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Abstrakt

Patogeneze mukopolysacharidozy 1HIC (MPS I1IC) a Gaucherovy choroby nebyla na
molekularni Grovni doposud zcela objasnéna, stejn¢ jako nejsou zndmy divody pro vyrazné
rozdilné fenotypové projevy u pacientd nesoucich stejny genotyp. Protoze varianty v
regulacnich oblastech genli mohou byt pfi¢inou vySe zminéné fenotypové variability,
zabyvala jsem se studiem doposud necharakterizovanych promotorovych oblasti gent
HGSNAT a GBA, které¢ jsou mutovany u téchto dvou lysosomélnich onemocnéni. Prokazala
jsem existenci alternativniho promotoru genu GBA (P2) a dale se zabyvala studiemi, které by
mohly objasnit jeho fyziologickou funkci a ptipadné i roli pii patogenezi Gaucherovy
choroby. Zjistila jsem, ze alternativni promotor genu GBA neni tkanové specificky a nevede
K variabilni expresi MRNA pro glukocerebrosidazu u pacientii se stejnym genotypem a
vyrazn€ odliSnymi fenotypovymi projevy. P2 neni riizn€ vyuzivan béhem diferenciace
monocytll na makrofadgy, ani u makrofagii odvozenych od kontrolnich osob a od pacientl s
Gaucherovou chorobou, u kterych je stfddani pfitomno hlavné v bunikdch makrofagového
puvodu. Nepodatilo se tedy nalézt zmény svéd¢ici pro moznou tlohu P2 v patogenezi nemoci.
Dale jsem charakterizovala promotorovou oblast genu HGSNAT a prokazala jsem, ze vazba
transkripéniho faktoru Spl je dulezita pro jeho expresi. Varianty sekvence nalezené v
promotoru HGSNAT u pacientii nemély vliv na jeho expresi. Oba promotory maji charakter
promotoru housekeeping genti, neobsahuji TATA box, maji nékolik zacatki transkripce,
nemetylovany CpG ostriivek a né¢kolik vazebnych mist pro Spl. Maji shodné rysy s fadou
promotort gent kodujicich jiné lysosomalni enzymy.

Pii studiu mySiho modelu MPS IIIC jsem detekovala v mozcich deficitnich myS$i znamky
zvySené autofagie, ktera ziejmé hraje roli pfi patogenezi choroby. Dale jsem se podilela na
optimalizaci metody pro izolaci lysosomalnich membran, kterd bude vyuzita pro biochemické
studie N-acetyltransferazy, enzymu deficitntho u MPS 1IIIC, ktery nebyl zcela
charakterizovan.
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Abstract

Pathogenesis of mucopolysaccharidosis type HHIC (MPS I1IC) and Gaucher disease has not
been yet fully clarified, and the causes of phenotypical variability between the patients with
the same genotype in Gaucher disease remain obscure. Because the variants in the regulatory
regions of genes can cause phenotypical differences mentioned above, | have studied
promoter regions of HGSNAT and GBA genes mutated in these lysosomal disorders. | have
shown that there is an alternative promoter of GBA (P2). Additional studies were aimed to
elucidate possible physiological functions of P2, and its possible role in the pathogenesis of
Gaucher disease. | have found that P2 is not tissue specific, and that its variants do not
influence the variability of phenotype in Gaucher patients with the same genotype. P2 is used
differentially neither during the differentiation of monocytes to macrophages nor in
macrophages from controls and Gaucher patients, in whom there is a prominent storage only
in cells of macrophage origin. We have thus not found any changes that would suggest a role
for P2 in the pathogenesis of Gaucher disease.

| have characterized the promoter region of HGSNAT and shown that the binding of Spl
transcription factor is important for its expression. Sequence variants found in HGSNAT
promoter in patients did not influence its expression. Both promoters have features common
with the majority of housekeeping gene promoters, as they do not contain TATA box, have
multiple transcription initiation sites, contain an unmethylated CpG island and have multiple
binding sites for transcription factor Spl. They share the same features with many promoters
of genes encoding other lysosomal enzymes.

I have studied the MPS I11C mouse model and detected increased autophagy in the brains of
HGSNAT deficient mice, which apparently plays a role in the pathogenesis of MPS IlIC.

I have also participated in the optimization of a method for isolation of lysosomal membranes,
which will be used for biochemical study of N-acetyltransferase, the enzyme deficient in MPS
I11C, which has not been completely characterized.

Keywords

lysosomal storage disorders, mucopolysaccharidosis I11C, Gaucher disease, GBA, HGSNAT,
promoter, transcription factor, Sp1, lysosome, lysosomal membrane, autophagy
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1 Uvod

1.1 Lysosomy
Lysosomy jsou organely ohrani¢ené jednoduchou membranou, které se vyskytuji ve vSech
savCich bunkach krom¢ cervenych krvinek. Zajistuji degradaci a recyklaci bunécného
materialu. Lysosom byl objeven belgickym cytologem Christianem de Duve v roce 1949
kombinaci zobrazovacich metod a biochemickych méfeni bunécnych frakci po predchozi
diferencialni centrifugaci (De Duve, Pressman et al. 1955), za coz mu byla roku 1974 udélena
Nobelova cena. Pro lysosomy je charakteristické kyselé pH (4,5 az 5) v lumen, které je
udrZzovano protonovou pumpou, tzv. vakuolarni H* ATPazou a chloridovym proteinovym
kanalem. Kyselé prostiedi je nutné pro spravné fungovani hydrolytickych enzymi, které jsou
schopné rozkladat jednoduché a komplexni molekuly. Lysosom obsahuje vice nez 60
hydrolytickych enzym@ s riznou substratovou specifitou (proteazy, lipazy, nukledzy,

glykosidazy, fosfolipazy, fosfatdzy a sulfatazy) a vice nez 100 membranovych proteini.

1.2 Biogeneze endosomalné lysosomalniho systému
Endosomalné lysosomalni systém (ELS) je dynamicky membranovy systém, ktery zahrnuje
mechanismy zaji§t'ujici pfisun biologickych substrati uréenych k degradaci do lysosomu.
Samotné oznaceni ELS je z podstaty nepfesné, jelikoZz odrazi pouze jeden (sice kvantitativné
nejvyznamnéj$i) ze zakladnich tokt substrati uréenych k degradaci (Elleder 2010). Substraty
pochézeji bud’ z extracelularniho prostoru, z né¢hoz se do buniky dostavaji endocytdozou nebo
fagocytdzou nebo =z intracelularniho prostoru autofagocytozou, kdy material urceny k

degradaci pochazi z vlastni cytoplasmy (obr. 1.1).
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Obrazek 1.1: Endosomalné lysosomalni systém

Je zodpovédny za $tépeni makromolekul vytvoienych uvniti buiiky nebo transportovanych z vnéjsiho
prostiedi. Vétsina extracelularnich makromolekul se dostava do buiiky endocytozou. Makromolekuly
vzniklé uvniti bunky jsou zaclenény do autofagosomti a fuzuji s primarnimi lysosomy procesem
zvanym autofagocytéza. Sekundarni lysosomy muzou fizovat s plasmatickou membranou a
exocytozou vyloucit naSt€peny material.

Obrazek ptevzat z http://www.nature.com/nrg/journal/v3/n12/box/nrg963_BX1.html

1.2.1 Endocytéza

Endocytoza je komplexni proces, jehoZ detailni popis piesahuje ramec tohoto textu a ktery je
hlavni drdhou toku substratt do lysosomu. Pfi tomto procesu dochazi k pohlceni
extracelularnich latek invaginaci cytoplazmatické membrany. Probih4 ve vSech eukaryotnich
bunkach (Saftig and Klumperman 2009). Endocytované molekuly jsou pieneseny
z extracelularniho prostoru v oplasténych vaccich do ¢asnych endosomu (early endosome,
EE). V tzv. tfidicim endosomu (sorting endosome) dochazi ke t¥idéni endocytovaného
materialu ur¢eného pro recyklaci, jako jsou naptiklad nekteré receptory, nebo k degradaci. Je
tvofen vakuolarni a tubularni ¢asti, material ureny pro recyklaci vstupuje do tubulérni ¢asti a
dale do tzv. recyklacniho endosomu (recycling endosome) nebo ptimo k povrchu bunky
(Lemmon and Traub 2000). Mirné kyselé pH (6,0 — 6,2) uvniti EE zptasobuje disociaci

komplexu ligand-receptor v pfipad¢ receptorem zprostiedkované endocytozy, receptory jsou
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recyklovany zpét do plazmatické membrany. Materidl uréeny k degradaci, ktery miii do
lysosomu, zlstava ve vakuolarni Casti a z EE je transportovan do pozdnich endosomi (late
endosome, LE) ve formé endosomalnich transportnich vacku, které puci z EE, tzv.
multivezikularnich télisek. V LE dochazi ke zrani a poklesu pH na 5,5 - 6,0, pii kterém
probiha hydrolytické $tépeni makromolekul hydrolazami s kyselym pH optimem. Maturaci
LE vznikaji lysosomy, jejichz nizké pH (4,5 - 5,0) je optimalni pro aktivitu lysosomalnich
hydrolaz (Ungewickell and Hinrichsen 2007).

Membranového transportu se Gcastni Rab proteiny, coZ jsou malé GTPazy neboli G-proteiny,
jejich aktivita je regulovana vazbou GTP a hydrolyzou. Rab proteiny jsou dileZité pro cileni
vezikul do jednotlivych membranovych kompartmentt (obr. 1.2). Lidské bunky obsahuji vice
nez 60 Rab proteinil, nachazeji se v organeldch zapojenych do sekre¢ni a endocytické kaskady
(Stenmark and Olkkonen 2001). Pouze u malé ¢asti znamych Rab proteini byla detailné
popsana jejich funkce. Podileji se na regulaci membranového transportu véetné tvorby vackd,
jejich pohybu po aktinovych a tubulinovych vlaknech a fuzi s cilovou membranou (obr. 1.2)
(Somsel Rodman and Wandinger-Ness 2000).

plasma membrane

%mﬁ

\
CCV  clathrin coaled vesiales

EE early (sorting) vesicles
ECV endocytic carrier vesicles
RE recycling endosome
TGN trans golgi network

LE late endosome

L lysosome

PM plasma membrane
pathway known

— —  pathway unknown

? rab praotein unknown %

Obrazek 1.2: Rab proteiny se ucastni regulace endocytézy

Rab 4 reguluje tfidéni endocytovaného materialu v EE a fidi jeho recyklaci smérem k plazmatické
membrang, Rab 5 se ucastni fuze EE, Rab 7 kontroluje transport z EE do LE, Rab 9 z LE do trans-
Golgi, Rab 11 z Golgiho aparatu pies tzv. recycling endosome k plazmatické membrané. Obrazek
prevzat z Somsel Rodman a Wadinger-Ness, 2000 (Somsel Rodman and Wandinger-Ness 2000).

3



Endocytoza nékterych receptori mize byt zavisla na ubikvitinylaci jako mechanismus pro
regulaci jejich mnozstvi na membrané. Na rozdil od polyubikvitinylace, ktera je
charakteristicka pro znaceni proteini urc¢enych k degradaci v proteasomu, jsou membranové
proteiny uréené k endocytoze mono ¢i multiubikvitinylovany. Navazani ubikvitinu je
signalem pro jejich endocytozu.

1.2.2 Fagocytéza

Fagocytoza je proces pohlceni a degradace vétSich molekul. Fagocytujici bunky (napf.
neutrofilni granulocyty, makrofagy a dendritické buiiky) pohlcuji vétsi ¢astice jako napiiklad
bakterie za vzniku fagosomu. Fagosom fazuje s LE a vznika fagolysosom, jehoZz enzymy

mohou $tépit extracelularni molekuly (Stuart and Ezekowitz 2008).

1.2.3 Autofagocytoza

Autofagocytoza neboli autofagie je bunéény katabolicky proces, ktery zavisi na spolupraci
autofagosomtl a lysoSomu. Je vyvoldna stresovymi podminkami jako hladovéni, oxidativni
stres, vystaveni toxickym latkam a mikrobialni infekce (Mizushima 2008). Autofagie funguje
1 za nepatologickych stavll pfi nahromadéni poSkozenych nebo nadbytecnych bunéénych
organel ¢i proteind (Cuervo, Bergamini et al. 2005). V soucasnosti existuji tfi zakladni
molekularni  varianty autofagie — makroautofagie, mikroautofagie a chaperony

zprostiedkovana autofagie (obr. 1.3).
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Obrazek 1.3: Typy autofagie

Pii makroautofagii se vytvaii autofagolysosom splynutim autofagosomu s lysosomem, ve kterém
probiha vlastni degradace. Pfi mikroautofagii dochézi k uzavteni degradovaného materialu vchlipenim
lysosomalni membrany. Autofagie zprostfedkovana chaperony selektivné vybira proteiny se
specifickym motivem, ktery je sméfuje do lysosomi. Obrazek pievzat z http://www.
vesmir.cz/files/obr/nazev/2011_041 02:gif/type/html




1.2.3.1 Makroautofagie

Makroautofagie je proces, pfi kterém jsou poskozené organely nebo useky cytoplazmy
ohrani¢eny dvojitou membranou za vzniku autofagosomu, ktery fuzuje s lysosomem a vznika
autofagolysosom. Zde kyselé lysosomalni hydroldzy rozstépi nahromadény material, jehoz
produkty mohou byt recyklovany pasivni difuzi nebo specifickym transmembranovym
transportem (Glick, Barth et al. 2010). Protein LC3 (microtubule-associated protein light
chain 3), ktery se podili na transportu a zrani autofagosomu slouzi zaroven jako marker pro
monitorovani autofagie. Za normalnich okolnosti se nachazi v cytozolu jako forma LC3-I,
v piipad¢ indukce autofagie je forma LC3-1 proteolyticky Stépena a konjugovéna s
fosfatidyletanolaminem za vzniku konjugované formy LC3-II, ktera je za¢lenéna do rostouci
autofagosomalni membrany. Pieména LC3-1 na LC3-1l, kterou lze detekovat technikou
Western blot, je jednou z nejpouzivanéjSich metod pro detekci pfitomnosti autofagie
(Mizushima, Yoshimori et al. 2010; Klionsky, Abdalla et al. 2012). Mnozstvi konjugované
formy nemusi plné odpovidat aktivité autofagického procesu, protoze LC3-Il je po vzniku

autofagolysosomu odbouravan.

1.2.3.2 Mikroautofagie
Pti mikroautofagii dochazi ptimo k obklopeni malych organel napf. peroxisomui ¢i ¢asti
cytoplazmy lysosomalni membranou. Invaginovany material je uvniti lysosomu degradovan

(Mijaljica, Prescott et al. 2011).

1.2.3.3 Chaperony zprostiredkovana autofagie

Chaperony zprostfedkovana autofagie je specifickd pro cytozolové proteiny obsahujici ve své
struktufe signalni motiv Lys-Phe-Glu-Arg-Gln (KFERQ), ktery je rozpoznan chaperonovym
proteinem Hsc70 a ly-Hsc70 a umozni interakci S lysosomalnim membranovym proteinem
typu 2A (LAMP2A). Ten umozni translokaci proteinu do lumen lysosomu, kde je nasledné

degradovan (Dice 2007).

1.2.3.4 Regulace autofagie

Regulace autofagie je velmi slozity proces, jehoz detailni popis zde nebude uveden. Jednim
z klicovych mechanizmi je regulace zprostfedkovana aktivitou kindzy mTOR (mammalian
target of rapamycin), kterd zapind nebo vypina autofagické drahy podle nutricniho stavu
buné&k. Autofagie je regulovana signalizaci Ca?". AMP-aktivovana proteinova kinaza (AMPK)

je aktivovana pies Ca?*/kalmodulin-dependentni kinazu p (CaMKK-B) a inhibuje aktivitu
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mTOR, ktera se podili na vytvofeni proteinového komplexu mTORC1 (mammalian target of
rapamycin complex 1), coz je hlavni negativni regulator autofagie (Hoyer-Hansen, Bastholm
et al. 2007).

1.2.4 Lysosomy jsou ziasobarnou Ca’*

Ca?* se ticastni dllezitych signaliza¢nich procest v buiice. Signdly jsou fizeny vyplavenim
Ca?" zintracelularnich organel jako endoplazmatické retikulum (ER) nebo kanaly
v plazmatické membrané, kterymi se Ca®* dostava do buiiky z extracelularniho prostfedi.
V nedavné dobé se ukdzalo, ze lysosomy a pozdni endosomy také patii mezi vyznamné
intracelularni zasobarny kalciovych iontl. Specifickym signalem pro uvolnéni kalciovych
iontd z kyselého kompartmentu je adenin dinukleotid fosfat kyseliny nikotinové (NAADP).
NAADP umoziuje transport Ca?* z kyselych organel - lysosomil a pozdnich endosomu
pomoci iontovych kanalti (TPC, two pore channel) tvofenych NAADP receptory (NAADPR)
(Churchill, Okada et al. 2002). Existuji tfi isoformy TPC. TPC1 a TPC3 je exprimovan na
endosomdlni membran¢, TPC2 na lysosomalni. TPC2 zprostiedkovava odpovéd NAADP a
umoziuje uvolnéni Ca?* z lysosomu, coz spousti dalsi Ca?* signaly pies sarkoplazmatické
retikulum (SR) a ER (Calcraft, Ruas et al. 2009). U ¢lovéka se nachazi pouze TPC1 a TPC2
(Patel, Marchant et al. 2010).

1.2.5 Exocytéza lysosomii

Exocytdza lysosomu je proces, pii kterém lysosomy vylucuji sviij obsah do extracelularniho
prostoru. Hraje dulezitou roli pii sekreci a opravé plazmatické membrany. Je regulovana
transkripénim faktorem EB (TFEB) (Sardiello, Palmieri et al. 2009), zvysena exprese TFEB
zpusobuje uvolnéni Ca?* z lysosomu skrz iontovy kanal mukolipin 1 (MCOLN1) a zvy$enou
pohyblivost lysosomti. TFEB reguluje gen kodujici MCOLN1 (Medina, Fraldi et al. 2011).
Podle mechanismu vylouceni biomolekul do extracelularniho prostiedi rozliSujeme exocytdzu
konstitutivni a regulovanou. Konstitutivni exocytéza neni spousténa signaly Ca*, umoziuje
vylouc¢eni komponent extracelularni matrix a zaclenéni nové syntetizovanych proteinii do
plazmatické membrany. Regulovanou exocytozu spousti Ca?*, je diilezita pro signalizaci mezi
neurony (Keller, Sanderson et al. 2006). Dalsim mechanismem exocytozy je fuze
multivezikularnich télisek (MVB) s plazmatickou membranou a nasledné vylouceni obsahu
do extracelularniho prostoru. MVB jsou sférické endosomalni organely, které obsahuji malé
vacky vzniklé puéenim membrany smérem dovnité do lumen LE (Gruenberg and Stenmark

2004). MVB muzou fazovat s lysosomy a odbouravat tak svij intralumindlni obsah nebo
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fazuji s plazmatickou membranou a vyluéuji malé vacky do extracelularniho prostedi. Tyto
vacky se nazyvaji exosomy (Denzer, Kleijmeer et al. 2000). Faze MVB s plazmatickou
membranou vyzaduje piitomnost specifickych receptorovych proteini SNARES (Soluble N-
ethylmaleimide-sensitive factor attachment protein receptors). Vezikularni SNAREs (v-
SNAREs) se nachazeji na MVB a interaguji scilovymi SNAREs (t-SNARES) na
intracelularni stran¢ membrany (Chaineau, Danglot et al. 2009). Exosomy zprostfedkovavaji
bunéénou komunikaci, imunitni odpovéd’ a ovlivituji mnoho signaliza¢nich drah. Biogeneze

exosomu a mechanismus jejich sekrece nebyl dosud zcela objasnén.

1.2.6 Proteiny ELS

Proteiny ELS Ize rozdé€lit na luminalni, mezi néz patii lysosomalni hydrolazy a membranové,
jejichz deficity také mohou vést kK lysosomalnim onemocnénim, pfestoze vétSina z nich nema
katalytickou funkci. Nejvice zastoupené membranové proteiny jsou lysosomalné asociované
membranové proteiny (LAMP1 a 2) a lysosomalni integralni membranové proteiny (LIMP).
Jsou vysoce glykosylované, coz je chrani pfed degradaci luminalnimi hydrolazami (Schroder,

Wrocklage et al. 2010). Funkce velké ¢asti téchto proteint neni znama.

1.2.6.1 Transport proteinii do ELS

Lysosomalni enzymy jsou syntetizovany na ribosomech drsného ER. V ER se zalinaji
sbalovat pomoci chaperonovych proteinii a jsou transportovany v oplasténych vaccich do
Golgiho aparatu (GA), zde jsou glykosylovany. Po vystupu z trans-Golgi cisterny se proteiny
vezikularnim transportem dostavaji do LE. VétSina solubilnich proteinti nese na N-konci
oligosacharidové fetézce s vysokym obsahem manosy, které jsou nutné pfi posttranslacnich
modifikacich, kdy dochéazi k vytvofeni rozpoznavaciho markeru pro cileni do lysosomu
manosy-6-fosfatu (M6P). M6P vznikd v ER ve dvou po sobé jdoucich krocich, v prvnim
kroku jsou lysosomalni enzymy fosforylovany N-acetylglukosamin-1-fosfatem na C6-
hydroxylovych skupinach manosovych zbytkli. Reakci katalyzuje enzym UDP-N-
acetylglukosamin-1-fosfotransferaza. V dalsim kroku dojde k odstépeni N-acetylglukosaminu
enzymem N-acetylglukosamin-1-fosfodiester — a-N-acetylglukosaminiddzou a dojde tak
k odhaleni M6P, ktery je rozpoznan M6P receptorem (M6PR) v membrang trans-Golgi
aparatu. Existuji dva typy M6PR, které se li$i vazebnymi vlastnostmi. Prvni receptor je kation
nezavisly (CI-M6PR), md molekulovou hmotnost 300 kDa, vazba ligandu nezdvisi na
divalentnich kationtech, je schopny navazat ligand i pfi neutralnim pH. Druhy receptor je

kation zavisly (CD-M6PR), ma molekulovou hmotnost 46 kDa, pro vazbu ligandu vyzaduje
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pfitomnost divalentnich kationtd. VétSina lysosomalnich enzymt obsahuje vice M6PS, coz
zvySuje afinitu pro M6PR. M6PRs véazou lysosomalni proteiny na lumindlni stran¢ trans-
Golgi cisterny. Tyto proteinové komplexy se transportnimi vacky dostavaji do LE, kde dojde
vlivem nizkého pH k disociaci proteini a M6PRS. Lysosomalni enzymy jsou defosforylovany
a receptory jsou recyklovany zpét do GA nebo na cytoplazmatickou membranu. CI-M6PR na
cytoplazmatické membrané umoznuje vazbu proteinti s M6P, které unikly vazbé na receptor
v trans-Golgi aparatu a vyloucily se do extracelularniho prostoru. Umoziiuje jejich transport
do lysosomu receptorem zprostfedkovanou endocytdézou. Tato tzv. ,,scavenger pathway*,
ktera umoznuje internalizaci proteini nesoucich M6P, je kliC¢ova pro enzymovou substitu¢ni
terapii.

Selektivni transport nékterych lysosomalnich proteinti z trans-Golgi aparatu do lysosomu se
uskuteciiuje 1 nezavisle na M6PR. Prostfednictvim intracelularniho receptoru sortilinu dochazi
k transportu prosaposinu, coz je prekurzor lysosomalnich saposini A — D, kyselé
sfingomyelindzy, GM2 aktivatorového proteinu a katepsini A a H (Lefrancois, Zeng et al.
2003; Ni and Morales 2006). B-glukocerebrosidaza vyuziva LIMP2 jako receptor k transportu
do LE. LIMP2 vaze B-glukocerebrosidazu v ER a sméruje ji do lysosomu (Reczek, Schwake
et al. 2007).

Lysosomalni membranové proteiny (LMPS) jsou ztrans-Golgi aparatu transportovany
nezavisle na M6P. Do LE jsou cileny prostiednictvim tyrosinovych a dileucinovych motivi
na C-koncich orientovanych do cytozolu. Tyto motivy jsou rozpoznavany komplexem
adaptorovych proteinti - ¢tyf heterotetramernich (AP1-4) a tfi monomernich (GGA1-3), které
fidi transport membranovych proteini do LE (Braulke and Bonifacino 2009). Timto
zpusobem se do lysosomu dostavaji i transmembranové transportni proteiny cystinosin a

sialin (Cherqui, Kalatzis et al. 2001).

1.2.7 Regulace lysosomalni biogeneze

Produkce lysosomalnich enzym je regulovana na trovni transkripce transkripénim faktorem
EB (TFEB) (Sardiello, Palmieri et al. 2009). V promotorech vétsiny lysosomalnich geni byla
nalezena 10 bp palindromaticka sekvence GTCACGTGAC nazvana CLEAR (Coordinated
Lysosomal Expression and Regulation). U vétSiny promotortt se CLEAR motiv nachazi v
blizkosti zacatku transkripce, -300 az +100 bp od 5’konce gent (Palmieri, Impey et al. 2011).

Na tuto sekvenci se vaZze TFEB a pozitivné reguluje expresi lysosomdlnich genl. ZvySena



exprese TFEB v buiikkdch zvySuje syntézu lysosomdlnich proteinti a schopnost buiky
odbouravat komplexni molekuly a patogenni proteiny.

Dalsi procesy spojené s lysosomy jako je exocytdza a autofagie jsou regulovany stejnym
mechanismem. ZvysSena exprese TFEB v riznych bunkach vedla k vyraznému zvyseni poctu
autofagosomu (Settembre, Di Malta et al. 2011).

TFEB se za normalnich podminek nachazi v cytoplazmé a pii nedostatku zivin ¢i Spatném
fungovani lysosomu je translokovan do jadra (Sardiello, Palmieri et al. 2009). Translokace je
regulovana fosforylaci, fosforylovana forma TFEB se nachazi v cytoplazmé, zatimco
defosforylovana v jadie. Na fosforylaci se mohou podilet nejméné tii rizné kinazy: ERK2
(extracelularni regula¢ni kinaza 2), mTORC1 (mammalian target of rapamycin) a PKCB
(protein kinaza CB) (Cea, Cagnetta et al. 2012; Settembre, Zoncu et al. 2012; Ferron,
Settembre et al. 2013). Aktivita téchto kindz zavisi na mnozstvi zivin. Pfi dostate¢ném
mnozstvi Zzivin jsou kindzy aktivni a fosforyluji TFEB, ktery zlstava v cytoplazmé.
V podminkach s nedostatkem zivin neni TFEB fosforylovan a muize translokovat do jadra a
regulovat expresi gend podilejicich se na lysosomalni biogenezi (Settembre, Di Malta et al.
2011) (obr. 1.4).

TFEB reaguje na nedostatek zivin autoregula¢nim zpétnovazebnym mechamismem, kdy se
vaze na vlastni promotor a spousti svoji vlastni transkripci (Settembre, De Cegli et al. 2013).
TFEB je hlavni regulator bunéénych degradacnich drah. Aktivuje transkripci gend, které
koduji proteiny ucastnici se procest spojenych s lysosomy jako je autofagie, exocytoza,
endocytoza, fagocytoza, imunitni odpovéd a katabolismus lipidd (Palmieri, Impey et al.
2011). Utastni se predavani signalu zlysosomu do jadra ke spousténi transkripce.
V budoucnu by mohl slouZit jako terapeuticky nastroj pro zesileni odpovédi na patogenni
sttddani v LSDs a neurodegenerativnich chorobach. Aktivovany TFEB podporuje exocytozu a
mohl by umoznit vylouceni nastfadaného materialu ven z bunky (Settembre, Fraldi et al.
2013). V mysim modelu Pompeho choroby a v tkanovych kulturach svalovych bunék vedla
zvySena exprese TFEB ve svalovych bunkdch kredukci nastfadan¢ho glykogenu
V lysosomech a zmensSeni lysosomu v disledku zvySené aktivity exocytdzy a autofagocytozy

(Spampanato, Feeney et al. 2013).
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Obrazek 1.4: mTOR inhibuje autofagii pies fosforylaci TFEB
Obrazek ptevzat z  http://scillustrations.wordpress.com/2012/06/26/mtor-blocks-autophagy-via-
phosphorylation-of-tfeb/

1.3 lzolace lysosomi a lysosomalnich membran
Lysosomy jsou Siroce studované organely, vétSina biochemickych a strukturalnich analyz
lysosomli byla provedena na krysich jatrech, ze kterych lze ziskat vysoce obohaceny
koncentrat lysosomil. Lysosomy byly izolovany zfady jinych tkdni a bun&fnych linii
s variabilni ¢istotou a vytézkem (Graham 2009).
Neékterd lysosomalni stfddava onemocnéni jsou zpiisobena deficitem lysosomalnich
membranovych proteind, izolace lysosomalnich membran je tak dilezita pro dalsi
proteomické a biochemické studie (Schroder, Elsasser et al. 2007; Schroder, Wrocklage et al.
2007; Callahan, Bagshaw et al. 2009) nebo pro naslednou purifikaci lysosomalnich
membranovych proteind (Meikle, Whittle et al. 1995; Taute, Watzig et al. 2002).

Lysosomy jsou purifikovany obvykle zlehké mitochondridlni frakce pomoci riznych
gradientl s denzitnimi médii jako je sacharéza, Percoll, Nycodenz ¢i iodixanol.
Lysosomy, mitochondrie a peroxisomy maji podobné a Castecné se prekryvajici denzity
v sachar6zovém gradientu, coZ ¢ini jejich separaci zaloZenou na denzité velmi obtiZnou.
Intracelularni organely vcetné lysosomil jsou osmoticky aktivni a denzity potiebné pro
separaci lysosomu lze dosahnout pouze v hyperosmolarnich roztocich sacharézy, coz ¢ini
sachar6zu nevhodnym médiem pro nékteré aplikace. Proto se dnes vice vyuZivaji ostatni jiz
zminéna denzitni média, u kterych Ize osmolaritu Iépe kontrolovat a dosdhnout
izoosmolarnich podminek. Artificidlni zména denzity lysoSoml mtize vyrazné zlepsit jejich
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separaci od dalSich organel v gradientech (Graham 2009). Toho bylo dosazeno naptiklad pfi
purifikaci lysosoml izolovanych z riznych zvifecich tkani, kdy doslo ke zméné denzity
lysosomi pomoci injektovani experimentalnich zvifat Tritonem WR1339 (Leighton, Poole et
al. 1968) nebo dextranem (Arai, Kanaseki et al. 1991). Je v8ak znamo, ze produkované
lysosomy maji abnormalni vlastnosti véetné atypického obsahu enzymut (Wattiaux 1983).
V Nycodenzovém ¢i iodixanolovém gradientu maji lysoSomy mensi hustotu nez mitochondrie
a peroxisomy, zatimco v Percollovém jsou vice denzni. Pro lep$i separaci lysosomdu je také
vyuzivana zména denzity jinych organel. Mitochondrie se v pfitomnosti vapenatych ionta
zveétsuji a snizuji svoji hustotu, piidanim CaClz v milimolarni koncentraci k postnuklearnimu
supernatantu dochazi k vyraznému zlepsSeni jejich separace od lysosomii v Percollovém
gradientu (Arai, Kanaseki et al. 1991).

Lysosomalni membrany byly tspésné izolovany magnetickou chromatografii, kultivované
fibroblasty byly inkubovany s magnetickymi nanocasticemi magnetit/dextran. Lysosomy,
které endocytdzou piijaly tyto Castice, zlstaly zachyceny na magnetické koloné¢ a nasledné
byly hypotonickou lyzou lysosomii ziskany lysosomalni membrany (Diettrich, Mills et al.
1998).

1.4 Lysosomalni stifadava onemocnéni

Lysosomalni stfadava onemocnéni (LSDS) tvoii skupinu vice nez 50 dédi¢nych onemocnéni,
pro které je charakteristické hromadéni neodbouranych makromolekul v lysosomech zejména
v disledku poruchy degradac¢ni funkce endosomalné lysosomalniho systému. VétSinou se
jedna o deficit enzymu kyselé hydrolazy v lysosomech, ktery umoznuje postupné Sté€peni
velkych komplexnich molekul na molekuly jednodussi, ale né&kterd onemocnéni napf.
Niemann-Pickova choroba typu C1 a C2 (Carstea, Morris et al. 1997; Naureckiene, Sleat et al.
2000), mukolipidéza 11 (Kudo, Bao et al. 2005), mukolipidéza IV (Bassi, Manzoni et al.
2000) nebo Danonova choroba (Nishino, Fu et al. 2000) jsou zpusobena deficitem jinych
lysosomalnich i nelysosomalnich proteinii vcetné enzymi a membranovych proteind
klicovych pro spravnou funkci ELS.

LSDs jsou ¢lenény do skupin podle biochemickych vlastnosti neodbouraného materialu na
lipidozy, mukopolysacharidozy, glykoproteinézy, glykogendzy a dalsi (Hopwood 1997).
Mnoho LSDs bylo poprvé popsano jesteé pred objevenim lysosomu, ale pojem LSD byl

poprvé pouzit az pii objevu Pompeho choroby (Hers 1963). Jedna se o vzacna onemocnéni,
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ale sumarné¢ se v populaci vyskytuji s frekvenci 1:7000 zivé narozenych déti (Meikle,
Hopwood et al. 1999; Poorthuis, Wevers et al. 1999). U n&kterych etnickych skupin je
incidence vyssi. LSDs maji Siroké spektrum klinickych priznaki, mohou se objevit kdykoli od
novorozeneckého obdobi az do pozdni dospélosti. Casné formy mivaji t&zky pribéh s rychlou
progresi. Postizeny jsou Casto metabolicky aktivni organy a tkané - kostni dfen, jatra, kosti,
kosterni svaly, myokard, CNS. Vétsina LSDs je autozomaln¢ recesivni, vyjimkou je Fabryho
choroba (Masson, Cisse et al. 2004), mukopolysacharidoza typu Il (Hopwood, Bunge et al.
1993) a Danonova choroba (Nishino, Fu et al. 2000) s dédi¢nosti gonozomalné recesivni a

Kufsova choroba s dédi¢nosti autozomalné dominantni (Noskova, Stranecky et al. 2011).

Lysosomalni proteiny se mohou dostat do lysosomu z extracelularniho prostfedi pomoci
receptorem zprosttedkované endocytdozy. Enzymova substituéni terapie (ERT) umoziuje
touto cestou dorucit funkéni enzym do lysosomu, ktery je pak schopen S§tépit neodbourany
substrat.

Tato terapie zlepSuje klinické ptiznaky onemocnéni, ale pouze u chorob nepostihujicich CNS,
nebot’ rekombinantni proteiny z obéhu nejsou transportovany do bunék v CNS pies
hematoencefalickou bariéru. V soucasnosti se ERT pouziva pro 1é¢bu pacientit s Gaucherovou
chorobou (Grabowski, Barton et al. 1995), Fabryho chorobou (Clarke and Iwanochko 2005),
Pompeho chorobou (Kishnani, Corzo et al. 2007), MPS | (Wraith, Clarke et al. 2004), MPSII
(Muenzer, Gucsavas-Calikoglu et al. 2007) a MPS VI (Giugliani, Harmatz et al. 2007), u fady
dalsich LSDs probihaji klinické studie.

Substrat redukéni terapie (SRT) zlepSuje klinické piiznaky LSDS sniZzenim celkového
mnozstvi substratu pomoci inhibice jeho syntézy v téle. Tato terapie funguje nejlépe u
pacientt s rezidudlni aktivitou mutovaného enzymu.

Dal$i moznosti 1écby je transplantace kostni diené, ktera umoZznuje nahradit chybéjici enzym
dlouhodobg, ale vzhledem k nedostatku vhodnych darci a komplikacim spojenych s vysokou
mortalitou se provadi méné ¢asto. Na rozdil od ERT muze ovlivnit postizeni CNS.

Cilem lécby pomoci farmakologickych chaperonli je napomoci spravnému sbaleni
mutovaného proteinu a tak zlepSit jeho stabilitu a ptedejit jeho buné&tné degradaci
mechanismy rozpozndvajicimi Spatné sbalené proteiny. Farmakologické chaperony jsou
nizkomolekularni latky, které se specificky vazou do aktivniho mista mutovaného enzymu
Vv ER, zde mu pomohou zaujmout spravnou tercialni strukturu a umozni jeho transport do

lysosomu, kde muize pii zachované rezidualni aktivité plnit svou funkci. Jejich mala
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molekulova hmotnost jim umoziuje proniknout pfes hematoencefalickou bariéru a miize tak
byt G¢inna pro lécbu LSDs i s neurologickymi symptomy (Kolter and Wendeler 2003).
V soucasné dobg je tato terapie u nékterych LSDs ve fazi klinického testovani.

Ve fazi preklinického testovani je také genova terapie. Soustfedi se predevSim na hledani
vhodnych vektord a rozvoj metod pro vneseni normalni genetické informace (funkéniho genu)
do deficitnich bun¢k, coz by zajistilo spravnou produkci enzymu. Cilem terapie je 1écba
pacientt jak bez neurologickych ptiznaku tak i neurologickych forem (Barranger and Novelli
2001; Cheng and Smith 2003).

1.41 Porucha autofagie u lysosomalnich onemocnéni

U LSDs mize dochazet k porucham autofagie v dusledku akumulace autofagosomi
zpusobené jejich defektni fuzi s lysosomy. Lysosomy hraji zésadni roli v autofagii, fuzuji
s autofagosomy a umoznuji tak degradaci jejich obsahu. Autofagie byla analyzovana u celé
fady LSDs s rizné zavaznymi fenotypovymi projevy, v riznych tkanich a typech sttddavych
molekul. U vétSiny piipadd bylo zaznamenino zvySeni autofagie zpiisobené hromadénim
polyubikvitinylovanych proteinti a nefunkénich mitochondrii (Lieberman, Puertollano et al.
2012).

Porucha autofagie se muze podilet na patologickém hromadéni Spatné odbouratelnych
proteinli v neuronech u LSDs. Akumulace proteint je pfi¢inou Castych neurodegenerativnich
chorob jako Alzheimerova, Parkinsonova ¢i Huntingtonova choroba, se kterymi LSDs sdili
nekteré neuropatologické rysy a u kterych byva také popisovana porucha autofagie
(Settembre, Fraldi et al. 2008).

Danonova choroba zpiisobend deficitem LAMP2 byla prvni LSD, u které byla popsana
porucha autofagie. Bylo pozorovano masivni hromadéni autofagickych vakuol v nékterych
tkanich vcetné jater, pankreatu, sleziny, ledviny a kosterniho a srde¢niho svalu (Tanaka,
Guhde et al. 2000). LAMP2 je receptor v lysosomalni membrang, ktery je nezbytny pro fuzi
lysosomu s autofagosomem. Akumulace autofagickych vakuol bohatych na glykogen vedla
ptvodné k podezieni, Ze Danonova choroba je formou lysosomalni glykogenozy.

Mitofagie, selektivni autofagie mitochondrii, je dulezitda pro odbouravani poskozenych
mitochondrii, napfiklad v nervové tkani. Porucha mitofagie hraje dulezitou roli v patobiologii
neurodegenerativnich chorob jako je Parkinsonova choroba. Mitofagie se ucastni protein
parkin, ktery je soucasti proteinového komplexu E3 ubikvitin-ligazy, z cytozolu se dostava do

depolarizovanych mitochondrii urcenych k degradaci autofagii (Narendra, Tanaka et al.
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2008). Tuto translokaci zprostiedkovava kinaza PINK1 (PTEN-induced putative kinase 1), je
zaclenéna do vnitfni mitochondridlni membrany, kde je za normalnich podminek degradovéana
mitochondrialnimi protedzami, zatimco u poSkozenych mitochondrii dochazi ke ztraté
membranového potencidlu a PINK1 se dostavd do vnéj$i mitochondridlni membrany, kde
fosforyluje mitochondrialni proteiny, ¢imz usnadiiuje jejich ubikvitinylaci, které se ucastni
parkin a naslednou degradaci (Aki, Funakoshi et al. 2013). Zptisob, kterym parkin rozpoznava
PINK1 neni zcela objasnén. Parkin a PINK1 jsou klicové elementy nutné pro degradaci
poskozenych mitochondrii, jejich mutace vedou k akumulaci poskozenych mitochondrii a

rozvoji neurodegenerace a Parkinsonovy choroby (Vives-Bauza, de Vries et al. 2010).

1.4.2 Poruchy uvoliiovani Ca?* u lysosomalnich onemocnéni

U Niemann-Pickovy choroby typu C (NPC) je na rozdil od jinych sfingolipid6éz udrzovana
normaélni koncentrace Ca?" v ER a mitochondriich a zna¢né snizena v LE a lysosomech.
NPC1 mutantni buiiky snizuji mnozstvi Ca?" v pozdnich endosomech a lysosomech, je to
ziejmé zplisobeno primarnim stfddanim sfingosinu, ktery inhibuje Ca®* kanal (PKC). Ubytek
Ca?* vLE a lysosomech inhibuje endocytické drahy, coz ma za nasledek sekundarni
hromadéni cholesterolu, sfingomyelinu a glykosfingolipidii v téchto organelach. In vitro
zvy$enim cytozolového Ca?* dochézi ke zlepseni fenotypu NPC1 mutantnich bunék (Lloyd-
Evans, Morgan et al. 2008).

1.4.3 Gaucherova choroba

Gaucherova choroba (GD) je autozomalné recesivni onemocnéni zpusobené deficitem
lysosomalniho enzymu glukocerebrosiddzy (nazyvaného také glukosylceramiddza nebo
kysela B-glukosidaza).

GD poprvé popsal v roce 1882 student mediciny Philippe Gaucher u pacientky se zvétSenou
slezinou (Gaucher 1882), kde se domnival, Ze se jedna o nador. Az po mnoha letech se
zjistilo, ze ke stfadani neodbouraného materialu v makrofazich dochazi v disledku mutaci
enzymu glukocerebrosidazy (B-Gluc) (Brady, Kanfer et al. 1965). Tento enzym je odpoveédny
za Stépeni glykolipidu relativné hojného v membranach —  glukosylceramidu
(glukocerebrosidu) na glukézu a ceramid. Glukosylceramid se hromadi ptednostné v
lysosomech cirkulujicich nebo tkanovych makrofagh - tzv. Gaucherovych bunkach, ty
postupné nahrazuji zdravé bunky, predevsim v jatrech, slezin¢ a kostni dfeni, mohou se vSak
hromadit i v jinych c¢astech téla. Gaucherovy buiniky maji charakteristickou morfologii,

S cytoplazmou piipominajici zmackany papir.
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Onemocnéni se vyskytuje u vSech etnik s incidenci zhruba 1 : 60 000, cast&jsi incidence je v
populaci tzv. Askenazskych zidd, kde je uvadéna Cetnost vyskytu 1 : 850 (Meikle and
Hopwood 2003). Jsou popsany tii formy choroby, adultni forma (1. typ) je nejcastéjsi,
nepostihuje mozek ani nervovy systém. NejcastéjSim znakem je zvétSeni sleziny, jater, bolesti
dlouhych kosti, chudokrevnost, nékdy i projevy krvécivosti do kiize a podkozi. Ne u vSech
pacientd se priznaky vyvinou, existuje velkd fenotypova variabilita i u pacientl se stejnym
kojeneckém véku, zpocatku nendpadnymi projevy - neprospivanim, Silhdnim, abnormalnimi
o¢nimi pohyby a pozdé&ji neurologickymi problémy se zastavou psychomotorického vyvoje.
Vétsina déti umird do druhého roku zivota. Juvenilni forma (3. typ) je také vzacnd, zalina v
batolecim nebo ve Skolnim véku. Je pro ni charakteristickd variabilni, Casto velka
visceromegalie a chronické zhorSovani neurologickych obtizi. Typickym pfiznakem jsou
abnormalni o¢ni pohyby (okulomotoricka apraxie), mohou se vyskytnout kie¢e a pomalu
postupujici mentalni deficit. VétSina pacientll se doziva dospélosti. Zvlastni formou 3. typu je
takzvany Norbottensky typ Gaucherovy choroby (Norbottonian type), ktery byl popsan v
populanim isolatu v severnim Svédsku. Pro pacienty je charakteristicky zacatek v
adolescenci a pomalé progrese onemocnéni, mald hepatosplenomegalie a pomalu postupujici
mentalni deficit. VSichni pacienti z tohoto populacniho isolatu jsou homozygoty pro mutaci

L444P (Tylki-Szymanska, Keddache et al. 2006).

