1-D
099539099399999G@B0999090909990910590990993903959089990999909039099903
-20 +1 +50
| Sp1-E Sp1-F |
ggwggg@gmfagcgggcggcggg tgagcggggegggeagggegetggeegegetgetgetggecgegteegt
>TSS > TSS
B
t y exon 1
rs4523300 rs149596192

Fig. 2. (A) Region surrounding the TSSs (— 101/4-50). The consensus sequences for six putative Sp1 transcription factor binding sites are underlined. The mutated sequences are in bold
letters. The symbol 4 marks the 3’ ends of promoter fragments in constructs depicted in the figure. Two potential initiations codons ATG are boxed; A of the verified start codon is
designated as + 1. Transcription start sites (TSSs) identified by 5'RACE analyses are represented by upward arrows. (B) Schematic view of the HGSNAT promoter and exonjintron 1
(ch8: 42.994.700-42996.700; GRCh37/hg19). The positions of two variants, rs4523300 and r5149596192, found in patients are also denoted. The CpG island is shown as a solid bar,

the unmethylated sequence verified by bisulfite sequencing is shown as a striped bar.
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Table 3

PCR primers for: n RACE analyses; 2 ChIP analyses; N PCR-RFLP analyses. Underlined nucleotide was altered to create the restriction site for Olil restriction enzyme; 4 detection of DNA

methylation. Primers were designed to anneal to the modified DNA.

Forward primer Reverse primer Tm (°C)
RACE HGSNAT" 5'-GCTGATGGCGATGAATGAACACTG-3' 5'-CCAGAACCTGAAACAAGCAGTGATAACA-3' 65
ChIP HGSNAT* 5'-GTGACTCAGGCGGCGGTGAC-3" 5'-CGGTAGGAGGTGTGCACTCAC-3" 58
ChIP SLC22A18%) 5'-GCTCCCGGAACTGGCGATT-3" 5'-CTTTGCAGGGGCGGGCTT-37 60
RFLP rs4523300% 5'-CAATTTGCATTTTCCCCACCCTTGT-3' 5'-GTGGAAGGGAGCAGGTCGAG-3' 63
RFLP rs149596192%) 5.-TTTGGCAGAATG CGGCTGGA-3' 5'-GCGGGGGAACCTAGGGGCT-3" 63
Meth1 HGSNAT? 5'-ATAGTTAAGAATGGGTGTGTATA-3 5'-AACCATACTAAACCCTACCTTAA-3 60
Meth2 HGSNAT 5'-TAAGGTAGGGTTTAGTATGGIT-3' 5'-ATAAAAAATATACACTCACCTC-3 60
Meth3 HGSNATY 5'-GAGGTGAGTGTATATITTITAT-3" 5'-CCTCCTAACTACCAATTTATA-3' 60

In order to identify regions involved in the regulation of HGSNAT
promoter activity, we generated a series of constructs with serial 5/
end deletions of the insert. The deletion construct pGL4 — 1073/—20
expressed luciferase activity comparable to the construct containing
the whole predicted HGSNAT promoter (pGL4 —1305/—20). We ob-
served a significant drop in reporter activity (p < 0.001) in constructs
pGl4 —716/— 20, pGL4 — 347/— 20 and pGL4 — 186/— 20, which indi-
cated a strong cis-active regulatory element within the —1073/— 716
region (Fig. 1C).

3.2. Sp1 binds to — 101/ —20 region in the promoter

We did not find any consensus TATA or CAAT box sequences in the
—1305/—20 region by searching for potential TF binding sites. The
highest scoring (p-value < 10~ ) matches included multiple Sp protein
family members (SP2, SP3, SP4), REST, MAZ, AP-2, DP1, EGR1, EGR2,
EGR3, and EGR4 (Supplementary Table 1). Two potential lower-
scoring (p-value > 10~ *) CLEAR motifs were found — 737 to —742
and — 867 to — 873 bp upstream of the DS-ATG.

The six potential Sp1 binding sites (Fig. 2A) were identified within
150 bp flanking the DS-ATG (—100/+-50). We did not further evaluate
two downstream sites (Sp1-E and Sp1-F), because the inclusion of the
—20/+50 region in the constructs did not lead to significant changes
of reporter activity.

