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1. Uvod

Jiz nékolik desitek let je patrné, Zze diabetes mellitus neni jedno onemocnéni,
ale zahrnuje v sobé celou fadu etiologicky i klinicky odliSnych forem hyperglykémie.
Nejbéznéjsi formy diabetu mellitu, diabetes 1. typu a 2. typu, patfi mezi
multifaktorialni, polygenni onemocnéni. Existuji ovSem i dal8i, mnohem vzacné;si
formy diabetu, které jsou zplsobeny poruchou jediného genu a oznacuji se proto
terminem monogenni diabetes. Zforem monogenniho diabetu je nejCastéji
diagnostikovan, zhruba u1 az 2% vSech pacientld s diabetem, MODY diabetes
(Maturity-Onset Diabetes of the Young). MODY predstavuje heterogenni skupinu non
inzulin-dependentniho diabetu mellitu s ¢asnou dobou diagnézy a autozomalné
dominantnim zpusobem dédi¢nosti. Primarni pfi¢inou MODY je porucha funkce
pankreatické 3 buriky.

Pfesna diagnéza MODY je mozna pouze na zakladé vySetfeni genu
zodpovédnych za tento typ diabetu. Rychly rozvoj molekularné-genetickych technik
v minulych desetiletich umoznil nejen objev kauzalnich gent pro MODY, ale rovnéz
dovolil zavedeni pfesného, relativné rychlého a levného rutinniho testovani genu u
pacientl splfujicich klinicka kritéria MODY diabetu.

Tato dizertaCni prace je soucasti projektu zabyvajiciho se komplexnim studiem
MODY v Ceské republice, ktery zahrnuje vyhledavani &eskych rodin s MODY,
genetickou diagnostiku, hodnoceni klinickych aspekti onemocnéni, hlubsi genetickou
analyzu, vySetfovani a charakterizaci raritnich forem MODY a podili se na odhaleni
novych genll zodpovédnych za MODY. Soucasti dizertace je pét praci pfijatych

k publikaci a dva rukopisy, které jsou v sou¢asné dobé v recenznim Fizeni.

1.1 Cile dizerta¢ni prace

Cile dizertacni prace byly:

e optimalizovat metodiku  molekularné-genetického  vySetfovani  genu
zpusobujicich MODY pomoci metod pfimého sekvenovani a multiplex ligation
probe-dependent amplification (MLPA)

o zavést molekularné-genetickou diagnostiku raritnich forem MODY a posoudit
jejich vyskyt v Ceské republice s ohledem na genetické vy$etfovani

e zkoumat pfi¢iny vzniku prevalentnich mutaci v MODY genech

e analyzovat nékteré aspekty nejéastéjsiho subtypu MODY v Ceské republice —
GCK-MODY.



2. Literarni prehled

2.1 Diabetes mellitus

Diabetes mellitus oznacuje heterogenni skupinu chronickych metabolickych
onemocnéni, ktera jsou charakteristicka hyperglykémii. Hyperglykémie je zpisobena
nedostateénou az chybgjici sekreci inzulinu nebo jeho nedostate¢nym plsobenim na
okolni tkané, popfipadé muze byt pfitomna kombinace obou pfi¢in. Mimo akutnich
komplikaci je diabetes zavazny zejména pro chronické komplikace, tj. nasledky
hyperglykémie zahrnujici mikrovaskularni komplikace (retinopatii, nefropatii a
neuropatii) a makrovaskularmi komplikace (progrese ischemické choroby srdecni,

ischemicka choroba dolnich kon€etin) (shrnuto v ADA, 2011).

2.1.1 Klasifikace

DrivejSi klasifikace diabetu byla zaloZzena pfedevsim na zplUsobu [éCby (ADA,
1979). Postupujici védecké poznani ukazalo, Ze jednotlivé typy diabetu se od sebe
vyrazné odliSuji ve své patogenezi dané genetickymi i environmentalnimi faktory, coz

vedlo ke zméné rozdéleni podtypu diabetu shrnutych v tabulce 1.
Tabulka 1. Klasifikace diabetu dle etiologie (upraveno dle ADA, 2011).