Pacienti s Gaucherovou chorobou a ptenaSe¢i pro toto onemocnéni jsou ohrozeni vySS$im
rizikem vzniku Parkinsonovy choroby (PD), 5-10 % osob trpicich PD nese mutaci genu GBA
(Beavan and Schapira 2013). Mechanismus, kterym mutace GBA zpisobuji PD, nebyl dosud
pln¢ objasnén. Neexistuje korelace mezi typem mutace GBA a rizikem PD (Velayati, Yu et al.
2010). PD je neurodegenerativni porucha charakteristicka stfadanim proteinu a-synukleinu ve
strukturach zvanych Lewyho téliska. a-synuklein se nachazi v CNS v presynaptickych castech
neuront. Existuji rizné hypotézy vysvétlujici souvislost degradace a-synukleinu
s mnozstvnim B-Gluc uvniti lysosomu. Podle teorie Mazzulli et al. (2011) a-synuklein
funguje jako chaperon a inhibuje vezikularni transport mezi ER a GA, B-Gluc se tak nemize
dostat do lysosomu. Zvysené mnozstvi a-synukleinu vede k vycerpani lysosomalni B-Gluc.
Nedostatek B-Gluc zpusobuje akumulaci glukosylceramidu, coz ma vliv na konformaci o-
synukleinu a vede k jeho dalsi akumulaci a k neurodegeneraci. Tento oboustranny efekt a-

synukleinu a glukocerebrosidazy vytvaii pozitivni zpétnovazebnou smycku (Cookson 2011;
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Mazzulli, Xu et al. 2011). Podle jiné studie dochazi ke vzajemné interakci a-synukleinu a B3-
Gluc uvnitt lysosomu, kdy snizena funkce B-Gluc podporuje akumulaci a-synukleinu (Yap,
Gruschus et al. 2011; Yap, Velayati et al. 2013). Dalsim moznym vysvétlenim asociace GD a
PD je protein parkin, je kédovan genem PARK2 jehoz mutace zpusobuji PD. Parkin je
soucasti proteinového komplexu E3 ubikvitin-ligazy (Shimura, Hattori et al. 2000). Podili se
na degradaci chybné¢ sbalenych proteini v ER, jeho exprese je vyvolana pfitomnosti téchto
nesbalenych proteinti. Ztrata funkce parkinu vede Kk akumulaci nesbalenych proteind, to
zpusobuje odumfieni dopaminergnich neuronti v substantia nigra ve stfednim mozku, coz vede
k rozvoji PD. Mutantni B-Gluc je odbourana mechanismem degradace asociované s ER
(ERAD), v ER jsou proteiny kontrolovany a chybné sbalené proteiny jsou translokovany do
cytozolu a degradovany v ubikvitin-proteasomovém systému (UPS), jehoz soudasti je
komplex E3 ubikvitin-ligaza. Parkin tedy podle této hypotézy zprostiedkovava degradaci
mutantni glukocerebrosidazy, to ziejmé zaméstnava jeho aktivitu a vede k akumulaci dalSich
nesbalenych proteinti, jez zpusobuji zanik dopaminergnich neurond a rozvoj PD (Ron,

Rapaport et al. 2010).

Diagnostika Gaucherovy choroby se provadi testovanim aktivity enzymu B-Gluc v bilych
krvinkach ¢i jinych bunikdch nebo pomoci molekuldrné genetického vySetfeni, které je

schopné odhalit mutace v genu kédujicim tento enzym.

Pro 1é€bu Gaucherovy choroby je nyni dostupna enzymova substituéni terapie a lécba
s omezenim substratu. Prvni klinicky pokus o ERT aglucerdzou, enzymem extrahovanym
z placenty, prob¢hl Gspésné v roce 1991 v USA (Barton, Brady et al. 1991). V roce 1994 byla
agluceraza nahrazena rekombinantnim enzymem imiglucerazou (Grabowski, Barton et al.
1995; Zimran, Elstein et al. 1995). Dalsi dva nové rekombinantni enzymy velagluceraza alfa
(Zimran, Altarescu et al. 2010) a taligluceraza alfa (Aviezer, Brill-Almon et al. 2009) se
objevily na trhu po roce 2010. ERT se ukazala jako vysoce bezpefna a ucinna.
Rekombinantni enzym nahrazuje nefunkéni glukocerebrosidazu a urychluje tak degradaci
nahromadéného substratu, ucinné tim zabratiuje dalSimu rozvoji poskozeni i1 vzniku
nevratnych zmén.

Substrat reduk¢éni terapie Spociva v redukcei celkového mnozstvi substratu — glukosylceramidu
na hodnotu, kterou je schopen deficitni enzym s urCitou rezidudlni aktivitou rozstépit a
zmirnit tak stfadani. Peroralnim podanim miglustatu (N-butyl-deoxynojirimycin) dochazi
K inhibici enzymu glukosyltransferazy, ktery jinak umoziuje vznik glukosylceramidu
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z glukézy a ceramidu. Poprvé byla tato terapie testovana v roce 1998 a ukézala zlepSeni
klinickych pfiznakl u pacienti bez neurologickych symptomut (Cox, Lachmann et al. 2000).
Vyuzivaji ji pfedevSim pacienti, u kterych nelze pouzit ERT. V soucasné dob¢ je v klinické
studii dalsi ptipravek eliglustat tartrat.

Vyhledové se predpoklada, ze kromé enzymové substitucéni a substrat redukéni terapie bude

mozno vyuzivat cilenou 1é¢bu chaperony ¢i genovou terapii.

1.4.3.1 Gen GBA

Gen pro glukocerebrosidazu (GBA) se nachazi na chromosomu 121 (Ginns, Ryu et al. 1985),
bylo v ném popsano vice nez 300 mutaci (Hruska, LaMarca et al. 2008), zahrnuji mutace
nesmyslné, se zménou smyslu, s posunem c¢teciho ramce, inzerce a delece. Mezi nejcastéjsi
mutace patii N370S a L444P. N370S se vyskytuje u cca 75 % pacienti z populace
Askenazskych 7idi a 30 % ostatnich pacientll typu 1. Homozygoti s mutaci N370S mivaji
obvykle mirny fenotyp, i kdyz asi 10 % z nich ma stfedn¢ tézky ¢i zavazny prubéh nemoci,
pri¢ina neni zndma. L444P se svysokou frekvenci vyskytuje u pacienti 2. a 3. typu
s neurologickymi symptomy (Tsuji, Choudary et al. 1987; Tsuji, Martin et al. 1988).

Gen obsahuje 11 exont a 10 intrond, pokryva oblast 7,2 kb. Promotor se nachazi
Vv bezprostiedni blizkosti exonu 1 ve sméru 3°- 5, obsahuje dva TATA boxy a dva CAT boxy,
nenachazi se zde zadny GC motiv pro vazbu transkripéniho faktoru Sp1 (Horowitz, Wilder et
al. 1989). V proximalni ¢asti promotoru se nachazi regulacni elementy, nékteré z nich maji
vliv na expresi pouze ve specifickych tkanich, dva elementy nalezené v exonu 1 jsou
nepostradatelné pro expresi glukocerebrosidazy (Doll, Bruce et al. 1995). V promotorové
oblasti byly popsany ¢tyfi motivy pro vazbu transkripénich faktord AP-1, PEA3, OBP (OCTA
vazebny protein), CBP (CAAT vazebny protein), které jsou zodpovédné za rtiznou expresi
genu GBA (Moran, Galperin et al. 1997). Dalsi regulacni elementy byly popsany
v konzervovanych nekodujicich oblastech v blizkosti GBA genu, byly ovéfeny analyzou
vazby transkripCnich faktord a reporterovou eseji v riznych bunénych liniich (Blech-
Hermoni, Ziegler et al. 2010).

Prestoze je B-Gluc exprimovana ve vSech tkanich, mnozstvi MRNA se Vv riznych bunéénych
liniich lisi, coz svéd¢i o moznosti tkanove specifické regulace (Reiner and Horowitz 1988).
Exprese mRNA nekoreluje s enzymovou aktivitou ve vsech tkanich, proto se predpoklada, ze
aktivita B-Gluc je regulovana jesté¢ jinymi mechanismy (Doll and Smith 1993). Exprese B-

Gluc je zavisla na piitomnosti regulacnich elementd vexonu 1, regulacni elementy
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nachazejici se ve sméru 3’-5'od TATA boxu maji pouze maly vliv na transkripéni aktivitu
(Doll, Bruce et al. 1995).

16 kb od funk¢niho genu ve sméru transkripce GBA se nachazi vysoce homologni pseudogen
(GBAP) (Horowitz, Wilder et al. 1989; Zimran, Sorge et al. 1990). V porovnani s genem se
v sekvenci GBAP nachazi 55 bp dlouha delece v exonu 9 a nékolik set bazi dlouhé delece
Vv intronech 2, 4, 6, a 7, dale se lisi jednobazovymi zmé&nami. Exonova sekvence pseudogenu
je 296 % identicka genu. Na rozdil od vétSiny pseudogenii je GBAP piepisovan, nema vsak
zadny dlouhy otevieny Cteci ramec.

GBA lezi v genové bohaté oblasti, v okoli 85 kb se nachazi 7 genl a dva pseudogeny (Long,
Winfield et al. 1996). Nejblizsi gen je metaxin 1 (MTX1), je piepisovan v opaéném smeéru nez
GBA. V oblasti mezi GBA a GBAP lezi pseudogen (MTXP), vznikl tandemovou duplikaci této
oblasti spole¢né s GBAP. Oba pseudogeny se nachazi pouze u ¢lovéka a primati, k duplikaci
ziejm¢ doslo pred 25-40 miliony let (Winfield, Tayebi et al. 1997). Promotory obou
pseudogenti se vzajemné piekryvaji. V blizkosti tohoto lokusu se nachézi jesté dalsi gen,
trombospondin 3 (THBS3), jehoz promotor se prekryva s promotorem pro MTX1 (Bornstein,
McKinney et al. 1995) (obr. 1.5).

ehriez2) (RN I DN TN S IENE BN

0 10 20 30 40 50 60 70 kb
L 1 1 1 1 '

MUC1 THBS3 MTX1 GBAP MTXP GBA FAM189B SCAMP3  CLK2

\\
A\}

Obrazek 1.5: Okoli genu GBA a jeho pseudogenu

MTX1 a MTXP znazornéné pod linkou jsou pfepisovany Vv opa¢ném sméru nez GBA a ostatni geny.
Promotory GBAP a MTXP se vzajemné piekryvaji stejn€ jako promotory THBS3 a MTX1. Obrazek byl
upraven podle Winfield et al., 1997 (Winfield, Tayebi et al. 1997).

1.4.4 Mukopolysacharidozy
Je to skupina 11 dédi€nych lysosomélnich onemocnéni, které jsou zpusobeny deficitem
nékteré¢ho z enzymu podilejiciho se na degradaci glykosaminoglykanti (mukopolysacharidit) -

dermatan sulfatu, keratan sulfatu, heparan sulfatu, chondroitin sulfatu a hyaluronanu. Deficit
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nékteré¢ho z téchto enzymi vede k hromadéni neodbouranych glykosaminoglykant ve tkdnich
a organech a zpusobuje jeden ze 7 typi mukopolysacharidoz (MPS) (obr. 1.6).

MPS se jako celek vyskytuji v populaci zhruba s frekvenci 1 : 22 000, prevalence
jednotlivych typu je mnohem nizsi, frekvence vyskytu se lisi regionalné (Meikle, Hopwood et
al. 1999).

Vsechna onemocnéni jsou autozomalné recesivni s vyjimkou MPS II, kterd je X-vadzana
(Hopwood, Bunge et al. 1993). U pacienti bylo popsano mnoho mutaci pro vSechny typy

wewvr

projeviim nez mutace se zménou smyslu.

Klinické znaky jsou podobné u vSech typtt MPS, patii mezi né chronicky a progresivni
prubéh, zvétseni organt, poruchy vyvoje kosti atd. Jsou klasifikovany do tii hlavnich skupin,
1. skupinu tvofi pacienti s vyraznym visceralnim fenotypem (MPS I, I, VI, V1) s klinickymi
piiznaky - zvétSena jatra a slezina, srde¢ni poruchy, dysostosis multiplex. Do 2. skupiny se
fadi pacienti s prevazné neurodegenerativnim fenotypem (MPS 1ll) projevujicim se
progredujicimi neurologickymi ptiznaky se za¢atkem mezi 2. a 6. rokem zivota a méné
vyraznymi visceralnimi a kostnimi ptiznaky nez u prvni skupiny. 3. skupinu tvoii pacienti se

skeletalnim fenotypem (MPS IV) projevujicim se kostni dysplazii.

1.4.4.1 Mukopolysacharidéza I1IC

Mukopolysacharidoza IIIC (MPS IlIC) neboli Sanfilippuv syndrom typu C je vzacné
autozomalné recesivni onemocnéni zpusobené deficitem enzymu acetyl-CoA:a -glukosaminid
N-acetyltransferazy (N-acetyltransferazy), coz vede k nedostate¢né degradaci heparan sulfatu
(obr. 1.6). Heparan sulfat je linearni polysacharid, ktery je soucasti proteoglykanti na povrchu
buiiky nebo v extraceluldrni matrix.

MPS HIC pacienti byli poprvé identifikovani na bazi metabolickych studii a az v letech 1972-
1980 byli rozd¢leni do ¢tyi podtypi podle deficitu prislusného enzymu (Valstar, Ruijter et al.
2008). Sanfilippav syndrom typu C byl identifikovan u 11 pacienta s piiznaky MPS III a
deficitem N-acetyltransferazy (Klein, Kresse et al. 1978; Klein, van de Kamp et al. 1981).
Prevalence MPS IIIC je velmi nizkd, v Australii, Portugalsku a Holandsku byla odhadnuta na
0,07, 0,12 a 0,21 na 100 000 ziveé narozenych (Feldhammer, Durand et al. 2009).

Vsechny podtypy MPS III maji podobné klinické ptiznaky s nastupem mezi 2. a 6. rokem
Zivota a postupnym zhorSenim funkce CNS, coz vede Kk zavaznym neuropsychiatrickym

porucham, mentéalni retardaci, ztraté sluchu a feci, poruchdm spanku. Somatické projevy jsou
19



zpoCatku mirné, objevuji se obvykle az Vv prubéhu dospivani, zahrnuji kraniofacidlni
dysmorfii, hypertrich6zu, lehkou hepatomegalii a dysostosis multiplex (Bartsocas, Grobe et
al. 1979).

MPS III je diagnostikovana méfenim mnozstvi glykosaminoglykana vylouc¢enych v moci, ale
konkrétni podtyp onemocnéni je nutno stanovit na enzymatické a molekularné genetické
urovni. Zatim neexistuje zadna G¢inna terapie pro 1écbu pacientll. V soucasné dob¢ je ve fazi
klinického testovani substrat reduk¢éni terapie pomoci genisteinu, ktery inhibuje syntézu

glykosaminoglykant a omezuje jejich stiadani (Malinova, Wegrzyn et al. 2012).

A B
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@OQOQOQO-9|c | Hurlerové-Scheielly  |a-iduronidaza heparan+dermatan sulfat
0® l N o® NAc | Hunterty iduronat sulfatéza heparan+dermatan sulfat
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Obrazek 1.6: Degradace heparansulfatu a typy MPS

Deficit enzymu v reakci oznacené ¢islem koresponduje s pfislusnym onemocnénim. 1-MPS Il, 2-MPS
I, 3-MPS IIA, 4-MPS 11IC, 5-MPS I1IB, 6-zadné onemocnéni neni znamo, 7-MPS VII, 8-MPS 111D
Obrazek prevzat z Neufeld, 2006 (Neufeld E. F. 2006) (A). MPS V a VIII byly chybn¢ identifikovany
a nejsou pouzivany (B).

1.4.4.1.1 N-acetyltransferaza
N-acetyltransferaza neni na rozdil od ostatnich enzymii Uc¢astnicich se degradace heparan

Je zakotvena vV lysosomalni membrané
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glukosaminovych zbytkli heparan sulfatu, ktery nemtize byt pfimo hydrolyzovén. Bylo
publikovano nékolik moznych mechanismi vysvétlujicich transmembranovou acetylaci,
nejvice uznavany je tzv. ping-pongovy mechanismus. K acetylaci je vyuzivana acetylova
skupina cytozolového acetyl-CoA, a protoze by doslo k jeho rychlému odbourani v kyselém
prostiedi lysosomu (Rome, Hill et al. 1983), je acetylova skupina nejprve ptenesena na
histidinovy zbytek N-acetyltransferazy a translokovana pies lysosomalni membranu do lumen
lysosomu, kde je nasledné pienesena na glukosaminovy zbytek heparan sulfatu (Bame and
Rome 1986; Bame and Rome 1986). Tento mechanismus byl podpofen studii, ve které byla
N-acetyltransferaza acetylovana [**C] acetyl-COA V nepfitomnosti glukosaminu (Ausseil,
Landry et al. 2006). Alternativni mechanismus piedpoklada pteneseni acetylové skupiny
cytozolového acetyl-CoA na glukosaminovy zbytek heparan sulfatu vytvofenim nahodné
uspofadaného ternarniho komplexu (Meikle, Whittle et al. 1995). Nasledna studie se piiklani
k tomuto mechanismu, nebot’ pii inkubaci N-acetyltransferazy s [°H] acetyl-CoA nedoslo
k vytvoteni acetylovaného proteinového meziproduktu (Fan, Tkachyova et al. 2011).
N-acetyltransferaza obsahuje 11 transmembranovych domén a 5 N-glykosyla¢nich mist, (Fan,
Zhang et al. 2006; Hrebicek, Mrazova et al. 2006).

N-acetyltransferaza neni strukturné podobna zZadnym zndmym eukaryotnim ¢i prokaryotnim
N-acetyltransferazam ani dal§im lysosomalnim proteinim. Sdili homologii s konzervovanou
rodinou dosud necharakterizovanych bakterialnich membranovych proteini COG 4299. Je
zfejm¢ jedinym eukaryotnim piedstavitelem této strukturni tfidy proteind (Fan, Zhang et al.
2006; Hrebicek, Mrazova et al. 2006).

1.44.1.2 Gen HGSNAT

Gen pro N-acetyltransferazu (HGSNAT) byl identifikovan v roce 2006 dvéma nezavislymi
skupinami (Fan, Zhang et al. 2006; Hrebicek, Mrazova et al. 2006). Nachazi se na
chromosomu 8 v pericentromerické oblasti, obsahuje 18 exonti a koduje protein o velikosti 73
kDa.

V genu HGSNAT bylo identifikovano vice nez 60 mutaci v€etné mutaci nesmyslnych, se
zménou smyslu, sestfihovych, inzerci a deleci (Feldhammer, Durand et al. 2009; Canals,
Elalaoui et al. 2011).

Promotor genu nebyl dosud charakterizovan, 5" konec transkriptu je vysoce GC bohaty.

.....

.....
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ATG v pozici +1 (downstream, 1. ATG) (Fan, Zhang et al. 2006; Hrebicek, Mrazova et al.
2006; Fan, Tkachyova et al. 2011) a v nékterych ATG v pozici -84 (upstream ATG)
(Feldhammer, Durand et al. 2009; Durand, Feldhammer et al. 2010).

1.5 Promotory
Promotor je regulacni oblast DNA, ktera idi transkripci genu. Obsahuje specifickou sekvenci
DNA, kterd je rozpozndna proteiny — transkripnimi faktory. Eukaryotické promotory se
velmi 1i8i a neni jednoduché je charakterizovat, vysledky nedavnych studii je d€li do vice nez
10 skupin (Gagniuc and lonescu-Tirgoviste 2012). Takzvany core promotor tvoii 40-50 bp
dlouhd sekvence DNA obklopujici zacatek transkripce, ktera je zodpoveédnad za iniciaci
transkripce pomoci RNA polymerazy II (Smale 2001). V této oblasti se nachazi nékolik
sekvencnich motivii zodpoveédnych za iniciaci transkripce — TATA box, Inr (iniciator), BRE
(TFIIB rozpoznavaci element), DPE (downstream core promoter element), MTE (motif ten
element) (obr. 1.7). Zadny z téchto elementii se nevyskytuje ve viech promotorech, TATA
box miize fungovat bez pfitomnosti BRE, Inr a DPE, zatimco DPE vyzaduje pfitomnost Inr
(Smale and Kadonaga 2003). Neexistuje Zadna univerzalni sekvence v core promotoru.
TATA box (tzv. Hognesstiv box) je AT bohata sekvence, ktera se nachazi 25-30 bp od
zacatku transkripce ve sméru 3’- 5. Na konven¢ni sekvenci TATAA se vaze transkripéni
faktor TBP (TATA box vazebny protein), coz je podjednotka transkripéniho faktoru IID,
kodujicich proteiny (Yang, Bolotin et al. 2007), je spojovan s tkanoveé specifickymi
promotory.
Inr je funkéné podobny TATA boxu, mize fungovat nezavisle nebo v kombinaci s TATA
boxem. Konven¢ni sekvence pro Inr obklopuje zacatek transkripce, je charakteristicky
pfitomnosti adenosinu v pozici +1, cytosinu v pozici -1 a nékolika pyrimidint v okoli
(Corden, Wasylyk et al. 1980). Umoznuje vazbu transkripéniho faktoru IID (Kaufmann and
Smale 1994).
DPE lezi 28-32 bp od zacatku transkripce ve sméru 5°-3", obvykle se vyskytuje spole¢né s Inr
elementem. VétSinou se nachazi v promotorech postradajicich TATA box (Kutach and
Kadonaga 2000).
BRE se nachazi ve sméru 3’- 5” v blizkosti TATA boxu, jeho konvenc¢ni sekvence bohata na

guanin a tymin umoziuje vazbu transkripéniho faktoru IIB (Lagrange, Kapanidis et al. 1998).
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MTE lezi 18-27 bp od zacatku transkripce ve sméru 5°-3°, umoznuje vazbu transkripéniho
faktoru IID spole¢né s Inr, funguje nezavisle na TATA boxu a DPE (Lim, Santoso et al.
2004).

Nékolik set bp od zacatku transkripce ve sméru 3'- 5° se nachazi proximalni promotor
obsahujici mnoho regula¢nich elementtl, na které se vazi transkrip¢ni faktory, které zesiluji
nebo zeslabuji transkripéni aktivitu. Mezi nejznaméjsi patii CTF, ktery se vaze na CAT box,
Spl na GC box, Oct-1 a Oct-2 na Octamer, NFkB na kB. Kazdy eukaryotni gen ma
V proximalnim promotoru alespoii jeden z téchto elementd.

Distalni promotor lezi n¢kolik 100 az 1000 bp od zacatku transkripce ve sméru 3°-5", muze
obsahovat dal$i regulacni elementy - enhancery, které ovliviiuji transkripéni aktivitu, casto

jsou tkanové specifické. Kazdy gen muize byt regulovan nékolika rGznymi kontrolnimi

elementy.
-37a2-32 -31a2-26 -2az+4 +28 a2 +32
BRE TATA box Inr DPE
ggf coee TATA'_I_AAS F"y‘F"y‘ANlF"fF"f é G$ _(?S
c

Obrazek 1.7: Motivy v core promotoru
Obrazek znazornuje sekvenéni motivy zodpovédné za iniciaci transkripce. Obrazek prevzat z Smale
and Kadonaga, 2003 (Smale and Kadonaga 2003).

151 CpG ostrivky

Zhruba polovina promotorovych oblasti u savci se nachazi v oblasti CpG ostruvka (Suzuki,
Tsunoda et al. 2001). CpG ostrivky jsou kratké rozptylené sekvence s vysokou frekvenci
CpG dinukleotidii v porovnani s celou sekvenci genomu (Larsen, Gundersen et al. 1992).
CpG ostruvky v promotorovych oblastech genti jsou nemetylované a jsou tak ptistupné pro
vazbu transkripénich faktorti, zatimco vétSina CpG mist v lidském genomu je metylovéna.
Metylace DNA je jeden z mechanismt epigenetické kontroly genové exprese, pii kterém
dochdzi k pfipojeni metylovych skupin na cytosin, po némz nasleduje guanin. Je spojena s
inaktivaci genti, metylace bud’ brani vazb¢ transkripénich faktori, nebo umoziuje vazbu

inhibi¢nich komplexi, které vedou k prestavbé chromatinu do inaktivni podoby.
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V blizkosti CpG ostriivku se obvykle nenachézi TATA box, nachazi se zde nékolik zacatkt
transkripce a nékolik vazebnych mist pro transkripéni faktor Spl, ktery fidi iniciaci
transkripce u promotort postradajicich TATA box (Blake, Jambou et al. 1990).

CpG ostrivky se nachazi na 5’konci vSech housekeeping genit a u 40 % genl s tkanove

specifickou expresi (Larsen, Gundersen et al. 1992).

1.5.2 Promotory housekeeping genu

Housekeeping geny jsou geny nutné pro udrZzeni zakladnich funkci buriky, jsou exprimovany
ve vSech typech bunék a vyvojovych stadiich (Butte, Dzau et al. 2001). Promotory
housekeeping gent jsou charakteristické tim, ze postradaji regulacni sekvence jako TATA
box a CAT box (Butler and Kadonaga 2002), jsou velmi GC bohaté, CpG ostravky se
obvykle piekryvaji S misty zacatku transkripce (Gardiner-Garden and Frommer 1987).
V oblasti CpG ostrivkil se nachazi vazebna mista pro Spl a spolecné s Inr elementy muze
spoustét transkripci bez pritomnosti TATA boxu (Smale and Kadonaga 2003). Vétsina
housekeeping gent ma promotory s CpG ostrivky, zatimco u tkanoveé specifickych gend jsou
Casto piitomny promotory bez TATA boxu i bez CpG ostruvki a pouze minimum z nich

vyuziva promotor s TATA boxem (Zhu, He et al. 2008).

1.5.3 Alternativni promotory

Alternativni promotory umoziuji vznik nékolika transkriptd z jednoho genu, které se liSina 5°
konci. Reguluji transkripci u téméf poloviny lidskych genti (Baek, Davis et al. 2007). Vétsina
genl s alternativnimi promotory dava vznik transkripénim variantdm se stejnou kodujici
sekvenci, tudiz vznika identicky protein. V nékterych ptipadech jsou transkripty vzniklé
z riznych promotort piekladany do riznych proteinovych izoforem, které se lisi na N-konci.
Ziidka se stava, ze alternativni promotory koduji transkripty, které jsou prekladany v raznych
¢tecich ramcich a davaji vznik proteinim s riznou funkci (Landry, Mager et al. 2003).
Alternativni promotory mohou byt vyuzivany pro tkanovée specifickou kontrolu exprese genu,
promotor spousti transkripci genu pouze v ur€ité tkani, ve které je vysledny protein potieba.
Alternativni promotory nékterych genti mohou byt rizné vyuzivany béhem vyvoje, kdy je
exprese fizena z jednoho promotoru v urcité fazi vyvoje a z jiného promotoru v pozdéjsi fazi

(Landry, Mager et al. 2003).
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2 Cile a pracovni hypotézy

Predmétem této prace byla charakterizace promotorovych oblasti dvou genu (GBA a
HGSNAT) jejichz mutace vedou k lysosomalnim stfadavym onemocnénim (Gaucherové
chorobé a mukopolysacharidoze IIIC), dale biochemické studie na mySim modelu MPS
I11C a purifikace lysosomalnich membran pro budouci charakterizaci enzymu deficitniho u
MPS IHIC.

Promotor genu GBA byl popsan vroce 1989 vcetné regulacnich elementii ovliviijicich
genovou expresi. V raznych databazich jsme vSak nalezli alternativni transkripty, které
obsahuji na svém 5 konci jeden nebo dva exony navic, jejichz sekvence neodpovida sekvenci
v tseku DNA mezi jiz charakterizovanym promotorem a prvnim exonem, coz svéd¢ilo pro
hypotézu, ze gen GBA miize mit alternativni promotor. Hlavnim ukolem bylo ovéfit, zda tento
promotor skutecné existuje a jak ovliviiuje genovou expresi GBA V riznych tkanich. Dalsi
otazkou, kterou jsem se zabyvala, byla moznost rozdilného vyuziti obou promotorti v riznych
tkanich. Doposud neni jasn€ vysvétleno, pro€ se vyskytuji vyrazné odlisné klinické prabéhy
Gaucherovy choroby u pacientil se stejnym genotypem. DalSim dil¢im ukolem této prace bylo
oveiit, zda by fenotypova odlisSnost nemohla byt vysvétlena riznou expresi mutantni
glukocerebrosidazy diky variantdm v obou promotorech nebo v nové nalezenych nekodujicich
exonech.

Vyrazné stiadani lipidd je u Gaucherovy nemoci pfitomno vyhradné v makrofazich, proto
jsem dale zkoumala, zda alternativni promotor neni odlisné vyuzivan pii pfeméné monocytl
na makrofagy.

Gen HGSNAT byl objeven teprve v roce 2006 a neni znamo nic o regulaci jeho exprese.
Ctecim ramci. Nasim cilem bylo zjistit, zda jsou transkripty pfepisovany z obou ATG, nebo
zda je jeden z kodonid vyuzivan piednostné. Hlavnim tkolem bylo charakterizovat sekvenci
promotoru a popsat regulacni oblasti v€etné vazebnych mist pro transkripcni faktory. Dale
jsem ovétovala, zda zmény v promotorové sekvenci ovliviiuji genovou expresi HGSNAT u
pacientt S MPS HlIC.

Dal§im ukolem bylo zjistit, zda dochazi ke zvySené autofagii a abnormalni ubikvitinylaci
proteinli v mozku mysSiho modelu MPS IIIC, coz miZe pfispét k pochopeni patogenetickych

zmén v neuronech. Podilela jsem se na detekci LC3-11 v mozcich rizné starych mysi.
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V dalsi studii jsem se zabyvala optimalizaci metody pro izolaci lysosomalnich membran.
Izolované lysosomélni membrany ndm umozni studovat lysosomalni membranové proteiny,

konkrétné N-acetyltransferazu.
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3 Metody

3.1 Obecné metody

3.1.1 Piiprava genomové DNA (QDNA)

gDNA byla izolovéna z leukocyti Zilni krve, jaterni tkan¢ a placenty standardni fenol-
chloroformovou extrakei (Gilbert and Vance 2001) nebo s pouzitim kitu QiaAmp® (Qiagen,
Hilden, Némecko).

3.1.2 lzolace RNA

Celkova RNA byla izolovéana z vendzni krve z leukocyti, jaterni tkané a placenty metodou
Chomczynskiho a Sacchi (Chomczynski and Sacchi 1987) za pouziti Trizol®Reagentu
(Invitrogen, Carlsbad, CA, USA).

3.1.3 Piiprava komplementarni DNA (CDNA)

Z celkové RNA izolované podle 3.1.2. a z komeréné¢ dodavané celkové RNA (Human
Placenta Total RNA, FirstChoice® Human Total RNA Survey Panel - Life Technologies,
Foster City, CA, USA) byla reverzni transkripci pfipravena cDNA pomoci kitu High Capacity
RNA-to-cDNA™ (Life Technologies).

3.1.4 Meéieni koncentrace DNA a RNA

Koncentrace a kvalita gDNA, cDNA, DNA izolované¢ zagar6zového gelu nebo
Z bakterialnich kultur a RNA byla méfena na piistroji Nanodrop® ND-1000 Spectrometer
(Thermo Scientific, Wilmington, DE, USA).

3.1.5 Méreni koncentrace proteint

Koncentrace proteinll byla stanovena pomoci metody Bradfordové (Bradford 1976). Vzorky
byly inkubovany s Bradfordovym ¢inidlem (Sigma-Aldrich, St. Louis, MO, USA) a nasledn¢
byla méfena absorbance o vlnové délce 595 nm na multidetekénim destickovém readeru
Synergy 2 (Dialab, Wiener Neudorf, Rakousko). Jako standard pro sestaveni kalibracni
rovnice byl pouzit bovinni sérovy albumin (BSA) (Thermo Scientific, Wilmington, DE,
USA).

3.1.6 DNA elektroforéza v agarézovém gelu

1% agaroza (Serva Electrophoresis GmbH, Heidelberg, Némecko) byla smichana s 1x BB

pufrem (10mM Na2B4O7*10H.0) a rozpusténa V mikrovinné troub¢é. Pied nalitim do
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elektroforetické vany byl gel vychlazen na cca 40°C. V piipad¢ izolace DNA fragmentu
z gelu byla do gelu pfidana barvicka GelRed (Biotium, Hayward, CA, USA). Po ztuhnuti byl
gel pielit 0,5x BB pufrem. Vzorky byly smichany s 6x Loading dye (Thermo Scientific,
Wilmington, DE, USA) a GelRed v pfipadé, Ze barvicka nebyla pfidana ptimo do gelu.
Vzorky spolecné s DNA hmotnostnim zebfikem byly nandSeny na gel a elektroforéza
probihala pfi intenzit¢ 10V/cm. Vizualizace DNA byla provedena na UV translumindtoru

(Vilber Lourmat, Marne-la-Vallée cedex, Francie).

3.1.7 Izolace DNA fragmentu z agarézového gelu

DNA fragmenty separované v agar6zovém gelu byly vyfiznuty skalpelem a rozpoustény pii
55°C v DNA vazebném pufru piislusného kitu - Wizard® SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA) nebo High Pure PCR Product Purification Kit (Roche, Basel,

Svycarsko). Nasledn& byly fragmenty zachyceny na kolonce, pieistény a eluovény.

3.1.8 Klonovani DNA a izolace plasmidu

Klonovani do TOPO® vektorti (pCR®4 a pCR®-XL) bylo provedeno podle protokolu vyrobce
pomoci klonovaciho kitu TOPO® TA (Life Technologies, Foster City, CA, USA). Pro
transformaci bylo pouzito 50 pl kompetentnich bunék TOP10 (Life Technologies).
Transformace byla provedena bud’ teplotnim Sokem pii 42°C, 30 s, nebo elektroporaci na
ptistroji E. coli Pulser (Bio-Rad, Hercules, CA, USA), kdy byly buiiky vystaveny impulsu
elektrického napéti o velikosti 2,5 kV. Thned po transformaci bylo k buiikam ptidano na 37°C
piedehiaté medium SOC (2% Tryptone, 0,5% Yeast Extract, 10 mM NaCl, 2,5 mM KClI, 10
mM MgClz, 10 mM MgSOs, 20 mM glukéza). Bunééna suspenze byla poté inkubovana 1h pii
37°C za stalého tfepani. Po inkubaci byly buiiky natfeny na Petriho misky s LB agarem (15 g
agaru/l | LB media (1% Tryptone, 0,5% Yeast Extract, 1% NaCl, pH7.0)) a piisluSnym
antibiotikem pro selekci a byly inkubovany ptes noc pii 37°C. Narostlé kolonie byly
pfeneseny a kultivovany ptes noc pii 37°C v LB médiu s pfislusSnym antibiotikem za stalého
ttepani. Narostld bunéfnd kultura byla centrifugovdna a peleta byla resuspendovéana
V lyza¢nim pufru pouzitého kitu. Izolace plasmidové DNA byla provedena pomoci kitl
FastPlasmid™ Mini Kit (Eppendorf, Hamburg, Némecko) a JETquick Plasmid Miniprep Spin
Kit (Genomed, Lohne, Némecko), v pipadé nasledné transfekce se pouzival PerfectPrep™
EndoFree Plasmid Maxi Kit (Eppendorf). DNA sekvence insertd byla ovéfena pfimym

sekvenovanim (viz. 3.1.11).
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3.1.9 Polymerazova fetézova reakce (PCR)

Vsechny PCR reakce byly provedeny podle obecnych protokolt (Kramer 1999) pomoci
primeru (viz. 6 Tabulky) navrzenych v programu Oligo 6 software (Molecular Biology
Insights, Cascade, CO, USA) a syntetizovanych firmou Generi Biotech (Hradec Kralové, CR)
(tab. 1,3,4) a riznych templatti (gDNA, cDNA, plasmidové DNA) na termalnim cykleru DNA
Engine Dyad® Thermal Cycler (BioRad, Hercules, CA, USA) nebo Mastercycler® nexus
(Eppendorf, Hamburg, Némecko). Kazda amplifikace probihala za specifickych podminek
s pouzitim KlenTaq polymerazy (GeneAge Technologies, Praha, CR) nebo v kombinaci

s DeepVent polymerazou (New England Biolabs, Ipswich, MA, USA).

3.1.10 Real-time PCR

Primery a TagMan sondy (tab. 2) byly navrzeny pomoci programu Primer Express 3.0
software (Life Technologies, Foster City, CA, USA) tak, aby jejich anela¢ni teplota byla 60°C
a syntetizovany firmou Life Technologies. Celkové mnozstvi reakéni smési bylo 20 pul
obsahujici 2 ul cDNA ziskané reverzni transkripci Human Placenta Total RNA a FirstChoice®
Human Total RNA Survey Panel (Life Technologies) (viz. 3.1.3), 1 ul TagMan sondy a 10 pl
TagMan® Universal PCR Master Mixu (Life Technologies) obsahujiciho AmpliTag Gold®
DNA Polymerazu, AmpErase® Uracil N-Glykosyldzu (UNG), nukleotidy véetné dUTP a
pasivni referenci ROX. Amplifikace probihala v 96-jamkové desti¢ce na piistroji StepOne™
Real-Time PCR System (Life Technologies). VSechny amplifika¢ni reakce zacinaly inicialni
inkubaci 2 min. pfi 50°C, cozZ je nutné pro optimalni ptisobeni UNG a denaturaci 10 min. pfi
95°C, nasledovalo 40 cykld 15 s pii95°C a 1 min. pfi 60°C. Pro vSechny sondy byly
vytvofeny standardni kiivky pomoci 10ti-nasobného sériového fedéni gDNA nebo
oligonukleotidi obsahujicich sekvenci primerti a sond (Generi Biotech, Hradec Kralové, CR),
byl vypocitan korelac¢ni koeficient a U¢innost reakce. VSechny standardy a vzorky byly
pfipravovany v duplikatech. V kazdé desti¢ce byla zahrnuta negativni kontrola bez templatu.
K normalizaci byly pouzity sondy pro dva bézné¢ pouzivané housekeeping geny
glyceraldehyd-3-fosfat dehydrogenazu (GAPDH) a beta-aktin (ACTB) komer¢né dodavané
firmou Life Technologies. Kvantifikace byla provedena metodou kalibraénich kiivek a

komparativni AACq metodou (Bustin, Benes et al. 2009).

3.1.11 Sekvenovani
Veskeré sekvenovani bylo provadéno na kapilarnich sekvenitorech ABI Prism® 3100-

Avant™ Genetic Analyzer a 3500xL Genetic Analyzer (Life Technologies, Foster City, CA,
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USA). Pro piipravu sekvena¢ni reakce byl pouzit BigDye®

Terminator v3.1 Cycle
Sequencing Kit (Life Technologies). Soucasti kitu jsou ddNTPs, kazdy znaceny jinou
fluorescencni barvou, coz umoziiuje pouziti neznaCeného primeru pro sekvenovani.
Templatova DNA byla piecisténa etanolovou precipitaci nebo kitem BigDye XTerminator®
Purification Kit (Life Technologies) podle protokolu vyrobce. Pro sekvenovani byl pouzit
teplotni program s uvodni denaturaci 60 s pti 96°C, naslednymi 25 cykly 10 s denaturace pfi
96°C, 5 s annealing pii 50°C, a 4 min. elongace pii 60°C. Po ukonéeni programu byl ke
vzorkiim piidan Hi-Di™ Formamide (Life Technologies). Vzorky byly denaturovany 3 min.
pii 95°C a nasledné zchlazeny na ledu. Poté byly nasaty do kapilary vyplnéné polymerem

POP-6™ nebo POP-7™ (Life Technologies) a detekovany CCD kamerou. Ziskana data byla

analyzovana programem Sequencing Analysis Software v5.1 (Life Technologies).

3.1.12 SDS polyakrylamidova elektroforéza (SDS-PAGE)

Separa¢ni gel byl pfipraven smichanim roztoku akrylamidu/bis-akrylamidu (Sigma-Aldrich,
St. Louis, MO, USA), separac¢niho pufru (1,5 M Tris base, 13,9 mM SDS, pH 8,8), vody,
0,06% APS (Sigma-Aldrich) a 0,06% TEMED (Sigma-Aldrich). Smés byla nalita mezi
sestavena skla a prelita vrstvou vody. V piipad¢ separace na gradientovém gelu byla smés
michana v gradientovém mixeru (Sigma-Aldrich) a nalévéana za pouziti peristaltické pumpy
Varioperpex® II Peristaltic Pump (LKB, Bromma, Svédsko). Po 45 min. polymeraci byl
ptipraven zaostiovaci gel smichanim roztoku akrylamidu/bis-akrylamidu, zaostfovaciho pufru
(05 M Tris base, 13,9 mM SDS, pH 6,8), vody, 0,06% APS a 0,06% TEMED.
Zpolymerovany gel byl pfipevnén do aparatury MightySmall SE250 nebo SE260 (Hoefer,
San Francisco, CA, USA). Vzorky byly smichany spufrem 6x SDS PAGE (0,012%
bromfenolova modft, 30% glycerol, 0,347 M SDS, 6% B-merkaptoetanol) a pipetovany do
jamek v gelu. Elektroforéza probihala v pufru (192 mM glycin, 25 mM Tris base, 3,47 mM
SDS) pii napéti 100 V, po probehnuti vzorkll zaostfovacim gelem bylo napéti zvySeno na 160
V.