We mutated each of the remaining sites (Sp1-A to D) to disrupt Sp1
binding and measured reporter activity of the resulting constructs. Dis-
ruption of Sp1-A and Sp1-D sites resulted in significant 55% reduction
(p < 0.05) and non-significant 23% reduction (p < 0.1), respectively, in
reporter activity over the wild-type construct pGL4 —1305/—20
(Fig. 1D). Interestingly, the disruption of both Sp1-B and Sp1-C sites re-
sulted in a statistically significant two-fold increase in reporter activity.

We confirmed that Sp1 binds to the — 101/— 20 region in vivo using
chromatin immunoprecipitation with anti-5p1 antibody (Fig. 1F). We
used total input DNA (INPUT) and anti-Histone H3 antibody immuno-
precipitates as PCR and immunoprecipitation-positive controls, respec-
tively. We obtained PCR products of HGSNAT of expected size 258 bp
from the INPUT, ChIP with anti-Sp1 antibody, and ChIP with anti-
Histone H3 antibody. There was no detectable product in the negative
control, i.e., the ChIP reaction mix without the anti-Sp1 antibody. Ampli-
fication of the 180 bp product from the SLC22A18 promoter region (Ali
et al,, 2009) served as the positive control for Sp1 immunoprecipitation
(Fig. 1F).

3.3. HGSNAT has two main transcription start sites and an unmethylated
CpG island

5'RACE identified two alternative transcription start sites (TSSs) at
positions + 1 and — 15 from the DS-ATG (Fig. 2A). Bioinformatic search
(http://genome.ucsc.edu) revealed a 1343 bp CpG island (position
—392 to +952), which encompassed both TSSs (Gardiner-Garden
and Frommer, 1987). The bisulfite sequencing showed that the ana-
lyzed 1052 bp fragment of the CpG island (position —581 to +474)
was fully unmethylated (Fig. 2B).

3.4. The impact of HGSNAT promoter variants rs4523300 and rs149596192
on reporter and enzyme activity

We sequenced the HGSNAT promoter — 1305/~ 20 region in 23 N-
acetyltransferase deficient patients from different populations. The
common variant, rs4523300, was found to be heterozygous in four pa-
tients (three of whom were siblings), and homozygous in one patient.
Rare heterozygous variant rs149596192 was found in one patient.

We then evaluated the effect of the variant on the promoter activity
in constructs derived from the pGL4 — 1305/~ 20 using the dual re-
porter luciferase assay. Both variants led to a statistically significant
drop of reporter activity by 32% (p < 0.05) in case of rs4523300 and
41% (p = 0.001) in case of rs149596192 relative to the wild-type pro-
moter construct (Fig. 1E).

Finally, we genotyped the rs4523300 and the rs149596192 in 100
WBCs control samples. We found 14 rs4523300 heterozygotes, 6
rs149596192 heterozygotes, and 1 homozygote for each variant in the
cohort. One individual was a double heterozygote for the variant. On
the basis of these results, we analyzed N-acetyltransferase activity in
all 23 individuals carrying one or both minor alleles and 45 wild type
homozygotes.

We did not find significant differences between the heterozygotes
for each of the variants and the wild type homozygotes. The activities
in individuals apparently carrying the variants on both alleles are within
the 1.5 x interquartile range (IQR) of the wild type homozygotes
(Fig. 3).

4. Discussion

Several regions within the HGSNAT promoter had a profound influ-
ence on transcription rates in reporter assays. The —101/—20 region
was important for achieving full transcriptional activity of the promoter,
since reporter activity from the construct containing the region (pGL4
—1305/— 20) was significantly higher (3.0 x) than the activity from
the construct lacking it (pGL4 —1305/—101) (Fig. 1A).

Disruption of three of the six predicted Sp1 sites in the —101/—20
region led to significant changes in reporter activity (Fig. 1D). Binding
of Sp1 to the region was verified using ChIP. Inactivation of the Sp1-D
site led only to a non-significant lowering reporter activity. Disruption
of Sp1-A site resulted in a steep (55%) decrease of reporter activity,
while disruption of the other two sites (Sp1-B and Sp1-C) led to its
two-fold increase. Sp1 molecules binding to proximal promoters form
multimeric complexes that synergistically activate transcription
(Pascal and Tjian, 1991). The interplay between individual Sp1 sites is
not fully understood and both increases and decreases in transcription
activity were observed after inactivation of Sp1 sites in proximal pro-
moters (Li et al,, 1996; Hewetson and Chilton, 2003). Binding sites for
other members of putative major vertebrate transcription factor fami-
lies, including Cys2-His2 zinc finger, homeodomain, and basic helix-
loop-helix transcription factors were predicted in the — 1305/— 20 re-
gion (Supplementary Table 1) and may participate in HGSNAT
regulation.
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Fig. 3. The N-acetyltransferase activity in controls. Dot density graph supplemented with
box plots shows N-acetyltransferase activity in 68 control samples grouped by genotype.
The box limits display the 25th and 75th percentiles, whiskers represent the minimal
and the maximal values within the 1.5 x IQR range. Center lines are medians; “+" signs
are means. Qutliers are plotted as individual points.

Furthermore, the extension of the promoter fragment in the pGL4
—1305/—20 with 1.6 kb of the 5'-flanking sequence (pGL4
—2905/—20) or 70 bp of the 3'-flanking sequence (pGL4 — 1305/
+50) did not lead to increased luciferase activity, suggesting that the
flanking sequences did not contain elements important for the
promoter’s activity.

Analysis of promoter 5’ deletion mutants identified a cis-active
element(s) enhancing transcriptional activity in the — 1073/~ 716 re-
gion. Deletion of the region led to 60% decrease in reporter activity,
showing that there were regulatory elements that had a major influence
on the promoter's activity. Constructs carrying promoter fragments in
the antisense orientation (pGL4 —20/— 1305 and pGL4 + 50/— 1305)
produced moderate levels of reporter activity ( Fig. 1B). This supports di-
vergentinitiation of transcription atthe promoter. Accordingly, addition
of the 5'-flanking sequence (—1305/—2905) to the construct pGL4
—20/— 2905 containing the extended promoter in the antisense orien-
tation led to a dramatic decrease of activity to values comparable with
the empty vector pGL4 basic.

Divergent initiation of transcription is a common feature of human
promoters that is not limited to bidirectional promoters (Seila et al.,
2008). Core and co-workers found that 55% of all genes displayed signif-
icant divergent transcription within 1 kb of sense-oriented TSS that
could not be accounted for by bidirectional promoters (Core et al.,
2008). There is no known gene that could share the HGSNAT promoter
=5 kb upstream of HGSNAT, which strongly suggests that HGSNAT in-
deed does not have bidirectional but divergent promoter organization.

We used the 5'RACE to locate the capped 5’ ends of HGSNAT tran-
scripts and identified two main TSSs at positions +1 and — 15 from
the DS-ATG. Both sites were downstream of the US-ATG, showing that
transcripts carrying only the DS-ATG are predominant.

Previously, we reported transcripts originating upstream of US-ATG,
suggesting that there were several weaker TSSs in the region ( Hrebicek
et al., 2006). These transcripts, detected by RT-PCR, were likely pro-
moter upstream transcripts (PROMPTs), which initiate in the 5'-
flanking promoter region by random action of RNA polymerase I in
areas with open chromatin structure (Preker et al, 2011). These tran-
scripts were not found using 5'RACE in the present study.

Therefore, the major HGSNAT TSSs are the +1 and — 15 bp sites, and
only a minority of transcripts initiate further upstream. We conclude
that the translation of N-acetyltransferase indeed starts mainly at the
DS-ATG.

The TSSs are flanked by a fully unmethylated CpG island. The pro-
moter conforms to the blueprint of a housekeeping gene promoter,

since it does not contain a TATA box, has an unmethylated CpG island,
and has multiple Sp1 sites (Zhu et al,, 2008). Almost half of the HGSNAT
exons showed constant expression in a panel of 16 tissues in a NGS
screen resolving individual exons (Eisenberg and Levanon, 2013),
which is consistent with N-acetyltransferase’s apparent role in basic
cell maintenance. Variable expression levels in other exons may be ex-
plained, at least in part, by alternative splicing of HGSNAT transcripts
(Hrebicek et al., 2006).

Expansion and upregulation of lysosomal systems are mediated by
TFEB through binding sites in the majority of lysosomal gene promoters
(Settembre et al., 2011). Although we found two low-scoring motifs
conforming to the TFEB (CLEAR) consensus upstream in the HGSNAT
promoter, they are less likely to be true CLEAR motifs, since relatively
few of the confirmed CLEAR sites were found =300 bp upstream of
TSS. Moreover, Palmieri and co-workers did not confirm binding of
TFEB to the HGSNAT promoter, using a palette of techniques including
CHIP sequencing (Palmieri et al., 2011). Interestingly, they concluded
that only four of the nine genes of the heparan sulfate degradation path-
way were TFEB targets.