3.1.13 Western blot

Proteiny separované na SDS-PAGE byly pieblotovany na PVDF membranu Immobilon-P
(Millipore, Bedford, MA, USA) v polosuché blotovaci aparatute PHERO-multiblot (Biotec-
Fischer GmbH, Reiskirchen, Némecko). Blotovaci papiry a gel byly ekvilibrovany 20 min. v
blotovacim pufru (48 mM Tris Base, 39 mM glycine, 0,037% SDS, 20% metanol, pH 9,2),
membrana pouze 20 S Vmetanolu. Pfenos proteini na membranu probihal 1h pfi
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stabilizovaném proudu 1,6 mA/cm?. Poté byla membrana blokovana 1h v blokovacim pufru
PBS-T (137 mM NacCl, 2,7 mM KCI, 7,8 mM NazHPOs, 1,5 mM KH2POs4, pH 7,3, 0,05%
TWEEN20) s 3% albuminem (Serva Electrophoresis GmbH, Heidelberg, Némecko) a
nasledné promyta v PBS-T 3x po dobu 10 min. Membrana byla inkubovana 1h s ptislusnou
primarni protilatkou v PBS-T s 1% albuminem, znovu promyta a inkubovana 45 min. se
sekundarni protilatkou goat anti-mouse 1gG nebo goat anti-rabbit 19G (Thermo Scientific,
Rockford, IL, USA) konjugovanou s reporterovym enzymem — kienovou peroxidazou (HRP)
v PBS-T s1% albuminem. Po promyti membrany byl signdl vyvoldn pomoci
chemiluminiscen¢niho detekéniho Kitu SuperSignal West Femto Chemiluminescent Substrate
(Thermo Scientific, Rockford, IL, USA) a detekovan na pfistroji ChemigeniusQ (SynGene,
Cambridge, UK). VSechny inkubace a promyvani byly provedeny pii pokojové teploté za
stalého tfepani na piistroji Orbital Shaker OS-20 (Biosan, Riga, Loty$sko).

3.1.14 Bioinformatika
Referencni sekvence byly ziskany z databaze NCBI (http://www.ncbi.nlm.nih.gov/refseq/),

k vyhledavani  transkriptt a  ESTs byla pouzivana  databaze  GeneBank

(https://www.ncbi.nlm.nih.gov/genbank/) a UCSC Genome Browser (http://genome.ucsc.

edu/). K identifikaci vazebnych mist pro transkripéni faktory byly vyuzivany programy
TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.html), Matinspector (http://www.

genomatix.de/index.html) a Alibaba2 (http://www.gene-requlation.com/pub/programs.html

#alibaba?). Alignment exonu -2 a P2 promotoru GBA genu byl vytvofen z alignmentu
kompletnich genomti dostupnych z Galaxy (http://main.g2.bx.psu.edu/) (Goecks, Nekrutenko
et al. 2010).

3.2 Metody uzité pri identifikaci promotorovych oblasti

3.2.1 Identifikace za¢atku transkripce

Identifikace zacatku transkripce byla provedena metodou 5" RACE (Fromont-Racine, Bertrand
et al. 1993) pomoci kitii GeneRacer™ a FirstChoice® RLM-RACE (Life Technologies,
Foster City, CA, USA). 10 ug cekové RNA izolované z lidskych leukocytd, jater a placenty
nebo komeréni Human Placenta Total RNA (Life Technologies) (viz. 3.1.2) bylo inkubovano
s alkalickou fosfatazou (CIP) 1 h pti 37°C. Plnodélkova mRNA, ktera je chranéna ¢epickou a

neni defosforylovéana, byla piecisténa fenol-chloroformovou extrakci a etanolovou precipitaci.
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Nasledné byla cepicka odstranéna inkubaci s kyselou fosfatazou (TAP) a k mRNA byl
ligovan adaptorovy oligonukleotid pomoci T4 ligazy. Poté byla provedena reverzni
transkripce (viz. 3.1.3) a nested PCR (viz. 3.2.2) s 5’'RACE univerzalnimi primery a genové
specifickymi primery (tab. 1 a 4). Fragmenty cDNA byly pieCistény a sekvenovany (Viz.
3.1.11) bud’ ptimo nebo po klonovani do pCR4 vektoru. Pouzité enzymy byly soucasti kitu.

3.2.2 Nested PCR
Je zalozena na dvou po sob¢ nasledujicich amplifikacnich reakci. Prvni reakce byla provedena
s parem vn¢jSich primera (5'RACE univerzalni a genové specificky), druhé s parem vnitinich

primert (tab. 1) a jako templat slouzil PCR produkt z prvni reakce.

3.2.3 Real-time PCR pro zjisténi vyuziti za¢atka transkripce GBA

Primery a TagMan sondy byly navrzeny (viz. 3.1.10) tak, aby specificky nasedaly na sekvenci
ve sméru 3°-5" (sonda 1 a 2) a 5°-3" (sonda 3) (tab. 2) od zacatka transkripce nalezenych
metodou 5'RACE (viz. publikace 9.3, fig. 2). Pro kazdou sondu byly vytvofeny standardni
kiivky pomoci 10-nasobného sériového fedéni gDNA. Kvantifikace byla provedena metodou

kalibraénich kiivek.

3.2.4 Bisulfitové sekvenovani

K ovéteni, zda CpG ostrivky nachézejici se v oblasti promotoru jsou metylovany bylo
pouzito bisulfitové sekvenovani. gDNA izolovana (viz. 3.1.1) z krve od tii kontrolnich osob
byla nejprve oSetfena bisulfitem sodnym (Sigma-Aldrich, St. Louis, MO, USA) (Clark,
Harrison et al. 1994), ktery konvertuje nemetylované cytosiny na uracily, zatimco 5-metyl
cytosiny ponechava v nezménéném stavu. Takto oSetfena DNA slouZila jako templat pro
amplifikaci promotorové oblasti obsahujici CpG ostrivky. Primery byly navrzeny tak, aby
nasedaly na modifikovanou DNA (tab. 1 a 4). PCR fragmenty byly separovany v agar6zovém

gelu (viz. 3.1.6), izolovany (viz. 3.1.7) a nasledn¢ sekvenovany (viz. 3.1.11).

3.2.5 Transfekce bunék pro ChIP

5,5 ug vektoru pN3-Spl (darovaného od Prof. Guntrama Suskeho, Marburg, Némecko) bylo
transientné transfekovano do HepG2 (1x10° bungk) elektroporaci na piistroji Neon®
Transfection System (Life Technologies, Foster City, CA, USA) zapominek: Spicka 10 pl,
napéti 1230 V, sitka pulzu 20 ms, 3 pulzy. Paralelné¢ byl do bun€k za stejnych podminek

transfekovan pEGFP jako kontrola uc¢innosti transfekce.
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3.2.6 Chromatinova imunoprecipitace (ChIP)

ChIP byla provedena pomoci ChIP kit (Abcam, Cambridge, UK). HepG2 transfekované pN3-Spl byly
promyty fosfatovym pufrem PBS (137 mM NaCl, 2,7 mM KCI, 7,8 mM Na;HPO4, 1,5 mM
KH2POg4, pH 7,3) a fixovany 10 min. v 1% formaldehydu (Sigma-Aldrich, St. Louis, MO,
USA). Poté byly rozpustény v lyza¢nim pufru a DNA byla sonikovana na pfistroji E210
Focused-ultrasonicator (Covaris, Woburn, MA, USA) na fragmenty dlouhé 200 - 1000 bp.
Ziskany chromatin byl inkubovan s protilatkou anti-Sp1 (Abcam) a anti-Histone H3 (soucasti
kitu) pies noc pii 4°C. Komplex DNA-protein s navazanou protilatkou byl vychytan
agarozovymi kulickami s A/G proteinem. DNA byla poté pfecisténa a pouzita pro PCR
amplifikaci (viz. 3.1.9) s primery specifickymi pro usek HGSNAT promotoru

s predpokladanymi vazebnymi misty pro Spl a pro usek SLC22A18 promotoru s diive

charakterizovanymi Spl vazebnymi misty (tab. 4).

3.2.7 Exprese transkripti z P1 a P2 ve 20 riznych tkanich

Pro zjisténi stability exprese z P1 a P2 byly pouzity TagMan sondy 3 a 4 (tab. 2). Specificita
sondy 4 byla ovéfena absolutni kvantifikaci s oligonukleotidy komplementarnimi k GBA genu
a pseudogenu (Generi Biotech, Hradec Kralové, CR). Jako templat byla pouzita cDNA z 20
rliznych tkani prepsand z FirstChoice® Human Total RNA Survey Panel (Life Technologies,
Foster City, CA, USA) (viz. 3.1.3). Stabilita exprese GBA byla vypocitana pomoci programu
geNorm a NormFinder (Vandesompele, De Preter et al. 2002; Andersen, Jensen et al. 2004)

spole¢n¢ s dvéma housekeeping geny GAPDH a ACTB.

3.3 Meéreni luciferazové aktivity

3.3.1 Priprava konstruktii pro reporterovou esej

Rizné dlouhé oblasti predpokladanych promotort byly amplifikovany pomoci primert
obsahujicich na 5'konci restrikéni mista Kpnl nebo Xhol (tab. 1,3). Fragmenty DNA byly
pustény na 1% agarosovém gelu a izolovany (viz. 3.1.7). Precisténé fragmenty byly pfimo
klonovany do pCR®4 nebo pCR®-XL vektoru (Life Technologies, Foster City, CA, USA).
Narostlé kolonie byly ovéteny sekvenovanim (viz. 3.1.11) a pozitivni klony byly nésledné
Stépeny restrikénimi enzymy FastDigest Kpnl a Xhol (Thermo Scientific, Wilmington, DE,
USA). Restrikce probihala 5 min. pii 37°C, zaroven byl Stépen i vektor pGL4.16 (Promega,

Madison, WI, USA) nesouci tato restrikéni mista. Vektor pGL4.16 koduje luciferazovy
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reporterovy gen luc2CP (Photinus pyralis). Pomoci T4 DNA ligazy (Thermo Scientific) byly
nastépené fragmenty ligovany v orientaci sense i antisense do vektoru pGL4 pred

luciferazovy reporterovy gen. Sekvence konstrukti byly zkontrolovany sekvenovanim (viz.

3.1.11).

3.3.1.1 Cilena mutageneze

Delece a substituce promotorovych sekvenci byly vytvofeny pomoci kitu QuickChange XL
site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) (Shenoy and
Visweswariah 2003). Primery uvedené v tab. 1 a 4 byly navrzeny v programu QuickChange

Primer Design (https://www.genomics.agilent.com/primerDesignProgram.jsp). 125 ng

kazdého primeru bylo pouzito pro amplifikaci (viz. 3.1.9) pomoci PfuTurbo DNA
polymerazy. Jako templat slouzil plasmid nesouci pfislusnou promotorovou sekvenci. Po
probé¢hnuti PCR reakce bylo do zkumavky pifidano 10 U enzymu Dpnl a vzorek byl
inkubovan 1 h pti 37°C, kdy doslo k rozstépeni nemutované plasmidové dsDNA. Mutovany
plasmid byl transformovan (viz. 3.1.8) do XL-Gold® ultrakompetentnich bunék (Agilent
Technologies, Santa Clara, CA, USA). Spravnost mutovanych sekvenci byla ovéfena

sekvenovanim (viz. 3.1.11) narostlych kolonii. Pouzité enzymy byly soucasti kitu.

3.3.1.2 Kultivace bunéénych kultur pro transfekci

HepG2 buiiky byly kultivovany v 25 cm? lahvich v komeréné dodavaném mediu Opti-MEM
(Life Technologies, Foster City, CA, USA) obohaceném o antibiotika (1% penicilin, 1%
streptomycin) (Sigma-Aldrich, St. Louis, MO, USA) a 10% fetalni bovinni sérum (FBS)
(PAA Laboratories, Yeovil, UK). Kultivace byla provadéna v termostatu v atmosféie sycené
5% CO;, pii 37°C. Bunééna suspenze o hustoté 5 x 10* bunék na jamku bylo nasazeno do 24-

jamkové desticky a inkubovano 48 h v termostatu.

3.3.1.3 Transfekce a luciferazova esej

500 ng kazdého konstruktu bylo transfekovano do HepG2 bunék narostlych v 24-jamkovych
destickach pomoci transfekénich ¢inidel Tfx™ — 20 and FuGENE® HD Transfection Reagent
(Promega, Madison, WI, USA). Zaroven byl do bungk transfekovan prazdny pGL4 vektor
jako negativni kontrola a pEGFP jako kontrola transfekce. Spole¢né s reporterovym vektorem
pGL4 byl transfekovan vektor pRL-TK (Promega), ktery slouzi jako vnitini kontrola pro
eliminaci odchylek transfekéni u¢innosti. Vektor pRL-TK obsahuje cDNA kédujici luciferazu

Renilla, ktera byla ptvodné klonovana z moiského organismu Renilla reniformis. Po
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transfekci bylo k bunkam ptidano medium (viz. 3.3.1.2) a bunky byly inkubovany 48 h
v termostatu v atmosféte sycené 5% COz, pti 37°C. Po inkubaci byly buiiky oplachnuty PBS
(137 mM NaCl, 2,7 mM KClI, 7,8 mM Na;HPO4, 1,5 mM KH2POg4, pH 7,3) a lyzovany v 100
ml pufru PLB (Pasive lysis buffer, je soucasti kitu Dual-Luciferase® Reporter Assay System)
(Promega). Lyzované bunky byly centrifugoviany a supernatant byl pouzit pro méteni
luciferdzové aktivity reporterového genu pomoci kitu Dual-Luciferase® Reporter Assay
System. Chemiluminiscence byla méfena na luminometru (Berthold Technologies, Bad
Wildbad, Némecko), nejprve byla méfena aktivita svétluSskové luciferazy Photinus pyralis
piidanim substratu Luciferase assay Reagent II a poté aktivita luciferazy Renilla reniformis
piidanim substratu Stop & Glo®. Luciferdzova aktivita byla vyjadiena jako pomér
luminiscence Photinus pyralis ku Renilla reniformis po odeéteni pozadi (RLU, relativni

luciferazova jednotka).

3.4 Metody uzité pri kultivaci a diferenciaci monocyti na makrofagy

3.4.1 lzolace monocytu

K 10-15 ml krve byly pfidany RosetteSep™ Human Monocyte Enrichment Cocktail (50 pl/1
ml krve) (Stemcell Technologies, Vancouver, BC, Kanada) a 1 mM EDTA (Sigma-Aldrich,
St. Louis, MO, USA) a inkubovany 20 min. pfi pokojové teploté. Poté byly vzorky nafedény
piislusnym objemem PBS (137 mM NacCl, 2,7 mM KCI, 7,8 mM Na;HPOg4, 1,5 mM KH2POg,
pH 7,3) s 2% FBS (PAA Laboratories, Yeovil, UK) a 1 mM EDTA (Sigma-Aldrich) a
naneseny do zkumavky na vrstvu Ficoll-Paque (Life Technologies, Foster City, CA, USA).
Po centrifugaci se monocyty nachazeji v mezifazi mezi plazmou a vrstvou Ficoll-Paque a
ostatni krevni buniky jsou v peleté, nebot’ jsou selektovany navazanim na komplex protilatek
obsazenych v RosetteSep™ Human Monocyte Enrichment Cocktail. Obohacené monocyty

byly promyty v PBS s 2% FBS a 1 mM EDTA a pouzity k izolaci RNA nebo kultivaci.

3.4.2 Kultivace monocytu

Izolované monocyty byly kultivovany v 6-jamkovych destickaich v mediu RPMI 1640
(Sigma-Aldrich, St. Louis, MO, USA) s 1% Penicilin/Streptomycin (Sigma-Aldrich), 10%
FBS (PAA Laboratories, Yeovil, UK), do kterého bylo piidano 1 ng/ml hematopoetického
ristového faktoru Human Interleukin-3 (IL-3) (Biochrom, Cambridge, UK) a 2

ng/ml hematopoetického faktoru regulujiciho diferenciaci monocytli na makrofagy Human
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Macrophage-Colony Stimulating Factor (M-CSF) (Biochrom) (Miyajima, Mui et al. 1993).
Do poloviny jamek byl k bunkdm ptidan 0,5 mM konduritol B-epoxid (CBE) (Sigma-
Aldrich), specificky ireverzibilni inhibitor glukocerebrosidazy. Kultivace probihala 5 a 12 dni

Vv termostatu v atmosféte sycené 5% COg, pii 37°C.

3.4.3 lzolace RNA z monocyti a kultivovanych makrofagi

RNA z monocyti a kultivovanych makrofagi byla izolovana kitem BiOstic® Blood Total
RNA Isolation Kit (MO-BIO, Carlsbad, CA). Bunky byly nejprve lyzovany roztokem
obsahujicim B-merkaptoetanol (soucasti kitu). Poté byla RNA navazana na kolonku, promyta

a nasledné¢ oSetfena DNazou I (soucasti kitu) a eluovana.

3.4.4 Real-time PCR pro expresi z P1 a P2 v monocytech a makrofazich

Pro kvantifikaci exprese (viz. 3.1.10) z P1 a P2 béhem diferenciace monocytii na makrofagy
byly pouzity TagMan sondy 3 a 4 (tab. 2). Jako templat byla pouzita cDNA piepsana z RNA
(viz. 3.1.3) izolované z monocytd a kultivovanych makrofagt (viz. 3.4.3). Pocet kopii mRNA

vypocteny metodou kalibracnich kiivek byl normalizovany k celkovému mnoZzstvi RNA.

3.4.5 Real-time PCR pro expresi ACP5, CHIT1, CD68, CD163, CD14 a TFEB

Pro kvantifikaci (viz. 3.1.10) markerd k identifikaci makrofagh (ACP5, CHIT1, CD68S,
CD163, CD14) a TFEB byly pouzity TagMan sondy komeréné¢ dodavané firmou Life
Technologies (Foster City, CA, USA). Jako templat byla pouzita cDNA ptepsana z RNA
(viz.3.1.3) izolované z monocytu a kultivovanych makrofagi (viz. 3.4.3). Kvantifikace byla

provedena komparativni AACq metodou, s normalizaci k GAPDH.

3.5 Méreni enzymovych aktivit
VSechny vzorky pro méfeni enzymovych aktivit byly sonikovany na pfistroji Ultrasonic

Homogenizer 4710 Series (Cole-Parmer, Vernon Hills, IL, USA).

3.5.1 Méreni aktivity glukocerebrosidazy

20 pl bunééného homogenatu o celkové koncentraci proteinu 30 ug bylo inkubovano
v mikrotitracni desticce 30 min. pii 37°C s 20 ul substratu 4-metylumbelliferyl-f - D-
glukosidu (4-MUGiIc) (Glycosynth, Warrington, Anglie) o koncentraci 5mM v Mcllvainové
pufru (0,1M citratovy a 0,2M fosfatovy pufr, 0,5% taurocholat sodny, 0,4% TritonX-100, pH
5,4). Reakce byla zastavena 200 ul 0,2M glycin-NaOH pufrem (pH 10,6). K sestaveni
kalibra¢ni rovnice byl pouzit roztok 4-metylumbelliferon (4-MU) (Sigma-Aldrich, St. Louis,
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MO, USA). Fluorescence uvolnéného 4-MU a kalibrace byla méfena pii excitaci 365 nm a
emisi 448 nm na multidetekénim destickovém readeru Synergy 2 (Dialab, Wiener Neudorf,
Rakousko). Specificka aktivita glukocerebrosidazy je vyjadiena v nmol 4-MU uvolnéného ze

substratu 1 mg proteinu homogenatu za 1 minutu.

3.5.2 Meéreni aktivity chitotriosidazy

5 ul bunééného homogenatu bylo inkubovano s 40 pl roztoku substratu 4-metylumbelliferyl
B-D-N,N’,N ”-triacetylchitotriose (MU-(B-GIcNAC)3) (Sigma-Aldrich, St. Louis, MO, USA) o
koncentraci 22uM v Mcllvainové pufru (0,1M citratovy a 0,2M fosfatovy pufr, pH 5,2) 30
min. pii 37°C. Reakce byla zastavena 600 pl 0,2M glycin-NaOH pufrem (pH 10,6).
K sestaveni kalibracni rovnice byl pouzit roztok 4-metylumbelliferonu (4-MU) (Sigma-
Aldrich). Fluorescence uvolnéného 4-MU a kalibrace byla méfena pfti excitaci 365nm a emisi
448 nm na spektrometru LS50B (Perkin-Elmer, Waltham, MA, USA). Specificka aktivita
chitotriosidazy je vyjadiena v nmol 4-MU uvolnéného ze substratu 1 ml homogenatu za 1

hodinu.

3.5.3 Méreni aktivity hexosaminidazy

20 pl vzorku bylo inkubovano v mikrotitraéni desti¢ce 15 min. pii 37°C s 20 pl substratu 4-
metylumbelliferyl-N-acetyl-p-D-glukosaminidu  (Glycosynth, ~ Warrington, Anglie) o
koncentraci 5 mM v Mcllvainové pufru (0,1 M citratovy a 0,2 M fosfatovy pufr, 0,05% BSA,
pH 4,4). Reakce byla zastavena 200 ul 0,2 M glycin-NaOH pufrem (pH 10,6). K sestaveni
kalibra¢ni rovnice byl pouzit 1 uM roztok 4-metylumbelliferonu (4-MU) (Sigma-Aldrich, St.
Louis, MO, USA). Fluorescence uvolnéného 4-MU a kalibrace byla métfena pfi excitaci 365
nm a emisi 448 nm na multidetekénim destiCkovém readeru Synergy 2 (Dialab, Wiener
Neudorf, Rakousko). Specificka aktivita hexosaminidazy je vyjadiena v nmol 4-MU

uvolnéného ze substratu na 1 mg proteinu za 1 minutu.

3.5.4 Méreni aktivity alkalické/kyselé fosfatazy

20 pl vzorku bylo inkubovano v mikrotitraéni desti¢ce 30 min. pii 37°C s 90 ul reakéni smési,
ktera je pfipravena smichanim 16 mM p-nitrofenylfosfatu (Sigma-Aldrich, St. Louis, MO,
USA) spufrem vpomeéru 1:1. Pufr pro méfeni alkalické fosfatazy tvotil 50 mM borat
sodny/NaOH, pH 9,8, pufr pro méfeni kyselé fosfatdzy tvotil 180 mM acetatovy pufr, pH 5,0.
Pro méfeni alkalické fosfatazy byl do reakéni smési piidan 2 mM MgClz. Reakce byla

zastavena piidanim 270 pl 0,25 M NaOH. Desticka byla centrifugovana 1 minutu pii
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maximalnich otackach (3 000 g) a 300 ul roztoku bylo piepipetovano do nové polystyrenové
mikrotitracni desticky. Absorbance roztoku byla méfena pii 410 nm na multidetekénim
destickovém readeru Synergy 2 (Dialab, Wiener Neudorf, Rakousko). Vysledna aktivita
fosfatazy je vyjadiena v nmol p-nitrofenolu uvolnéného ze substratu na mg proteinu za 1

minutu. Molarni absorpéni koeficient p-nitrofenolu je 9 620 cm™ M.

3.5.5 Méreni aktivity sukcinatdehydrogenazy

15 ul vzorku bylo inkubovano v polypropylenové mikrotitraéni desti¢ce 20 min pii 37°C s 80
ul substratu sukcinatu sodného (Sigma-Aldrich, St. Louis, MO, USA) o koncentraci 10 mM
v50 mM fosfatovém pufru, pH 7,5. Nasledné¢ bylo do reakce ptidano 27 ul p-
iodonitrotetrazoliové violeti - INT (Sigma-Aldrich) o koncentraci 2,5 mg/ml fosfatového
pufru. Desticka byla inkubovana dalsich 10 min pi#i 37°C a reakce byla zastavena ptidanim
270 pl smési etylacetat/etanol/trichloroctova kyselina v poméru 5:5:1 (v/v/w). Desti¢ka byla
centrifugovana 1 minutu pfi maximalnich otackach (3 000 g) a 300 ul roztoku nad
precipitdtem bylo pfepipetovano do polystyrenové mikrotitraéni desticky. Absorbance roztoku
byla méfena pii 490 nm na multidetekénim destickovém readeru Synergy 2 (Dialab, Wiener
Neudorf, Rakousko). Vysledna aktivita sukcinatdehydrogenazy je vyjadiena v nmol
redukovaného INT na mg proteinu, pfi¢emzZ molarni absorp¢ni koeficient redukovaného INT

je 19300 cmt ML,

3.5.6 Méreni aktivity katalazy

2 ul vzorku bylo smichano s 6 pl vzorkového pufru. Vzorkovy pufr byl pfipraven smichdnim
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 pfidano 100 pl substratu (2,55 mM H20. v roztoku Tris/BSA) a
pfesné¢ po 1 minuté inkubace pii 0 °C byla reakce zastavena 200 pl roztoku oxysulfatu
titani¢it¢ho (0,225 g / 100 ml1 M H2SOs). Desticka byla centrifugovana 1 minutu pfi
maximalnich otackéach (3 000 g) a 280 ul roztoku bylo piepipetovano do nové polystyrenové
mikrotitracni desticky. Absorbance vzorku byla métena pii pokojové teploté pii 405 nm na
multidetekénim destickovém readeru Synergy 2 (Dialab, Wiener Neudorf, Rakousko) a
porovnana s hodnotou absorbance substratu v ¢ase nula. Vysledna aktivita katalazy je v
podstaté ziskana zpétnou titraci H2O> zbylého po ukonceni enzymové reakce a vyjadiena v

mU na mg proteinu.
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3.5.7 Méreni aktivity NADPH-cytochrom c reduktazy

12,5 ul vzorku bylo v mikrotitra¢ni desti¢ce smichano s 250 pl 50 mM fosfatovém pufru, (pH
7,7), 2,5 ul 10 mM EDTA, 12,5 ul cytochromu ¢ (25 mg/ml PBS) a 2,5 ul roztoku rotenonu
(1 mg/ml etanolu), ktery slouzi jako inhibitor nezadouci mitochondrialni oxidace NADPH.
Absorbance vzorku byla méfena pti pokojové teploté pifi 550 nm na multidetekénim
destickovém readeru Synergy 2 (Dialab, Wiener Neudorf, Rakousko) dokud se neustalila, a
poté bylo piidano 25 ul roztoku NADPH (2 mg/ml fosfatového pufru). Smés byla dikladné
promichana a absorbance vzorku byla zaznamenavana po dobu 5 minut v 30 s intervalech.
Vysledna aktivita enzymu byla vypocitana ze sklonu pfimky (v oblasti métfeni s linearnim
piirustkem absorbance) a vyjadiena jako nmol redukovaného cytochromu ¢ na mg proteinu za

1 min., pfi¢emZ molarni absorpéni koeficient redukovaného cytochromu c je 27 000 cm™ M2,

3.6 Metody uzité pri izolaci lysosomalnich membran

3.6.1 Homogenizace bunéénych linii

HEK293 a HeLa bunky sbirané Skrabanim byly promyty v TEA pufru (10 mM CeH1sNO3, 1
mM EDTA Naz, 10 mM CH3COOH, pH 7,2) s 250 mM sacharézou (Lach-Ner, Neratovice,
CR). Homogenizace byla provadéna v TEA pufru ve sklenéném homogenizatoru Dounce
homogenizer (Kimble Chase Kontes, Vineland, NJ, USA) pii 4°C. Homogenat byl
centrifugovan v centrifuze 4K15 (Sigma-Aldrich, St. Louis, MO, USA) 10 min. pii 1 000 g,
peleta byla znovu homogenizovéana a centrifugovana. Vysledné supernatanty byly spojeny a

centrifugovany 15 min. pifi 11 000 g pro ziskani organelové pelety.

3.6.2 Lyza lysosomi

Organelova peleta byla resuspendovana v pufru obsahujicim 10 mM HEPES, pH 7,2, 250
mM sachardzu (Lach-Ner, Neratovice, CR), 1 mM EDTA Na, (Sigma-Aldrich, St. Louis,
MO, USA) a 20 mM metyl ester methioninu (MME) (Sigma-Aldrich) a inkubovana 15 - 60
min. za stalého promichavani v rotatoru Multi Bio RS-24 (Biosan, Riga, Latvia) pii pokojové
teploté. Poté byla suspenze prenesena na led a byly pfidany inhibitory proteaz - cOmplete
Protease Inhibitor Cocktail Tablets (Roche Diagnostic, Mannheim, Némecko) v konecné
koncentraci 1x. Suspenze po ruzné dlouhych inkubacich byly centrifugovany v centrifuze
4K15 (Sigma-Aldrich) 25 min. pti 25 000 g a v supernatantech byly méfeny aktivity enzymu

hexosaminidazy (viz. 3.5.3) a glukocerebrosidazy (viz. 3.5.1).
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3.6.3 Priprava linearniho a krokového gradientu

Linearni sacharézovy gradient byl pfipraven z 15 ml 32,5% sachar6zy (Lach-Ner, Neratovice,
CR) a 15 ml 55,5% sachar6zy Vv gradientovém mixeru (Sigma-Aldrich, St. Louis, MO, USA)
za pouziti peristaltické pumpy Varioperpex® II Peristaltic Pump (LKB, Bromma, Svédsko).
Gradient byl pfevrstven organelovym koncentratem po vystaveni ptisobeni MME. Obdobné
byl ptipraven i krokovy gradient, 6 ml 41% nebo 35% sacharozy bylo prevrstveno 5 ml 20%
sachardzy a 5 ml organelového koncentratu po vystaveni pisobeni MME. Gradienty byly
centrifugovany ptes noc pii 112 700 gmax V ultracentrifuze Optima L-90K, rotor SW32 nebo
SW32,1 (Beckman-Coulter, Miinchen, Némecko). Od shora linearniho gradientu bylo
odebirano 19 frakci po 2 ml a z krokového gradientu 16 frakci po 1 ml nebo prouzek
z 20/41% sachardzového rozhrani. Frakce s nejvyssi aktivitou glukocerebrosidazy (viz. 3.5.1)
byly nafedény pufrem 10 mM Tris, pH 7,2 a centrifugovany 2h pii 250 000 Qmax V
ultracentrifuze Optima L-90K, rotor 70 Ti rotor (Beckman-Coulter). Ziskana peleta byla

resuspendovana v tomtéz pufru a zmrazena v tekutém dusiku.

3.6.4 Méreni zmény pH pomoci akridinové oranze

Zmény pH byly méfeny pomoci akridinové oranze (Sigma-Aldrich, St. Louis, MO, USA)
podle metody popsané Dell’Antone (Dell'’Antone 1979). K reakénimu roztoku (20 mM
HEPES, pH 7,2, 0,2 M sacharéza, 50 mM KCl a 20 uM akridinova oranz) byla pfidana frakce
lysosomalnich membran (10 ug proteinu) a byla méfena absorbance pti 492 nm na fotometru
Shimadzu UV-2550 (Shimadzu, Duisburg, Némecko). Poté, co se absorbance stabilizovala,
bylo do jedné reakce pfidano 2 mM ATP (Sigma-Aldrich) a 2 mM MgClyz, po vice neZ 2 min.
byl pfidan 10 mM (NH4)2SO4 a do druhé reakce byl pfidan pouze (NH4)2SOs. Absorbance

byla méfena v pribéhu cca 6 minut.

3.6.5 Western blot

10 ug proteinu z kazdé frakce béhem purifikace lysosomalnich membran bylo rozdéleno na 7-
15% SDS-PAGE (viz. 3.1.12) a blotovano na PVDF membranu (viz. 3.1.13). K detekci
LAMPI1 byla pouzita primarni protilatka anti-LAMP1 rabbit polyclonal antipody (1:5 000,
darovano Dr. Carlssonem, University of Umea, Svédsko) a sekundarni protilatka goat anti-

rabbit 1gG (Thermo Scientific, Rockford, IL, USA).

40



3.7 Detekce LC3-11I

Mysi mozky byly homogenizovany v sachar6zovém pufru obsahujicim 250 mM sacharézu
(Lach-Ner, Neratovice, CR), 50 mM Tris-HCI, pH 7,4, 1 mM EDTA (Sigma-Aldrich, St.
Louis, MO, USA), 1x inhibitory proteaz - cOmplete Protease Inhibitor Cocktail Tablets
(Roche Diagnostic, Mannheim, Némecko) ve sklenéném homogenizatoru Dounce
homogenizer (Kimble Chase Kontes, Vineland, NJ, USA) pfi 4°C. Po 10 min. centrifugaci v
centrifuze 4K15 (Sigma-Aldrich) pti 500 g, 4°C byl supernatant nafedén sachar6zovym
pufrem obsahujicim 1% Triton X-100 a inkubovan lh pii 4°C. Po nasledné centrifugaci 15
min. pfi 13 000 g byl vysledny supernatant separovan na 15% SDS-PAGE (viz. 3.1.12).
Western blot byl proveden (viz. 3.1.13) s primarni protilatkou anti-LC3 (1:2 000, Sigma-
Aldrich) a 12G10 anti-a-tubulin (DSHB, lowa city, 1A, USA).

Metody, na jejichz provadéni jsem se nepodilela, zde nejsou uvedeny (napt. metody

provadéné spolupracujicim zahrani¢nim pracovistém).
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4 Vysledky a diskuze

4.1 Gen GBA ma alternativni promotor, jehoZ vlastnosti a exprese jsou
charakteristické pro housekeeping geny

V této Casti projektu jsem popsala a podrobné charakterizovala alternativni promotor genu

GBA (publikace 9.3).

4.1.1 Gen GBA ma pét transkrip¢nich variant

V nukleotidovych databazich NCBI (GenBank, cerven 2010) jsme na$li pét alternativnich
transkriptt genu GBA, z nichZ &tyfi jsou zjevné piepisovany z alternativniho promotoru,
nebot’ obsahuji na svém 5'konci jeden nebo dva exony, které neobsahuji sekvenci odpovidajici
sekvenci v tuseku DNA mezi popsanym promotorem a prvnim exonem. Tyto dva
predpokladané exony jsme pojmenovali exony -1 a -2. Varianta 1 (Acc. No. NM_000157.2) je
ptepisovana z promotoru (P1) leziciho Vv bezprostiedni blizkosti exonu 1 ve sméru 3'-5°
(Horowitz, Wilder et al. 1989). Varianty 2 (Acc. No. NM_001005741.1) a 3 (Acc. No.
NM 001005742.1) obsahuji jeden exon navic (exon -2), lisi se v devatenécti nukleotidech
mezi exonem -2 a 1. Varianty 4 (Acc. No. NM_001005749.1) a 5 (Acc. No.
NM _001005750.1) maji dva exony navic (exon -1 a -2) a lisi se ve tfech nukleotidech na
rozhrani téchto exonu (viz. publikace 9.3, fig. 1). V databazi UCSC (Genome browser, 2010)
se nachazi 146 ESTs a plnodélkovych klonl téchto variant, coz podporuje jejich existenci.
Tyto varianty neméni aminokyselinovou sekvenci a vedou ke stejnému proteinovému
produktu. Sekvenovanim RT-PCR produkti amplifikovanych z RNA izolované z lidské
placenty jsme nalezli sekvence odpovidajici transkripnim variantam obsahujicim exon -2

nebo oba exony -1 a -2.

4.1.2 Gen GBA ma alternativni promotor P2

Na zakladé nalezeni rGznych transkripnich variant genu GBA jsme ové&fovali, zda tyto
alternativni transkripty mohou byt ptepisovany z alternativniho promotoru.

Prokazali jsme, Ze sekvence lezici ve sméru 3'-5" od exonu -2 (-1509 az -353) slouzi jako
alternativni promotor genu GBA (P2 promotor). P2 spousti transkripci reporterového genu
markantné vice oproti kontrolnimu plasmidu pGL4 a P2 klonovanému do reporterového
vektoru v opacné orientaci. Relativni luciferazova aktivita z P1 byla naméfena 17.82+1.10

RLU (relativni luciferazova jednotka), zatimco aktivita z P2 byla 3.01+0.43 RLU (obr. 4.1).
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P1. Fragment vSak nemusi obsahovat vSechny dilezité regulac¢ni elementy promotoru véetné
enhanceri béZné se nachazejicich tisice bp od zacatku transkripce ve sméru 3°-5" a

regulaénich sekvenci leZicich ve sméru transkripce.
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pGL4_P1+ pGL4_P1- pGL4

Obr. 4.1: Luciferazova aktivita P1 a P2

V grafu je znazornéna luciferazova aktivita P1 (pGL4 P1)+ a P2 (pGL4 P2)+ v RLU (relativni
luciferazova jednotka). Vysledky jsou znazornény se smérodatnou odchylkou tfi méteni z transfekci
v oddélenych jamkach v jednom pokusu. pGL4 vektor bez promotorové sekvence byl pouzit jako
negativni kontrola, byla u néj namefena téméi nulova luciferdzova aktivita stejné jako u vektori
s promotory v opaéné orientaci (pGL4 P1)-a (pGL4_P2)-.

Pro blizsi charakterizaci P2 byly provedeny cilené delece na 5 konci P2, které ukazaly, ze pti
deleci useku -1164 az -920 dochazi k vyraznému sniZeni luciferazové aktivity. V této oblasti
se zfejmé vazou elementy pozitivné ovlivilujici transkripci. Nejvyssi luciferazova aktivita
byla naméfena u deleéniho konstruktu pGL4 -1311/-353, zatimco aktivita dele¢niho
konstruktu pGL4 -1164/-353 byla srovnatelna s celkovym tsekem promotoru P2 (-1509/-
353). V oblasti -1509 az -1311 se mtize nachazet negativni regulator transkripce (obr. 4.2).

Sekvencni alignment (viz. publikace 9.3, supplementary data) ukazal, ze P2 je konzervovany
u primatl. Nejvice homologni sekvence byla nalezena u Simpanze, gorily a orangutana. Exon
-1 byl nalezen pouze u gorily. Nenachazi se u mysi a dalSich druht, nenalezli jsme u nich
zadné odpovidajici mRNA, coZ znemoziiyje jejich studium na mySich modelech.

Bisulfitovym sekvenovanim jsme prokazali, Zze CpG ostriivek v oblasti P2 je nemetylovany,

coz také svéd¢i pro aktivni promotor (obr. 4.3). Zhruba polovina promotorovych oblasti u
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savcu se nachazi v oblasti CpG ostravkt (Suzuki, Tsunoda et al. 2001), které jsou

nemetylované a jsou tak piistupné pro vazbu transkripcnich faktort.

Promotorova sekvence

-1509 I 353
-1311 I - 353

-1164 I - 353

-920 I 353

-658 I -353

pGL4

00 05 10 15 20 25 30 35 4,0
Nukleotidova pozice (bp) RLU

Obr 4.2: Luciferazova aktivita P2 s delecemi na 5'konci

V grafu jsou znazornény sekvence P2 s delecemi na 5'konci a RLU (relativni luciferazova aktivita)
kazdého dele¢niho konstruktu se smérodatnou odchylkou tii méfeni z transfekci v oddélenych
jamkach v jednom pokusu. pGL4 vektor bez promotorové sekvence byl pouzit jako negativni kontrola.

B T Y e T S T B A S Y

Obr 4.3: Sekvence CpG ostrivku v P2 po bisulfitovém sekvenovani
Sipky ukazuji nemetylované cytosiny, které po osetfeni bisulfitem sodnym konvertuji na uracily.

Vyse uvedené vysledky svédci pro to, ze P2 je skutecné alternativnim promotorem GBA.
Predpokladany promotorovy usek je nemetylovany, nachazi se v oblasti konzervované u
primatd, spousti transkripci reporterového genu a odpovidajici transkripty lze detekovat

pomoci RT-PCR.
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4.1.3 Gen GBA ma nékolik zacatki transkripce

Metodou 5'RACE jsme identifikovali tfi zacatky transkripce nachazejici se Vv pozicich -347,
-380 a -413 bp (vztazeno k A v 1. ATG) (viz. publikace 9.3, fig. 2). VétSina klond méla
5’konec transkriptu v pozici -347 a pouze nékolik klonid v pozicich -380 a -413. Nasli jsme |
dva klony se zacatky transkripce Vv pozicich -452 a -563. Zaroven jsme byli schopni
amplifikovat RT-PCR produkty vice nez 500 bp od 1. ATG ve sméru 3°-5".

Mnozstvi transkriptti zacinajicich distalné ve sméru 3’- 5° od tfi nalezenych zacatka
transkripce jsme proto méfili pomoci real-time PCR. Navrhli jsme tii TagMan sondy (tab. 2),
sonda 1 lezi ve sméru 3’-5’od -563, sonda 2 od -413 a sonda 3 od -347 (viz. publikace 9.3,
fig. 2). Ze sondy 3 byl naméfen 300-krat vyssi signal nez ze sondy 1, signal ze sondy 2 byl
pouze 2-krat vyssi nez ze sondy 1. Tyto vysledky potvrdily, Ze vétSina transkriptl zacina
Vv pozici -347, jak bylo zjisténo pomoci 5'RACE. Transkripty zacinajici vice nez 413 bp od 1.
ATG ve sméru 3°-5" jsou minoritni a pravdépodobné predstavuji tzv. promoter upstream
transcripts (PROMPTS), coz jsou kratké vysoce nestabilni RNA, které se obvykle nachazeji
0,5 - 2,5 kb ve sméru 3'-5" od aktivniho zacatku transkripce a zfejmé& napomahaji transkripci
zménami chromatinové struktury (Preker, Nielsen et al. 2008). PROMPTs jsou piibuzné
CUTs (cryptic unstable transcripts) u S. cerevisiae, piedpoklada se, ze se vyskytuji u vétSiny
promotort prepisovanych RNA polymerazou II, jsou zvlasté hojné u promotorti genti bez
TATA boxu a s CpG ostrivky. Na rozdil od mRNA se vyskytuji pfevazné nuklearné. Béhem
posledni dekady byla popsdna fada labilnich RNA, které vychéazeji z netypickych mist
v promotorovych oblastech genii. U CUTs se piedpoklada, ze transkripéni faktory navdzané

.....

u PROMPTSs (Preker, Almvig et al. 2011).

4.1.4 Exprese z P1a P2 v riaznych tkanich

Studovali jsme, jak se liSi exprese transkriptii z P1 a P2 ve 20 riznych tkanich a porovnavali
jsme ji se dvéma bézné pouzivanymi housekeeping geny GAPDH a ACTB, které jsou
exprimovany stabiln¢ ve tkanich. Navrhnout TagMan sondu pro transkripty z P2 (sonda 4)
(tab. 2) bylo velmi slozité z divodu vysoké sekvencéni homologie s pseudogenem GBA. Proto
jsme sondu 4 nejprve testovali absolutni kvantifikaci s oligonukleotidy komplementarnimi
k GBA genu a pseudogenu a zjistili jsme, ze sonda se specificky vaze na sekvenci genu. Ct
hodnoty ziskané metodou kvantitativni real-time PCR pro transkripty z P1, P2, GAPDH a

ACTB slouzily pro vypocet stability exprese. Programy geNorm a NormFinder vyuzivané pro
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identifikaci vhodnych referen¢nich housekeeping gent, vypocitaly podobnou stabilitu exprese
transkriptli z P1 a P2 a dokonce vyssi stabilitu nez u obou bézné pouzivanych housekeeping

gent (viz. publikace 9.3, tab. 3).

Zjistili jsme, ze relativni exprese genu pro glukocerebrosidazu je ve 20 riznych tkanich na
podobné trovni. Ptestoze predchozi studie ukazuji, Ze mnozstvi absolutni mRNA se lisi
Vv riznych bunéénych liniich, mize byt exprese B-Gluc ¢asteéné regulovana, nebot’ mnozstvi
mRNA exprimujici se v ruznych tkanich vzdy nekoreluje s enzymovou aktivitou. Je tedy
ziejm¢ regulovana jinymi mechanismy (Doll and Smith 1993). Tyto vysledky vSak nejsou
porovnatelné s nasimi, nebot’ jsme neméfili absolutni mnozstvi transkritptti. Nase vzorky
celkové RNA byly izolovany z normalnich lidskych tkani, které jsou smési bunék rtizného
pivodu. Vzdy se jednalo o tkané ziskané od tfi 0sob rizného stafi. Ve vySe zminénych
studiich byly pouzity nadorové bunécéné linie, jejichz vlastnosti se 1iSi od zakladnich
bunécnych typt.

Detekovali jsme transkripty z obou promotortu ve 20 rtiznych tkanich. Piestoze jsme neméfili
absolutni mnozstvi transkript z kazdého promotoru, pomér exprese zP1 a P2 byl velmi
podobny u vsech studovanych tkani (viz. publikace 9.3, fig. 5). Ackoli jsme nenasli vyrazné
rozdily v poméru exprese z obou promotord, neni ziejmé, zda jsou oba promotory spole¢né
regulovany, kromé mozné regulace transkripénim faktorem EB (TFEB). Jak je uvedeno nize
(viz. 4.1.6) P2 na rozdil od P1 neobsahuje TATA box a naopak se piekryva s CpG ostravkem.
Oba promotory maji odlisné konven¢ni sekvence pro vazbu transkripénich faktoru. U P1 je
piitomen CAT box, AP-1, PEA3, OBP, CBP, neni pfitomen GC box. Naproti tomu v P2
kromé vyse uvedenych rozdill jsou potencidlni vazebna mista pro Spl, GATA-1, AP-1, YY1,
CREB, CRE-BP, E2F. Oba promotory patii do odliSnych konvencné rozliSovanych tiid
promotor (s TATA boxem (TATA-containing promoter) a bez TATA boxu (TATA-less
promotor)), pro které se predpoklada jiny zpisob regulace. S vyjimkou mozné vazby AP-1 se
lisi 1 predikovana vazebna mista pro transkripcni faktory.

Nezkoumali jsme, jaky je pomér exprese Ctyt transkripti, které jsou piepisovany z P2 a které
zjevné vznikaji alternativnim sestfihem. Dlivodem byla mala rozdilnost sekvence jednotlivych
transkritptli, kterd neumoznovala navrzeni vhodnych sond pro real-time PCR. Pouzitad metoda
vSak pouziva sondu a primery, které nasedaji na vSechny alternativni transkripty a tim

umoznuje detekovat vSechny transkripty piepisované z P2. To, ze jsme nenalezli podstatné
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rozdily v expresi z obou promotort v riznych tkanich, prakticky vylucuje, ze fyziologickou

roli P2 je tkanové specifickd exprese GBA.

4.1.5 Zmény v sekvenci P1, P2 a exonii -1 a -2 u pacientu

Sekvenovanim P1 a P2 promotorovych sekvenci a exonu -1 a -2 u pacienti z populace
Askenazskych zidi s Gaucherovou chorobou, ktefi jsou homozygoty pro mutaci N370S,
nebyla nalezena zadna zména vedouci k objasnéni fenotypu Gaucherovy choroby. U jednoho
pacienta byl nalezen zndmy polymorfismus 1s10908459 v heterozygotnim stavu.
Predpokladali jsme, ze rozdily v projevu Gaucherovy choroby u pacientd se stejnym
genotypem mohou byt zpisobeny riznou expresi mutantni glukocerebrosidazy diky
variantdm na 5” konci transkriptli a v obou promotorech. Tato hypotéza nebyla potvrzena,
zlstava tedy neobjasnéno, jakou roli hraje P2 v regulaci exprese glukocerebrosidazy a mozna

I v patogenezi Gaucherovy choroby.

4.1.6 Analyza vazby transkripénich faktoru v P2

Pomoci predikénich program bylo v P2 sekvenci nalezeno nékolik konzervovanych
vazebnych mist pro transkripéni faktory. Zadny TATA box nebo CAT box nebyl nalezen, ale
bylo nalezeno nékolik vazebnych mist pro Spl a dalsi transkripéni faktory GATA-1, AP-1,
YY1, CREB, CRE-BP, E2F. Nékolik vazebnych mist pro Spl, nepfitomnost TATA boxu a
CpG ostritvek, ktery je v oblasti P2 nemetylovany, jsou vlastnosti charakteristické pro
promotory housekeeping genti. P2 ma tedy charakter promotoru housekeeping genu, zatimco
P1 ma jiné vlastnosti, obsahuje TATA box a nasvédCuje tomu, Ze se jedna o regulovany
promotor (Doll and Smith 1993; Doll, Bruce et al. 1995). Dalsi srovnani promotorti P1 a P2 je
uvedeno vyse (viz. 4.1.4).

V sekvenci P2 jsme naSli dva potencialni CLEAR motivy, které se hojné€ vyskytuji
v promotorech lysosomélnich gent. Na tuto konvencni sekvenci se vaZe transkripéni faktor
EB (TFEB), ktery se podili na regulaci exprese lysosomalnich genti (Sardiello, Palmieri et al.
2009). CLEAR motivy v P2 se nachazeji v pozicich -764 a -1238, coz je 417 a 891 bp ve
sméru 3°-5" od hlavniho zacatku transkripce nalezenym 5'RACE. Pfestoze CLEAR motivy
lezi obvykle v blizkosti zacatku transkripce, -300 az +100 bp od 5 'konce genu, byly nalezeny
I distalni CLEAR motivy v promotorech, které jsou zvysen¢ regulovany TFEB (Palmieri,
Impey et al. 2011).
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4.1.7 Exprese z P1 a P2 béhem diferenciace monocytii na makrofagy

Ackoli jsme pfi vysetfeni exprese z promotori P1 a P2 nenalezli rozdily mRNA Vv riiznych
tkanich (viz 4.1.5), nemohli jsme vyloucit, Ze dochazi k diferencialni expresi z P2 ¢i P1
béhem vyvoje monocyti na makrofagy a/nebo v dusledku zmén exprese vyvolanych
lysosomalnim stfddanim. Protoze k masivnimu stfddani glukosylceramidu dochazi u
Gaucherovy choroby pouze v bunkach makrofagového pivodu, které diky tomu ziskavaji
charakteristickou morfologii Gaucherovych bunék, méfili jsme, jak se méni exprese z

promotort P1 a P2 béhem diferenciace monocytii na makrofagy.

Monocyty izolované z bunék periferni krve pacientit s Gaucherovou chorobou a kontrolnich
osob jsme stimulovali IL-3 a M-CSF podle Miyajima et al. 1993 (Miyajima, Mui et al. 1993).
Béhem dalsi kultivace jsme sledovali expresi marker makrofagli pomoci real-time PCR. V
prabéhu diferenciace se exprese z obou promotori vztazend na mnozstvi celkové RNA
zvySovala jak u kontrol, tak u pacientli. Exprese z P1 byla u vSech vzorka vyssi nez z P2 (obr.

4.4 A), coz odpovida vysledkim luciferazové eseje, které svéd¢i pro to, Ze P2 je slabsi

promotor.
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Exprese zP1 a P2

60000,0
50000,0
<
=
o
2 40000,0
<
=
[
£ 30000,0
=
=]
=
2 20000,0
=]
o
= P1_kontroly
10000,0 == P1_kontroly+CBE
P2_kontroly
P2_kontroly+CBE
0,0

0.den 5.den 12.den

Obr 4.4: Exprese z P1 a P2 béhem diferenciace monocyti na makrofagy

Grafy udavaji pocet kopii mRNA odectenych z kalibracnich kiivek pro P1 a P2 a normalizovanych na
mnozstvi celkové RNA. Mnozstvi mRNA bylo méfeno 0., 5. a 12. den kultivace ve vzorcich pacientii
a kontrol (A) a ve vzorcich vystavenych pisobeni specifického ireverzibilniho inhibitoru
glukocerebrosidazy - konduritol p-epoxidu (CBE) a kontrol (B).

ProtoZe jsme méli k dispozici pouze vzorky pacientil, ktefi jsou 1éeni ERT a exprese mRNA
pro glukocerebrosiddzu u nich mize byt hypoteticky ovlivnéna dodavkou externiho enzymu,
pouzivali jsme také vzorky ziskané od kontrolnich osob, které byly vystaveny pusobeni
konduritol B-epoxidu (CBE). CBE je specificky ireverzibilni inhibitor B-Gluc, ktery pfi
systémovém podani laboratornim zvifatim zapfi€ifiuje masivni stfadani glukosylceramidu a
vznik Gaucherovych bunék (Newburg 1988). U vzorkl vystavenych piisobeni CBE jsme také
naméfili vyssi expresi z P1 nez z P2 stejné jako u kontrolnich vzorki (obr. 4.4 B). Exprese
Z obou promotort byla v§ak mirné zvySena u vzorka s inhibovanou aktivitou B-Gluc oproti
kontrolnim vzorklim, na rozdil od pacientil, kde byla exprese z obou promotord nizsi nez u
kontrol. Dvod toho rozdilu neni ziejmy. Pokud pfitomnost exogenni B-Gluc pochazejici
z ERT vede kutlumu jeji endogenni exprese, muze to alespon z ¢asti vysvétlit popsané
zmény. Rychlost ubytku B-Gluc v krysich peritonealnich makrofazich byla 1,4 % za hodinu
(Das, Murray et al. 1986). Pokud je tato hodnota srovnatelna s rychlosti odbouravani B-Gluc i

vnasem in vitro modelu, je malo pravdépodobné, ze by po nékolika dnech zbyvala
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v kultivovanych buiikach exogenni B-Gluc, ktera by mohla vést k transkrip¢ni represi. CBE je
ireverzibilni inhibitor, ktery se kovalentné¢ vaze do aktivniho centra enzymu a lze
predpokladat, Ze v pouzitych koncentracich vede prakticky k plIné inhibici B-Gluc. Kompletni
deficit B-Gluc neni u c¢lovéka slucitelny se zivotem, zatimco vSichni Zijici pacienti maji
néjakou rezidualni aktivitu a nesou alespon jednu mirnou nebo tézkou mutaci v genu GBA.
Vsichni pacienti v malém souboru, ktery jsme zkoumali, byli pacienti s typem 1 Gaucherovy
choroby, u které¢ho se nevyskytuje neurologické postizeni. U tohoto typu lze predpokladat
vyS$$i zbytkovou aktivitu nez u typd 2 a 3 s neurologickym postizenim (Beutler and Gelbart
1996). Pritomnost zbytkové aktivity by tedy mohla hypoteticky vést k mensi indukci exprese
B-Gluc v bunkach od pacientl nez v bunkach s aktivitou inhibovanou CBE.

Abychom ovéfili, ze B-Gluc je u vzorkd vystavenych pisobeni CBE inhibovana, méfili jsme
aktivitu B-Gluc. Béhem diferenciace byla aktivita B-Gluc témét nulova u vSech vzorkd
vystavenych pisobeni CBE, zatimco u kontrolnich vzorkl aktivita B-Gluc stoupala b&hem

diferenciace v makrofagy vice nez 10 000-krat (obr. 4.5).

B-Gluc aktivita
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50000,0
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Obr. 4.5: Aktivita glukocerebrosidazy béhem diferenciace monocyti na makrofagy in vitro
Glukocerebrosidazova aktivita byla méfena u vzorkll kontrolnich a vystavenych plsobeni CBE.
Aktivita je vyjadfena v nmol 4-MU uvolnéného ze substratu 4-MUGIc 1mg proteinu za 1 minutu.
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K identifikaci diferencovanych makrofagti jsme pouzili nékolik markeri. Tartarat rezistentni
kysela fosfataza (ACPS5) je lysosomalni enzym hojné exprimovany v makrofazich, nebyl
detekovan v monocytech (Bevilacqua, Lord et al. 1991). Exprese tohoto enzymu méfena
pomoci real-time PCR se zvySovala Vv zavislosti na diferenciaci monocytii na makrofagy (obr
4.7).

Chitotriosidaza (CHIT1) je enzym vylu¢ovany makrofagy, jeho aktivita je v plazmé pacientt
vyrazné zvysena, miize tak slouzit jako pomocny diagnosticky nastroj Gaucherovy choroby
(Hollak, van Weely et al. 1994). Vyuziva se pro monitorovani 1é¢by Gaucherovy choroby.
Neni vSak vyuzitelny u vSech osob diky ¢astému vyskytu duplikace v genu pro chitotriosidazu
projevujici se snizenou aktivitou tohoto enzymu. Mirné¢ zvysenou aktivitu CHIT1 jsme
pozorovali uz 5. den diferenciace, 12. den se mnohonasobné zvySila. Vyrazné zvySenou
aktivitu jsme naméfili v mediu, nebot’ CHIT1 je makrofagy vylu¢ovana (obr 4.6). Exprese
meéfena pomoci real-time PCR byla 5. den kultivace mirné zvysena a béhem diferenciace se
mRNA se objevuje az v pozdgjSich stadiich diferenciace monocytl na makrofagy, byla
detekovédna az 7. den kultivace, exprese ACP5 mRNA se objevuje uz 2. den kultivace a
s Casem vyrazné stoupa stejné jako exprese CHIT1 mRNA (Boot, Renkema et al. 1995). To
potvrzuji i nase vysledky, kde byla exprese téchto markerti 12. den kultivace vyrazné vyssi
nez 5. den.

V souhrnu Ize konstatovat, ze zvySujici se exprese CHITI a ACP5 spolu s markery
diferenciace monocytll na makrofagy CD163, CD68 a CD14 svéd¢i pro preménu monocytl
na makrofagy (obr. 4.7). Dynamika exprese téchto markerti ukazuje, Ze tento proces je

vétSinou kompletni 12. den kultivace a delsi doba kultivace nevedla k dal§imu zvySovani.
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Obr 4.6: Aktivita chitotriosidazy béhem diferenciace monocyti na makrofagy in vitro
Aktivita chitotriosidazy byla méfena u vzorki kontrolnich (C1-3) a vystavenych ptisobeni CBE (C1-3
+ CBE) a zarovei i v jejich médiu. Aktivita je vyjadiena v nmol 4-MU uvolnéného ze substratu MU-

(B-GIcNAC)3 1ml homogenatu za 1 hodinu.
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Obr. 4.7: Exprese markeri charakteristickych pro diferenciaci monocyti na makrofagy
Grafy znazornuji relativni hodnoty exprese jednotlivych genit u vzorkli kontrolnich (C1-3) a
vystavenych pusobeni CBE (C1-3 + CBE) normalizované k GAPDH.

Dale jsme méfili zménu exprese TFEB Vv monocytech a diferencovanych makrofazich.
Transkripéni faktor EB (TFEB) se podili na regulaci exprese lysosomalnich gent (Sardiello,
Palmieri et al. 2009). V P2 promotoru jsme nalezli pomoci predikénich programii dva
sekven¢éni motivy pro vazbu TFEB, v P1 promotoru se nachazeji také dva CLEAR motivy.
Z vysledkl real-time PCR nelze vyvodit jednoznaény zéavér, nebot exprese TFEB byla
v méfenych vzorcich velmi variabilni. U vétSiny vzorka byla exprese v makrofazich zvysena,
to sveédci o aktivaci lysosomalniho systému, coz se v makrofazich ocekéava, nebot’ zde dochézi
k rozsifeni lysosomalniho systému v souvislosti s jejich fagocytarni funkci. K vyraznému
zvySeni exprese TFEB v makrofazich doslo u vzorkl pacienti s Gaucherovou chorobou,
zatimco u kontrolnich vzorkd byla exprese v makrofazich pouze mirné zvySena nebo

srovnatelnd s expresi v monocytech. V dalSim pokusu jsme naméfili markantné zvySenou
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expresi v makrofazich jak u kontrolnich vzorkd, tak u vzorkid vystavenych pusobeni CBE
(obr. 4.8). Tyto rozdily v jednotlivych pokusech mohly byt zptsobeny riiznymi podminkami
pii kultivaci a diferenciaci monocyti na makrofagy in vitro. Je pravdépodobné, Ze kultivaéni
podminky mohou mit vliv na expresi TFEB. Ta je indukovana napiiklad pfi autofagii, kterou
mohou vyvolat zménéné podminky kultivace bun¢k. Studie zatim nebyla opakovana, protoze

jsme nem¢li nadale pristup k pacientim s Gaucherovou chorobou pro opakovany odbér krve.

TFEB
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Obr 4.8: Exprese TFEB
Grafy znazoriuji relativni hodnoty exprese TFEB normalizované k GAPDH ze dvou riznych pokust
u vzorki pacientu (G), kontrolnich (C) a vystavenych pisobeni CBE (C+ CBE).

Béhem diferenciace monocytli na makrofagy je vice vyuzivan P1, u vzorkii kontrolnich osob,
pacientll s Gaucherovou chorobou, kteti jsou léceni ERT a vzorkd s inhibovanou B-Gluc
pomoci specifického ireverzibilniho inhibitoru CBE byla exprese z Pl vyS§i nez z P2.
Zaroven jsme zjistili, Ze exprese z obou promotorti je béhem diferenciace vyssi nez exprese
V izolovanych monocytech. 1zolované monocyty vystavené plisobeni CBE jsme kultivovali
Vv pfitomnosti hematopoetického faktoru regulujiciho diferenciaci monocyti na makrofagy
(Miyajima, Mui et al. 1993) a po 5 a 12 dnech kultivace jsme naméfili téméf nulovou aktivity
glukocerebrosiddzy. U kontrolnich vzorki bez plisobeni CBE aktivita glukocerebrosidazy
s diferenciaci (dobou kultivace) rostla. Abychom ov¢éfili, Zze monocyty kultivované 12 az 16
dni v pfitomnosti hematopoetického faktoru regulujiciho diferenciaci monocytii na makrofagy
se diferencuji na makrofagy, vybrali jsme nejcastéj$i markery pouzivané k identifikaci

diferencovanych makrofagi — CHIT1, ACP5, CD163, CD68 a CD14. Pomoci real-time PCR
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jsme 5. a 12. den kultivace naméfili zvysenou expresi vSech markerti oproti 0. dni, kdy se
exprese méfila pfimo zizolovanych monocyti. Markantni zvySeni exprese b&hem
diferenciace jsme pozorovali pti expresi CHIT1 a ACP5. Relativni exprese TFEB, hlavniho
regulatoru lysosomalni biogeneze, byla u vétSiny vzorkt v makrofazich zvysena, s velkym
rozptylem hodnot.

V souhrnu Ize konstatovat, ze promotory P1 a P2 nejsou rozdiln¢ vyuzivany béhem premény
monocytt na makrofagy in vitro, stejné tak jsme nepozorovali rozdilné vyuzivani promotort
u makrofagli odvozenych od kontrolnich osob a od osob s Gaucherovou chorobou. Obdobné

tomu bylo u buné¢k, u kterych byla glukorecebrosidaza ireverzibiln¢ inhibovana CBE.

4.2 Promotor genu HGSNAT neobsahuje TATA box a ma nékolik
zacatku transkripce

Gen pro lidskou lysosomalni N-acetyltransferazu (HGSNAT) byl popsan v roce 2006, ale jeho
promotor nebyl studovan. Cilem mé prace bylo provést zdkladni charakterizaci tohoto
promotoru, prozkoumat sekvenci promotoru u pacientd s MPS IIIC a zjistit, zda nalezené

varianty sekvence vedou ke zmén¢ exprese genu (viz. publikace 9.6).

4.2.1 Gen HGSNAT ma dva hlavni za¢atky transkripce

kodony, které jsou ve Ctecim ramci. Metodou 5'RACE jsme identifikovali dva zacatky

transkripce v oblasti promotoru, v pozicich -1 a -15 (vztazeno k A v 1. ATG, downstream).

vvvvvv

.....

vysledky nebyly potvrzeny 5'RACE. Je mozné, ze dale ve sméru 3’- 5 od pozice -84 za¢ina
pouze zlomek transkriptl, které reprezentuji kratké, vysoce nestabilni RNA nachazejici se
obvykle 0,5 — 2,5 kb ve sméru 3°-5"0d aktivniho zacatku transkripce, tzv. promoter upstream
transcripts (PROMPTS) (Preker, Nielsen et al. 2008). PROMPTSs byly podrobnéji diskutovany
vyse (viz. 4.1.3). Vysledky z 5S'RACE ukazuji, ze hlavni mista pro iniciaci transkripce se
nachazeji v pozicich -1 a -15 a pouze minimalni mnozstvi transkriptii za¢ina dale ve sméru 3 -

5.
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Pomoci bisulfitového sekvenovéani jsme zjistili, Ze CpG ostrivek ptekryvajici se S misty
zacatku transkripce je nemetylovany, coz je typické pro aktivni promotory. Nemetylované

CpG ostravky jsou typické pro promotory neobsahujici TATA box.

4.2.2 Promotor HGSNAT se nachazi v 1054 bp tiseku ve sméru 3°-5"0d exonu 1

Pro vymezeni promotorové oblasti v blizkosti obou potencidlnich ATG kodont na 5’konci
genu jsme piipravili pét délkovych variant promotoru a méfili jejich aktivitu pfi spousténi
luciferazy. Relativni luciferazova aktivita z promotorové oblasti (-1305/-20) byla zhruba 1,5
krat vyssi nez z oblasti (-1305/-61) a 2,5 krat vyssi nez z oblasti (-1305/-101) (obr. 4.9).
Oblast -101 az -20 je ziejm¢ dilezita pro Gplnou transkrip¢ni aktivitu. Naopak delsi konstrukt
na 3 konci pGL4 (-1305/+50) vykazoval nizsi luciferazovou aktivitu nez pGL4 (-1305/-20). U
vSech konstruktli byla namétena vyrazné vyssi luciferazova aktivita neZ v kontrolnim pGL4

vektoru.

Promotorova sekvence
-1305 I - O
-1305 I -G |
-1305 I - | O 1

I - 0

antisense
-2905 q//— -20
antisense

pGL4

1 1 1 1 1 1
1ATG 00 1,0 20 30 40 5,0
Nukleotidova pozice (bp) RLU

Obr 4.9: Luciferazova aktivita HGSNAT promotoru

V grafu jsou znazornény rGzné dlouhé sekvence promotoru a jejich RLU (relativni luciferazova
aktivita) véetné¢ nékterych promotorovych sekvenci v opa¢né orientaci (antisense) se smérodatnou
odchylkou tfi meéfeni z transfekci v oddélenych jamkach v jednom pokusu. pGL4 vektor bez
promotorové sekvence byl pouzit jako negativni kontrola.

Konstrukty pGL4 se zaklonovanymi sekvencemi (-1305/-20, -1305/+50) v opacné orientaci
také spoustely transkripci reporterového genu. Luciferazova aktivita byla mirné zvysSena
oproti kontrolnimu pGL4 (obr. 4.9). To by mohlo ukazovat na ptitomnost bidirekcionalniho
promotoru. Dfive byly tyto promotory spojovany piedevSim s transkripci gen kodujicich
proteiny v obou smérech (na vlakné sense i antisense). Pro tyto promotory je charakteristicka
ptitomnost GC-boxu Vv blizkosti zacatku transkripce (Trinklein, Aldred et al. 2004). I kdyz
dochazi k pfepisu gend v obou orientacich, obvykle je jeden z genli upfednostnén. To miize
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byt zpusobeno nékolika faktory: vlastni sekvenci v oblasti promotoru nebo v jeho blizkosti,
chromatinovou modifikaci nebo 3D strukturou transkriptu. Nedavné studie zamétfené na
nekodujici RNA (ncRNA), které vyuzivaly i luciferazové reporterové eseje, ukazaly, Ze se
nekodujici transkripty Casto vyskytuji v blizkosti protein-kodujicich genti a sdileji s nimi
stejny promotor. Vysvétlenim je, ze RNA polymeraza II spousti transkripci bidirekcionalné,
zatimco jednim smérem dochézi k pfepisu protein-kddujici RNA, druhym smérem vznika
nestabilni RNA, ktera je zahy odbourana (Wei, Pelechano et al. 2011). Funkce ncRNA je
spojovana s regulaci exprese genil jak v bezprostiedni blizkosti, tak 1 genti vzdalenych tim, ze
transkripce ncRNA soustfed’uje transkripcni elementy (RNA polymerazu, transkripcni
faktory) a ovliviluje strukturu chromatinu.

Ptitomnost ncRNA ptedpokladame i u promotoru HGSNAT, nebot’ v databazi se v blizkosti
promotoru v opacném sméru nenachazi zZadny znamy gen a luciferdzova aktivita je timto
smérem vyrazné nizsi.

Jakmile jsme oblast promotoru prodlouzili na 5konci a vytvofili konstrukt (-2905/-20),
relativni luciferazova aktivita byla na podobné urovni jako z pGL4 (-1305/-20). Avsak
luciferazova aktivita tohoto Kkonstruktu s promotorovou sekvenci v opacné orientaci
dramaticky poklesla na uroven kontrolniho pGL4 (obr. 4.9). Je to ziejmé¢ zplsobeno
oddalenim dutlezitych promotorovych elementi od reporterového genu nebo vlozenim

represoru pfitomného ve sméru 3°-5".

Pro nalezeni elementt dulezitych pro aktivitu promotoru jsme vytvofili mutantni konstrukty,
v sekvenci promotoru -1305/-20 jsme vytvofili delece na 5'konci (obr. 4.10). Luciferazova
aktivita dele¢niho konstruktu pGL4 (-1073/-20) byla na podobné urovni jako aktivita
z konstruktu obsahujiciho celou sekvenci promotoru pGL4 (-1305/-20). K vyraznému poklesu
aktivity vSak doslo pfi méfeni dalSich dele¢nich konstruktd (pGL4 -716/-20, pGL4 -347/-20 a
pGL4 -186/-20) (obr. 4.10). V oblasti -716 az -1073 se ziejmé nachazi elementy pozitivné
ovliviyjici transkripei, nebot’ pii deleci tohoto useku luciferdzova aktivita vyrazné poklesla.
Tyto vysledky z luciferazové eseje nasvédcuji tomu, ze oblast -1073 az -20 je dilezita pro

spousténi transkripce genu HGSNAT.
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Promotorova sekvence
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Obr 4.10: Luciferazova aktivita promotoru HGSNAT s delecemi na 5 konci

V grafu jsou znazornény sekvence promotoru s delecemi na 5'konci a RLU (relativni luciferazova
aktivita) kazdého deleéniho konstruktu se smérodatnou odchylkou t¥i méteni z transfekci v oddélenych
jamkach v jednom pokusu. pGL4 vektor bez promotorové sekvence byl pouzit jako negativni kontrola.

4.2.3 Analyza vazby transkrip¢nich faktori v promotoru

Sekvence promotoru -1073/-20 byla analyzovana pro piitomnost vazebnych mist pro
transkripéni faktory pomoci predikénich programli. Nebyla nalezena zadna konvenéni
sekvence pro TATA box ani CAT box. Bylo nalezeno nékolik potencialnich vazebnych mist
pro transkrip¢ni faktory Spl a dale vazebna mista pro, AP-1, AP-2, CREB, NRSF, EGR. Sest
vazebnych mist pro Spl bylo nalezeno v oblasti -101 az +50 (obr 4.11). Vazebna mista pro
Spl jsou hojnd v promotorech lysosomalnich gent, u cystindzy, onemocnéni zplisobeného
deficitem lysosomalniho transportniho proteinu cystinozinu (Phornphutkul, Anikster et al.
2001), byla popsana mutace ve vazebném misté pro Spl, ktera byla pfi¢inou onemocnéni.
Proto jsme se rozhodli zjistit, kterda z predikovanych vazebnych mist jsou autentickd a zda
zmény jejich exprese mohou ovlivnit expresi genu. Luciferdzovou eseji jsme zjiStovali, zda
tato mista ovliviiuji promotorovou aktivitu. ProtoZe jsme uz dfive méfili luminiscenci pGL4 (-
1305/+50), u kterého nedoslo ke zvySeni signalu v porovnani s pGL4 (-1305/-20), bylo
ziejmé, ze dvé vazebna mista pro Spl (Spl-E a Spl-F), ktera se vyskytuji v oblasti -20 az
+50, nemaji zasadni vliv na zvyseni aktivity promotoru.

Vliv dalSich ¢tyf Spl na promotorovou aktivitu jsme dale ovéfovali vytvofenim mutovanych
konstrukth ve vazebnych mistech pro transkripéni faktor Spl. Luciferdzovou aktivitu
konstrukti s mutovanymi vazebnymi misty jsme porovnavali s luciferazovou aktivitou
konstruktu pGL4 (-1305/-20). V konstruktech s mutovanym vazebnym mistem pro Spl-A a
Sp1-D doslo k vyraznému poklesu luciferazové aktivity (obr. 4.12), z ¢ehoz usuzujeme, ze

tato dvé vazebna mista jsou dilezita pro regulaci HGSNAT promotoru. Naopak u konstruktt

MV
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malo znamou inhibi¢ni funkci faktoru Spl (Zaid, Hodny et al. 2001). Nebo toto zvysSeni
aktivity muze byt vysvétleno vytvofenim novych vazebnych mist pro transkripéni faktory,
které nebyly odhaleny predikénimi programy pii kontrole mutovanych konstrukti.

Pfitomnost vazebnych mist pro Spl v oblasti -101 az -20 byla potvrzena pomoci ChIP
(chromatinova imunoprecipitace). Jako pozitivni kontrola pro PCR amplifikaci byl pouzit
celkovy chromatin (INPUT) a DNA imunoprecipitovana pomoci protilatky anti-Histone H3.
258 bp fragmenty zahrnujici promotorovou oblast -101 az -20 byly amplifikovany v obou
téchto kontrolach i v DNA imunoprecipitované pomoci protilatky anti-Spl (obr. 4.13).
Zaroven jsme pro kontrolu ChIP amplifikovali tsek promotoru SLC22A18 genu, kde byla
popsana vazebna mista pro Spl diive (Ali, Bajaj et al. 2009). Amplifikace tseku obsahujiciho
vazebna mista pro Spl zimunoprecipitatu pfipraveného s protilatkou anti-Spl potvrzuje

vazbu Spl. Vysledky ptislusnych kontrolnich experimentii nesvédéily pro faleSnou pozitivitu.

V sekvenci promotoru jsme pomoci predik¢nich programu nalezli dva motivy CLEAR, které
jsou rozpoznany TFEB tcastniciho se regulace exprese lysosomalnich gend (Sardiello,
Palmieri et al. 2009). Tyto dva nalezené motivy se nachazi 737 a 867 bp od 1. ATG ve sméru
3’-5". VétSina CLEAR motivi byla nalezena v seku -300 az +100 bp od zacatku transkripce,
1 kdyz byly nalezeny 1 vzdéalené€jsi motivy, na kterych vazba TFEB ovliviiovala expresi genu
(Palmieri, Impey et al. 2011). Nelze tedy vyloucit vliv TFEB na expresi HGSNAT, nebot’ pfi
deleci oblasti -716 az -1073, v niZ se motivy nachazeji, doslo k vyraznému poklesu aktivity

reporteru.

- -61
Rk Sp1-A Sp1-B 7 Sp1-C
gtgactcaggcggceggtgacggcagcggagggggcgatgacgggcgegegggegtccgecggcggageage

Sp1-D '29| Sp1-E Sp1-F

gcagggcggggcgcagcgggcaggcagggeggcecgagegggeggegggeatgageggggegggeaggge
+50
8

gctggcecgcegcetgetgetggecgegtecgt

Obr 4.11: Sp1 vazebna mista na 3’konci HGSNAT promotoru

Konsenzualni sekvence pro vazebna mista transkripéniho faktoru Spl jsou podtrzend, mutované
sekvence jsou znazornény tuénym pismem. Symbolem 7 jsou vyznaCeny pozice 3’konce
promotorovych sekvenci.
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Obr 4.12: Luciferazova aktivita mutovanych vazebnych mist pro Spl

Graf ukazuje luciferazovou aktivitu v RLU (relativni luciferazova jednotka) u konstruktd
S mutovanymi vazebnymi misty pro Spl (mut Spl-A, B, C, D). Vysledky jsou znazornény se
smérodatnou odchylkou tfi méfeni z transfekci v oddélenych jamkach v jednom pokusu. Vektor pGL4
bez promotorové sekvence byl pouzit jako negativni kontrola.
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-120 to +139 bp
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-317 to -136 bp
oblast SLC22A18

Obr. 4.13: ChIP analyza
Pro ChIP analyzu byly pouzity bunky HepG2 a protilatky proti histonu H3 (pozitivni kontrola metody)
a Spl. Vzorek bez pfidani protilatky pfi imunoprecipitaci slouzil jako negativni kontrola metody (ab-).

PCR reakce ve znamé promotorové oblasti genu SLC22A18 slouzila jako pozitivni kontrola vazby
Spl. (Cislovani oblasti HGSNAT a SLC22A18 je vztazeno k 1.ATG = +1bp dle sekvenci
NM_152419.2, respektive NM_002555.5)

60



4.2.4 Promotor HGSNAT ma charakter promotori housekeeping geni

HGSNAT promotor je podobny promotorim housekeeping gent (Zhu, He et al. 2008), nebot’
neobsahuje TATA box, ktery se bézné vyskytuje v tkanové specifickych promotorech (Yang,
Bolotin et al. 2007). Ma nékolik za¢atku transkripce, nemetylovany CpG ostruvek a nékolik
vazebnych mist pro Spl. Spl je velmi bézn¢ se vyskytujici transkripéni faktor, hraje dtlezitou

roli v promotorech housekeeping genti (Brandeis, Frank et al. 1994).

4.2.5 Zmeény v sekvenci HGSNAT promotoru u pacienti

Vysetfovali jsme sekvenci HGSNAT promotoru -1305/-20 u 23 pacienti MPS IIIC z riznych
populaci. Nalezli jsme jeden bézny polymorfismus rs4523300 u tfi pacientll a jednu mutaci
0.4875G>A u jednoho pacienta. Vliv téchto zamén na aktivitu promotoru jsme testovali
pomoci luciferazové eseje. U konstruktu pGL4 -1305/-20 jsme cilené vytvofili jednobodové
zamény odpovidajici mutaci g.4875G>A a polymorfismu rs4523300. Intenzita luminiscence
téchto mutovanych konstruktl nevykazovala vyrazné snizeni luciferazové aktivity oproti
pGL4 -1305/-20 (obr. 4.14). Tyto zam&ny v promotorové oblasti nevedly ke zméné genové
exprese. V nasem souboru 23 pacientil, ve které jsou i pacienti ze Ctyi Ceskych rodin s MPS

I11C, jsme nenalezli zadné funk¢né€ vyznamné variace.

9,00
8,00
7,00 -
6,00
5,00
4,00

RLU

3,00
2,00
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0,00 =
(-20/-1305)  g.4875G>A  rs4523300 pGL4basic
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Obr 4.14: Luciferazova aktivita HGSNAT promotoru s mutaci a polymorfismem

V grafu je znazornéna luciferazova aktivita v RLU (relativni luciferazova jednotka) promotorovych
sekvenci -20/-1305 s mutaci g.4875G>A a polymorfismem rs4523300. Vysledky jsou znazornény se
smérodatnou odchylkou tii méfeni z transfekci v oddélenych jamkach v jednom pokusu. pGL4 vektor
bez promotorové sekvence byl pouzit jako negativni kontrola.
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4.3 MySi model ukazuje MPS IIIC jako neurodegenerativni poruchu
S mitochondrialni dysfunkci

Tato prace je Sirokym popisem prvniho zvifeciho modelu MPS IlIC, ktery byl vytvofen ve
spolupraci se skupinou Prof. Psezhetského (University of Montréal) (viz publikace 9.5).

V této studii jsem se podilela na biochemickych vySetienich.

4.3.1 Homozygotni mysi maji vyrazné sniZenou expresi a aktivitu HGSNAT

Technikou gene trap byl vytvofen model MPS 1IIC. Méfeni exprese HGSNAT pomoci real-
time PCR a aktivity HGSNAT méfené s fluorogennim substratem 4-metylumbelliferyl-f-D-
glukosaminidem ve tkanich homozygotnich mysi prokazala Gplny deficit HGSNAT — aktivita
byla snizena na 1,5 - 0,6% hodnoty u zdravych mysi, coz piedstavuje uplny deficit. U
heterozygoti poklesla aktivita zhruba na 50% hodnotu oproti kontroldm, podobné jako je
tomu u lidi. Aktivity jinych lysosomalnich enzymii byly ve tkanich homozygott stejné nebo
vy$si nez ve tkanich zdravych mysi, s vékem se aktivity postupné zvysSovaly, coz bylo ziejmée
zpusobeno zvysujicim se poctem lysoSomu ve tkanich, to bylo popséno i u mysich modeli

jinych podtypt MPS III (Bhaumik, Muller et al. 1999; Li, Yu et al. 1999).

4.3.2 MysSi s deficitem HGSNAT vykazuji postupné zmény chovani a poruchy uceni

Mysi s deficitem HGSNAT jsou zivotaschopné a u homozygotnich mysi s deficitem
HGSNAT byl pozorovan normalni rist a chovani stejné jako u zdravych mysi ¢i heterozygott
az do véku 5-6 mésici, poté byla u mysi s deficitem HGSNAT pozorovana zvysena uzkost a
hyperaktivita. V 11-12 mésicich zivota byly u deficitnich mysi pozorovany zédvazné znamky
onemocnéni, do té¢ doby nebyly Zadné zjevné zndmky nemoci pozorovany. Dochdzelo ke
ztraté hmotnosti, srsti a porucham chiize a koordinace. Nebyly zaznamenany zadné kosterni
abnormality jako skoliéza nebo nekrdza stehenni hlavice publikované u lidskych pacienta (de
Ruijter, Maas et al. 2013), ani facialni dysmorfie, ktera byla popsana u jinych modelt MPS
III. Pfi¢inou umrti ve 12-16 mésici byla obvykle retence mo¢i v mo¢ovém méchyii, ktera se

vyskytuje 1 u ostatnich mysich modeltt MPS 111, ale neni pfitomna u lidi.

4.3.3 Patologické zmény ve tkanich mySi s deficitem HGSNAT
Pii patologickém vysetfeni homozygotnich mysi s deficitem HGSNAT ve véku 2, 4, 6, 10 a
11-12 mésict nebyly makroskopicky pozorovany zadné vyrazné zmény vnitinich organt,

zatimco pii mikroskopickém vySetfeni byly detekovany patologické zmény uz ve stari 2
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meésic s postupnym zhorSovanim v zavislosti na vzrustajicim veéku. U mysi s deficitem
HGSNAT bylo pozorovano stfadani glykosaminoglykani v jatrech, sleziné a mozku. Bylo
zjisténo sekundarni stfadani lipida vcetné gangliosidi Gm2 a Gmsz a cholesterolu v mozku

vvvvvv

MPS 111B (Bhaumik, Muller et al. 1999; Li, Yu et al. 1999).

434 V mozku mySi s deficitem HGSNAT dochazi ke zménam energetického
metabolismu mitochondrii
Protoze pfi elektronové mikroskopii byly pozorovany v neuronech abnormalni mitochondrie,
jak je uvedeno nize, zkoumali jsme, zda je v mozku mysi s deficitem HGSNAT ovlivnén
energeticky metabolismus. Mé&fili jsme aktivity enzymil mitochondridlniho respiraéniho
fetézce. Vyrazné nizsi byla aktivita enzyma komplexu IV (cytochrome c¢ oxidase, COX) a Il
(succinate-coenzyme Q reductase, SQR) v mozku mysi s deficitem HGSNAT ve véku 8 a 12
meésici oproti kontrolnim mySim. Aktivita komplexu Il a I+l (succinate-cytochrome c
reductase, SCCR) byla vyrazné snizena s pfibyvajicim vékem HGSNAT deficitnich mysi,

zatimco u zdravych mysi stejného véku nebyly pozorovany zadné zmény.

4.3.5 Abnormalni autofagie v neuronech u mysi s deficitem HGSNAT

Zvysena autofagie spojena s poruchou proteolyzy a akumulaci chybné sbalenych proteint
byla zjisténa v buitkach u mnoha LSDs (Settembre, Fraldi et al. 2013). V jatrech mysi
s deficitem HGSNAT ve veéku 2 az 12 mésicu bylo detekovano zvysené mnozstvi LC3-II
ukazujici na zvySenou autofagii. V mozku bylo detekovano zvySené mnozstvi LC3-11 pouze u
mysi ve véku 6 mésici a vice (obr. 4.15). Zaroven bylo v neuronech zjisténo vyrazné zvyseni
podjednotky ¢ mitochondrialni ATP syntazy (subunit ¢ of mitochondrial ATP synthase,
SCMAS) a ubikvitinu, coz svédc¢i o mitofagii a poruse lysosomalni proteolyzy.

Od veéku 2 mesicti byly v mozku mySi pozorovany znamky neuroinflamace. Ve véku 5-6
mesici bylo v mikrogliich pfitomno vyznamné lysosomalni stfadani. Charakter stfadani v
elektronmikroskopickém obraze svédcil pro akumulaci glykosaminoglykanii. Naproti tomu v
neuronech byly kromé mirnych znamek lysosomalniho stfadani v malé mife pfitomny i
autofagické vakuoly. Ndpadnym nélezem byla akumulace abnormélnich mitochondrii ve véku
5-6 mésicii v cytoplazmé. Tento ndlez pravdépodobné svédci pro poruchu mitofagie, ackoli
ho nelze pokladat bez dalSich vySetieni autofagickych procest, kterd nelze provést ve
fixovanych vzorcich tkani, za jednozna¢ny prukaz poruchy mitofagie. Pozd¢ji jsou pfitomny v

lysosomech a pravdépodobnych autofagickych vakuolach ¢asteéné degradované organely,
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které by mohly byt mitochondrialniho piivodu. V mozku mysi s deficitem HGSNAT dochazi
k poskozeni mitochondrii a az poté k autofagii, nebot zvySeni LC3-1I v mozku bylo
detekovano az u 6 mésicu starych mysi s deficitem HGSNAT.

Nase data charakterizuji MPS IIC jako neurodegenerativni chorobu s pozorovanymi
zménami mitochondrii. Abnormalni autofagie, konkrétn¢ mitofagie, se muze podilet na

akumulaci neodbourané¢ho materialu v lysosomech neurond. Zmény v neuronech véetné jejich
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Obr 4.15: Detekce LC3-11 v mozku mysi

Na Western blotu bylo detekovano zvySené mnozstvi LC3-1l1 v mozku mysi s deficitem HGSNAT ve
véku 6 a 10 mésicu, ve ve€ku 4 mésict detekovano nebylo. Jako kontrola nanasky byla pouzita detekce
B-tubulinu.