Our search for HGSNAT promoter variants with functional impact
identified two point changes (rs4523300 and rs149596192) that caused
a significant lowering of luciferase activity in reporter assays (up to 68%
and 59%, respectively). Bioinformatic searches did not predict that they
inactivate TF binding sites. The rs149596192 lied at a potential Sp1 site,
but the variant sequence conformed to the consensus Sp1 motif,

Next, we compared WBC N-acetyltransferase activity in individuals
heterozygous for rs149596192 and rs4523300 to activities in individ-
uals homozygous for the wild-type alleles. Overall, neither variant had
a measurable impact on WBC N-acetyltransferase activity. This finding
is not entirely surprising, since there is considerable variation in N-
acetyltransferase activity in healthy controls, which may reflect both
the influence of unknown factors, such as other HGSNAT variants as
well as analytical assay errors. The decrease of reporter activity caused
by wvariants may not have a linear relationship with N-
acetyltransferase activity levels in vivo, which may be regulated at mul-
tiple levels including translation. In light of this background, the de-
crease in N-acetyltransferase activity due to rs149596192 and
rs4523300 may be too small to be detected, especially in heterozygotes.

5. Conclusion

HGSNAT transcription is driven by a TATA-less promoter, whose key
elements are contained within a 1054 bp region upstream of exon 1.
Multiple Sp1 sites flanking the two major TSSs at positions +1 and
— 15 bp are important for control of transcriptional activity. The major-
ity of transcripts contain only DS-ATG. Two common promoter variants,
rs149596192 and rs4523300, lead to lower promoter reporter activities
in vitro, but individuals carrying the variants did not express lower N-
acetyltransferase activities in WBCs.
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Tab. S1: Souhrn vysledkti naméfenych u kontrolnich vzorki pti validaci metod pro méteni poméru XCI.