4.3.6 Neuroinflamace u mysi s deficitem HGSNAT

V mozku mysi s deficitem HGSNAT byla v porovnani se zdravymi jedinci detekovana
zvySena exprese markertu zanétu MIPla (Macrophage inflammatory protein-l1a) a TNFa
(tumor necrosis factor alpha) uz 10. den zivota. Koncentrace téchto cytokinti se zvySovala az
do véku 8 mésict. Progredujici neuroinflamace byla dobfe dokumentovana u mySich modela
lysosomalnich neurodegenerativnich poruch véetné MPS IIIA a B, kde dochazelo k aktivaci
mikroglie a astrocyti a ke zvySené produkci zanétlivych cytokind (Ohmi, Greenberg et al.
2003; Ausseil, Desmaris et al. 2008; Wilkinson, Holley et al. 2012). Deficit HGSNAT a
akumulace heparan sulfatu v gliovych bunkéch vede k jejich aktivaci a produkci cytokint,
kter¢ pravdépodobné zpisobuji poruchu mitochondrii v neuronech vedouci ziejmé
K odumieni neuront, coz vysvétluyje, ze MPS IIIC se projevuje primarné jako

neurodegenerativni choroba.
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Tento zvifeci model MPS IIIC reprodukuje dilezité rysy lidského onemocnéni, mize byt
pouzivan pro testovani terapie. Prib¢h onemocnéni je srovnatelny s ostatnimi mySimi modely
MPS 111, u kterych se také - na rozdil od lidi - vyskytuje retence moci se zvétSenim mocového
méchyfe. Ve sténé mocového méchyfe nebyly pozorovany patologické zmény, které by
vysvétlily retenci moci. Je pravdépodobné, ze ptiznaky jsou zplsobeny postizenim michy,
ktera vSak v ramci této studie nebyla vySetfovana. Mechanismus postizeni mozku u tohoto
modelu je charakterizovan postupnou ztratou neuronii, ktera muze souviset s poruchou
autofagie poSkozenych mitochondrii. Tento mechanismus muize byt spole¢ny pro dalsi

metabolické a neurodegenerativni choroby (napt. Parkinsonova choroba).

4.4 Izolace lysosomalnich membran z kultivovanych bunék

Pro ucely vyzkumu lipidi a proteinti lysosomalnich membran jsme vyvinuli jednoduchou
metodu pro izolaci lysosomalnich membran z kultivovanych bunéénych linii HEK293 a HelLa
(viz publikace 9.4). Lysosomalni membrany byly v minulosti izolovany rtiznymi metodami,
mezi kterymi pievladaly techniky vyuzivajici diferencialni centrifugaci obvykle nasledovanou
separaci v denzitnim gradientu.

Pro izolace jsme nejdiive vyzkouSeli metodu diferencidlni centrifugace organelového
koncentratu po selektivni 1yze lysosomu vychazejici z literatury (Ohsumi, Ishikawa et al.
1983). Organelovy koncentrat jsme inkubovali s 20 mM metyl esterem methioninu (MME),
ktery se pouziva k selektivni 1yze lysosomt (Goldman and Kaplan 1973). Slabé baze, jako
jsou metyl estery nékterych aminokyselin, snadno prostupuji lysosomalni membranou do
lysosomu, kde jsou ziejmé& pomoci lysosomalnich hydroldz pfemény na volné aminokyseliny,
které se v lysosomu akumuluji a zplsobuji jeho osmotické prasknuti. Frakce ziskané po
diferencialni centrifugaci vSak nebyly obohaceny o lysosomalni membrany v dostate¢ném
mnozstvi a Cistote, proto jsme lyzaty oSettené MME separovali na linearnim 32,5% - 55,5%
sachar6zovém gradientu. V jednotlivych frakcich byla métena aktivita lysosomalniho enzymu
glukocerebrosidazy (B-Gluc) a mitochondridlniho enzymu sukcinatdehydrogenazy (SDH).
Zvysena aktivita B-Gluc byla pozorovana ve frakcich s 30 - 41% a 45% sacharozou. V 45%
sachardze byla zaroven patrna zvysena aktivita SDH (obr. 4.16), coz svéd¢i o mitochondrialni

kontaminaci.
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Obr 4.16: Frakce lysosomalnich membran separovanych na linearnim sacharézovém gradientu
V jednotlivych frakcich je znazornéna aktivita glukocerebrosidazy (B-Gluc) a sukcinatdehydrogenazy

(SDH), ktera je vyjadiena v procentech celkové aktivity. Koncentrace sachar6zy je uvedena
v procentech (w/v).

Navrhli jsme krokovy gradient, kde byl postnuklearni supernatant oSetteny MME podvrstven
20% a 41% sachardzou a frakce obohacenych lysosomalnich membran byla sbirana z rozhrani
20% / 41% sachar6zy. Frakce se zvySenou aktivitou B-Gluc obsahovala mitochondrialni
kontaminaci, kterou jsme eliminovali snizenim koncentrace sachar6zy ve spodni
Casti gradientu z41% na 35%. Zaroven vSak doslo ke sniZzeni vytézku obohacenych

lysosomalnich membran (obr. 4.17).

Activity of enzyme per fraction (% of total)
Concentration of sucrose (%)

Fraction
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Obr 4.17: Frakce lysosomalnich membran separovanych na krokovém sacharozovém gradientu
V jednotlivych frakcich je zndzornéna aktivita glukocerebrosidazy (B-Gluc) a sukcinatdehydrogenazy
(SDH), ktera je vyjadiena v procentech celkové aktivity. Koncentrace sacharézy je uvedena
v procentech (w/v).
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Protoze zvysSena aktivita lysosomalniho enzymu B-Gluc bez mitochondrialni kontaminace
byla naméfena ve frakci lysosomalnich membran ziskanych z rozhrani 20% / 35% sacharozy,
pouzili jsme tuto frakci k detekci lysosomalniho membranového proteinu LAMP1 pomoci
Western blotu. LAMP1 byl soucasné¢ detekovan i v homogenatu (H), postnuklearnim
supernatantu (PNS), organelové pelet¢ (OP) a supernatantu po centrifugaci organel (OS).
Nejvyssiho signalu bylo dosazeno u frakce lysosomalnich membran a OP (viz. publikace 9.4,
fig. 3).

V jednotlivych frakcich jsme hodnotili obohaceni lysosomalnimi membranami, méfili jsme
mnozstvi proteinu a B-Gluc aktivitu. Postnuklearni supernatant obsahoval 89 % B-Gluc
aktivity homogenatu, zatimco organelova peleta 77 %. Frakce z rozhranni 20% / 35%
sachardzového gradientu byla obohacena 14x oproti homogenatu a obsahovala 12 % B-Gluc
aktivity homogenatu. Promytim pelety z této frakce v 10 mmol/l Tris pufru jsme dosdhli
dvojnasobného obohaceni oproti nepromyté frakci a 8,8% B-Gluc aktivity homogenatu (viz.
publikace 9.4, tab. 1). Pro zjisténi kontaminace jinymi organelami jsme méfili aktivity dalSich
enzymu - sukcinat dehydrogendzy (marker mitochondrii), alkalické fosfatazy (plazmaticka
membrana), katalazy (peroxisomy), NADPH-cytochrom ¢ reduktizy (endoplazmatické
retikulum). Aktivity kontaminujicich enzymu byly velmi nizké (méné nez 1 %) s vyjimkou

katalazy (2,6 %), coz svédéi o nizké kontaminaci peroxisomy.

Pro monitorovani lyzy lysosomi jsme méfili aktivitu hexosaminidazy, enzymu lysosomalni
matrix, v supernatantu organelové frakce po rizné dlouhé inkubaci s MME. Po 15, 30, 45 a
60 minutich supernatant obsahoval 36,7 %, 39 %, 476 % a 544 9% plvodni
hexosaminidazové aktivity. Vzhledem k tomu, ze nebylo mozné do reakce pfidat inhibitory
protedz, protoZze na aktivité protedz zavisi mechanismus lyzy, dochazelo béhem inkubace
k proteolyze a po 60 minutach uz celkova aktivita hexosaminidazy klesla o 13 %. Vyssi
koncentrace MME nevedla ke zvySovani aktivity hexosaminiddzy. Aktivita B-Gluc se béhem
inkubace s MME v supernatantu nezvysovala. Podle téchto vysledkti jsme zvolili inkubaci
S MME po dobu 45 minut, abychom doséhli co nejvyssi lyzy lysosomt, ale vyhnuli se riziku

vyznamné proteolyzy.

S lysosomalni membranou mohou docasné interagovat luminalni proteiny (Jadot, Dubois et

al. 1997) a nékteré¢ lysosomalni proteiny véetné glukocerebrosidazy existuji v luminalni i
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membranové formé¢ (Imai 1985). Dalsi zvySovani vytézku lysosomalnich membran
odstranénim perifernich membranovych proteinli nebo volné vdzanych lumindlnich proteint,

které mohou kontaminovat obohacené lysosomalni membrany, nebylo testovano.

Ov¢rtovali jsme, zda ve frakei promytych lysosomalnich membran zlstava zachovana funkce
vakuolarni ATPazy, protonové pumpy v lysosomalni membrané, ktera je zodpoveédnd za
udrzeni kyselého prostiedi v lysosomech. Promyté lysosomalni membrany byly po pfidani
ATP okyseleny, aktivita ATPazy tudiz zstala zachovdna. Zména pH byla sledovana na
zékladé¢ zmeény absorbance akridinové oranze pii 492 nm. Po nésledném pfidani siranu

amonného doslo k alkalizaci membranovych vezikul (viz. publikace 9.4, fig. 4).

Vytéznost izolace lysosomalnich membran ndmi optimalizovanou metodou je porovnatelna
s metodou izolace magnetickou chromatografii (Diettrich, Mills et al. 1998). Vyhodou nasi
metody je, Ze nevyzaduje nefyziologickou zatéz lysosomli magnetickymi ¢asticemi, kterd
muze zpusobit jejich poSkozeni. Jedna se o rychlou a ucinnou metodu, kterd ma vysokou
ucinnost v eliminaci mitochondrialni kontaminace a dochazi pifi ni k minimalni kontaminaci
ostatnimi bunéénymi kompartmenty. V obohacené frakci lysosomélnich membran zistava
zachovana funkce lysosomalni vakuolarni ATPazy umoZiujici okyselovani membranovych
vezikul. Vytéznost metody byla podobna u obou bunéénych linii HEK293 a HeLa, z ¢ehoz lze
vyvodit, Ze se jedna o metodu vyuZitelnou pro izolaci lysosomalnich membran z SirSiho

spektra bunéénych linii, nebo tkani.
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S5 Zavér
Hlavnim tématem této prace bylo studium regula¢nich oblasti gent mutovanych u dvou

lysosomalnich metabolickych chorob — Gaucherovy choroby a MPS 11IC - a zkoumani jejich

mozného podilu na patogenezi téchto onemocnéni.

Podafilo se mi potvrdit existenci alternativniho promotoru (P2) genu GBA, ze kterého jsou
piepisovany transkripty obsahujici jeden nebo dva nekddujici exony navic oproti popsané
MRNA. P2 a alternativné sestfizené exony jsou pfitomny u primati. Déle jsem zkoumala, zda
je v nékterych situacich P2 rozdiln¢ vyuzivan. Zjistila jsem, zZe relativni exprese z P2 i z
bézného promotoru P1 byla ve 20 riiznych tkanich na podobné urovni, coz svédcilo proti
tkanovée specifické expresi z P2. Protoze hlavnim bunéénym typem postizenym lysosomalnim
sttddanim u Gaucherovy choroby jsou buiiky makrofagového ptivodu, zkoumala jsem vyuziti
P1 a P2 béhem diferenciace monocytti na makrofagy in vitro. Béhem diferenciace dochazi ke
zvySovani exprese z obou promotord, ale pomér mezi vyuZzitim obou promotord se neméni,
navzdory tomu, ze P1 a P2 maji odli$ny charakter. P2 neobsahuje TATA box a je asociovan
s nemetylovanym CpG ostravkem, naproti tomu P1 obsahuje TATA box a odpovida 1épe
kanonickému core promotoru. Vyse uvedené studie ukazaly, ze pomér exprese z P2 viici Pl
se ve zkoumanych situacich neméni a tak nesvéd¢i pro diferencialni vyuziti P2. Zjistila jsem,
ze vyrazné odlisné fenotypové projevy u pacientl se stejnym genotypem (homozygoti pro
béznou mutaci N370S) nebyly asociovany s variantami v obou promotorech nebo v nové

nalezenych exonech.

Popsala jsme promotorovy usek genu HGSNAT a charakterizovala oblasti dilezité pro
regulaci jeho exprese. V sekvenci promotoru jsem identifikovala dvé vazebna mista pro
transkripcni faktor Spl, ktera maji vliv na aktivitu promotoru. Nalezla jsem dva hlavni
zaCatky transkripce, které svéd¢i o prednostnim vyuzivani 1. ATG (downstream ATG).
Ovérila jsme, Zze zmény nalezené v sekvenci promotoru u skupiny 23 pacientti s MPS 111C

nemaji vliv na expresi HGSNAT.

Ve spolupraci se skupinou Prof. Psezhetského jsme studovali mysi model MPS IIIC. V této
studii jsem se podilela na detekci autofagie v mozku jedinct rizného véku. V mozku
deficitnich mysi ve v€ku 6 mésicl a vice bylo detekovano zvySené mnozstvi LC3-II ukazujici

na zvySenou autofagii. V neuronech byla pozorovana akumulace abnormalnich mitochondrii
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ukazujici na poruchu mitofagie, kterda se pravdépodobné podili na patogenezi postizeni

nervovych bunék.

Podilela jsem se na optimalizaci metody pro izolaci lysosomalnich membran z tkanovych
kultur, ktera bude vyuzita pro charakterizaci enzymu deficitniho u MPS 1IIC, N-
acetyltransferazy. Vytézek a Cistota lysosomalnich membran izolovanych nasi metodou je
porovnatelna s jinymi metodami, jeji vyhodou pro planované pouziti je jeji jednoduchost a
robustnost.
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6 Tabulky

Tabulka 1

Amplifikovana|Forward primer Reverse primer TM (°C)
oblast

P1_sense" 5’-GGTACCGTGTGCCACTCCCGCTAAATC-3" 5-CTCGAGAGACCACAGGGGTTCCAGAGT-3" 67
P1_antisense” |5 -CTCGAGGTGTGCCACTCCCGCTAAATC-3’ 5"-GGTACCAGACCACAGGGGTTCCAGAGT-3" 67
P2_sense” 5-GGTACCTTTCAGTGAGCACCCAATCCC-3" 5-CTCGAGGAGAAAAGCAGCCCTGGGGAG-3" 67
P2_antisense” |5°-CTCGAGTTTCAGTGAGCACCCAATCCC-3’ 5-GGTACCGAGAAAAGCAGCCCTGGGGAG-3" 67
exon-1, -2 5-TGAGGAAGGGCTCTGAGTCC-3" 5-TCAAGCGGAGGGTAGGGACC-3" 65
U3, L9 5’-CCAGCGACACTTGTTCGTTCAACTT-3" 5-GGTCCTCCTTCGGGGTTCA-3’ 63
-353/-1311? 5'-CCTAACTGGCCGGTACTAGCTGGGATTACAGG-3' 60
-353/-1164? 5'-CCTAACTGGCCGGTACATTACAGGTGTGACTC-3' 60
-353/-920? 5'-CTAACTGGCCGGTACAACGTGGTGCCTCC-3' 60
-353/-658% 5'-CCTAACTGGCCGGTACTGTGGGAATTCAATCG-3' 60
U1, L1 5’-CCTGAGGCTCTCTAAAGAGGAAGGTTAGGAA-3’ 5-GAGTCTCTGAAGGATAGAGGATCCACGTTAA-3’ 65
U2, L1 5’-CGACACGCATGCGTAGTTCTC-3’ 5-GAGTCTCTGAAGGATAGAGGATCCACGTTAA-3" 65
U3, L1 5’-CCAGCGACACTTGTTCGTTCAACTT-3" 5'-GAGTCTCTGAAGGATAGAGGATCCACGTTAA-3’ 65
U4, L1 5’-GCTGCTGTTTCTCTTCGCCGAC-3° 5’-GAGTCTCTGAAGGATAGAGGATCCACGTTAA-3’ 65
U1, L2 5’-CCTGAGGCTCTCTAAAGAGGAAGGTTAGGAA-3’ 5-AAGACCACAGGGGTTCCAGAG-3° 65
U2, L2 5-CGACACGCATGCGTAGTTCTC-3" 5"-AAGACCACAGGGGTTCCAGAG-3" 65
U3, L2 5’-CCAGCGACACTTGTTCGTTCAACTT-3" 5"-AAGACCACAGGGGTTCCAGAG-3" 65
U4, L2 5-GCTGCTGTTTCTCTTCGCCGAC-3" 5"-AAGACCACAGGGGTTCCAGAG-3" 65
Methl 5 -GGTTGGATTTATTGTGGGAATTTAAT-3" 5-TCAAAACCCTTCCTCAAATCTCATT-3" 56
Meth2 5-AATGAGATTTGAGGAAGGGTTTTGAG-3" 5-CCATTACACTCCAACCTAAAC-3" 56
Meth3 5 -GTTTAGGTTGGAGTGTAATGG-3" 5-TCATTAATAAAATCTAACCATCCTTACC-3’ 56
RACE 1 5-GCTGATGGCGATGAATGAACACTG-3" 5-GAGTCTCTGAAGGATAGAGGATCCACGTTAA-3’ 60
RACE 2 5-GCTGATGGCGATGAATGAACACTG-3" 5"-AAGACCACAGGGGTTCCAGAG-3" 60
RACE 3 5-CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG-3" |5'-CAGGAATTGGAGACCAGCCTGAC-3" 60
RACE_4 5’-CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG-3" |5-GGCAAAACGAAATCCCACCGCAG-3’ 60
Y Podtrzené sekvence jsou nehybridizujici overhangy obsahujici restrikéni mista

2) Podtrzené sekvence nasedaji na vektor pGL4

Tabulka 2

Nazev sondy |Forward primer Tm (°C) |Reverse primer Tm (°C) |Sonda Tm (°C)
promiGBA1 AGAGTCTTACTGCGCGGGG 59|AGCCTGCAAAGGCGCC 60|AGTCTCCAGTCCCGCC 69
promlIGBA2 GCTCGCCAGCGACACTTG 60| GGACTCAGAGCCCTTCCTCAA 59|CGTTCAACTTGACCAATG 69
promliGBA3 TCAATCGCCCCCATCCA 60| TGCGTGTCGGCGTTTTC 59|CAACAGTGTGCTGGCG 70
promiGBA4 CGGAATTACTTGCAGGGCTTA 58| CAAAAACAAGGATGCAGGTACCT| 58| CCTAGTGCCTATAGCTAAG| 69
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Tabulka 3

Oblast promotoru |Orientace [Forw ard primer Reverse primer Tm (°C)
(-20/-1305)Y  |sense  |5"-GGTACCTTCCCGAAACAGTGCCCCCTATC-3" |5'-CTCGAGGCCCTTGCCTGCCCGCTG-3' 67
(-20/-1305)Y  |antisense |5-CTCGAGTTCCCGAAACAGTGCCCCCTATC-3 |5'-GGTACCGCCCTTGCCTGCCCGCTG-3' 67
(-101/-1305)Y  [sense  |5'-GGTACCTTCCCGAAACAGTGCCCCCTATC-3" |5'-CTCGAGGTCACCGCCGCCTGACTCAC-3' 67
(-101/-1305)Y  |antisense |5"-CTCGAGTTCCCGAAACAGTGCCCCCTATC-3" |5'-GGTACCGTCACCGCCGCCTGACTCAC-3' 67
(-61-1305)2  |sense  [5'-GCGGGCGTCCGCGCTCGAGGATATCAA-3" |5'- TTGATATCCTCGAGCGCGGACGCCCGC-3” 63
(+50/-1305)"  |sense  |5'-GGTACCTTCCCGAAACAGTGCCCCCTATC-3" |5'-CTCGAGACGGACGCGGCCAGCAGCA-3° 67
(+50/-1305)Y  |antisense |5'-CTCGAGTTCCCGAAACAGTGCCCCCTATC-3" |5'-GGTACCACGGACGCGGCCAGCAGCA-3 67
(-20-2905)Y  |sense  |5"-GGTACCTGACCCTGCTTGTGAACCAACCA-3" |5'-CTCGAGGCCCTTGCCTGCCCGCTG-3 68
(-20/-2905)Y  [antisense |5'-CTCGAGTGACCCTGCTTGTGAACCAACCA-3" |5'-GGTACCGCCCTTGCCTGCCCGCTG-3' 68
) Podtrzené sekvence jsou nehybridizujici overhangy obsahujici restrikéni mista

2 Oblast promotoru byla vytvofena mutagenezi

Tabulka 4

Deletions and

mutations Forw ard primer Reverse primer Tm (°C),
(-20/-1073)" 5-GCCTAACTGGCCGGTACCTGGGATTTAATCTGTG-3' 60
(-20/-716)Y 5'-GCCTAACTGGCCGGTACATTCAGCTTGTTACAA-3' 60|
(-20/-347)V 5-CCTAACTGGCCGGTACAGTTTGGCAGAATGCG-3' 60
(-20/-186)" 5-TAACTGGCCGGTACTAGCATGGCCCGGC-3' 60|
1s.4523300 5’-CCCAGCCTTGTGTTTTGAGATTTATCC-3" 5-GGATAAATCTCAAAACACAAGGCTGGG-3" 60
g.4875G>A 5’-CTAGCATGGCCCGGCCCAGCC-3° 5'-GGATGGGCCGGGCCATGCTAG-3’ 60|
mut CTG 5’-GGCGGCGGGCCTGAGCGGGGC-3° 5’-GCCCCGCTCAGGCCCGCCGCC-3° 60
mut Spl A 5'-GTGACGGCAGCGGAGAGATCTATGACGGGCGCGCGG-3° 5'-CCGCGCGCCCGTCATAGATCTCTCCGCTGCCGTCAC-3° 60
mut Spl B 5'-CGGAGGGGGCGATGACGATCTCACGATCTTCCGCGGCGGAGCAGCG-3" |5'-CGCTGCTCCGCCGCGGAAGATCGTGAGATCGTCATCGCCCCCTCCG-3" 60)
mut Sp1 C 5’-CGCGCGGGCGTCCACATCTGAGCAGCGCAGGG-3° 5'-CCCTGCGCTGCTCAGATGTGGACGCCCGCGCG-3° 60
mut Sp1 D 5’-CGGAGCAGCGCAGATCTGGTCGCAGCGGGCAGG-3° 5’-CCTGCCCGCTGCGACCAGATCTGCGCTGCTCCG-3° 60
RACE 5-GCTGATGGCGATGAATGAACACTG-3" 5-CCAGAACCTGAAACAAGCAGTGATAACA-3" 65
ChIPHGSNAT  |5"-GTGACTCAGGCGGCGGTGAC-3" 5'-CGGTAGGAGGTGTGCACTCAC-3° 58
ChIP SLC22A18 |5 -GCTCCCGGAACTGGCGATT-3" 5°-CTTTGCAGGGGCGGGCTT-3" 60|
Methl_MPSIIC |5 -ATAGTTAAGAATGGGTGTGTATA-3" 5'-AACCATACTAAACCCTACCTTAA-3" 60|
Meth2_MPSIIC |5 -TAAGGTAGGGTTTAGTATGGTT-3" 5-ATAAAAAATATACACTCACCTC-3" 60|
Meth3_MPSIIC |5 -GAGGTGAGTGTATATTTTTTAT-3" 5'-CCTCCTAACTACCAATTTATA-3" 60|

U Podtrzené sekvence nasedaji na vektor pGL4
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7 Seznam zkratek

4-MU
4-MUGIc
ACP5
ACTB
AMPK
APS
ATP

bp

BRE
BSA
cADPR
CBE
CCD
CD14
CD163
CD68
cDNA
CI-M6PR
CLEAR
CNS
CUTs
ddNTPs
DNA
dNTPs
DPE
EDTA
EE

ELS

ER
ERT
ESTs
FBS
GA
GAPDH
GBA
GBAP
GD
gDNA
HGSNAT
CHIT1
Inr

kb

kDa
LAMP
LAMP1
LAMP2

4-metylumbelliferon

4-metylumbelliferyl-f - D-glukosid

kysela fosfataza

beta-aktin

AMP-aktivovana proteinova kinaza

amonium persulfat

adenosintrifosfat

pary bazi

TFIIB rozpoznavaci element

bovinni sérovy albumin

cyklicka ADP ribdza

konduritol B-epoxid

charge-coupled device

cluster of differentiation 14

cluster of differentiation 163

cluster of differentiation 68

komplementarni deoxyribonukleova kyselina
kation nezavisly manosa-6-fosfatovy receptor
Coordinated Lysosomal Expression and Regulation
centralni nervova soustava

cryptic unstable transcripts
dideoxynukleosidtrifosfat

deoxyribonukleova kyselina
deoxynukleosidtrifostat

downstream core promoter element

kyselina ethylendiamintetraoctova

¢asny endosom

endosomalné lysosomalni systém
endoplazmatické retikulum

enzymova substitu¢ni terapie

expressed sequence tags

fetalni bovinni sérum

Golgiho aparat

glyceraldehyde-3-fosfat dehydrogenaza

gen kodujici glukocerebrosidazu

pseudogen GBA

Gaucherova choroba

genomova deoxyribonukleova kyselina

gen kodujici N-acetyltransferazu
chitotriosidaza

iniciator

kilobaze

kilodalton

lysosomélné asociovany membranovy protein
lysosomalné asociovany membranovy protein typu 1
lysosomalné asociovany membranovy protein typu 2
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LAMP2A
LC3

LE

LIMP
LMPs
LSDs
M6P
M6PR
MCOLN1
MME
MPS I1IC
MPS
MRNA
MTE
mTOR
mTORC1
MVB
NAADP
NADPH
NncRNA
NPC

P1

P2

PAGE
PBS

PCR

PD
PINK1
PROMPTSs
RLU
RNA
RT-PCR
SDH
SDS

SR

SRT
TEMED
TFEB
TPC
UDMP
UNG
B-Gluc

lysosomaln¢ asociovany membranovy protein typu 2A
microtubule-associated protein light chain 3
pozdni endosom

lysosomaln¢ integrovany membranovy protein
lysosomalni membranové proteiny
lysosomalni stfadava onemocnéni
manosa-6-fosfat

manosa-6-fosfatovy receptor

iontovy kanal mukolipin 1

metyl ester methioninu
mukopolysacharidéza typu IIIC
mukopolysacharidéza

mediatorovd RNA

motif ten element

mammalian target of rapamycin
mammalian target of rapamycin complex 1
multivezikularni téliska

adenin dinukleotid fosfat kyseliny nikotinové
nikotinamidadenindinukleotidfosfat
nekodujici RNA

Niemann-Pickova choroba

promotor genu GBA

alternativni promotor genu GBA
polyakrylamidova gelova elektroforéza
fosfatovy pufr

polymerazova fetézova reakce
Parkinsonova choroba

PTEN-induced putative kinase 1

promoter upstream transcripts

relativni luciferazova jednotka
ribonukleotidova kyselina

polymerdzova fetézova reakce spojena s reverzni transkripci
sukcinatdehydrogenaza
sodiumdodecylsulfat

sarkoplazmatické retikulum

substrat redukéni terapie
N,N,N",N’-tetrametyletylendiamin

transkrip¢ni faktor EB

two pore channel

Ustav dédiénych metabolickych poruch
Uracil N-Glykosylaza

glukocerebrosidaza
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ARTICLE INFOD ABSTRACT

Artic e hictory Datsbase searches have shown that a part of glhcocerebrosidase (GBA) transcripts may of jginate st an
“ubmetted 22 December 2010 alternative upstream promoter (P2) located 2.6 kb upstream of the known [P1) GEA promoter. The putative
#wailable online 20 jamuary 2011 altemnative transeripts contained one of Two exTa exors [exon —2 of exons —2, — |, respectively), bt the

first ATC codon and predicted aming-scid sequence are the same xi in the transeript from Pl Ludlerase
aianys conflrmed promoer activity of bothsites in Hapl2 ek the P1 construct exhibited the highest saivity
of lucilerase (1782 £1.10 relative lucilerzse units), while the P2 comstruct reached 301 £0.43 relative

{Commumnicated by A Zimran, M.D,
22 Descemiber 2000 )

[r— luciferase units. Serial 5 deletions of F2 led to changes in reporter activity, the mast prominent decreases
Chimceshros dics were observed in deletion constructs carrying bases — 353 to — 658, and —353 to — 920 [numbered &5 in
Alternate promoter NM_001005750L1 |, respectively. This suggests that the P2 core pramaoter i contxined within the region of
Housekeeping gene — 00 bp ta —1311 by
Cene expression Three P2 transcription i nitiation 5ites were bund by 5 RACE atpositions 347,380, and 413 bpupstream of the
Lacher dueze + 1 ATG. The expression stability of transcripts from P2 P1 was studied in 20 human tisues and was higher
than thatof GAPDH and ACTE, whidh are commonly used a3 reference housekeeping genes. The P2 contains an
wnme thylated CpG island, multiple Sp-1 consensus binding sites and, wnlike P1,does not contxin 3 TATA bax,
Taatures all common to the majority of housekeeping gene promot ers.
We have examined DNA samples from a phenotypically diverse group of twenty Ashkenasi Jewish Gaudher
patients homazygous for the common mild mutation N3705 Both P and P2, x5 well a8 exons —2 and — 1, did
not contain any sequence varistions, with the exeption of the known polymorphism s 10908459 found on
one allele. The phe notypdcal differences in the patients were thus not explained by nudeotide variations in
bath promoters
£ 2011 Esevier Inc All nghts reserved.
Introduction sidase [BA) locatedin a gene-rich region at 1g21; the gene spans 7.8 kb

and contains 11 exonsand 10 introns. A highly homaolo gous transcribed

Gaucher disease is a glycolipid stoage disorder caused by an
inherited deficency of activity of glucocerebrosidase, a hydrolase that
catalyzes one step in lysosomal degradation of ghyoosphingolipids [1]
Gaucher patients carry mutations in the gene encoding gucocerebm-
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but untranslated pseudogene (psGBA ), which is a result of a tandem
duplication event involving ancestral GBA and neighbouring metaxin
genes, is located 16 kb downsream from GBA |2]. This duplication,
which probably occurred before the divergence of great apes and Old
World monleys, has been found only in primates and humans |3].

Although glucocerebrosidase is expressed in all cell types - a
feature characterigic of housekeeping genes - differences in its
expresion levels in cell lines suggested at least some degree of
differential regulation of expression. Also, ghicocerebrosidase activity
to mRNA levels ratios has not been concomdant in all examined cell
lines Because of this, it has been suggested that in addition to
regulation by mRMNA levels, GBA activity must be controlled also by
other mechanisms [4.5].

The majority of housekeeping genes chamcteristically have TATA-
less promoters containing CpG islands and are enriched in hinding

86



20 E Svobodond et ol | Rlood Calls, Moleruler, ond Disroses 46 (2011) 229-245

sites fior some transription factors, including Sp1 | 6). The glucocere-
brosidase promoter located immediately upstream of exon 1 (P1)
does not have an asociated Cpis island and contains a TATA box [2].
Other regulatory elements were identified in the promoter, whose
ability to drive expression of a reporter gene was shown in several
tuman cell lines. Binding of transcription factors was confirmed by
gel-shift assays. It has been elucidated, bydeletion analysis, that there
are several enhancers and a repressor | 7).

Currently, there are five alternative transcripts annotated in the
databases, four of which apparently criginate at an altermative
promoter (F2) located 26 kb upstream of the first ATG and contain
either one or two extra exons (exon — 2 or both exons —2 and — 1,
respectively) (Fig. 1). These transcripts are not predicted to alter the
amino-acid sequence of the ghicocerebrosidase as their variable &
ends do not contain initiation codons.

In this study, we show that the region 1 kb upstream of exon —2
can function as an altemative promoter of ghucocerebrosidase and we
also analyze its properties. We found transcripts from P2 promater in
multiple tissues, confirming that the promater is used in vivo.

Wehave also examined the sequence of exons — 2, — 1 and the P1
and P2 promoters in a group of Ashkenazi Jewish Gaucher patients
homozygous for the N3T05 mutation [&] who presented with
discordant phenotypes.

Patients and methods
Fatients and genotyping

A group of 20 Ash kenazi Jewish type 1 Gaucher patient s homozygous
for the M3705 mutation were included in the study on the basis of
written informed consent. Ten of them had mild Gaucher phenatype,
which i the usual presntation of the disease in patients with this
genotype, while the remaining patients had severe form of the disease
The P1, PLexons — 1and — 2 were amplified fromgenomic DNAineach
patient and sequenced. Primer sequences are in Table 1.

Mumbering of sequences

The promaoterand cONA squences were numbered beginningwith
the A in the initiation ATG codon according to Reference Sequence
NM_0D01572 for the P1 promoter and Reference Sequence
NM_O0MDO5T5001 for the P2 promoter. Mo base was assigned to zem

position
Sequencing of RT-PCR products

GBA tanscripts originating at F2 were probed by RT-PCR using
primers U4 and L9 (Table 1). Upstream primer annealed to exon — 2,

while downstream primer annealed in exon 9 to the sequence deleted
in the pzeudogens, making the amplification specific for the active

gene. The products were gel-purified, cloned, and individual clones
weme sequenced.

(Genention of reparter gene ¢ onsmucs

PCR products (921 and 1156 bp long, respectively) containing the
sequence of P1 [—948/— 27, NM_D00157.2; NG_D09783.1, g 7639~
8559) or P2 [ — 1509/— 353, NM_D010057 50.1, NG_0(9T83.1, £ 3892 -
5047) promoters were amplified using primers with overhangs
containing sequences recognized either by Kpnl or Xhol restrictases
[forward and reverse primers, respectively, Table 1). Primer
sequences were derived from genomic sequence of chromosome 1
[Reference Sequence NG_OD9TE3.1). The fmgments were gel-purified
and directly cloned in the TA cloning vector pCREW -TOPO® (Life
Technologies (Invitmogen, Carlshad, USA), and the resulting constructs
weme verified by sequencing. Positive clones were double digested
with Kpnl and Xhol [Fermentas), released fragments were cloned in
both sense and antisense orentations into pGL4A16 (luc2CP/ Hygro)
vector [Promega, Madison, USA) upstream of the firefly luciferase
reporter gene, generating pGLd — 1509/ —353 and pGL4 —948/—-27
constructs, respectively.

Genenntion of serial deletions in P2 constructs

Serial deletions of P2-containing construct pGL4 — 1509/ —353
were created by ste-directed mutagenesis using the QuickChange XL
site-directed mutagenesiz kit (Stratagene, La jolla, USA) [9]. Primers
liged in Table 1 were used to generate mutant constructs with
different 5'end deletions (pGL4 — 1311/ —353, pGL4 — 1164/ —1353,
pGL4 —920/— 353 and pGLA -658 /—353) according to the mamufac-
turer's instructions. All deletions were confirmed by DNA sequencing.

Cell culnire, transfection and reporter gene analyss

HepG2 (human hepatoblastoma) cells cultured in Opti-MEM®
[Invitrogen | were supplemented with 10% (v/v) fetal bovine serum.
Thecells were grown in 25 cm*flasks at 37 “C, 5% 002 A total of 5= 10%
HepG2 cells per well were seeded into a 24-well culure plate 1 day
prior to transfection. 500 ng of each construct was transfected into
HepG2 cells usng the TH™-20 Reagent (Promega). The empty pGL4
vector was transfected simultaneously. The pRL-TK wector [Promega))
harboring the Renilla uciferase gene wasco-transfected asan internal
control tonormalize for the transfection efficiency. Each constructwas
transfected in triplicate, and each transfection experiment was
repeated independently at least three times. After 48 h, cells were
washed with phosphate-buffered saline (PBS) and lysed with 100 pl of
the passive lysis buffer [Fromeg). The luciferase meporter gene
activity was assayed using the Dualluciferaze® Reporter Assay
System (Promega). The intensity of chemiluminescence in the
supematant was measured using a luminometer [Berthold, Bad

155215706 - B 155204243

5'E — 13

2 A 12 34 56 7 8 8 1011 exoes
variant 1 H—{—H— —{HI-.
variant 2 5 00— H—0—0-0-0mm
varant 3 " 00— H——(--1.
variant 4 H— 00—
varent 5 H—— OO0 O0—O--e

[0- promater |J1| - CpGisland [ - untranslated region  []- coding region

Fig. 1. Alternagve ranscripts of CBA (B4 ganscripts aconding o Cenefank reference saquences: vanant 1 (A No. NM_000157.2) vaniant 2 [Ac NoNM_00100 5741.1), anian 3
(A Mo NM_00100574 21 ), wariant 4 {Aaz Mo NM_0010057451 ), and variant 5 (Acc Mo M 0010057501 ). The pasition of P1, F2, and of the P2 amociaed Cpl island are shown,
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Takhile 1
[Primers ussd for amplificasons and generation of deleions constructs [see Patins and methods)
Amplified region  Farward primer & Position Fever e primer &Pesition Annemling  Length
emp.("C) (bp)
Pl _semet & CCTACCCTCTOOCACTC COGCT AAATC-3 ] ST CACACACCACACCOCTTOC ACAGT-3 g E55 &7 X
- (NCpETERY) T (NG_OETELT)
Pl_amtisense® & CTOCAGCTCTOOCACTC OOLCT AAATC £ Tk & LCTACCACACCACACCOCTTOC ADACT- 5255 (7] i
(NG _(ETELT) (NG_O0ETELT)
P2 _semset & LOTACCTTTCACTCAL CACOCAATOOC - 2 - ] S CICCACCACAAAMMCOAGOCCTOOOCAG S g %047 (7] 115
(N _ETELL ) [HC_EETELL )
F2_anfisenme® & CTOCAGTTTCAGTCAL CACUCAATIOOC -3 2 - ] 5 LOCTACACAAAMMCOAGOCCTOOOCAG S g %047 (7] 115
(NG ETELT) (NG_OETELT)
Fxoms —1, -2 & -TLACCAAGCOCTCTCACTOC -3 -] & TCAACOCCACCOTACCOA Y A ] [5] !
(NG _(ETELT) (NG_O0ETELT)
14,19 & CCTOCTCTTTCIC TTOROOCAC-3" £ 517 & LOTOCTOCTTOCCOCTICAY c1@s <] 1515
(NG_NETELY) (NM_ONO0STS0T)
—355 131" S OCTAACTOOCCCTACTAC TRCOATTACACG S g 4080 [51]
(NG ETELT)
— 316 SCTAATCLOOCTACATIACACCICTOATTC. 3 g 4237 [51]
(NG ETELT)
— 353 X S (TANTCONCCTACAACCTOCTOOC G g 428 (5]
(NG ETELT)
-3 -G8 SOTACTOOCETACICTCOOANTTCANTOL- g 4743 [51]
(NG ETELT)
. L S OTCACCITCTCIAAACADCAACCTTACCAAY g 463 S CACTTCTCAACCATACACCATICACCTTIAAY 33 [5] (7]
(NG ETEL D) (WM _D0I005TS0T)
12,11 & LLACACCCATCICTACTTCTC-3 47 SCACTTCTCAAGCATAGADCATICACCTTAAY 3 [+ 52
(NG ETELD) (WM _D0I005TS0T)
s, L1 & SOCACOCACACTTCTICCTTC AT A i) S CACTTCTCAACCATACACCATICACCTTIAAY 33 [5] 437
(NG ETELT) (HM_O0IEAT50 1)
1,11 & CCTOCTCTTTCIC TTOROOCAC-3" £ 517 S CACTTCTCAACCATACACCATOCAICTTAA-Y 33 [5] 157
(NC_0ETEL ) (HM_ONO0STS0T)
L2 S OTCACCITCTCIAAACADCAACCTTACCAAY g 463 5 -AMCACC A ACCC CTICCACAL -3 cif [5] [22H]
(NG ETELD) (WM _D0I005TS0T)
2,12 & SOCACACCOATCOCTACTTOTC L} 5 -AMCACC A ACCC CTICCACAL -3 cif [5] 580
(NG ETELT) (HM_O0IE0s TS0 1)
s, L2 & SOCACOCACACTTCTICCTTC AT A ] 5 -AMCACC A ACCC CTICCACAL -3 cif [5] L]
(NG ETELT) (HM_O0IEsT50 1)
14,12 & CCTOCTCTTTCIC TTOROOCAC-3" £ 517 5 -AMCACC A ACCC CTICCACAL -3 cif [5] Foi]
(NG ETELD) (WM _D0I005TS0T)
Mzthi & CCTTCCATTTATTCTCCCAATTTAAT- Y g4 & -TCAAAACC CTTOCTC AMATCTCATT- 5873 5 )
(NG ETELD) NG_O0ETEL D)
Math2 B AATCACATTTCACCAACCOCTTTTOAL 37 g 488 S ATTACACTOC AACC TARAL- T 55340 5 =
(NG ETELT) (NG_OETELT)
Mzt & CTTTACCTTCCACTCTAATL 3" AT v.i] & TCATTAATAAAATCTARCCATOC TTAC G £ 5630 5 E1 ]
(NG _(ETELT) (NG_O0ETELT)

PPrimer posisons corespond to &' end of the primers, either in genomic or diNA reference ssquence.

* Underhined ssquence is 2 nan-hybridizing overhang.

B Primerused for genesation of serial deetions in P2 insert by site direced mutagenesis. Lind erlined sequence anneals i the werior pil 4, while the restof the primer anneaks to

P2 The position indi s the 5'end of the P2-hybnidizing sequence.

‘Wildbad, Germany) and expressed as the ratio of Renilla Juciferase to
firefly luciferase luminescence (RLL, relative luciferase units).
Identfication of the tronscription initiaton site

FCR

RT-PCR was used to approcimate the position of the transcription
initiation site. Four upper primers and two lower primers were

probe 2

semamimm

—_—

designed [Table 1). PCR products were gel-purified and sequenced.
Upper primerswerne designed toanneal to the presumed 5 endsofthe
transcript. Lower primers annealed to the junction of exon — 1 and
exon 1 and in the eoon 1, respectively (Fig 2).

5 RACE
Transcription initiation stes of the gene were identified by 5' RACE
technique that amplifies products only from capped mRNAs [10] 5

TS50

- TagMan probes

axon -2

—» - PCR primers

axomn -1 exonl  ATG

+— -RACE resulls

Fig. 2 Locsion of TagMan probes and primers relative to transoription initiason sites
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RACE was camried out using the GeneRacer™ Kit [Imvitrogen ) with
FMAs isolated from human leukocytes, liver, and placenta. Alterna-
tively, the FirstChoice® RIM-RACE Kit [Ambion [Life Technologies),
Austin, USA] was used with the FirstChoice® Human Flacenta Total
FMNA [Ambion ). Mested PCR was performed with 5' RACE universal
primers and gene-specific primers. Primers 5'-aagaccacageggttoca-
gag-3' or 5'-gagtoictgaaggatagaggatocacgttaa-3' were used for the
first mund of amplification, while 5'-caggaattggagaccagrotgac-3' and
5'-ggraasacgaaatcocaccgeag-3', for the second, respectively. Obtained
cDNA fragments were gel purified and sequenced directly and/or after
cloning into TA cloning vector pCRE4 -TOPO® [Invitrogen).

Real-ime FCR

The utilization of transcription initiation sites was studied by
quantitative RT-PCR. Frimers and Taghan probes were designed usng
Primer Express 3.0 software [Applied Biosystems (Life Technologies),
Foster City, USA) to be specific for the squence upstream [probe 1 and
probe 2] and downstream [probe 3) of transcription initiation sites
identified by 5 RACE (Fig. 2, Table 2). Amplification conditions are
available upon request. All reactions were performed using StepOne™
Real-time PCR systemn [Applied Biosystems). cDMA was obtained by
reverse transcription of Human Placenta Total RMA [Ambion) using
High Caparity RMA-to-cDMA Kit [ Applied Bicsystems). A standard curve
was generated by tenfold serial dilutions of the gDNA for each assay,
yielding comelation coefficien ts = 0.98 in all experiments. Each standard
and mample value was determined in duplicate. The expression of
targets of all three aszays was quantified from the standard curve.

Expression profile of P2 and P1 transcripts

TagMan probes 3 and 4, respectively [ Table 2), were used for the
determination of expression stability of promoters P2 and P1. The
specificity of probe 4 was verified by absohite quantification using
oligonucleotides complementary to GBA gene and pseudogene
[Generi Biotech, Pmgue, Czech Republic, sequence not shown).
Expression of gyceraldehyde-3-phosphate dehydrogenase [GAPDH)
and P-actin [ACTB) was quantified with probes purchased from
Applied Biosystems [ Cat. No. 4326317E and 4326315E, respectively).
DMNAs were reverse transcribed from FirstChoice® Human Total RNA
Survey Panel (Ambion] as described abowe. Purified RMAs wer
precisely quantified by the marufcturer and declared concentrations
of RNA weme used. Negative controls without template were included
in each plate. Amplification efficiencies of all probes were tested by
construction of standard curves usng serial dilutions of cDNA and
rnked between 91% and 114,

The expression stability of GBA and com monly used housekeeping
genes GAPDH and ACTE were evaluated using geMorm [version 3.5)
and MormFinder software packages, which examine expression
stability of genes using different algorithms [11,12]. Ct values were
transformed to relative quantities usng delta Ct method assuming the
amplification efficiency equal to 2 in all cases.

DNA methydation

The methylation status of the CpG idand overlapping with P2 was
studied udng bisulphite sequencing. Bimlphite-modified genomic

DMA |13] of three control individuals served as a template for
amplification of the CpG-rich sequence in the vicinity of P2 in three
fragments. Frimers designed to anneal to the modified DNA are listed
in Table 1. Gel-purified products were sequenced.

EBioinformatics—identification of putative manscription fictor binding
sites

The zearch for putative transcription factor binding sites was
performed using TFSEARCH (http://www.chrejp/research/db/
TFSEARCH htm1), MatInspector program [http:/ A genomatizode)
shop fevalation.html) | 14] and Alibaba2 [ bt/ ferenegene-regulation.
com,/puby/programs.html#alibaba2 ).

GBA reference transcripts were obtained from MCBI [ hittp:/waaner.
nchinlmonibgov/ refeeq ], the sequences were last accessed on 26th
Augst 2010). Expressed sequence tags (ESTs) containing squence
homologous to exons —2 and —1 were identified using BLAST
[hittp:blast.nch intm nibugov Blastogi ) and for UCSC Genome B rowrser
[ httpey e nome.ucsc edu/cgi-bin hgGateway).

The multiple alignment of —2 exon and P2 region (Supplementary
data) was modified from 44-way alignment of assembled genomes
available from Galaxy [http://maing® ecpswedu/) [15]

Results

The constructs containing the sequence of both P1 [in pGLA_P1 + )
and F2 [in pGLA_F2+ ), mspectively, delivered significantly higher
levels of reporter activity than negative controls with the zame
sequence in antisense orientation as well as the empty vector. The P1
construct exhibited the highest activity of luciferase (17824110
relative luciferase units), while the P2 construct reached 3.01 £043
relative luciferase units (Fig. 3).

The pGL4 — 1508/— 353 containing the whole sequence of P2 and
the deletion construct pGld —1164/— 353 displayed comparable
levels of luciferase activity, but the other deletion constructs led to
changes in reporter activity. The highest activity was observed in
pGL4 —1311/— 353, while pG14 —658/—353 exhibited dramatically
lowrer iciferase activity. The lowest activity was observed in pGL4
—O20/— 353 (Fig. 4). This suggests that the P2 core promoter is
located within the region ranging from —920bp to — 1311 bp. The
region — 1311 bp to — 1509 bp probably contains a negative regulator
of transcription activity.

RT-PCR products comesponding to transcript variants containing
exon — 2 or both exons —1 and — 2 were found by RT-PCR in cDNA
prepared from placental RNA. 5 RACE identified three transcription
initiation =ites at the P2, corresponding to the positions 347, 380 and
413 bpupstream of the 4+ 1 ATG (Fig. 2, Supplementary data ). Most of
the clones had 5 ends at the position —347 and only few clones at the
position — 413, Two clones (of the total of 40 ) were at positions —452
and —563, respectively. Wee were, however, able to amplify weak RT-
PCR products up to postion —500 bp. KT amplifications with primers
annealing upstream of this region did not yield any products.

The leveks of transcripts initiating upstream of sitesidentified by 5
RACE were studied by guantitative RT-PCR The signal from probe 3
[downstream of —347) was 300 times higher than that of probe 1
[upstream of — 563); the signal from probe 2 [upstream of —413)
was only twice as high as the signal from probe 1. This result

Talile 2

TagMan probes and primers.
TagMan asay [Forward primer T {X) Reverss primer Tm {C) Probe T ")
promilCBAT 5-ACACTCTTACT COLCGOCG-3 59 AL CTCCAAACCOGOC-Y &0 5 -ACTCTOCACTONC COC-3 69
promil CRAZ 5-COTCGC CACCCACACTTC-3 &0 5-CCACTCACACC COTTOCTCAA S L] 5 CCTTCAACTTCACCAATC 69
promil CBAY 5-TCANTCCOOCCCATOCA-3 &0 5-TOOCTCTCCCCCTTTIC-Y ] 5 -CAACACTCTCC TG-S Ta
promiGHAS S{OCAATTACTTCCACCOCOTTAS 58 SCAAMANCAARCCATOOACCTACCT-3 58 5-(CTACTCOCTATACCTAACS: &8
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Dual luciferase reporter assay

20,00
18,004
16,04+
14,00+
13,00+
10,004
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6,041 4
4,0

ce (relativeluciferase units)

o |
0,00 4

pGLe_P2+

peLA_P3-

pGLd_Pl+ pGLA_P1- piLA hasic

Fig 3 Reparier activity of P1 and P2 of the CHA. Both the P1 {pCla_P1+) and P2 (pCla P2+ ) reparter lugfearase activitiss 2= shown in BRI (relsive locilerass unit) The RIL
activity of sach construct is photted a5 fold increases over that of the pll4 wector. Error bars represent siand and dewiation. The pll4 wector, and the constructs with P1(plle P1-)
and P2 | pllA_F2-) promoters cloned in antissnee anentation, were used & anegtive an ol and exhibited neghipible |ucferase acity.

corresponds well with 5 RACE, where most clones had 5'end at
positions —347, — 380, —413 (Fg. 2).

The expression stability of transcripts from P2, P1, and two
housekeeping genes [GAPDH and ACTB) was studied in 20 human
tizues. The (t values determined by real-time PCR for the mRMAs
from P1, F2, GAPDH, and ACTE are shown in Fig. 5. Both geMorm and
NormFinder found the expression stabilities of P1 and F2 transcripts
comparable, while both were higher than stabilities of the established
housekeeping genes GAPDH and ACTE (Table 3). The expression
profile of M1 and P2 followed the zame trend among tissues [Fig. 5).
The results of bizulphite sequencing showed that the CpG island was
unmethylated [data not shown).

The multiple sequence alignment showed that P2 is conserved in
primates. The best homology was obtained in chimpanzee, gorilla, and
orRngutan. Exon —1 homology was found only in gordlla. Anahysis of
P2 sequence predicted consensus binding sites for a number of
transcription factors. Mo consensus TATA or CAAT boxes wem
identified, but multiple Sp1 binding sites were found. In addition,
conserved binding sites for several other transcription factors, GATA-1,
AP-1, YY1, CREE, CRE-BFP, E2F, and twio CLEAR maotifs were also found
[Supplementary data ).

The results of sequencing study in Ashkenazi Jewish Gaucher
patients homozygous for the N3705 did not support our hypothesis
that sequence vadationzin P1, P2, exons —2 and — 1 may influence
Gaucher phenotype. Mo sequence varations have been found in the

Prorroled EEgua

patients with the exception of a known polymorphism rel 0208459
[db&NP build 131, http://www.nchinlm.nih gov/sites/entrez?
db=znp) found in heterozygosity in one of the patients.

Di ;

Four of the five known glucocerebrosidase transcripts contain
exon —2 [variants 2, 3, 4, and 5) or both exon — 2 and exon —1
[varianmts 4 and 5). Transcripts4 and 5 differin three mucleotides at the
junction of exons —2 and —1 and transcripts 2 and 3 differ in
nineteen nucleotides at the juncton of exon —1 and 1 [Fig. 1). The
existence of these variant trAnscripts is supported by a number of full-
length clones and ESTs in databases (not shown ). Horowitz and co-
workers |2] confirmed that the region immediately upstream of exon
1 [P1 promater) functions as a promoter of glucocerebrosidase from
which varant 1 mENA is transcribed.

In this paper, we show that the sequence upstream of exon — 2 (P2
promoter | drives transcription of mEMA in the in vitro reporter assay
and the deletions of parts of the region lead to severe reduction of the
reporter activity. The P2 promoter fragment drove the transcription of
the reporter gene markedly higher than the control plasmid pGL4; the
reached levels of luminescence, however, were about sbx times lower
than that from Pl under the same conditions. This may suggest that
the P2 is a weaker promaoter than P1. Monetheless, it is important to
note that the fragment may not have contained all functionally

Huschoride position (i)

Refative luciorass unis

Fig 4 5'dedetion analysis of the 5flankin g region of the CHAgene. The RLL | relative luaferase activity ) of each d o stion construct is plotted 2 fiold increzmes over that of the pll4
wertor. The results are mpresented 25 the mean +5. [ of three separaely transfected wells in oneexpeniment. The pGld basic veriorwas wied & anggatiwe montrol and echibitad no

ludfemse activity.
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Fig. 5. Cyde threshold alues of P1, P2, CAPDH and ACTE in different tissues. The expression kewels of P1,P2 CAPDH and ACTH in 20 different Sxmue samples wee evaluated using,
gRT-PCR. (¢ valuesin P1 am in the range of 204 = 329 and in F227.9 - 306 Enor bars nepresent standard deviation {n=21

important elements of the promaoter, including distant enhancers as
well as all regulatory sequences downstream of the initiation site. We
used fragments of amilar gze, which did not contain a larger part of
the dowmstream exons in both P1 and F2 constructs For these
easons, reporter gene expression from M and P2 constructs may not
be proportional to the strength of the native promaoters.

Analysis of 5 RACE products has shown that transcripts originate
at three initiation sites (347, 380, and 413 bp upstream of the +1
ATG). We have confirmed by quantitative RT-PCR that the above sites
are the major transcription initation sites of P2 The weak RT-PCR
products originating upstream of these sites in the 5 region may
represent promaoter upstream transcripts (FROMPT=) [16]

Samdiello and co-workers |17] have recently found that most
lysosomal genes exhibit coordinated tansriptional behavior and are
regulated by the transcription factor EB [TFEB ). They identified a 10-
bp motif named CEAR [Coordinated Lysosomal Expression and
Regulation ), which is enriched in promoters of hysosomal genes. P1
promater of GEA contains two such elements and overexpression of
TFEE led to approximately 3 times higherexpression of GEA. We have
found two elements compatible with the (LEAR consensus sequence
in P2, located — 417 and —&91 bp from TS5 found by 5' RACE (347 bp
upstream of the +1 ATG) [Supplementary data). While CLEAR
elements are wsually found within 200 bp of the transcription start
site [TS5), more distal CLEAR elements were found in promoters
upregulated by TFEB.

Multiple 5p-1 binding sites, an unmethylated CpG island, and the
absence of a2 TATA box are features that the P2 has in common with
the majority of housekeeping promoters. The P1 does not share these
properties, and the presence of the TATA box may suggestthat Pl is a
regulated promater |4,5]. However, the results from the quantitative
RT-PR in RMA from normmal adult human tissues did not show
significant differences in expression stability between the baoth
promaoters. Moreover, the expression stability of P1 and P2 appears
to be higher than commonly used meference housekeeping genes
GAFDH and ACTE. Earlier studies showed that levels of glicocer-

Tahle 3

[Expression sahility cosfficiens of 1, P2, CAPDH, and ACTR
Gene Gearm MormFinder
M [iLrE) [y
Pz 000 o=y
GAPDH 1341 aan
ACTH 120 7

ebrosidase mRNA differ between cell lines of different origin,
suggesting that glucocerebrosidase expression may at least partially
be regulated. While the mRENA levels differed between cell lines, they
did not ahways correlate with enzyme activity, suggesting that other
mechanisms are also important in regulation of gucocerebrosidase
activity |4]. These results are not directly comparable with our
observations, because we have measured the amount of glucooer-
ebrosidase transcripts in total RNA extracted from pormal human
tissues which contain a mixture of cells of different origin.
Importantly, the lines employed in the abowe studies inclided also
immartal cancerous cell lines that may not Githfully reflect properties
of the undedying cell type.

Tanscripts from both promoters were detected in all studied
tissues. While we did not measure the absolute levels of transcripts
from each promoter, the ratio between P1 and P2 expressions
appeared to be similar among tissues.

Although we did not find significant differences in expression from
both promoters, steady-state levels of mRMA in normal adult tissues
do not exclude that one or both glucorerebrosidase promoters may be
differentially regulated under certain conditions inchuding Gaucher
disease.

We hypothesized that differences in the manifestation of Gaucher
disease in patients with the same genotype may be caused by variable
expresson of mutant ghicocerebrosidase due to varants in the 5
flanking sequences and the promoters. However, in the gmoup of
patients homozygous for the common mild mutation NIT05 with
discordamt phenotypes we found only one known pobymomphism
[rs10908459) in heterozygosity in one caze. It remains to be
elucidated what mole the P2 promoter plays in the regulation of
glucocerebmsidase and possibly also in the pathogenesis of Gaucher
disease.
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The multiple sequence alignment of the 5° regulatory sequence.

Multiple sequence alignment of the 5° regulatory sequence includes the P2 and exon -2. Bases
identical with the reference human sequence are represented by dots, while positions which are not
occupied are described by hyphens. Consensus sequences for Spl and GATA-1, AP-1, YY1, CREB,
CRE-BP, E2F binding sites conserved among the species are depicted in bold red letters. The
transcription initiation sites (-347, -380, -413) identified by 5’'RACE are shown in yellow.
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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 Inhenited 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 Irsosomal membranes from HEK293 and
HeLa cell lines taling advantage of selective disrup-
tion of lysosomes by methionine methy] ester. Orga-
nelle concentrate from postuuclear supernatant was
treated with 20 mmoll methionine methyl ester for
45 min to Iyse the Ivsosomes. Subsequently, Ivsoso-
mal membranes were resolved on a step sucrose gra-
dient. An enriched lysosomal membrane fraction
was collected from the 20%0/35% sucrose mterface.
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 tissnes.
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Introduction

Lysosomal membranes (IM) are often iselated from
biclogical material for proteomic studies (Schrider et
al., 2007a,b; Callahan et al . 2009) or for the study of
mdividual lysosomal membrane proteins (Meikle et al,
1995; Taute et al., 2002). Hypotonic lysis of lysosome-
enriched fractions from 150pyCIis ceninﬁlgahan on
density sradients is a frequently used method for prepa-
ration of LM (Meikle et al_, 1995). Lysosomes can be
purified to high punty by well-established procedures
from some ammal tissues, for instance from rat liver,
which was the principal source of lysosomes for most of
the stuchural 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 mle mversely related vanables). The
ability to isolate the argamllm from readily available
fissues is especially impoertant in the study of human
cells and general isolation procedures may need to be
optimized for a specific tissue or for preservation of
ysosomal functions (Graham, 2009) — hence the mm-
ber of papers descnbing isolation of lysesomes from
different tissues or cell ines. We have aimed to develop
a simple method for isolation of human lysosemal mem-
branes, which would allow us to perform biechemical
studies on lysosomal ghosts — lysosomal membrane
vesicles without lysosomal matmix proteins.

Lysosomes, mitochondria, and peruxisnmes have si-
mular and partially u'.-ﬂ'lappmg densities in suerose and
to a lesser extent in other gradient media, makmg their
finll separation based on density alone very difficult. The
resolution of lysosomes, however, can be significantly
mproved by several techniques. Density perfurbation of
lysosomes in pradients can greatly enhance their separa-
tion from other organelles (Graham, 2009). Highly puri-
fied lysosomes were isolated from amimal tissues by
density shift of lysosomes after treatment of animals
with Triton WR1339 (Leighton et al., 196%) or dexfran
(Arai et al., 1991). Mitochondria swell in the presence
of calcium 10ns and become less dense, and addition of
CaCl, i 1 millimolar final concentration to postmuclear
supematant improves their separation from ysosomes
m Percoll gradients (Arai et al., 1991].
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LM were also successfully 1sclated by magnetic chro-
matography after treatment of cultured skin fibroblasts
with superparamagnetic magnetite/dexiran nanoparti-
cles; lysosomes containing endocytosed icles were
retained on the magnetic column and T were obtaimed
after on-column hypotonic bysis of lysosomes (Dietirich
et al , 1998).

Lysis of lysosomes and separation of lysosomal mem-
branes by centmfigation is another technigue swtable
for enmichment of LM even from complex crganelle
fractions. Ohsumd et al. (1983) directly treated postou-
clear supematant from rat liver with a hypotomic buffer
to lyse lysosomes and collected enmiched TM by a four-
step differential centrifugation procedure. Also, methyl
esters of certain amino acids can be used for selective
mpture of lysosomes (Goldman and Kaplan 1973).
They readily cross the Iysosomal membrane and enter
bysosomes. where they are converted to free amimo ac-
1ds, presumably by lysosomal hydrolases. Accummlation
of free amino acids leads to lysosomal swelling and rup-
fure across a wide concentration range. This property
was used for distuption of the lysosomal function in tis-
sues (Feeves et al, 1981) and for enrichment of Th
from lysosomes (Symons and Jonas, 1987; Schrider et
al., 2007a).

Here we present a simple method for isolation of LI
from HEE?93 and Hel a cell lines taking advantage of
selective dismaption of lysosomes by methionine methyl
ester, which produces lysosomal membrane vesicles re-
taining the ability to acidify their content.

Material and Methods

HEK293 or Hel a cells from 12-22 confluent 73 em®
flasks were washed twice by FBS, collected by scraping,
washed once in isotonic TEA buffer (10 mmol] trietha-
nolamine, 1 mmoll EDTA Na,. 10 mmol] acetic acid,
pH 7.2} with 230 mmel] sucrose and homogenized m
the total volume of £ ml of the same buffer by 10 strokes
of tight-fitting pestle B i the glass Dounce homogeniz-
er (Kontes, Kimble Chase Kontes, Vineland. MJ). The
homogenization and all further manipulations were per-
formed at 4 °C unless ified otherwise. The homoge-
nate was centrifuged for 10 nun at 1,000 = gin a swing-
out rotor in a tabletop cenmmfuge; the supematant was
collected and the pellet was re-homogenized by three
strokes mn the Dounce homogenizer in a total volume of
5 ml of TEA and centmifoged mn the same conditions.
Both portions of postouclear supematant were com-
bined and centrifiged for 15 min at 11,000 = g to collect
the crganelle pellet. The organelle pellet was re-sus-
pended mn 8 ml of 1sotomic HEPES buffer (10 mmol
HEPES. pH 7.2, 250 mmol]l suerose, 1 mmaol]l EDTA
Najam:l 20 mmol1 methionine m.E'ﬂl}’l ester (MME,
Sigma-Aldrich, St. Louis, MO) (Schréder et al, 2007a)
and incubated for 43 min at room temperature with stir-
rng. After that the suspension was placed on ice, pro-
tease inhibitors were added (Complete, Foche Diagnos-
tic, Mannheim, Germany) to a 1* final concentration,

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

The degree of lysosomal bysis was estimated from the
amount of hexosaminidase activity released mfo the su-
pematant. Samples (200 pl) were taken at 15 min infer-
vals, stored on ice after the addition of protease inhibi-
tors (Complete, Roche), and cenmfuged at 25000 = g
for 25 min. Supematants were collected and hexosami-
mdase and glucocerebrosidase activity was measured as
described below.

A lmear sucrose gradient was prepared from 15 ml of
32.5 % (w/v) sucrose and 15 ml of 35.5% (w/v) sucrose
wsing a gradient mixer. The gradient was overlaid with
& ml of MME-treated organelle suspension. Altemative-
ly. a step sucrose gradient was constructed in the follow-
mz mamner: § ml of 41% or 339 (w/i) sucrose I
10 mmoll HEPES buffer was overlaid with 5 ml of
207%% socrose in the same buffer and, finally, by 5 ml of
methionine methyl ester-treated organelle lom.
The gradients were centrifuged at 112,700 = g in SW
32 or 5W 32.1 (Beckman-Coulter, Mimchen  Germany)
ovemight without braking and sixteen | ml fractions
were collected from the top of the step gradient or the
band at the 20/41% sucrose interface was collected by a
canmula. The linear gradient was fractionated into mne-
teen 2 ml fractions from the top. The fractions with the
highest glucocerebrosidase specific activity were dilut-
ed 10 or more times with 10 mmoll Tris buffer pH 7.2,
pelleted by ultracentrifugation at 250000 > g for 1 h
m 70 T1 rotor (Beckman-Coulter), and flash frozen m
liguid nitrogen.

ATP-dependent acidification of lysosomal ghosts pre-
pared by MME-dependent lysis of crganelle suspension
was determmed by the acridine crange absorbance de-
crease assay as described previously (Dell” Antone,
1979; Moryama et al, 1982). The reaction solution
{1ml) contamed 20 mmol]l HEPES tuffer, pH 7.2,
02 mol]1 sucrose, 30 mmold kalum chloride, and
20 pmol] acndine orange (Sigma-Aldnch). The absor-
bance of acndine orange was followed at 492 nm at
room temperature using a Shimad=n UWV-2330 photo-
meter (Schimad=n, 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 mmoll Decrease of the absorbance at 492 nm was
followed for more than 2 munutes, after which anmo-
nium sulphate was added to a final concentration of
10 mmol] and absorbance changes were followed for at
least another minute.

The amount of lysosomal membrane protem LAWMP1
m fractions dunng punfication was determined by
Western blotting. Ten pg of protein from each fraction
were separated on a 7-15% gradient SDS-PAGE gel ac-
cording to Laemmli (1970} and transferred onto PVDE
Immobilon-P membrane (Millipore, Bedford, MA)Y by
semi-dry blotting. The membrane was blocked with 3%
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Fig. 1. Resolution of LM fraction from Hala cells on the hnear sucrose gradient
Orzanslle concentrate prepared from postnuclear supematant was treated with 20 mmol1 MME for 45 min, overlaid onto

Linear 32 5%—55.5% sucrose gradient and centrifuged overmight at 112,700 =« g__

. In fractions the activity of glucocere-

brosidase (B-Gluc) and suecinate debydrogenase (SDH) was deternined and expressed as percents of the total achwaty.

Sucrose concenfration 1= shown in percents (wiv).

BSA and 0.05% Tween 20-phosphate-buffered saline.
The membrane was probed with ant-LAMP1 rabbit
polyclonal antibody (1 - 3000, akind gift of Dr. Carlsson,
Umniversity of Umea, Sweden) at room temperature for
1 h, washed four times with PBS-Tween and then mcu-
bated with horseradish peroxidase (HEF)-conjugated
goat anti-rabbit IgG (1 : 3000, Thermo Scientific, Fock-
ford, IL) m PBS-Tween contaimng 1% BSA. After wash-
mg, the blot was developed with an enhaneed chemmbha-
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). Glucocersbrosidase
and total hexosamimdase activity was measured fluon-
memeally (Wenger and Williams, 1991). Glucocereh-
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 (Schrader et al., 2007h). Sucrose concentrations
in gradient fractions were determined by refractometry.
Protein concentrations were measwred using the
Bradford method (Bradford, 1976).

Results and Discussion

We first attempted to obtain enmched TMs from
MME-treated postnuclear supemnatant 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-
byzate om a linear 32.5%—33 5% sucrose gradient. There
were two peaks of glucocerebrosidase activity — the first

at about 30—41% and the second. which also contamed
significant mitochondrial contamination, at approxi-
mately 45% (Fig. 1). We have designed a step gradient
(Iysate/20% sucrose/41%% sucrose) and collected a glu-
cocerebrosidase-enriched membrane frachon from the
20%%/41%: sucrose interface. The fraction still contained
some mitochondnal contamination, which was essen-
tally elminated by lowenng sucrose concentration
from 41% to 33% In the gradient — at the same fime
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 Iysosomal membrane protein TAMP1 (Schréder
et al, 2010) in fractions by Western blotting. showing
enmnchment of the antizen durmg the purification pro-
cess (Fig. 3). Glucocerebrosidase activity was enriched
on average 13 times (722 times, 7 experiments in to-
tal); washing of the frachon in 10 nomol] Tns firther
increased its specific activity approximately twice
(Table 1). In a typical experiment, the postmuclear su-
pernatant contamed 89 % of the glucocerebrosidase ac-
tivity, while organelle pellet retaimed 77 %6 activity
The highest of the 20%/35% interface fractions (frac-
tion 11, enmichment relative fo the homogenate 14%)
contained 12 % of the homogenate glucocersbrosidase
activity. The washed pellet from this fraction represent-
ed 8.8 % of the mitial 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
(Schrdder et al., 2010), presumably criginating from the
plasma membrane porfions entering the endosomal Ty-
sosomal system via endocytosis, it should be noted that
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Fig 2. Resolution of LM fiaction from Hel.a cells on the step sucrose gradient
MMME-treated organelle concentrate was rezolved on the step gradient ereated by overlaymg 20%% sucrose over 35% =u-
erose. The gradient was centrifuged overmight at 113700 « g__ _In fractions the activity of glucocerebrosidase (B-Gluc)
and sucemnate dehydrogenaze (SDH) was determuned and expressed as percents of the total actmity. Concentration of su-

crose 1= shown In percents (wiv).

some plasma membrane fragments may also focus on
the 20%/35% (41%) sucrose interface (Scott et al.,
1993) as 1M, as was noted In some & i .
Spurious contamination of the TM fraction by plasma
membrane arguably may oceur as a result of the more
vigorous homogenization.

We have determined activifies of total hexosamini-
dase, a lysosomal matrix enzyme, in 23,000 * g super-
natants of samples taken during MME treatment of the
organelle concentrate as a measure of lysosomal lysis.
The supemnatant of the sample taken after 15 mun con-
tained 36.7 % of total hexosaminidase activity of the
sample subjected to MME. The samples taken at 30, 43,
and 60 min retained 39.0 %, 47.6 %, and 54.4 % of the
inifial hexosamimidase activity, respectively. At the
same time the total hexosaminidase activity in the sam-
ple decreased by 13 % (981 nmol/ml‘min at 0 min to
£.54 nmol'ml‘muin at 60 min}. The increased concentra-
tion of MME (50 mmol 1) did not result in higher release
of hexosaminidase into the supematant. Glucocerebro-
sidase activity did not increase in the supemnatant during
the MME treatment On the basis of these results, 43 min
were chosen for MME treatment as a compromise be-
tween higher degree of lysosomal lysis and the nisk of
proteclysis.

We have not attempted to firther enrich the core lyso-
somal membrane proteins by removing peripheral mem-
brane protens or loosely boumd matrix proteins by high-
salt washing, although these proteins may confaminate
the enriched lysosomal fractions to a significant level. It
15 of interest that matrix proteins may associate, even
temporarily, with the lysosomal membrane (Jadot et al,
1979) and some lysosomal proteins, mcluding glucocer-
ebrosidase, apparently exist in luminal and membrane-
bound form (Tmai, 1985).

H PHNS OP OS5 Fl11

150

100

a7

25
20

10

Fig. 3. Westem blotting of subcellular fractions with anfi-
LAMP] anfibody

Ten pg of protem from each fraction were loaded to mdi-
vidual lanes. From the left: homogenate (H), post-nuclear
supermatant (FI3), orzanelle pellet (OF), post-organellar
supermatant (05), and washed lysosomal membranes
(F11). Posiions of molecular weight markers in kilodal-
tons are shown on the left. Note the typical blwred appear-
ance of the bands, which 1= assumed to be due to differen-
t1al glveosylation.
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Table 1. Purification af hzosomal membranes from HeLa cellz:. Tipical values for protein concentration and glucocere-
brosidase activity are shown.

Fraction Protein Glacecerebrosidase

Total (mg) ¥ield (%0) Yield (%) Specific activity  Porification

(nmol'mg'min) factor

Homogenate 405 1000 1000 1.31 1.0
Iduaclear peller g1 164 B4 0.67
Postmaclear supermatant 378 T63 B85 1.53 12
Orzanelle pellst 0.7 19.6 T7.1 517 EX
Postorganellar supematant 21.3 431 112 0.34 -
LM Fraction
(Fracdon 11 from the sucrose gradisnt *9) 04 i) 120 18.24 130
Washed LM faction 01 03 83 385 2846

* Crganelle pellet was divided mibo two portions overlaid over two identical sucrose gradients. The values here are averaged from both

=

Eradients.
*Fraction 11 of the sucrose gradient had the highest specific ghacocerebrosidase activiry and was considered the LM fraction (see Fig I).
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Fig 4. Acidiheaton of lysosomal ghosts after the addihion of ATP

Acidification of washed lyvsosomal membrane vesicles was measured as the decrease of acndine orange absorbance at 492
om. The reaction solution (1 ml) contaimed 20 mmol]l HEPES buffer, pH 7.2, 0.2 mol] sucrose, 530 momol] kalium chlo-
nde, and 20 pmol]l acndine orange (Sizma-Aldnch). Lyvsosomal ghosts (10 pg of protemm) were added (Ghosts) and the
followmng reagents were added at the time points depieted by arrows: ATF and MgCl (panal A}, both to a final concentra-
ton of 2 mmol]l and ammonium sulphate to a final concentration of 10 mmell. When ATP was cmutted (panel B, the
decrease of abserbance did not occcur.
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The washed lysosomal membranes were acidified af-
ter the addition of ATP(Fig. 4). The activity of the nmlti-
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 m samples of enriched lysomal membrane
fractions. Additon of ammonium sulphate (final con-
cenfration 10 mmol1) resulted in alkalization of the
membrane vesicles (Fig. 4).

We have sought to develop a simple method for the
isolation of LM that would not require non-physiologi-
cal overloading of the lysosomal'endosomal system
with parficles or detergents as the resulting cells are
clearly abnormal. In our hands, the method of Ohsums et
al. (1983), originally npumlz:ed for rat liver tissue and
based on hypotonic treatment of postnuclear superna-
tant followed by differential centrifugation did not pro-
vide LM in sufficient vields and punty from HEK293
cells. Osmotic lysis of lysosomes with methyl esters of
leucine or methicnine, highly specific for the target or-
ganelle, was chosen for the release of LM, which were
subsequently resolved on the step sucrose gradient. The
entiched TM fraction could easily be collected from the
20%/35% mterface. 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 ennchment was comparable to the mag-
netic chromato y ique developed by Dietirich
etal (1998). The method yielded sinmlar results both for
HEEK293 and Hel a cell lines, suggesting that it may be
adapted to other cell lines or posaibly tissues.
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Abstract

Objective: Severe progressive neurological pediatric disease mucopolysaccharidosis [1IC
(MPS HIC) is caused by deficiency of acetyl-CoA: a-glucosaminide N-acetyltransferase
(Hgsnat), involved in lysosomal catabolism of heparan sulfate (HS). To understand the
pathophysiology of MPS 1IIC we generated a mouse model of the disease by germline
inactivation of the Hgsnat gene.

Results: At 6-8 months mice showed hyperactivity, and reduced anxiety. Cognitive memory
decline was detected at 10 months and at 12-13 months mice showed signs of unbalanced
hesitant walk and urinary retention. Lysosomal accumulation of HS was observed in
hepatocytes, splenic sinus endothelium, cerebral microglia, liver Kupffer cells, fibroblasts and
pericytes. Starting from 5 months brain neurones showed enlarged, structurally disorganized
and dysfunctional mitochondria, impaired mitochondrial energy metabolism, and storage of

densely packed autofluorescent material, gangliosides, lysozyme, pTau, and beta amyloid.

Interpretation: Altogether, our data for the first time demonstrate that Hgsnat deficiency and
lysosomal accumulation of HS in microglial cells followed by their activation and cytokine
release result in mitochondrial dysfunction in the neurones causing their death explaining why

MPS I11C manifests primarily as a neurodegenerative disease.
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INTRODUCTION

Mucopolysaccharidosis 111 or Sanfilippo syndrome is a metabolic genetic disease caused by

lysosomal accumulation of heparan sulfate (HS) (reviewed inl 2) which includes four allelic
subtypes caused by the genetic deficiencies of heparan N-sulfatase (MPS IlI type A; MIM
#252900), o-N-acetylglucosaminidase (MPS 11l type B; MIM #252920), heparan sulfate
acetyl-CoA: a-glucosaminide N-acetyltransferase or HGSNAT (MPS Il type C; MIM
#252930), and N-acetylglucosamine 6-sulfatase (MPS 111 type D; MIM #252940).

The majority of MPS I1IC patients have severe clinical manifestations with onset in early
childhood. They rapidly develop progressive and severe neurological deterioration causing
hyperactivity, sleep disorders, loss of speech, behavioral abnormalities, neuropsychiatric

problems, mental retardation, hearing loss, visceral manifestations, such as mild

hepatomegaly, mild dysostosis multiplex, mild coarse facies, and hypertrichosis3. Most
patients die before adulthood but some survive to the fourth decade with progressive dementia

and retinitis pigmentosaL 2,4 Inthe very rare MPS I11C patients with the onset in adulthood
the disease progression is similar in severity and time course®. The birth prevalence of MPS

I1IC in Portugal and the Netherlands is 0.12 and 0.21 per 100,000, respectively6’ 7

HGSNAT transfers an acetyl group from cytoplasmic acetyl-CoA to terminal N-glucosamine

residues of HS within the IysosomesS. To date, more than 80 HGSNAT mutations have been

identified including 13 splice-site mutations, 11 insertions and deletions, 8 nonsense, and 18

missense mutations (reviewed in9
http://chromium.liacs.nl/LOVD2/home.php?select db=HGSNAT). Interestingly, all missense

mutations detected to date result in misfolding of the enzymelo.

Important insights into the physiological mechanism of MPS |11 have been obtained
from studying animal models of the disease. Spontaneous avianll and caninel?: 13 models
of MPS 111A and B and a caprine model of MPS 111D14 have been described, but the majority
of data has been obtained by studying a knockout mouse model of MPS MBLS and a

spontaneous mouse model of MPS IMA16. several mechanisms potentially underlying
neurodegenerative process in MPS Il1 were described. First, in both mouse models microglia

cells are activated through interaction of their Toll-like receptor 4 (TLR4) with under-

103


http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_1
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_2
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_3
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_1
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_2
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_4
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_5
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_6
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_7
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_8
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_9
http://chromium.liacs.nl/LOVD2/home.php?select_db=HGSNAT
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_10
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_11
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_12
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_13
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_14
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_15
http://mc.manuscriptcentral.com/LongRequest/ana?TAG_ACTION=DOWNLOAD_FILE_BY_NAME&DOCUMENT_ID=17200962&FILE_TO_DOWNLOAD=17200962_File000001_355735252.html-withlinks.htm&FILE_KEY=-1332079522&FILE_NAME_KEY=1826255053&DOWNLOAD=TRUE&FILE_TYPE=DOCUMENT_BLINDED&DOCUMENT_HASHCODE=&SANITY_CHECK_DOCUMENT_ID=&CURRENT_ROLE_ID=1961#_ENREF_16

degraded HS fragments, as are astrocytes and the entire immune system in the brain17'20_ At
the same time, inhibition of TLR4 signaling pathway in MPS 111B mouse while delaying brain

inflammation did not stop progression of the neurodegenerative processZO.Second, storage of

Gm2 ganglioside and Gy,3 ganglioside detected in brain cerebral cortical and cerebellar

neurons?L 22 can cause neuronal apoptosis as was reported for Tay-Sachs and Sandhoff

diseases 23 24, However, recently described double-mutant MPS Il1A and 111B mice with a
knockout GalNAc transferase crucial for the synthesis of Gpg2 and Gy,3 gangliosides have

significantly reduced lifespan and increased neurodegeneration as compared to the

corresponding single-mutant MPS [I1A and MPS I1IB mice, suggesting that Gp2/Gyp3

ganglioside accumulation is not a primary cause of neuronal loss in MPS IlI 25, Third,

neurodegeneration could be caused by aggregates of missfolded proteinsl4v 26, 27
accumulated in memory neurons in critical areas (such as medial entorhinal cortex and the

dentate gyrus) as a result of impaired autophagy and/or increased extralysosomal level of HS
proteoglycans, glypican528. Fourth, stored HS fragments, which are in excess and

abnormally sulfated in MPS IlIA and 111B29 can cause adverse signaling reactions in brain
neurons inducing, in particular, overexpression of GM130 protein and subsequent alterations

of the Golgi ribbon architecture30, enhanced proliferation and outgrowth of neuritesS? as well
as alteration of neural cell migration (Bruyere 2013, submitted) all potentially contributing to

neuropathology.

However it still remains to be determined which of the above mechanisms are
important for the development of neuronal dysfunction and therefore should be the target for
the pharmaceutical intervention along with finding the ways to restore deficient HGSNAT
activity in the patients’ cells. It is also not understood whether the pathophysiological
mechanism in all 4 subtypes of MPS l1l1 is the same despite different genetic and biochemical
defects and severity of the clinical manifestation.

In the current work we report the generation of the first animal model of the MPS IIIC by
inactivation of the Hgsnat gene in mice and present new pathological and mechanistic insights
explaining the brain disease progression by the neuronal loss associated with mitochondrial

dysfunction.
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SUBJECTS/MATERIALS AND METHODS

Animals. Generation of C57BI6 mice with targeted disruption of Hgsnat gene has been

performed at TIGM as previously described32: 33, The heterozygous mice were crossed to
C57BL/6NCrl strain distributed by Charles River Quebec or bred to each other and the litter
genotyped by PCR as described below. The Hgsnat-Geo mice were compared with the
appropriate age and sex-matching WT controls. All mice were bred and maintained at the
Canadian Council on Animal Care (CCAC)-accredited animal facilities of the CHU Ste-
Justine Research Center according to the CCAC guidelines. Mice were housed in an enriched
environment with continuous access to food and water, under constant temperature and
humidity, on a 12 h light/dark cycle. Approval for the animal experimentation was granted by
the Animal Care and Use Committee of the CHU Ste-Justine.

Genotyping of mice. The genotypes of mice were determined using genomic DNA extracted
from the clipped tail tip. The PCR was performed in a total volume of 50 pl containing 100
pmol of each primer, 0.2 mM dNTPs, 1.5 U taq polymerase (Invitrogen) and 100 ng genomic
DNA in 20 mM Tris (pH 7.4), 50 mM KCI, and 1.5 mM MgCly. Multiplex primers for

detection of Hgsnat allele were 5°-AGG CTC CAC ACG TGG TAA GT (Hgsnat-F) and 5°-
CTT ATC TCC ACG CGT CAA TG (Hgsnat-R), and for the detection of Hgsnat-Geo allele,
5’-CCA ATA AAC CCT CTT GCA GTT GC (Geo) and Hgsnat-R. A 463 and 297 bp
fragments were amplified separately in WT and Hgsnat-Geo homozygous mice, respectively,
and both fragments were amplified in mice heterozygous for the Hgsnat-Geo allele.

Quantitative RT-PCR. Total RNA was isolated from cultured cells or mouse tissues using
the Trizol Reagent (Invitrogen) according to the manufacturer’s protocol and reverse-
transcribed to cDNA using random primers and SuperScript 11l reverse transcriptase
(Invitrogen). Quantification of mouse Hgsnat mRNA was performed using a Stratagene
Mx3000P QPCR System and the following set of primers: 5’-AGC AGA GCA GAC CCT
CTC AG-3’ (E7-F) and 5’-ACA AAC CAT GGG AAG ACG AG-3’ (E10-R). Quantification
of cytokines in mouse brain tissues was performed with the following sets of primers: 5°’-TCT
TCT CAT TCC TGC TTG TGG-3’(TNFa-F), 5>-CAC TTG GTG GTT TGC TAC GA-3’
(TNFa-R), 5°-GCC CTT GCT GTT CTT CTC TG-3* (MIP1a-F), 5’-CAG ATC TGC CGG
TTT CTC TT-3’ (MIP1a-R), 5>-TGA AAT GCC ACC TTT TGA CA-3’ (IL-p-F), 5>-GTA
GCT GCC ACA GCT TCT CC-3’ (IL-B-R), 5’-GTC AGA CAT TCG GGA AGC AG-3’
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(TGF1-B-F), 5°-CTG CCG TAC AAC TCC AGT GA-3’ (TGF1-B-R). RLP32 mRNA was
used as a reference control.

Neurological examination of mice. The motor performance of mice was evaluated using a

simplified neurological examination as previously described34. The evaluation was composed
of the following tests: gait, posture/forelimb, posture/hind limb, posture/trunk, posture/tail,
avoidance response, rolling over, body righting acting on head, parachute reflex, inverted and
vertical wire netting as well as 1 min exploratory activity in a clean cage.

Rotating rod. The rotating rod motor coordination test was performed using an accelerating
5-line Rotarod treadmill for mice (3 cm in diameter). Animals were briefly trained at 4 rpm
and tested using an accelerating mode (from 4 to 40 rpm over 5 min). Three trials separated
by 20 min rest intervals were performed on 3 consecutive days.

Open Field Test. The test was performed by individually placing 2, 4, 6, 8, 10 MO Hgsnat-
Geo, or WT mice into the center of an arena (40 cm length x 40 cm width x 50 cm height,
white Plexiglas). Mouse behavior was recorded for one hour and analyzed using Top Scan
software version 2.0 (Clever Sys. Inc., Reston, VA, USA). The path length, rapid exploratory
behavior (speed >100 mm/s), immobility (speed <0.05 mm/s) as well as frequency, path

length, duration and speed in the central (25%) area of the cage were analyzed. OFT was

performed one hour into the mouse light cycle35’ 36, A 30 min room adjustment period was
implemented prior to the start of each test.All experiments were performed by the same
investigator (LG).

The 4, 5, 8 and 10 MO mice were subjected to the Morris Water Maze test for spatial learning

essentially as described3”. During a 3-day habituation period mice were required to swim (60
s) to a visible platform located in a selected quadrant of a circular (1.4 m in diameter) tank
filled with water made opaque with inert paint (25+1°C). Then, visual wall cues were
switched, the platform was moved to a different quadrant and submerged (1 cm), and a 5 days
of hidden-platform testing ensued. Next day following hidden-platform testing, all mice were
given a probe trial (60 s) in which the percentages of time spent and distance traveled in the
target quadrant (no longer containing a platform), as well as the number of crossings over the
previous location of the hidden platform were recorded, along with swimming speed. In the
hidden platform testing, mice were given 5 trials of 90 s to find the platform (maximum inter-
trial interval of 45 min). On days 1 and 4, mice that could not find the platform in the allotted

time were guided to and allowed to stay on it for 5 s. Visual acuity and motivation were tested
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during the habituation period. Escape latencies were acquired with the 2020 Plus tracking
system and Water 2020 software (Ganz FC62D video camera; HVS Image, UK). All
experiments were started at the same time every day and performed by the same investigator
(CM).