Pocet
pouzitelnych
MZGLERIRYER XCI Velikost XCI Velikost XCI Velikost XCI Velikost XCI Velikost XCI (Alr;e;[ﬁ(jlv,
(bp) (bp) (bp) (bp) (bp) nebo V)
1| 39 | 386 305 \ 287 \ 318 | 276+249 | 415 310+301]435 3
2] 16 305 | 287 \ 318 | 276+249] N | 304+301 1
3] 13 [102 305 | 287+281 318 \ 249 292+319 3
4] 63 305 | 287+284 \ 318 \ 276 301 0
5| 72 | 66 305 \ 284 \ 321 | 249+243]17,0| 316+301] 184 3
6] 32 [264 305 | 284 \ 318 | 273+243 389 310+301 374 3
7] 33 [21.2] 305+311 284 \ 318 \ 249 313+304 | 31,3 2
8| 47 |128 305 | 2874284 \ 318 \ 249 313+301 | 30,5 2
9| 33 [143 305 \ 284 \ 318 | 255+249| 48 | 310+301] 276 3
10] 27 [157 305 | 287 \ 318 | 276+243 260 310+301] 251 3
11] 35 [228 305 | o287+28a| | 318 | 267+243] 271 301 2
12| 32 305 \ 284 \ 318 \ 249 307+304 0
13| 25 305 | o287+28a| | 318 | 279+249] 00 | 208+289| 4,0 2
14] 30 | 07 305 | 2s7+e84| | 318+306]193 249 || 313+301] 90 2
15[ 25 [110 305 \ 284 318 | 240+243|168| 313+301]116 3
16| 36 [ 256 305 | 287 3214318 || 276+243|17,8| 313+301 312 3
17| 26 |135] 305+311 284 318+306 | 29,2 249 301 1
18] 30 [ 42 305 | 305+281 3214318 | 273+249 301 3
19| 33 [134 305 | 287+281 ais| | 249 304+301 2
20| 41 305 | 287+284 318 | 249+243 301 1
21| 41 305+311 | 10,8 | 287+284 318 | 270+249 313+301 | 9.8 2
22| 34 | 17 305 || 308+284 38| | 249 [ 313+301 [ 132 3
23] 39 | 91 305 | 287+281 318+306 | 2,6 | 270+249 | 157 304 3
24| 54 305 [ 2844281 321+318 | 270+249 | N 301 1
25] 56 | 07 305 | 284+281 3244318 | 64 | 270+249| 90 | 313+310 2
26| 57 |17.2 305 | | 287+281 318+306 | 39 | 264+243 [ 25,6 301 3
27| 56 157 305 | | 287+284 318 209 | 301 1
28] 54 | 116 305 | 284+281 318+306 249+243 | 30 | 301+316 3
29[ 42 [ 110 305 | 287+284 306 270+249 | 11,3 301 2
30| 27 . 305 | 2874281 318 279+270 | 73 313 2
31| 36 305+311 284+281 318 264 [ | 301+319 | 42,6 1
32| 36 | 284 305 | 287+284 318 249+243 [ 36,2 | 313+307 [ 32,0 3
33] 30 | 452 305 \ 284 318 264+249 | 48,9 | 313+301 [ 50,0 3
34| 71 L] sos| | 287+284 318+306 273+249 | 45,0 il
35| 9 [194 305 | 2874081 318 249 313+307 | 21,6 3
36 35 | 16,9 305 | 287+284 \ 318 249 313+304 | 16,4 2
37| 34 [22,2 305 | 2874284 \ 318 270+249 313+301 | 23,2 3
38 62 | 7.9 305 | 287+281 318 270 304+301 2
39| 26 | 277 305 | 284 318 273+249 [ 28,2 | 319+301 3
40] 66 | 03 305 | 287+281 318 249+243 [ 10,8 301 3
41] 40 | 93 305 \ 284 318 273+243 [ 151 | 307+301 3
42] a0 113 305 | 287+284 318+306 249+243 | 91 | 307+304 2
43| 37 | 81 | 3054311 287+284 318 270+249 | 7,1 | 313+301 3
44] 33 | 21 305 | 287+284 3214318 249 304+301 1
as| a1 [0 sos| | 281 318 270+249 | 32,8 | 313+304 2
46] 25 | 101 305 | 284+281 318 255+249 | 01 | 304+301 2
47] 53 | 97 305 | 287+284 318 249 307+301 2
s8] 53 [ sos| | 287+284 306 249 319+289 1
49] 52 | 67 305 | 284+281 318 273 301 1
50| 56 | 140 305 \ 287 318 249 304 1
51| 56 305+311 287+284 318+315 249 313+301 1
52| 49 | 219 305 | 287+284 3214318 270 313+301 2
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53| 48 305 284+281 318+306 | 35,3 | 270+249 |37,0| 304+301 . 1
54| 51 | 366 305 287 318+306 | 22,5 | 249+243 | 39,3 301 2
55] 13 305 287+284 3214318 243 . 313+301] N 1
56| 30 | 283 305 287+284 318 243 313+304 | 31,4 2
57) 35 [ 11 305 284 321+306 | 13,6 | 249+243 | 16,3 | 319+304 | 1309 3
s8] 36 | 1.8 305 287+281 | 08 | 318+306 | 195 | 249+243 106 | 313+304 | 244 4
59] 69 [l 305 287+284 318 [ | 270+243 223 313+301 250 2
60| 43 [189 305 296+287 318+306 | 15,5 249 ||| 313+301[337 3
61 31 | 77 305 287+284 318 | 240+243] 101 304+301 2
62| 16 305 287+284 318 | 270+249 7.1 | 307+301] 102 2
63| 48 305 296+284 318 \ 249 313+304 | 40,1 2
64| 32 305+311 287+284 3214318 \ 249 301 0
65| 27 305 287+284 318+306 | N 249 301 0
66| 20 | 77 305 287+284 318+306 249+243 | 35 301 2
67] 22 111 305 287 318 276+243 [ 198 | 310+301 [ 18,3 3
68| 26 200+287 306 279+249 | 17,1 | 313+301 [ 40,9 2
69| 30 200+287 || 318 249 || 307+301] 409 2
70| 43 287+284 318+306 249 301+286 | 7,3 1
71| 25 287+284 | | 318 270+243 304+301 || 1
72| 26 287+284 318+300 | 16,3 249 313+304 | 22,8 1
73| 37 284 318+306 | 48,8 | 249+243 | 49,9 313 1
74| 33 287 318 270+249 | 14,6 | 322+304 [ 29,6 3
75| 38 287+284 315+306 249 313+304 | 9,9 2
76| 27 287+284 | | 318 249 313+301] N 1
77| 24 287 318+309 249 313+301 1
78] 35 | 276 305 287 318 279+249 | 38,5 | 304+301 2
79| 36 [ 269 305+311 284+281 318 270+243| 78 | 313+301 3
80| 21 305 284+281 318 249+243 | N 301 1
81 21 [ o7 305 287 318 276+249 | 38 | 319+316 2
82| 22 305+311 287+281 318 249+243 | 04 304 2
83| 30 | 04 305 287+284 | 318+306 249 304 1
84| 18 | 45 | 305+311 287+284 | 3214318 270+249 301 2
85| 20 | 159 305 284 \ 318 249 313+304 | 28,5 2
86| 18 | 47 | 305+311] 69 | 284+281 \ 318 249 313+304 | 24,0 2
87| 32 305 287+284 | 318+306 264+243 | 14,2 | 304+301 1
88| 45 305 | 2874284 | 3214318 249+243| N 301 1
89| 42 305 | | 284+281 \ 318 270+249 | N 304 1
9] 35 [ 92 305 | 2874081 318 249+243 | 106 | 313+304 | 3.1 4
o1 28 | 214 305 | 2844281 | 318+306 273+249 [ 340 [ 319+301[453 3
9250 [ sos| | 284 318 249 313+304 1
93| 16 | 254 305 | 284+281 \ 318 270+243 | 6,9 | 304+301 2
94| 19 | 33 305 \ 284 \ 318 270+243 | 192 [ 304+301 2
95| 19 | 306 305 | 287+281] 271 318 264+249 | 28,8 304 3
96| 19 | 14,8 ] 3054311 287+281 | 14,3 318 249+243 | 12,7 304+289 4
97| 54 | 192 305 \ 287 | 318+306 249 . 307 1
98| 61 | 10,1 305 | 287+281 318 249 307+301 3
99| 52 | 09 305 | 2844281 \ 318 243+279 12,7 304+301 2
100| 36 | 306 305 | 287 [ 3214318 276+243 | 18,0 | 313+301 [ 37,5 3
N=nemeéfeno
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pacientka