Analysis of glycosaminoglycans and gangliosides in mouse tissues. Total GAG
and lipids were extracted from brain and liver tissues as previously described 20, Briefly,
frozen tissues were homogenized in water (10% v/w). Lipids were extracted by addition of 2
volumes of methanol and 1 volume of chloroform to 1 volume of the homogenate. After 10
min centrifugation at 1000 g the organic phase was collected, evaporated and used for the
gangliosides analysis. The pellet was re-suspended in 100 mM sodium acetate buffer pH 5.5,
containing 5 mM cysteine, 5 mM EDTA and 1 mg/ml of papain, digested overnight at 65°C
and cleared by centrifugation at 2500 g for 15 min. For the analysis of total GAG, 100 pl of

the supernatant was added to 2.5 ml of dimethylmethylene blue reagent 38 and the absorbance
at 535 nm was measured. GAG concentration (ug per mg of dried pellet) was calculated using
purified HS standard.

Sphingolipids were extracted from the lipid fraction in the presence of deuterium-

labeled standards (N-stearoyl (D3)-monosialoganglioside Gm2 and N-stearoyl (D3)-

monosialoganglioside G)y3, Matreya LLC, USA) by saponification39 and then fractionated

and desalted using reverse-phase Bond Elut C18 columns. Samples were analyzed by direct
flowinjection at a rate of 200 ul/min on a triple-quadrupole mass spectrometer (APl 3200
MS/MS; Sciex Applied Biosystems, Toronto, Canada) in the negative ionization mode using

the multiple reactions monitoring (MRM) method. G2 and G)y,3 species were measured

separately. The concentrations of individual molecular species were calculated by comparing

with the corresponding internal standards. Total Gp42 and Gpg3 concentrations (pmol per mg

of dried pellet) were calculated as sums of the concentrations of all molecular species.
Lysosomal enzyme assays. N-acetyltransferase, [-galactosidase, o-galactosidase and f-
hexosaminidase activities in cellular and tissue homogenates were assayed using the

corresponding fluorogenic 4-methylumbelliferyl glycoside substrates as previously

described0. Protein concentration was measured using a Bio-Rad Bradford kit.
Analysis of LC3 in the mouse brain tissues by Western blot. Total brains were

homogenized in five volumes of 250 mM sucrose buffer containing 50 mM Tris-HCI pH 7.4,
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1 mM EDTA and protease inhibitor cocktail using a Dounce homogenizer. Nuclei were
cleared by centrifugation at 500 g for 10 min at 4°C. Supernatants were mixed with an equal
volume of sucrose buffer containing 1% Triton X-100 and incubated for one hour at 4°C.
Resulting lysates were centrifuged for 15 min at 13,000 g and supernatants separated by SDS-
PAGE on 15% gels. Western blot analyses were performed according to standard protocols
using anti-LC3 (Sigma, 1:2,000) and 12G10 anti-a-tubulin antibody (DSHB, 1:15,000). Equal
protein loading was assured by Ponceau S staining. Signals were quantified using
ImageQuant software.

Tissue processing for morphological studies. To prepare tissues for morphological studies,
animals were deeply anesthetized with sodium pentobarbital and perfused via intracardiac
catheter with phosphate-buffered saline, pH 7.4 (PBS) followed by 4% paraformaldehyde in
PBS. Brains and visceral organs (liver, spleen, heart, lungs, kidney and urinary bladder) were
removed and immersed in 4% paraformaldehyde in PBS overnight. Tissues for light
microscopy were trimmed, dehydrated with an ethanol series followed by acetone, acetone-

xylene mixture and Xylene and then embedded in paraffin. Tissues for fluorescent confocal
microscopy were treated sequentially in 10%, 20% and 30% sucrose in PBS overnight at 40 C

and embedded in OCT compound before freezing at -800 C. Tissues for electron microscopy
were trimmed into small cubes, post-fixed with 1% osmium tetraoxide, dehydrated with an
ethanol series and propylene oxide and embedded in Durcupan-Epon mixture.
Histopathology and immunohistochemistry. Four pm-thick sections of paraffin-embedded
tissues were deparaffinized in xylene and rehydrated with isopropylalcohol, and then 96%,
70%, and 60% ethanol. The sections were stained with either hematoxylin and eosin (H&E),
or periodic acid-Shiff technique (PAS), and a set of primary antibodies. In the latter case the
sections were treated with 1% NaN3 and 0.3% H2O» for 10 min to inactivate endogenous
peroxidase, blocked with 5% bovine fetal serum in PBS for 30 min (both at room
temperature), and incubated with primary antibodies diluted in 5% bovine serum albumin in
PBS overnight at 4°C.

The following primary antibodies were used: rabbit monoclonal anti-Cathepsin D (clone
EPR3057Y, Lifespan Bioscience, USA), mouse monoclonal IgM anti-O-GIcNAc (CTD110.6,

kind gift of Dr. Gary Hart) rat monoclonal anti-mouse macrophages (clone BM8, Lifespan

Bioscience), rabbit polyclonal anti-SCMAS 41 rabbit polyclonal anti-GFAP, (Novus
Biologicals, NB300-141; dilution 1/1000) rabbit polyclonal anti-LC3 (Novus Biologicals,
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NB100-2331; dilution: 1/1000). Detection of primary antibodies was performed using Dako
EnVision + System-HRP Rabbit kit (Dako) or Polyclonal Rabbit Anti-Rat
Imunoglobulins/HRP (Dako), both with 3,3 "-diaminobenzidine (DAB) as a substrate.

The sections were viewed and photographed using a Nikon epifluorescent light microscope
(E800) equipped with Olympus digital camera (DP70). Autofluorescence was analyzed in
unlabeled sections using fluorescence filter BV-2A (Ex 400-440 nm/DM 455/BA 470).
Fluorescent confocal microscopy. Forty um-thick sagittal sections were cut from OTC-

embedded frozen brains using CM3050 S Microtome (Leica). The sections were treated with

1% Triton X-100, blocked with 10% goat serum in PBS and incubated overnight at 49C with
primary antibodies in 2% goat serum in PBS. The following antibodies were used: mouse
anti-HS (10E4 epitope, USBiological, 1:100), rat anti-mouse LAMP-1 (DHSB 1D4B-s,
1:100); mouse anti-mouse NeuN (Millipore MAB377, 1:400); rabbit anti-mouse NeuN
(Millipore MABN140, 1:200) rat anti-mouse LAMP2 (DHSB ABL-93-s, 1:100) rabbit anti-
mouse GFAP (Abcam, 1:100); mouse humanized anti-Gygo (KM966, 1:400); mouse anti-

Gm3z (Cosmo Bio M2590, 1:50); PubMed isolectin GS-IB4 568 conjugate, (Invitrogen,

1:20). The slides were further counter-stained with Alexa fluoro 555-conjugated Goat anti-
mouse 1gG, Alexa fluoro 488, 555 and 647-conjugated Goat anti-rat 1gG (all Life
Technologies) and DyLight 488-conjugated Affinipure Goat anti-human I1gG (Jackson
immunoresearch laboratories). The slides were mounted with Vectashield mounting medium
and analyzed using a LSM510 Meta Laser inverted confocal microscope (Zeiss). Images
were processed and quantified using the LSM image browser software (Zeiss) and Photoshop
(Adobe).

Electron microscopy. Semi-thin sections were cut and stained with toluidin blue and viewed
by light microscopy. The regions of interest for electron microscopy were selected and
ultrathin sections were cut and mounted on 200 mesh coppergrids. Sections were double
contrasted with uranyl acetate and lead nitrate and then analyzed using a transmission electron
microscope (JEOL 1200 EX).

Analyses of mitochondrial energy metabolism in mouse brain. Frozen brain tissues were

homogenized at 49C in 20 volumes of 50 mM Tris-HCI buffer pH 7.4, containing 150 mM
KCl, 2 mM EDTA and 0.2 pg/ml of aprotinin. Mitochondria were isolated from the

homogenate by differential centrifugation as described®2. The activities of the mitochondrial

enzymes, NADH: ubiquinone oxidoreductase (NQR, complex 1), succinate:CoQ reductase
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(SQR, complex II), ubiquinol:cytochrome ¢ oxidoreductase (QCCR, complex IllI),
cytochrome c¢ oxidase (COX, complex 1V), NADH:cytochrome c reductase (NCCR, complex

I+111), succinate:cytochrome ¢ reductase (SCCR, complex II+1I1) and citrate synthase (CS)
were measured as described43: 44, Pyruvate dehydrogenase activity was determined as
described 4°. Protein concentration was measured according to Lowry 46,

Total content of coenzyme Q10 in brain homogenate was determined as described4” with

minor modifications. 100 pl of brain homogenate was diluted with 100 pl of MilliQ H»O.

Mixture was supplemented with 50 ul of a 1,4-benzoquinone solution (2 mg/ml) and vortexed
for 10 s. After 10 min 1 ml of n-propanol was added. The mixture was vortexed for 10 s and
centrifuged at 10,000 rpm for 2 min. 50 pl of the supernatant was analyzed by HPLC using
the Supelcosil LC 18 column (Supelco) eluted by ethanol/methanol (70/30 v/v) mixture at a
flow rate of 1 ml/min. UV detection was performed at 275 nm. Results were expressed as
pmol of Q10 per mg of total protein.

Quantitative analysis of affected neurons in mouse brain. The cerebral cortex of mice
from each group was subdivided into superficial and deep regions. Adjacent superficial and
deep areas stained with anti-NeuN antibodies were photographed for manual counting of
neurons by a non-biased observer blinded for the genotype of mice. Three superficial sections
for somatosensory cortex were analyzed for each mouse and 3 mice were studied for each
genotype and age.

Statistical analysis. Statistical analysis has been performed using two-tailed unpaired t-test
(Fig. 1, 5C, 7A, 8B), two-tailed paired t-test (Fig. 6A, S2, S9), linear regression (Fig. 7C) and
two-way repeated measures ANOVA (Fig. 2B and C, 3A, 5A, 8A) using Prism GraphPad
software or STATISTICA version 10.0 software (StatSoft, Prague, CZ). P-value of 0.05 or
less was considered significant. Bonferroni post-hoc test was used to compare specific means,
if significance was determined by ANOVA tests.

RESULTS

1. Mice homozygous for Hgsnat-Geo allele show deficient HGSNAT mRNA and activity in
tissues.

A functional knockout of the Hgsnat locus in C57BI/6 mice was generated using gene trap

technology as previously described 32, 33 A selectable marker B-geo, a functional fusion

between the B-galactosidase and neomycin resistance genes, was inserted into the intron 7 of
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the Hgsnat gene leading to splicing of exon 7 into the B-geo cassette to generate a non-
functional Hgsnat fusion transcript (Fig. 1A).

Mice homozygous for Hgsnat-Geo allele (Hgsnat-Geo mice) were viable and born in the
frequency expected from Mendelian inheritance (26 of the first 100) indicating that disruption
of the Hgsnat gene does not cause embryonic lethality. Mice show normal growth, are fertile
and behaviorally indistinguishable from WT or heterozygous animals until the age of 5-6
months.

Bothexpression of Hgsnat mRNA measured by RT-g-PCR (Fig. 1B) and the level of
HGSNAT activity measured with fluorogenic substrate Muf-f-D-glucosaminide (Fig. 1C) in
tissues and primary cultures of skin fibroblasts from the homozygous animals were reduced to
1.5-0.6% of that in WT mice (below or close to detection limit of the method) confirming
efficiency of the splicing outcome and validating the model biochemically. In the
heterozygous mouse tissues Hgsnat activity was reduced to ~50% of WT (Fig. 1C).

In contrast, activities of other lysosomal enzymes measured in the tissues of homozygous
Hgsnat-Geo mice were either similar or higher than those in WT mice and progressively
increased with age of the animals suggesting augmented production of lysosomes previously

described for the mouse models of other subtypes of MPS |11 and linked to lysosomal storage

phenotype15’ 16 In the Hgsnat-Geo mice the highest increase was observed in liver tissues
where a-galactosidase activity was induced ~5 fold and -hexosaminidase activity, ~20 fold
by the age of 6 months (Fig. 1D). B-Hexosaminidase activity was also increased 2-3 fold in
the brain,lungs and kidney suggesting that lysosomal storage occurs also in these tissues.

2. Hgsnat-Geo mice show reduced longevity, progressive behavioral changes and learning
impairment.

No visible signs of illness were observed in the homozygous Hgsnat-Geo mice until the age
of 11-12 months, when they showed weight loss, loss of fur, and hesitant tremor-like walk.
About 30% of animals at this age showed spasticity of hind limbs and loss of coordination in
a balance test (supplemental video 1). At ~65 weeks of age mice presented signs of urinary

retention resulting in abdominal distension (absent in human patients but present in mouse

models of both MPS 111A and MPS 1IB 15 16 and had to be euthanized (Fig. 2A). At all
ages, heterozygous mice were clinically undistinguishable from their WT siblings. No signs
of skeletal abnormalities such as scoliosis reported previously in human patients or shortened

scull with a “blunt” snout described in several MPS mouse models including those of MPS
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INALE were detected in the homozygous Hgsnat-Geo mice by x-ray analysis (Fig. S1).
Similarly, we did not detect any signs of femoral head necrosis also reported for human MPS

I11 patients 48,

To detect signs of neurodegeneration, we performed neurological assessment (gait,
posture/forelimb, posture/hind limb, posture/trunk, posture/tail, avoidance response, rolling
over, body righting acting on head, parachute reflex, inverted and vertical wire netting) and
studied behavior of mice by the open field test. The first examination was performed at 2
months (when MPS I11A and B mice still show normal behavior) and then repeated every 2
months with a naive group of animals. Also starting from the age of 4 months we studied
motor activity using motor coordination test performed on an accelerating Rotarod treadmill
for mice. The test was repeated every 2 months until the animals were in the terminal stage of
the disease.

Neither neurological assessment nor the accelerating Rotarod test (Fig. S2) revealed any signs
of neuromuscular pathology in Hgsnat-deficient mice up to the age of 10 months. In contrast,
open field test performed 1 hour into their light cycle showed definite signs of increased
activity and reduced anxiety including higher than average speed and distance travelled,
increased frequency of crossing the central field and central distance traveled, as well as
decreased frequency and duration of periods of immobility (Fig. 2B and supplemental video
2). The same trend was observed for both male and female mice but for female mice the
differences with the control group became significant already at the age of 6 months whereas
for male mice for most studied parameters the significant difference was observed only at 8
months. By the age of 10 months the signs of hyperactive behavior diminished resembling the
trend observed in patients (Fig. 2B).

Hippocampal function was assessed at 5, 7, 8 and 10 months using the Morris Water Maze
test to measure memory and spatial learning capability. To make sure that Hgsnat-deficient
mice had no visual or motor deficits that could affect the outcome of the test we determined
first their ability to reach a visible platform in a 3 days pre-training test. We found that there
were no differences between the mutant and WT groups as Hgsnat-deficient and WT mice of
all age groups showed similar escape latencies in the visible platform testing (Fig. 2C)
Similarly, learning progress of mutant mice at ages of 5, 7 and 8 months was similar to that of
their WT counterparts, as shown here for the 8 month-old group (Fig. 2C). In contrast, at the
age of 10 months, Hgsnat-deficient mice needed significantly more time to find the hidden

platform compared to their WT counterparts, and to both WT and mutant 8 MO mice,
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suggesting impaired spatial learning. Additionally, in the probe trial on day 9 when the
platform was removed, HGSNAT-deficient mice spent significantly less time and traveled
less distance than WT mice in the target quadrant where the platform used to be located,
which indicated a decline of spatial memory (Fig. 2C). Moreover, 10 MO mutant mice
displayed lack of precision with less platform crossings compared to WT counterparts, and to
younger WT and Hgsnat-deficient mice (Fig. 2C).

3. Pathological changes in tissues of Hgsnat-Geo mice

Pathological examination of homozygous Hgsnat-Geo mice performed at the ages of 2, 4, 6,
10 and 11-12 months did not reveal anygross changes in the visceral organs, except for the
strikingly reduced abdominal fat detected at 11-12 months. The same animals usually also had
largely distended bladder filled with 1-2 ml of urine consistent with urinary retention (Fig.
S3). Microscopic examination however revealed multiple pathological changes in numerous
tissues and organs already detectable at 2 months and progressively increasing with age as
detailed below.

Hepatocytes in the centrolobular and intermediate zones showed microvacuolization of
cytoplasm, which became more prominent with age (Fig. S4A). Immunostaining with
antibody against cathepsin D (CathD) detected expanded lysosomal system in hepatocytes
indicating lysosomal storage starting from 2 months (Fig. S4B). Kupffer cells are increased in
number starting from 2 months and become enlarged and strongly stained for CathD at later
stages, with occasional transformation into foam cells (Fig. S4C). Besides Kupffer cells, liver
sinusoids contained a sparse mixed inflammatory infiltrate. High-resolution analysis of liver
tissues by electron microscopy revealed massive accumulation of vacuoles, either electron-
lucent or containing a fine sparse material characteristic of glycosaminoglycan (GAG) storage
in the cytoplasm of hepatocytes and less prominent storage of this type in Kupffer cells and in
Ito cells. Structures resembling autophagic vacuoles were occasionally detected along with
lysosomes with storage material in hepatocytes (Fig. S4C-H).

In the spleen, storage dominated in splenic sinus endothelial cells (SSE) giving them an
appearance resembling that of foam cells. Population of macrophages in red pulp represented
a mixture of small dendritic macrophages and slightly enlarged round cells containing
autofluorescent lipopigment and corresponding with phagocytic phenotype. Macrophages in
white pulp revealed mostly an inconspicuous stellate appearance. In general, there was no
convincing presence in spleen tissue of macrophages with storage material even at the most
advanced stages of disease (surviving 16 MO mice). CathD immunostaining was compatible
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with lysosomal storage in SSE and was increased starting from 2 months (Fig. S5A).
Electron-lucent storage vacuoles in SSE were also detected by electron microscopy (Fig. S5I).
Brain cortex in general stayed without massive neurodepletion disrupting stratification even at
the age of 12 months. However, counting NeuN-stained neurons in the two selected areas of
somatosensory cortex showed that neuronal loss in homozygous Hgsnat-Geo mice actually
occurs starting from the age of 4 months and continues throughout the life resulting by the age
of 12 months in the ~30% reduction of neuronal density in these areas (Fig. 3A). In the
cerebellar cortex, Purkinje cell loss was massive in the anterior lobe with lobules I, Il and 11l
most severely affected and lobules IX and X less affected at 12 months of age (Fig. S6). The
number of GFAP-positive astrocytes became increased at 5 months in hippocampus and in
deep cerebellar nuclei of Hgsnat-Geo as compared with WT mice, and at the age of 12
months it also became increased in neocortex and cerebellar cortex (Fig. 3B).

The most striking phenomenon observed in all parts of brain was a coarse vacuolization of the
cytoplasm of multiple CD68-positive cells giving them foam cell-like appearance (Fig. 3C
and Fig. S7). These cells dispersed in gray and less so in white matter were frequently found
adjacent to neurons suggesting that they represent perineuronal microglia. Individual
macrophage-like CDG68-positive cells with cytoplasmic vacuoles werealso detected in
perivascular areas. Microglia cells containing storage materials were most prominent in
caudatoputamen and in brain cortex. They were first detected in 2 MO mice, thus preceding
pathologic changes in neurons and become more frequent at later stages. Contrary to
microglial cells, neurons were mostly featured by finely granular appearance of their
perikarya without marked distension. The granular material accumulated in these neurons
with a variable intensity was strongly PAS-positive (Fig. 3D) and displayed autofluorescence
of ceroid type (Fig. 3E). Immunostaining with antibodies against CathD (Fig. 3F), revealed
expanded lysosomal system in neurons of mutant mice. Neurons with storage materials were
found in brain cortex, thalamus, hypothalamus, amygdala, midbrain, pons and cerebellum.
Accumulation of PAS-positive autofluorescent material was most prominent in neurons
present in deep cortical layers, in hippocampus and in cerebellum. Neurons in
caudatoputamen showed little involvement. Incipient neuronal storage was detectable in 5
MO mice and widespread yet irregular neuronal storage was present in 12 MO animals. No
signs of lysosomal storage were detected in vascular endothelial cells (Fig. 4B).

EM performed in brain cortex confirmed that neurons and microglial cells had two distinct
types of storage (Fig. 4). Cortical microglia displayed prominent accumulation of electron-
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lucent storage vacuoles or those with a sparse fine content. In contrast, neuronal pathology
was dominated by progressive lysosomal storage of electron-dense heterogeneous ceroid-like
material and early detectable mitochondrial structural abnormalities. Mitochondria were
pleomorphic and increased in number with many of them swollen with disorganized or
reduced inner membranes. Storage in microglia was not accompanied by any structural
mitochondrial changes. Storage compartments in neurons contained heterogeneous, granular
and/or lamellar material, occasionally with lipid droplets. At the same time, EM of neurons
did not reveal lysosomes containing classical zebra-bodies, but some storage deposits
contained structures resembling degenerated mitochondria. Part of the cytoplasmic vacuoles
with variably rich content and a double-layered character of limiting membranes were
reminiscent of autophagic origin. At the most advanced stages of the disease (14-16 months),
ultrastructural pattern in neuronal lysosomes was dominated by massive accumulation of
closely packed fibrillary deposits often resembling storage material of a rectilinear and/or
fingerprint type in neuronal ceroid lipofuscinoses (Fig. 4). Besides, individual neurons
underwent severe regressive changes detectable at the ultrastructural level.

Other studied mouse organs and tissues stayed generally unaffected even at 12 months of age
except for urinary bladders, which were markedly distended with thin walls at 12 months of
age. A sparse presence of cells staining for CathD and containing storage materials was
detected in lamina, muscularis propria and adventitia. Normally arranged cardiomyocytes
without regressive changes were observed in heart. There was no fibrosis in the interstitium
and interstitial elements did not show signs of lysosomal storage at the optical level.
Similarly, lysosomal storage was not detectable in alveolar septa in lungs. Population of
septal and alveolar macrophages was rich, with focally increased phagocytic activity and
undistinguishable from that seen in WT. Respiratory bronchial epithelium displayed increased
staining for CathD indicative of lysosomal storage. In kidney, increased immunostaining for
CathD was detected in glomeruli and in epithelial cells of distal tubules and collecting ducts
(Fig. S5E). Storage of electron-lucent vacuoles in fibroblasts, vascular pericytes and rarely in
vascular endothelial cells was detectable at the ultrastructural level (Fig. S5J-L).

5. Hgsnat-Geo mice show lysosomal GAG storage in microglial cells and ganglioside
storage in non-lysosomal compartments of neurons

To investigate if Hgsnat deficiency in mouse tissues resulted in impairment of heparan sulfate
catabolism, total GAG in mouse brain and liver tissues were measured at the age of 2, 4, 6, 8,
10 and 12 months (Fig. 5A). In both tissues GAG levels were slightly increasing with age
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while remaining significantly higher than in the WT mice (on average 2 fold increase in brain
and almost 10 fold increase in liver at 12 months). At the same time, total GAG in brain
tissues of Hgsnat-Geo mice at all ages was significantly lower than in MPS [11B mice.

GAG accumulation at the cellular level was studied by immunohistochemistry using

monoclonal 10E4 antibody specific against a native HS epitope49, which detected increased
staining of cytoplasmic LAMP-1-positive organelles in multiple cells throughout the cortex
and hippocampus. The cells storing HS were not stained with the antibody against the
neuronal marker NeuN, but were positive for Alexa 568-labeled isolectin B4 (ILB4), specific
for activated microglia cells (Fig. 5B).

Tandem mass spectrometry demonstrated ~2-fold increased levels of Gpjo and Gpg3

gangliosides in the brain tissues of 4 MO Hgsnat-Geo mice as compared to their WT siblings

(Fig. 5C), consistent with previously reported storage of these lipids in the mouse models of
MPS HIA and B1S: 16, Accumulation of gangliosides in brain tissues was further studied by
immunohistochemistry using the human-mouse chimeric monoclonal antibody, KM966°0
specific to Gpp2 ganglioside23 and mouse monoclonal antibody specific to Gpy3 ganglioside.

Both gangliosides, almost undetectable in the brain of WT mice (Fig. S8) were highly present
in the brains of Hgsnat-Geo mice (Fig. 5D). The ganglioside storage was observed in most
areas of the brain, including the cerebellum, butwas more prominent in deep layers of cortex
and hippocampus (Fig 5D and Fig. S8).

All ganglioside-accumulating cells were recognized by the anti-NeuN antibody and were not
stained with ILB4 indicating that they are neurons but not microglial cells (Fig. 5D). In
contrast to GAG accumulation both the number of ganglioside-positive granules in the
neurons and their size were dramatically increasing between the ages of 8 and 12 months (Fig.
S8). Intriguingly, when the tissue sections were co-stained for both Gpg3 and Gpyo

gangliosides, we detected only modest level of co-localization indicating that the

corresponding storage granules tend to segregate from each other (Fig. 5D). Similar pattern

was previously observed in MPS I11A and B mouse models 21 Also, we observed only partial
co-localization between the stored gangliosides and lysosomal marker LAMP-1 (Fig. 5D),
which could indicate that the gangliosides are accumulated in the compartments having both

lysosomal and non-lysosomal origin.
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When we, however, co-stained the cells for gangliosides and the mitochondrial marker
cytochrome c oxidase subunit 4 (Cox4) we detected a high degree of co-localization (Fig. 5D)
suggesting that some of the storage granules could appear in the result of impaired mitophagy
also consistent with the results of the EM analysis of neurons (as described above). Cox4
staining also revealed that the mitochondrial network is less organized and the ratio between
the fused and single mitochondria is reduced in the tissues of the mutant mice (Fig. 5D).

6. Brain tissues of Hgsnat-Geo mice show compromised autophagy, impaired proteolysis
and accumulation of missfolded proteins.

Impaired autophagy associated with decreased lysosomal and proteosomal proteolysis was

found to be a characteristic feature of cells in many lysosomal disorders (reviewed in51). To
test whether it is also the case for liver and brain tissues of Hgsnat-deficient mice we have
analyzed the relative abundance of the two forms of light chain 3 protein (LC3). During the
formation of the autophagosome a cytosolic form of LC3 (LC3-I) is cleaved and conjugated
with phosphatidylethanolamine to form the LC3-phosphatidylethanolamine conjugate (LC3-
I1) tightly associated with the autophagosomal membranes, so the amount of LC3-I1 or the
presence of LC3-positive punctate in the cytoplasm reflects the existence of autophagosome.
In the liver tissues of Hgsnat-Geo mice the increased levels of the LC3-11 were detected at all
ages indicating impaired autophagy (Fig. S9). In the brain, the increase of LC3-Il was also
detected, but only at the age of 6 months and older coinciding with detection of the signs of
impaired autophagy by EM (Fig. 6A).

The results of Western blot were consistent with the results of immunohistochemistry that
showed presence of LC3 in the cytoplasm of medial entorhinal cortex (MEC) neurons at 10
months of age (Fig. 6B). We also detected drastically increased neuronal levels of lysosomal
SCMAS (subunit C of mitochondrial ATP synthase) and ubiquitin suggestive of mitophagy
and a general impairment of lysosomal proteolysis and increased levels of O-GIcNAc-
modified proteins, a clear indication of the ER stress often associated with impaired cellular
proteolysis (Fig. 6C)

Recent studies have demonstrated that neurons in certain brain areas of MPS 111B and MPS
I11A mice, primarily dentate gyrus and MEC involved in learning and memory have increased
levels of protein markers of Alzheimer disease and other tauopathies leading to dementia such

as lysozyme, hyperphosphorylated tau (Ptau), Ptau kinase, Gsk3f, and beta amyloid27' 28

All these markers are also increased in the brains of Hgsnat-deficient mice (Fig. S10)
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although their levels are somewhat lower than those in the MPS I1IA and MPS 11IB mice of
similar age28.

7. Mitochondrial energy metabolism is compromised in brain tissues of Hgsnat-Geo mice
To verify whether mitochondrial energy metabolism is affected in the brain cells of Hgsnat-
Geo mice we have measured activities of several mitochondrial respiratory chain enzymes
including NADH:CoQ reductase (NQR, complex I), succinate:CoQ reductase (SQR, complex
I1), cytochrome c oxidase (COX, complex IV), NADH:cytochrome c reductase (NCCR,
complex I+111), succinate:cytochrome ¢ reductase (SCCR, complex Il+111) in the isolated
brain mitochondria. We also measured activities of pyruvate dehydrogenase (PDH) complex
and citrate synthase (CS).

Activities of complex IV (COX) and complex Il (SQR) enzymes were significantly
lower in Hgsnhat-Geo mice then in the corresponding WT controls at the ages of 8 and 12
months and 8 months, respectively (Fig. 7A). No significant differences in activities of
enzymes of complex I, complex I+111, complex I1l, and complex I1+I11 of respiratory chain as
well as PDH and control mitochondrial enzyme citrate synthase (CS) were found between
Hgsnat-Geo and WT mice, but when we analyzed the activities of individual enzymes as a
function of mouse age we found that the activities of complex Il (SQR), complex Il+lll
(SCCR) and citrate synthase in Hgsnat-Geo mice decreased significantly with age, whereas
no dependence was detected for the WT animals (Fig. 7B).

Consistent with the gradual reduction of the activities of respiratory chain enzymes
was the observed decrease of the total content of coenzyme Q10 in the brain tissues of
Hgsnat-Geo mice. At the age of 4 months the levels of Q10 in the WT and Hgsnat-deficient
mice were the same, but while in the WT mice of older age Q10 stayed at the same level in
the brains of Hgsnat-Geo mice it showed a negative correlation with age and became
significantly lower than in WT at the age of 12 months (Fig. 7).

9. Progressive neuroinflammation in Hgsnat-Geo mice
Chronic progressive neuroinflammation is well documented in mouse models of lysosomal
neurodegenerative diseases including those of MPS II1A and B, which are characterized by

activation of resident microglia and astrocytes, infiltration of leucocytes from the periphery

and production of the inflammatory cytokinesl77 20, 29 Two fold increased expression of
inflammation markers, MIP1a (CCL3) and TNFa, in the brains of homozygous Hgsnat-Geo
mice was detected as early as at 10 days after birth. The levels of these cytokines further

increased with age reaching the maximum at 8 months of age (Fig. 8A). At the same time, IL-
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1-B and TGF-B were not significantly increased as compared with WT controls. Similarly
increased expression of MIPla and TNFa cytokines was detected also in the brain tissues of
MPS I11A mice, whereas MPS I11B mice had ~2 fold higher levels at all ages.

Consistent with high expression level of cytokines brain tissues of HGSNAT-deficient
showed increased levels of activated microglia cells detected by isolectin B4 staining (Fig.
8B) or antibodies against CD68, whereas almost no staining was detected in matching
controls (Fig. S7). Besides, significantly higher amount of astrocytes stained with anti-GFAP
antibodies was detected in the hippocampal area of mutant mice starting from the age of 4
months (Fig. 3B).

Signs consistent with an immune reaction were detected also in the liver. Early activation of
Kupffer cells preceding the substantial storage and increased presence in liver sinusoids of
inflammatory cells was detectable in Hgshat-Geo mice but not in WT mice (Fig. S4).
DISCUSSION

Altogether our data demonstrate that HGSNAT deficiency in mice results in lysosomal
accumulation of GAG and specifically of HS, in multiple cell types. GAG accumulation is
followed by secondary accumulation of gangliosides as well as increased lysozyme, pTau,
Gsk3p, and beta amyloid levels in brain neurons. Signs of general inflammation in the brain
such as activation of astrocytes, microglia and cytokine production, previously reported for
other MPS mouse models are clearly present from the very early age. At the same time a
lower level of GAG storage as compared to the MPS 111B mouse model results in a reduced
level of brain inflammation, later onset and slower progression of the disease.

The main organs affected at the optical and ultrastructural levels are the brain, liver and
spleen. Lysosomal storage consistent with accumulation of undegraded GAG developed early
in hepatocytes, splenic sinus endothelium, and cerebral microglia, and later to a lesser extent
in liver Kupffer and Ito cells, in fibroblasts and in perivascular cells.

In peripheral tissues, storage in epithelial and mesenchymal cells, except for hepatocytes
occurred later and with a lesser intensity compared to mouse MPS IIIA and MPS I1IB

models1®: 16 presence in visceral organs of macrophages with storage materials was limited,
except for liver Kupffer cells, which were early activated and developed storage phenotype
with age.

In the brain, substantial storage was found in population of microglia at early age and showed

further progression with age in all examined brain regions. Foam microglial cells were
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frequently in a close contact to neurons. Sparse foam cells of microglial origin were
detectable in the brain even at 2 months, so the storage in microglia seems to be the initial
pathological event preceding pathological changes in neurons. Storage vacuoles in microglia
had a uniform electron-lucent appearance different from ceroid-type accumulation in
neurons. The apparently different storage patterns detected in microglia and neurons by EM
could be also attributed to the loss of GAG during fixation of the cells, however further
immunohistochemical analysis confirmed that lysosomal storage of HS was detected
predominantly in microglia, whereas gangliosides accumulated mainly in neurons.

Neuronal pathology was also featured by cytoplasmic accumulation of autofluorescent
granular material with a variably expressed positive immunostaining for SCMAS in neuronal
perikarya. Storage of granular autofluorescent material was restricted to individual neurons at
5 months but detected throughout the whole neuronal population at 12 months. Even at this
advanced stage, neurons showed some variations in the intensity of storage between brain

regions and between cells within a region. Similar heterogeneous storage character was

reported in other MPS disease mouse models 21 Neuronal loss was not a dominant feature at
the early stage of the disease but it became significant at 6 months and further progressed with
age. At the EM level, neuronal pathology was characterized by a combination of early
detectable structural alterations of mitochondria, accumulation of vacuoles suggestive of
autophagic origin, progressive lysosomal storage of heterogeneous material and massive
terminal lysosomal accumulation of deposits resembling those detected in neuronal ceroid

lipofuscinoses. Similar “fingerprint-like” structures were previously detected in MPS IIIB

mouse and identified as SCMAS deposits 41 The mitochondrial network in neurons was
disorganized and the partial impairment of OXPHOS enzymes (complex II, lI+11l and V) in
brain tissues was detected by enzymatic assays and immunohistochemical analysis, while
mitochondrial compartment in age-matching controls did not reveal any abnormalities.
Altogether our data characterize MPS I1IC as a neurodegenerative disorder with a dominant
lysosomal and mitochondrial alteration in neurons. Further, our findings suggest that
autophagy, namely mitophagy represent a substantial source for accumulation of undegraded
materials in the lysosomal system of neurons.

The precise sequence of events that starts with the accumulation of HS and leads to a
widespread brain pathology and neuronal death is yet to be determined, however our results
allow hypothesizing that the malfunction and loss of neurons is mediated primarily by

pathological changes in their mitochondrial system. We speculate that the disease starts with
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accumulation of primary storage materials (mostly HS and HS-derived oligosaccharides) in
microglia cells as documented by EM analysis and immunohistochemistry with HS-specific
antibodies. These materials released from the microglia presumably by exocytosis of

lysosomes are known to affect neurogenesis (Bruyere et al, submitted) and cause other

adverse reactions in neurons 20, HS and derived oligosaccharides also induce general
inflammation reactions in the brain by activating TLR receptors of microglia cells, resulting
in release of multifunctional cytokines such as TNF-a and MIP-1-0, known to cause

mitochondrial damage through formation of ROS and oxidative stress®279°, Mitochondrial
abnormalities detected at both ultrastructural and biochemical levels in the brain of MPS 11IC
mice starting from the age of 5 months could eventually lead to neuronal death observed in
somatosensory cortex and cerebellum (Purkinje cells). Although neurodegenerative disease

can develop even without neuronal loss it is important to mention that neuronal death is

observed in MPS Il patient526. Ganglioside accumulation detected in neurons starting from

2 months is probably of non-lysosomal origin. It could be caused by altered Golgi function as

described previously for MPS 111B mouse model30. Stored lipids and gangliosides can also be
partially of mitochondrial origin due to mitophagy and impaired catabolism of
autophagosomal content. Indeed, our data define accumulation of densely packed material
displaying a strong autofluorescence as a determining feature in brain neurons of MPS I1IC
mice at the advanced stage of the disease. Since these granules are SCMAS positive and their
ultrastructural pattern strongly resembles that in neuronal ceroid lipofuscinoses we speculate
that they are derived from autophagosomes.

Impairment of autophagosome-lysosome fusion can by itself result in accumulation of

deformed and misfunctional mitochondria otherwise eliminated through autophagy and

lysosomal catabolism®®: 97 Our data however demonstrate that in contrast to liver, brain
tissues of MPS 11IC mice up to the age of 6 months do not contain increased levels of
impaired autophagy marker, LC3-11. We therefore suggest that in brain neurons of MPS lIC
mice mitochondrial damage develops in parallel with impairment of autophagy.

Together, our data validate Hgsnat-GEO mouse as an adequate animal model of MPS 1IIC,
useful for future testing of therapies. The mechanism of brain disease in MPS 1IC mouse
model explaining the progression of neuronal loss by mitochondrial dysfunction secondary to

brain inflammation may be a common phenomenon for metabolic neurodegenerative
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diseases. It also justifies future studies to determine if the mitochondrial defects in MPS I11C
cells can be at least partially rescued by known anti-oxidative drugs.
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FIGURE LEGENDS
Figure 1. Targeting the Hgsnat gene in mice.

(A) Strategy for producing the targeted disruption of the Hgsnat gene. The gene trap vector
used by TIGM contains a splice acceptor site (SA) upstream of a -galactosidaseheomycin
phosphotransferase (Geo) fusion gene followed by polyadenylation sequence (pA), PGK and
BTK genes and splice donor site (SD) inserted into intron 7 of the Hgsnat gene as confirmed
by genomic sequencing. Hence, the downstream exons 8-13 in the gene trap transcript were
replaced by the Geo sequence. Exons in the mouse Hgsnat gene are shown as black numbered
boxes and Geo-PGK-BTK cassette, as white boxes. Primers (E7-R, Geo-R, and E10-F) were
used to measure the expression of the WT Hgsnat and of the targeted Hgsnat-Geo alleles by
RT-qPCR.

(B) RT-gPCR shows that expression of the Hgsnat mRNA in brain and liver tissues of mice
homozygous for the Hgsnat-Geo allele is reduced to 0.6 and 1.6% of that in the tissues of
their WT siblings. Total RNA was extracted from tissues of 4 MO WT and Hgsnat-Geo mice
and analyzed for Hgsnat expression by RT-gPCR. The values were normalized for the level
of control RPL32 mRNA. Data are expressed as means (+S.D.) of experiments performed
with 6 mice for each genotype.

(C) Deficient Hgsnat activity in tissues of mice homozygous for Hgsnat-Geo allele. Hgsnat
activity was measured with fluorogenic substrate, Muf-p-D-glucosaminide in the tissues of 4

MO WT, Hgsnat-Ge0+/' and Hgsnat-Geo mice or in cultured skin fibroblasts of WT and
Hgsnat-Geo mice. Data are expressed as means (£S.D.) of independent experiments
performed with tissues of 6 mice for each genotype or with 3 different cell cultures.

(D) Lysosomal hydrolases are increased in tissues of Hgsnat-Geo mice. Acidic o-
galactosidase, P-galactosidase and total B-hexosaminidase activity were measured in the
tissues of 1, 4 and 6 MO Hgsnat-Geo mice and their WT siblings. Data are expressed as
means (£S.D.) of experiments performed with 3 mice for each genotype.

Figure 2. Hgsnat-Geo mice have shorter life span and show signs of hyperactivity
between the ages of 6 and 8 months and learning impairment at the age of 10 months.
(A) Kaplan-Meier plot showing survival of Hgsnat-Geo mice (n=50) and their WT
counterparts (n=70). By the age of 70 weeks the vast majority of Hgsnat-Geo mice died or
had to be euthanized on the veterinarian request due to urinary retention.

(B) Six and 8 MO Hgsnat-Geo female mice show signs of hyperactivity and reduced anxiety
compared to WT mice as detected by OFT performed 1 h into their light cycle. Increased
activity (total distance traveled) was detected starting from ~5 months of age, with significant
hyperactivity at 8 months. Reduced anxiety (increased center activity) was detected starting
from ~3 months, with significant difference with WT at 6 and 8 months. At 6 and 8 months
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Hgsnat-Geo mice also spent significantly less time immobile as compared to WT mice. P

value was calculated by two-way-ANOVA (* p<0.05, * p<0.01). From 6 (2, 4 and 6 MO) to
10 (8 and 10 MO) mice were studied per age/per genotype.

(C) Hgsnat-Geo mice showed impaired performance in the spatial memory-based Morris
Water Maze test at 10 months. All mice showed similar average latencies on days 1-3 of
visible platform testing. Whereas 8 MO Hgsnat-Geo mice had latencies in the hidden
platform testing similar to those of their WT counterparts (days 4-8), 10 MO mutant mice
were significantly impaired in this spatial learning test. During the removed-platform probe
trial on day 9, Hgsnat-Geo mice displayed reduced time in the target quadrant as compared to
their WT siblings. Numbers of passes over the previous location of the hidden platform were
alsoreduced. Swim speed was comparable among all groups. Six mice were studied for each
group.

Figure 3. Pathological changes in CNS of Hgsnat-Geo mice

(A) Progressive loss of neurons in somatosensory cortex. NeuN-positive neurons were

counted in two adjacent similar 1.92 mm2 fields on 3 sagittal sections (1.44, 1.68 and 1.92
mm from bregma) of S1 somatosensory cortex of each mouse; 4 (2 male, 2 female) mice were
studied for each age and each genotype. Two-way repeated measurements ANOVA was used
to test differences between the mouse groups: significant differences between the mean values
in Bonferroni post-test (* p<0.05, ** p<0.001, *** p<0.0001) are shown.

(B) Increased numbers of GFAP-positive astrocytes are detected in the somatosensory cortex
of 4 and 10 MO Hgsnat-Geo mice.

(C) Presence in cortical gray matter of microglial cells with vacuolized cytoplasm and foam
cell-like appearance. Microglial cells showing storage are either dispersed or adjacent to
neurons (shown in details in the insert). Somatosensory cortex of 12 MO Hgsnat-Geo mouse,
layer V; H&E stain. Bar represents 100 um, bar in the insert, 30 pm.

(D) Accumulation of PAS positive granular material is detectable in perikarya of multiple
neurons. Microglia show presence of storage and foam-like appearance. Somatosensory
cortex of 12 MO Hgsnat-Geo mouse, layer V. Bar represents 50 pum, bar in the insert, 30 pm.
(E) A massive accumulation of granular autofluorescent material of ceroid type is widely
present in cortical neurons. Insert shows a detailed view of a neuronwith lysosomal ceroid
deposits in the perikaryon. Somatosensory cortex of 12 MO Hgsnat-Geo mouse, layer V. Bar
represents 100 um, bar in the insert, 30 um.