kontrola

Tab. S2: Souhrn hlavnich vysledkd namétenych u 15 vzorkd jater (12 ziskano od pacientky s deficitem OTC, 3 kontroly).

prumér: pacientka

SD...smérodatna odchylka

XCI (% aktivnich Xwr) | Exprese WT alely (%) Western blot (relativni kvantita v %) Aktivita
pramér
Vzorek vice oTC/ pmol/ relativni

no. CNKSR2 SD| metod | c.583G>C ¢.137A>G | OTC SD| GAPDH SD | CPS1 SD | (h.mg) SD| (%) SD
1A 36,8 36| 392 37,1 41,8 319 73| 31,0 25| 965 82 86 07| 292 1,4
1B 40,9 49| 39,1 31,3 33,7 298 34| 275 14| 101,3 34 64 05| 218 1,2
2A 25,7 13| 303 17,8 20,9 27,1 36| 18,8 24| 101,0 8,0 48 04| 164 0,8
2B 26,5 17| 285 13,0 15,0 216 34| 177 4,1 | 116,7 47 2,7 04 9,2 0,2
3A 29,9 12| 314 13,1 19,2 258 47| 20,7 23| 1234 20 42 09| 140 1,2
3B 30,5 1,8 319 28,9 28,1 270 78| 187 09| 1084 105| 63 00| 216 2,7
4A 23,4 06| 258 17,7 20,9 241 34| 169 1,7 | 1206 6,8 39 03| 132 0,7
4B 37,6 06| 350 31,6 311 33,7 39| 254 3,7 1131 0,3 6,7 03| 230 1,9
5A 26,4 1,1 321 15,0 15,2 20,7 12| 153 05| 1139 0,7 37 06| 125 0,3
5B 23,4 69| 256 18,8 29,6 245 12| 155 20| 1128 0,0 36 08| 120 1,3
6A 34,0 6,1| 332 50,7 53,6 372 40| 24,4 29| 1116 1,4 90 06| 311 6,1
6B 35,8 13| 357 38,4 43,3 457 43| 335 05| 980 36| 110 09| 376 1,8

v 100,0 100,0 100,0 29,5 3,8| 100,0
\% 91,9 1719 102,2 38,7 32| 131,7 61
VI 93,6 87,8 99,9 283 01| 966 128

30,9 32,3 26,1 29,4 29,1 22,1 109,8 20,1

kontroly 95,2 119,9 100,7 109,4

pramér u pacientky piepoéteny dle priméru kontrol: | 30,6 18,5 109,0 18,4
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