(F) Cathepsin D immunostaining indicates presence of lysosomal storage in microglia and
neurons. Dispersed, perineuronal or perivascular microglia is strongly positive for Cathepsin
D. Lysosomal system in neurons is irregularly activated and shows a coarsely granular
appearance. Neuronal perikarya are not markedly distended in contrast to microglia. Insert
shows enlarged view of both cell types. Somatosensory cortex of 12 MO Hgsnat-Geo mouse,
layer V. Bar represents 100 um, bar in the insert, 30 um.

Figure 4. Ultrastructural pathology in the brain of Hgsnat-Geo mice.

(A) Storage pattern in microglia detected at 5 months. Massive accumulation of vacuoles with
single limiting membranes and a sparse fine content in the cytoplasm of a cortical microglial
cell is compatible with lysosomal GAG storage. Lysosomes containing storage materials are
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marked by arrowheads. The microglial cell (nucleus is marked by an asterisk) is in a close
proximity to a cortical brain neuron. Bar represents 2 um.

(B) Lysosomal system in a cortical neuron at 12 months is overloaded by material of a
variable electron density (marked by arrowheads). Nucleus of the neuron with storage is
marked by an asterisk. Vascular endothelial cells in a capillary lumen (marked by double
asterisks) are free of storage. Bar represents 2 um.

(C) High magnification micrograph of a cortical neuron at 12 moths demonstrates a storage
compartment (marked by arrows) containing ceroid-like granular and/or lamellar material
packed with a variable density.Insert shows a detailed view of storage deposits. Bar represents
lpum.

(D) Pleiomorphic mitochondria in the cytoplasm of a neuron at 5 months with some of them
swollen (marked by asterisks) or with reduced and disorganized cristae (marked by an
arrowhead). Vacuoles with variably rich content are present in the cytoplasm (marked by
arrows). Some of these vacuoles have double-layered limiting membranes (details are shown
in the insert) reminiscent of autophagic origin (see also Fig. 6A). Bar represents 1pum.

(E) Storage of densely packed fibrillary material (marked by arrows) strongly resembling
rectilinear or fingerprint-like ceroid deposits in neuronal lysosomes at advanced stages of the
disease. Brain cortex of 16 MO Hgsnat-Geo mouse. Bar represents 1 pm.

Figure 5. Accumulation of primary and secondary storage materials in tissues of
Hgsnat-Geo mice

A) Total GAG were measured in the whole brain tissues of HGSNAT-Geo mice, a-N-
acetylglucosaminidase-deficient (MPS [1IB) mice and their corresponding WT controls as
well as in liver tissues of HGSNAT-Geo and WT mice. The data show means (£S.D.) of
individual measurements performed with 5-15 mice for each age and genotype.

B) Intralysosomal accumulation of heparan sulfate is detected in the microglial cells but not in
cortical neurons of HGSNAT-Geo mice. Forty um-thick sagittal brain sections of 4 MO WT
and HGSNAT-Geo mice were stained with anti-HS and anti-LAMP-1 antibodies and either
antibody against neuronal marker NeuN or microglial marker, isolectin B4 (ILB4).
Somatosensory cortex of WT mouse does not show co-localization of HS (red) and LAMP-1
(blue) staining while that of HGSNAT-Geo mouse contains multiple cellswith lysosomal
accumulation of HS marked by arrowheads. These cells are negative for neuronal marker,
NeuN, but positive for the marker of activated microglia, ILBA4.

C) Levels of G\y3 and G2 gangliosides are increased in the total brain extracts of 4 MO

HGSNAT-Geo mice as compared to their WT siblings. Total lipids from brain tissue
homogenates were extracted with chloroform/methanol 1:1 mixture and analyzed by tandem
mass spectroscopy.

D) Accumulation of gangliosides in cortical neurons of HGSNAT-Geo mice. Forty um-thick
sagittal brain sections of 8 MO WT and HGSNAT-Geo mice were stained with anti-Gp/2

antibodies and either microglial marker, isolectin B4 or antibodies against neuronal marker
NeuN, Gp3 ganglioside, LAMP-1 and mitochondrial marker, cytochrome ¢ oxidase subunit 4

(Cox4). Slides were studied on a Zeiss LSM510 inverted confocal microscope.
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Figure 6. Brain tissues of Hgsnat-Geo mice show impaired autophagy and blocked
lysosomal proteolysis.
A) Increased levels of LC3-11 were detected in the brain tissues of Hgsnat-Geo (H-G) mice at
the age of 6 and 10 months but not at the age of 4 months by the Western blot. Total mouse
brains were homogenized in 250 mM sucrose buffer and after removal of nuclei by proteins
were solubilized with 1% Triton X-100. Protein extracts were analyzed by Western blotting
using antibodies specific for mouse LC3 and B-tubulin as a loading control. Panel shows
representative data of 3 independent experiments. Inset graph shows ratios (means and S.D.)
of signal intensities for LC3-11 and LC3-I estimated with ImageQuant software. * p<0.05 in
paired two-tailed t-test.
B) LC3 staining was present in the cytoplasm of MEC neurons of 10 MO but not of 4 MO
Hgsnat-Geo mice.
C) Signs of impaired lysosomal proteolysis and ER stress in the neurons of Hgshat-Geo
mice. SCMAS-positive aggregates, O-GIcNAc-modified proteins and increased staining for
ubiquitin were detected in MEC neurons of 10 MO Hgsnat-Geo mice. The scale bars in the
low power images are 100 um. The scale bars in the inserts are 30 um.

Figure 7. Partial impairment of mitochondrial oxidative phosphorylation system in the
brains of Hgsnat-Geo mice
(A) Activity of succinate: CoQ reductase (SQR, complex Il) and cytochrome ¢ oxidase (COX,
complex IV) in isolated brain mitochondria of Hgsnat-Geo mice are reduced as compared
with age-matching WT controls. Total content of coenzyme Q10 in brain homogenate of
Hgsnat-Geo mice is reduced as compared with WT controls. The data show means (+S.D.) of
individual measurements. Three mice were analyzed for each age and each genotype. *
p<0.05 in unpaired two-tailed t-test.

(B) Correlation between the age and activities of succinate: CoQ reductase (SQR), succinate:
cytochrome c reductase (SCCR), citrate synthase (CS), and total coenzyme Q10 content in the
brain tissues of Hgsnat-Geo and WT mice was analyzed by the linear regression method. For
all parameters in the tissues of Hgsnat-Geo but not of WT mice the slopes of linear regression
lines showed a significant deviation from zero (p < 0.05).
Figure 8. Brain inflammation in Hgsnat-Geo mice.
A) Total brain tissues of Hgsnat-Geo mice show progressively increased expression of
inflammation markers, MIPlo (CCL3) and TNFa similar to those in MPS IIIA, but lower
than those in MPS 11IB mouse models. Total RNA was isolated from whole mouse brain,
reverse-transcribed to cDNA and quantification of cytokines was performed by RT-qPCR.
The data show ratios of the cytokine levels in Hgsnat-Geo mice and those in WT controls
(both normalized for the content of RLP32 mRNA). Data show mean values (£SD). Three
mice were analyzed for each age, sex and genotype. Two-way repeated measurements
ANOVA was used to test differences between the mouse groups: significant differences
between the mean values in Bonferroni post-test (* p<0.05, ** p<0.001) are shown.
B) Increased number of activated microglial cells in brain cortex of Hgsnat-Geoum-thick
sagittal brain sections of WT and HGSNAT-Geo mice were stained with HPR-conjugated
microglial marker isolectin B4/DAB and counter-stained with haematoxylin. The total
number of microglial cells was counted for 3 adjacent sections of somatosensory cortex. Data
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show mean values (=SD). Two mice were analyzed for each age, sex and genotype. **
p<0.001 in unpaired two-tailed t-test.

Figure 9. Proposed mechanism underlying brain disease in Hgsnat-Geo mice.

The disease starts with accumulation of HS and HS-derived oligosaccharides in microglial
cells (1). Through their release by exocytosis of lysosomes and action on TLR receptors of
microglia cells these materials induce general inflammation reactions in the brain (2),
including the release of multifunctional cytokines such as TNFa and MIP-1a (3). The
cytokines together with ROS cause mitochondrial damage (4) eventually leading to autophagy
block (5), and secondary storage of gangliosides and missfolded proteins (6) triggering
neuronal death in critical areas.

Supporting materials:

Figure S1. No bone deformation was detected by X-ray analysis of Hgsnat-Geo mice.
Image shows representative radiographs of 2 MO male Hgsnat-Geo (A) and WT (B) mice
taken with Faxitron MX2 instrument. Four mice were analyzed for each genotype.

Figure S2. No significant difference was observed in accelerating Rotarod
performance between 8 MO WT and mice.

Mice were placed on a rubber-covered rod (3.5 cm in diameter) rotating at 4 rpm. Mice were
left for 3 min for adaptation and then the rotation speed was gradually increased from 4 to 40
rpm over the course of 5 min and the latency to fall (in seconds) recorded. The results are
shown as means (£SD) of 9 tests performed during 3 consecutive days (3 tests per day). Four
mice were studied for each sex and genotype.

Figure S3. Representative dissection of 12 MO Hgsnat-Geo mouse showing signs of
urinary retention and a loss of abdominal fat. Both features are not detectable in the age-
matching WT mouse.

Figure S4. Profound lysosomal storage in liver of Hgsnat-Geo mice was detected at
the optical (A-D) and ultrastructural (E-H) levels.

(A) Survey of liver parenchyma of 12 MO Hgsnat-Geo mice showing microvacuolization in
hepatocytes mainly in the intermediate zone and increased cellularity in liver sinusoids. Insert
shows a detailed view of microvacuolization in the cytoplasm of hepatocytes and a Kupffer
cell showing transformation into a foam cell. H&E stain. Bar represents 200 um, bar in the
insert, 30 um.

(B) Immunostaining for CathD reveals expanded lysosomal system in hepatocytes and in
Kupffer cells in the liver of 12 MO Hgsnat-Geo mice, indicative of lysosomal storage. Bar
represents 50 pm.

(C, D) Storage within the population of Kupffer cells and their early activation were detected
in Hgsnat-GeoHgsnat-Geo mice (C) as compared to age matching WT mice (D). Individual
Kupffer cells display a storage phenotype with rounded vacuolated cytoplasm (C, insert).
Kupffer cells in WT mice are always slim, stellate or needle-shaped (D, insert). Bars
represent 200 um, bars in inserts, 30 um.

(E) Intensive lysosomal storage of soluble substances in the cytoplasm of a hepatocyte
contrasting with rarely detectable storage vacuoles in a Kupffer cell in the sinusoid of 5 MO
Hgsnat-Geo mice.
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(F) Higher magnification of hepatocyte cytoplasm with accumulation of vacuoles surrounded
by a single limiting membrane, either electronlucent or with a sparse fine content. Structures
resembling autophagic vacuoles (marked by arrows) were occasionally detected.

(G, H) Ultrastructural pattern characteristic for lysosomal storage of GAG was clearly
detectable at 12 months in Kupffer cells (G) and in perisinusoidal Ito cells also containing
droplets of neutral lipids in their cytoplasm (H). Bars represent 1 um.

Figure Sb. Widespread lysosomal storage in epithelial and mesenchymal cells in
Hgsnat-Geo mice detected by CathD immunostaining (A-H) or electron microscopy (I-L).
Lysosomal storage was massive in splenic sinus endothelium (A) and less pronounced in
bronchial respiratory epithelium (C), as well as in distal tubules, collecting ducts and
glomeruli of renal cortex (E) of 12 MO Hgsnat-Geo mice. Tissues of age-matching WT
animals (B, D anddo not show these features. (G) A thin wall of distended urinary bladder of
a 12 MO Hgsnat-Geo mouse with a sparse presence in lamina and muscularis propria and
adventitia of cells with storage materials. (H) Urinary bladder of age-matching WT animal
has normal wall thickness and structure. Details of cells containing storage materials and their
control counterparts are shown in inserts.

Electronlucent vacuoles surrounded by single membranes indicative of lysosomal storage of
soluble material were detected in splenic sinus endothelium (1), skin vascular endothelial cells
(J), perivascular pericytes (K) and fibroblasts (L) of 12 MO Hgsnat-Geo mice.

Bars in A, B and Insert C represent 30 um, bars in C-F and Insert G, 100um, bars in G and H,
200 um. Bars in I and L represent 1 pm, bars in J and K, 2 pm.

Figure S6. Purkinje cell loss accented in the anterior cerebellar lobe of Hgshat-Geo
mouse at the age of 12 months.

(A-D) Calbindin immunostaining in the cerebellar cortex. Staining for Purkinje cells is almost
absent in lobules I-111 (A) when compared to remaining calbindin staining in lobules X and X
(B). Higher magnification of cerebellar cortex shows an exceptional presence of weakly
positive Purkinje cells (marked by arrowheads) in the lobule 11l (C) and a substantially
preserved Purkinje cell layer in the lobule X (D). Bars in A and B represent 200 um, bars in
C and D, 100 um. (E-F) Details of the Purkinje cell layer, H&E staining. Purkinje cells are
largely absent in the lobule 111 (E) in comparison to almost contiguous monolayer of Purkinje
cells in the lobule X (F). Degenerating neurons with a shrunken condensed cytoplasm and
nuclei are marked by arrowheads. Bars represent 50 um.

Figure S7. Activated microglial cells featuring storage were detected in
somatosensory cortex of 4 MO and 10 MO Hgsnat-Geo mice by staining with antibodies
against CD68. The scale bars in the low power images are 100 um. The scale bars in the
inserts are 30 pm.

Figure S8. Progressive accumulation of Gpj2 ganglioside was detected in the

hippocampus and cerebellum of Hgsnat-Geo mice. Bars represent 20 um (cerebellum) and 5

um (hippocampus).

Figure S9. Increase of LC3-II in liver tissues of Hgsnat-Geo mice suggestive of

impaired autophagy.

Figure S10. Accumulation of brain protein markers of neurodegeneration associated

with dementia: lysozyme, beta amyloid (A-beta), and Ptau kinase Gsk3B in MEC and
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phosphorylated tau (PHF-tau Thr181) in dentate gyrus of 10 MO Hgsnat-Geo mice. The scale
bars in the low power images are 100 um. The scale bars in the inserts are 30 pm.
Supplemental video 1. Video recording of 8 MO male Hgsnat-Geo mouse showing loss
of coordination.

Supplemental video 2. Video recordings of 8 MO female WT (a) and Hgsnat-Geo (b)
mice in the open field test. Hgsnat-Geo mouse shows signs of hyperactivity and
reducedanxiety compared to WT mouse.
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HGSNAT has a TATA-less promoter with multiple starts of transcription
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Abstract

The deficiency of acetyl-CoA:alpha-glucosaminide N-acetyltransferase (N-acetyltransferase),
the lysosomal membrane enzyme involved in the catabolism of heparan sulfate, leads in
humans to a lysosomal storage disorder, Sanfilippo disease type I11IC (mucopolysacharidosis
type HIC, MPS 1IIC). In this report we present a characterization of the promoter region of
the gene encoding the N-acetyltransferase, HGSNAT, which is located in the pericentromeric
region of chromosome 8. Two potential in-frame initiation codons have been identified
previously (Hrebicek, Mrazova et al. 2006). Using 5'-RACE, we found two main transcription
start sites (TSS) in the GC rich 5' region upstream of exon 1 of HGSNAT in position -1 and -
15 from the downstream ATG (1ATG).. Transcripts initiating from both main TSSs thus
contain only the 1*ATG. The 1054 bp promoter fragment containing the sequence upstream
of the 1¥ATG (-20/-1073) drove the expression of the luciferase reporter in HepG2 cells.
Multiple predicted Sp-1 binding sites were found in the region (-101/+50). Targeted
mutagenesis of two of the Spl sites resulted in a drop of reporter activity, showing the
importance of the sites for upregulating the promoter. The binding of Spl to the region was
confirmed by chromatin immunoprecipitation (ChIP). Bisulfite sequencing showed that the

CpG island in the region was unmethylated. TATA-less HGSNAT promoter with its
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unmethylated CpG island, and multiple Spl sites has thus the structure of a housekeeping
promoter, which corresponds well with the houseekeeping character of N-acetyltransferase's
function. We have sequenced the HGSNAT promoter region in 23 MPS 1lIC patients and
found no variations, except for a common polymorphism rs453300 and an unknown variation
g.4875G>A. The expression of the reporter driven by promoter fragments carrying these

variations was similar to the expression from the reference fragment.

Keywords:
MPS I1IC, HGSNAT, promoter, Sp-1, TATA-less, housekeeping gene
Introduction

The HGSNAT gene encodes glucosaminide N-acetyltransferase (N-acetyltransferase), the
enzyme deficient in patients with mucopolysaccharidosis Il1 C (MPS HIC)(Klein, van de
Kamp et al. 1981). MPS I11 C is a lysosomal storage disorder and one of the four subtypes of
Sanfilippo syndrome caused by four different heritable deficiencies of enzymes involved in
lysosomal catabolism of glycosaminoglycan heparan sulfate. Unlike enzymes deficient in
other MPS 111 subtypes, N-acetyltransferase is not a hydrolase. It resides in the lysosomal
membrane and catalyzes the transfer of acetyl moiety from cytosolic acetyl-coenzyme across
the membrane into lysosomal lumen and its subsequent reaction with glucosaminide moiety
of heparan-sulfate-derived oligosaccharides (Bame and Rome 1986; Bame and Rome 1986).
This synthetic step, unusual within the lysosome, is necessary for subsequent hydrolysis of N-
acetylglucosamine moiety by N-acetylglucosaminidase.

Patients with MPS I1IC have clinical symptoms very similar from other forms of MPS III,
while the overall course of the disease may be more protracted in MPS 1IC. The majority of
patients develop severe cerebral symptoms with psycho-motor regression in the childhood,
later followed by increased spasticity, seizures, and death in late adolescence or early
adulthood. The patients have usually only mild visceromegaly. In a small subset of MPS 111C
patients, who develop the first symptoms in adulthood, neurodegenerative symptoms

dominate the clinical picture (Ruijter, Valstar et al. 2008).

The majority of genes encoding lysosomal proteins have TATA-less promoters with

umethylated CpG islands, which are traditionally considered to be associated more often with
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constitutive rather than regulated gene expression. Recently, it was shown that transcription of
most lysosomal genes is coordinated under the control of transcription factor EB (TFEB); its
transclocation from cytoplasm to the nucleus results in increased expression of lysosomal
proteins (Sardiello, Palmieri et al. 2009). TFEB overexpression leads to an increased
lysosomal biogenesis and it plays an important role in the regulation of autophagy. Serine-
phosphorylation of TFEB by a mitogen-activated protein kinase-dependent mechanism
regulates its activity. The whole regulatory pathway thus orchestrates activation of both

autophagy and the lysosomal system (Settembre, Di Malta et al. 2011).

The gene encoding N-acetyltransferase, HGSNAT, is located in the pericentromeric region of
chromosome 8 and has 18 exons (Hrebicek, Mrazova et al. 2006). It encodes a polypeptide
with 11 predicted transmembrane domains that has multiple vertebrate orthologs and shares
similarity with a conserved family of bacterial proteins COG4299 (uncharacterized protein
family conserved in bacteria) (Entrez Gene GenelD 138050). All 145 members of this
familywith the exception of HGSNAT are bacterial membrane proteins; there is no other
eukaryotic member but HGSNAT.

In this study we show that the 1054 bp fragment upstream of the first exon drives expression
of a reporter gene. We have also identified regions within the promoter that contain potential
enhancers of transcription by deletion analysis. We have shown that two Spl binding sites in
the -101/-20 region (from the 1% ATG) are required for the full promoter’s activity. We also
show that there are multiple transcription sites and an unmethylated CpG island encompassing
transcription start sites. We have also examined the sequence of the promoter and coding
region in 23 HGSNAT- deficient patients from different populations and in controls, but we

did not find any variations that change reporter activity.
Methods
Patients

The sequence of HGSNAT promoter and coding regions was analyzed in 23 MPS II1C patients
from Czech Republic (5), Belorussia (1), Turkey (4), United Kingdom (2), USA (3), Germany
(6), and Greece (2). The samples were received for diagnostic purposes and patients were
enrolled for the study on the basis of written informed consent. The study was approved by
the local ethics committee.
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Generation of reporter gene constructs

PCR products containing the sequence of predicted HGSNAT promoter were amplified using
primers with Kpnl and Xhol restriction enzyme sites (forward and reverse primers,
respectively). The length of the promoter regions is depicted in Fig.1. If not stated otherwise,
all sequences in the promoter are numbered from the 1% ATG. Primer sequences were derived
from genomic sequence of chromosome 8 (GenBank accession no. NG_009552.1).
Oligonucleotide primers and annealing temperatures are listed in Table 1. The fragments were
gel-purified and directly cloned in the TA cloning vector pCR®4 or pCR®-XL-TOPO® (Life
Technologies, Foster City, CA, USA). These constructs were verified by sequencing using
ABIlprism® A3100 automated sequencer. Clones containing the inserts were double digested
with Kpnl and Xhol (Thermo Scientific, Wilmington, DE, USA), the released inserts were
cloned in both sense and antisense orientations into pGL4.16 (luc2CP/Hygro) vector
(Promega, Madison, W1, USA) in the polylinker site situated upstream of the firefly luciferase
reporter gene, generating pGL4 -20/-1305, pGL4 -101/-1305, pGL4 +50/-1305 and -20/-2905
constructs, respectively. The pGL4 -61/-1305 construct was created by site-directed
mutagenesis using QuickChange XL site-directed mutagenesis kit (Agilent Technologies,

Santa Clara, CA, USA). The sequences of all constructs were verified by sequencing.
Generation of serial deletions in HGSNAT promoter and mutagenesis

Serial deletions and mutations in the HGSNAT promoter-containing construct pGL4 -20/-1305
were created by site-directed mutagenesis using QuickChange XL site-directed mutagenesis
kit (Agilent Technologies). Primers listed in Table 2 were used to generate mutant constructs
with different 5’end deletions (pGL4 -20/-1073, pGL4 -20/-716, pGL4 -20/-347 and pGL4 -
20/-186) and mutations (rs453300, g.4875G>A, mut CTG, mut Spl A-D) according to the
instructions of the manufacturer. All deletions and mutations were confirmed by DNA

sequencing.
Cell culture, transfection and reporter gene analysis

HepG2 (human hepatoblastoma) cells cultured in Opti-MEM® (Agilent Technologies)
supplemented with 10% (v/v) fetal bovine serum. The cells were grown in 25 cm? flasks at
37°C, 5% CO,. A total of 5 x 10* HepG2 cells per well were seeded into a 24-well culture

plate one day prior to transfection. 500 ng of each construct was transfected into HepG2 cells
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using the Tfx™ — 20 and FuGene® HD Transfection Reagent (Promega). The empty pGL4
vector was transfected simultaneously. The pRL-TK vector (Promega) harboring the Renilla
luciferase gene was co-transfected as an internal control to normalize the transfection
efficiency. Each construct was transfected in triplicate and each transfection experiment was
repeated independently at least three times. After 48 hours, cells were washed with phosphate
buffered saline (PBS) and lysed with 100 pl passive lysis buffer (Promega). The luciferase
reporter gene activity was assayed using the Dual-Luciferase® Reporter Assay System
(Promega). The intensity of chemiluminescence in the supernatant was measured using a

luminometer (Berthold, Technologies, Bad Wildbad, Germany).
Bisulfite sequencing

The methylation status of the CpG island overlapping the HGSNAT promoter was studied
using bisulfite sequencing. Genomic DNA isolated from three control individuals was
modified by bisulfite and served as a template for amplification. PCR primers designed to
anneal to the modified DNA are listed in Table 2. PCR products were gel-purified and

sequenced.
Identification of the transcription initiation sites

Transcription initiation sites of the gene were identified by 5'RACE technique that amplifies
products only from capped mRNAs. 5'RACE was carried out using GeneRacer™ Kit and
FirstChoice® RLM-RACE Kit (Life Technologies). FirstChoice® Human Placenta Total RNA
(Life Technologies) was used as a template. The RT-PCR was performed with 5S'RACE
universal primer and gene-specific reverse primer 5’-ccagaacctgaaacaagcagtgataaca-3’,
located in junction of exon 2 and exon 3. Obtained cDNA fragments were gel purified
(Promega) and directly sequenced or subsequently cloned into TA cloning vector pCR®4 -
TOPO® (Life Technologies). For sequencing was used ABIprism® A3100 automated

sequencer.
Chromatin Immunoprecipitation (ChIP) assay

HepG2 (human hepatoblastoma) cells were transfected by pN3-Spl (a kind gift from Prof.
Guntram Suske, University of Marburg, Germany). ChIP assay was performed using ChIP Kit
(Abcam, Cambridge, UK) according to the instructions of the manufacturer. Briefly, collected

cells were fixed with 1% formaldehyde for 10 min. at RT and washed with ice-cold PBS.
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Cells were resuspended in a lysis buffer and sonicated on E210 Focused-ultrasonicator
(Covaris, Woburn, MA, USA) to shear DNA. Chromatin was incubated with anti-Spl
antibody (Abcam) overnight at 4°C as well as Histone H3 antibody supplied in kit and used as
positive control. The immunocomplex was collected by protein A/G agarose beads, washed
and eluted. Purified DNA was subjected to PCR amplification with primers specific to the
HGSNAT promoter containing putative binding sites for Spl (Tab. 2). As a positive ChIP
control, amplification with primers flanking a part of the SLC22A18 promoter was used (Ali,
Bajaj et al. 2009) (Tab. 2).

Bioinformatics - Identification of putative transcription factor binding sites

In order to identify the putative transcription factor binding sites in HGSNAT promoter were
used TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.html), MatInspector program
(http://www.genomatix.de/index.html) and Alibaba2 (http://www.gene-

regulation.com/pub/programs.htmi#alibaba2). For additional searches was used matrix-scan
program from RSAT -tools (Turatsinze, Thomas-Chollier et al. 2008) (http://rsat.ulb.ac.be).
FIMO tool from the MEME suite (Bailey, Boden et al. 2009) was also used for searches and

determination of p-values.

Search for HGSNAT transcripts and ESTs and other database searches were performed using
GeneBank (http://www.ncbi.nlm.nih.gov) and USCS Genome Browser

(http://genome.ucsc.edu/).
Results
Luciferase reporter assay

All constructs carrying upstream ATG or downstream ATG produced significantly higher
levels of reporter activity than the negative control (pGL4 vector). The construct pGL4 -20/-
1305 exhibited markedly higher activity of luciferase than the construct pGL4 -101/-1305.
The luciferase activity from the construct pGL4 -20/-2905 was at the similar level as pGL4 -
20/-1305 and the activity from the other constructs pGL4 +50/-1305 and -61/-1305 was lower
than from pGL4 -20/-1305 (Fig. 1). These results show that the region between nucleotides -
20 and -1305 is important for the expression of HGSNAT gene.

The constructs pGL4 -20/-1305 cloned in the antisense orientation exhibited higher luciferase

activity than the negative control, the pGL4 vector. However, the construct containing a larger
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portion of 5' sequence cloned in the anti-sense orientation, the pGL4 -20/-2905, produced
luciferase activity comparable to the negative control (pGL4 vector) (Fig. 1).

To map regions regulating the activity of the promoter we generated mutant constructs with
serial 5’end deletions. The deletion construct pGL4 -20/-1073 displayed levels of luciferase
activity comparable to the construct containing the whole predicted HGSNAT promoter (pGL4
-20/-1305). Significant drop in reporter activity was observed in constructs pGL4 -20/-716,
pGL4 -20/-347 and pGL4 -20/-186; this suggests that in the region from -716 to -1073 is

located a positive regulator of transcription (Fig. 2).
5'RACE and bisulfite sequencing

5'RACE identified two transcription initiation sites in the promoter region, corresponding to
the positions -1, -15 bp upstream of the 1ATG. The CpG island encompassing these

transcription initiation sites was found to be unmethylated.
Analysis of transcription factor binding sites

Bioinformatic evaluation of the -20/-1305 sequence revealed consensus binding sites for a
number transcription factors. Database search revealed no consensus TATA or CAAT box
sequence. Highest scoring (p-value < 10®) matches included multiple Sp-1, AP-1, and AP-2
binding sites, and single CREB, NRSF, and EGR sites. We have also found two potential
lower-scoring (p-value > 10°) CLEAR motifs 737 and 867 upstream of the 1tATG. There are
six putative binding sites for Spl transcription factor in the core promoter (Fig. 3). We wanted
to determine the influence of these sites on the promoter activity. As no increase in reporter
activity was observed when the region -20 to +50 was included the reporter construct, we
have concluded that predicted Sp1-E and Sp1-F sites (Fig. 3) located in the region do not have
a major effect on the promoter activity, and excluded them from further analysis. The other
predicted Spl binding sites were mutated and the reporter activity was measured. Mutation of
Spl-A and Spl-D sites resulted in reduction of the reporter activity when compared to the
pGL4 -20/-1305 (Fig. 4A), showing that these sites are important for the regulation of
HGSNAT promoter.

We also confirmed presence of binding Spl in the -20/-101 region by chromatin
immunoprecipitation with anti-Spl antibody (Fig. 5). Total INPUTDNA was used as a

positive control for PCR amplification. As an additional positive control was used anti-
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Histone H3 antibody. PCR product of expected size (258 bp) was present in the INPUT, ChIP
with anti-Spl antibody, and anti-Histone H3 antibody lanes. The negative control, ChIP
without anti-Sp1, showed no amplification. Amplification of the 180 bp PCR product from
the promoter region of the SLC22A18 gene served as a Spl positive control (Fig. 5). The
presence of confimed Spl binding sites in the SLC22A18 promoter was reported by Ali et al.
(2009) (Ali, Bajaj et al. 2009).

Analysis of the promoter region in MPSIIIC patients

We have also analyzed the sequence of the HGSNAT promoter in 23 HGSNAT- deficient
patients from different populations and in controls. We have found a common polymorphism
rs4523300 in three patients and a variation g.4875G>A in one patient. We have measured
luciferase activity of constructs pGL4 -20/-1305 with polymorphism rs4523300 and the
g.4875G>A, but the reporter activity was comparable to that of the wild-type sequence (Fig.
4B).

Discussion

HGSNAT sequences in databases (GenBank accession no. NG_009552.1) and a number of
ESTs (not shown) contain two ATGs at the 5 end of the transcript, both of which can be
potentially used as initiation codons. We have employed 5 RACE to identify the 5' of the
transcript and identified two transcription initiation sites. Both sites were downstream of the
upstream ATG, suggesting that the transcripts carrying only the downstream ATG (1% ATG)
are predominant. Previously (Hrebicek, Mrazova et al. 2006), we were able to amplify RT-
PCR products with primers annealing to the sequence upstream of this region, suggesting that
there are multiple weaker transcription initiation sites. These results were not confirmed by
S5'RACE. The irregular upstream transcripts may be promoter upstream transcripts
(PROMPTS), which initiate in the 5° prime flanking promoter region by the action RNA
polymerase Ill in areas with open chromatin structure (Preker, Nielsen et al. 2008). In
conclusion, the -1, -15 bp sites are the major transcription initiation sites and only a minority,

if any, of HGSNAT transcripts initiate further upstream.

The sequence in the region -101 to -20 is apparently important for achieving the full
transcriptional activity; the reporter activity from the pGL4 -20/-1305 was significantly higher
than that from pGL4 -101/-1305, which did not contain this critical region. We did not
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observe an increase of luciferase activity from pGL4 +50/-1305, pGL4 -61/-1305 and pGL4 -
20/-2905. As the last construct, which contains additional 1.6 kb of the 5' sequence, did not
lead to a measurable increase in reporter activity, it is unlikely that there are any regulatory
elements in the region ( -1305/-2905).

Analysis of promoter deletion constructs identified a region enhancing the promoter’s activity
at -1073/ -716. The 1054 bp region between -20 and -1073 contains key regulatory elements
for transcription of HGSNAT gene.

Interestingly, the promoter sequence was in vitro able to drive transcription bidirectionally, as
the promoter constructs in the opposite orientation (pGL4 -20/-1305 and pGL4 +50/-1305)
achieved moderate levels of luciferase activity. As there is no gene in opposite orientation
immediately upstream of the HGSNAT gene, the HGSNAT promoter cannot be bidirectional.
In the last decade it was shown that bidirectional initiation of transcription is common in
eukaryotic promoters (Beck and Warren 1988). RNA polymerase Il initiates transcription
bidirectionally, RNA transcripts initiated from the sense strand elongate while the short
transcripts initiated from the antisense strand are not elongated and are degraded by
exosomes. Most promoters appear to display orientation preference (Wei, Pelechano et al.
2011). The factors governing the choice of the direction of transcription remains poorly
understood (Orekhova and Rubtsov 2013). It could be governed by the nucleotide
composition around the promoter region, chromatin modification or 3D structure of
transcription. The recent studies including luciferase assays showed that non-coding
transcripts occur close to the protein-coding genes and share the same promoter (Wei,
Pelechano et al. 2011).

A dramatic decrease of activity at the level of pGL4 basic was observed from pGL4 -20/-2905
in the antisense orientation. It is probably caused by the enlargement of distance between the
important promoter elements and the reporter gene. This suggests that the observed
transcriptional activity in the opposite direction may be indeed due to the bidirectional
initiation by the mechanisms described above.

The transcription initiation sites are flanked by an unmethylated CpG island. The promoter
conforms to the blueprint of promoters of housekeeping genes (Zhu, He et al. 2008), as it does
not contain a TATA-box, has multiple Sp-1 sites, and an unmethylated CpG island. Spl is a

ubiquitous transcription factor and plays an important role in the regulation of TATA-less
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promoters of many housekeeping genes (Brandeis, Frank et al. 1994); indeed, a point
mutation affecting an Spl site of the TATA-less cystinosin (CNTS) gene promoter was

shown to be causative (Cherqui, Kalatzis et al. 2001).

We have found two potential elements compatible with CLEAR consensus sequence in
HGSNAT promoter, which had higher p-values (2.7 — 3.5 x 10™), indicating that the motive
may occur by chance in a similar background sequence approximately every 2.7 -3.7 kb.
While CLEAR motifs (Coordinated Lysosomal Expression and Regulation), which bind
transcriptional factor TFEB (Sardiello, Palmieri et al. 2009), are enriched in promoters of
lysosomal genes and apparently are responsible for coordinated transcriptional behavior of
these genes, they are usually found within the region 300 bp upstream and 100 bp
downstream of transcription start site (TSS) (Palmieri, Impey et al. 2011). This makes the
motives found 737 and 867 bp upstream of the 1%ATG in the HGSNAT promoter less likely to
be true TFEB binding sites, although more distal CLEAR motifs were also found in
promoters upregulated by TFEB.

Presence of two functionally important Sp-1 sites (Sp1-A and Sp1-D) in the region spanning
from -101 to -20 was confirmed by the luciferase assay. Targeted mutations in these sites lead
to a decrease of promoter activity. Mutations in the other two sites (Sp1-B and Sp1-D) lead to
an increase of reporter activity. While the mutations introduced into Spl sites could
potentially create a novel binding site for a transcription factor, no such sites were found
bioinformatically. Spl can also function as a repressor (Zaid, Hodny et al. 2001), which is a
possible explanation for the observed increase in the reporter activity. The binding of Spl to

the region (-101 to -20) was verified by ChIP assay.

We did not find any variations modifying the promoter activity in the promoter regions of 23
HGSNAT deficient patients. While mutations changing the protein sequence, frameshifts and
premature stops are much more frequent cause of the disease in lysosomal storage disorders,

variations in the regulatory region can also be pathogenic (Cherqui, Kalatzis et al. 2001).

In conclusion, we have identified a 1054 bp region upstream of exon 1 of HGSNAT that
drives the transcription of the gene. There are two major TSS sites, the gross majority of the
transcripts contain only the downstream ATG initiation codon. Spl binding in HGSNAT
promoter is critical for transcription initiation. TATA-less, with a GpG island, and multiple

Sp1 sites, the HGSNAT promoter has all features of a housekeeping gene. While we did not
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find any pathogenic or activity -modifying mutations in a small set of patients, they may be

encountered in the future.
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Table 1

Promoter region |Orientation |Forw ard primer Reverse primer Tm (°C)
(-20/-1305)Y  |sense 5'-GGTACCTTCCCGAAACAGTGCCCCCTATC-3” |5°-CTCGAGGCCCTTGCCTGCCCGCTG-3° 67
(-20/-1305)1) antisense 5’-CTCGAGTTCCCGAAACAGTGCCCCCTATC-3" |5-GGTACCGCCCTTGCCTGCCCGCTG-3° 67
(-101/-1305)Y  |sense 5'-GGTACCTTCCOGAAACAGTGCCCCCTATC-3” |5°-CTCGAGGTCACCGCCGCCTGACTCAC-3” 67
(-101/-1305)Y  |antisense  |5'-CTCGAGTTCCCGAAACAGTGCCCCCTATC-3 |5°-GGTACCGTCACCGCCGCCTGACTCAC-3” 67
(-61/-1305)?  |sense 5'-GCGGGCGTCCGCGCTCGAGGATATCAA-3"  |5'- TTGATATCCTCGAGCGCGGACGCCCGC-3° 63
(+50/-1305) b sense 5'-GGTACCTTCCCGAAACAGTGCCCCCTATC-3" |5 -CTCGAGACGGACGCGGCCAGCAGCA-3” 67
(+50/-1305)Y  |antisense  |5'-CTCGAGTTCCCGAAACAGTGCCCCCTATC-3" |5 -GGTACCACGGACGCGGCCAGCAGCA-3’ 67
(-20/-2905)Y  |sense 5°-GGTACCTGACCCTGCTTGTGAACCAACCA-3 |5°-CTCGAGGCCCTTGCCTGCCCGCTG-3° 68
(-20/-2905)Y  |antisense  |5'-CTCGAGTGACCCTGCTTGTGAACCAACCA-3’ [5°-GGTACCGCCCTTGCCTGCCCGCTG-3” 68
U Underlined sequence is a non-hybridizing overhang

2 Promoter region was generated by site-directed mutagenesis

Table 2

Deletions and

mutations Forw ard primer Reverse primer Tm (°C),
(-20/-1073)1) 5'-GCCTAACTGGCCGGTACCTGGGATTTAATCTGTG-3' 60
(-20/-716)1) 5'-GCCTAACTGGCCGGTACATTCAGCTTGTTACAA-3' 60
(-20/-347)1) 5-CCTAACTGGCCGGTACAGTTTGGCAGAATGCG-3' 60
(-20/-186)1) 5-TAACTGGCCGGTACTAGCATGGCCCGGC-3' 60
rs.4523300 5-CCCAGCCTTGTGTTTTGAGATTTATCC-3" 5-GGATAAATCTCAAAACACAAGGCTGGG-3" 60
g.4875G>A 5-CTAGCATGGCCCGGCCCAGCC-3" 5-GGATGGGCCGGGCCATGCTAG-3" 60
mut CTG 5-GGCGGCGGGCCTGAGCGGGGEC-3” 5’-GCCCCGCTCAGGCCCGCCGCC-3" 60
mut Spl A 5-GTGACGGCAGCGGAGAGATCTATGACGGGCGCGCGG-3° 5’-CCGCGCGCCCGTCATAGATCTCTCCGCTGCCGTCAC-3” 60
mut Spl B 5-CGGAGGGGGCGATGACGATCTCACGATCTTCCGCGGCGGAGCAGCG-3" |5 -CGCTGCTCCGCCGCGGAAGATCGTGAGATCGTCATCGCCCCCTCCG-3” 60
mut Sp1 C 5’-CGCGCGGGCGTCCACATCTGAGCAGCGCAGGG-3° 5°-CCCTGCGCTGCTCAGATGTGGACGCCCGCGCG-3° 60
mut Spl D 5-CGGAGCAGCGCAGATCTGGTCGCAGCGGGCAGG-3” 5’-CCTGCCCGCTGCGACCAGATCTGCGCTGCTCCG-3" 60
RACE 5-GCTGATGGCGATGAATGAACACTG-3" 5-CCAGAACCTGAAACAAGCAGTGATAACA-3" 65|
ChIPHGSNAT |5 -GTGACTCAGGCGGCGGTGAC-3° 5-CGGTAGGAGGTGTGCACTCAC-3’ 58
ChIP SLC22A18 |5 -GCTCCCGGAACTGGCGATT-3" 5°-CTTTGCAGGGGCGGGCTT-3" 60
Methl_MPSIIC |5 -ATAGTTAAGAATGGGTGTGTATA-3" 5-AACCATACTAAACCCTACCTTAA-3" 60|
Meth2_MPSIIC |5 -TAAGGTAGGGTTTAGTATGGTT-3" 5-ATAAAAAATATACACTCACCTC-3" 60|
Meth3_MPSIIC |5 -GAGGTGAGTGTATATTTTTTAT-3" 5°-CCTCCTAACTACCAATTTATA-3" 60|

Y Underlined sequence anneals to pGL4 vector

148



Figure legends
Fig. 1. The luciferase activity of the HGSNAT promoter

Schematic representation of different long constructs used in transient transfection luciferase
assay including promoter regions in antisense orientation. The all fragments of the predicted
HGSNAT promoter delivered luciferase activities in RLU (relative luciferase unit). The RLU
activity of each construct is plotted as fold increases over that of the pGL4 vector. The results
are represented as the mean + S. D. The pGL4 vector, which is devoid of any insert upstream

to the luciferase gene, was used as a negative control and exhibited no luciferase activity.
Fig. 2. 5'deletion analysis of the 5'flanking region of the HGSNAT gene

The RLU (relative luciferase activity) of each deletion construct is plotted as fold increases
over that of the pGL4 vector. The results are represented as the mean + S. D. of three
separately transfected wells in one experiment. The pGL4 basic vector, which is devoid of
any insert upstream to the luciferase gene, was used as a negative control and exhibited no

luciferase activity.
Fig. 3. The Sp1l binding sites in the upstream region and promoter of the HGSNAT gene

The consensus sequences for six putative Spl transcription factor binding sites are underlined.

The mutated sequences are in bold letters. The arrows mark 3 “end of promoter variants.
Fig. 4. The luciferase activity of the mutated HGSNAT promoter

The fragments -20/-1305 with mutations in Spl binding sites (A) and mutation g.4875G>A
and polymorphism rs4523300 (B) delivered luciferase activities in RLU (relative luciferase
unit). The RLU of each deletion construct is plotted as fold increases over that of the pGL4
vector. The results are represented as the mean + S. D of three separately transfected wells in
one experiment. The pGL4 basic vector, which is devoid of any insert upstream to the

luciferase gene, was used as a negative control and exhibited no luciferase activity.
Fig. 5. ChlIP analysis for Spl binding in HGSNAT promoter

Sheared chromatin from HepG2 cells was used for immunoprecipitation with the anti-Histone
H3 antibody as a positive control (1st lane) or anti-Sp1 antibody (2nd lane), no antibody was

added as a negative control (3rd lane). The same immunoprecipitated DNA and the INPUT
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were used for PCR amplification of part of the promoter region of HGSNAT gene and
SLC22A18 gene as a surrogate control (region numbering with accordance of 1st ATG as a +1
bp of sequences NM_152419.2 and NM_002555.5, respectively).
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