. diabetes 1. typu a. imunologicky podminény

=

idiopaticky

Il. diabetes 2. typu

lll. ostatni specifické typy genetické defekty funkce 3 buriky
genetické defekty plsobeni inzulinu
nemoci exokrinniho pankreatu
endokrinopatie

chemicky indukovany diabetes

- ® a0 T o

infekce
vzacné formy imunologicky podminéného
diabetu

h. dals§i genetické syndromy  asociované

@

s diabetem

IV. gestacni diabetes




Autoimunitni destrukce R bunék pankreatu vedouci az k absolutni absenci
inzulinu zpGsobuje diabetes 1. typu (T1DM), nejbéznéjsi typ diabetu diagnostikovany
v détstvi. U dospélych vyrazné prevazuje, celosvétové az z 90% (Rodriguez, 2002),
diabetes 2. typu (T2DM). Diabetes 2. typu je charakteristicky kombinaci oslabeni
nebo porudeni inzulinové sekrece a snizeni citlivosti okolnich tkani k inzulinu. Ostatni
specifické typy diabetu zahrnuji i genetické defekty funkce R bufky, tzn. monogenné
podminéné formy diabetu. Gesta¢ni diabetes je zafazen do zvlastni, ¢tvrté kategorie
klasifikace. Jedna se o jakykoli typ glukdézové intolerance poprvé detekované béhem
téhotenstvi (shrnuto v Skrha, 2009; Porter, 2005; ADA, 2011 ).

2.2 Genetické aspekty diabetu

2.2.1 Polygenné podminény diabetes

Diabetes 1. a 2. typu se fadi mezi multifaktorialni, polygenni onemocnéni. Vliv
genetické slozky byl potvrzen na studiich monozygotnich a dizygotnich dvojcat
s TIDM i T2DM (Kaprio, 1992).

NejsilngjSi genetickd asociace byla nalezena mezi T1DM a variantami
v genech hlavniho histokompatibilniho komplexu (MHC), pfesnéji v genech pro lidské
leukocytami antigeny (HLA) (Risch, 1989). Byla prokazana asociace i s polymorfizmy
v okoli genu pro inzulin (Todd, 1995) a v dalSich genech zapojenych svymi produkty
napfiklad do diferenciace R buniky (NEURODT) (Davies, 1994), regulace signalizace
T lymfocytt (CTLA4) (Nistico, 1996), regulace odpovédi na zanét pomoci T lymfocyt(
(PTPN22) (Bottini, 2006), nebo nové do rozpoznani virové RNA (IFIH1) (Smyth,
2006).

Celogenomové asocia¢ni studie (GWAS) vyraznou mérou pfispély k objasnéni
vyznamné ¢asti dédi¢nosti T2DM: v souCasné dobé& je znamo vice nez 20
genetickych variant (napfiklad v genech PPARG, TCF7L2, FTO, KCNJ11, HNF1A,
HNF1B, HNF4A) ovliviiujicich pfedevSim schopnost 3 buriky reagovat na vysSi
naroky na sekreci inzulinu v dusledku nadvahy ¢&i inzulinové rezistence (shrnuto
v Groop, 2009). Ma se za to, ze znamé geny vysveétluji jen 10% genetického rizika
T2DM.

2.2.2 Monogenné podminény diabetes

Existuje mnoho syndromU zahrnujicich diabetes, které jsou zpusobeny
poruchou jediného genu. Odhaduje se, ze pfiblizné 5% diabetu je monogenné

podminéno (Barrett, 2001). Nej¢astéji se jedna o MODY diabetes (viz kapitola 2.3).
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Daldimi subtypy monogenniho diabetu jsou neonatalni diabetes, mitochondrialni
diabetes a dalSi syndromy.

Neonatalni diabetes se projevuje hyperglykémii a nizkou hladinou inzulinu do 6
meésict véku, i kdyz se aktualné diskutuje o posunuti vékové hranice na 9 meésicu
(Rubio-Cabezas, 2011b). Britska studie (Shield, 1997) ve shodé s némeckou studii
(von Muhlendahl, 1995) stanovily incidenci neonatélniho diabetu na 1 z 400 000 zivé
narozenych déti. PFiblizné 50% pfipadd této diagnézy pfipada na tranzientni
neonatalni diabetes (TNDM) (Polak, 2004), typ diabetu, ktery se obvykle objevuje
spolu s intrauterinni rastovou retardaci a zhruba do roka vymizi, aby se u vétSiny
pacientd znovu manifestoval zejména v obdobi puberty (Temple, 2000). Nejcastéjsi
pficinou TNDM je porucha imprintingu: byly detekovany paternalni isodizomie
chromozému 6 a paternaini duplikace regionu 6924 (Temple, 1996). Druhym typem
neonatalniho diabetu je permanentni neonatalni diabetes (PNDM). Pfi€inou
onemocnéni jsou u jedné tretiny az poloviny pacientl (Polak, 2004) heterozygotni
mutace v genu KCNJ11 kdédujiciho podjednotku draselného kanalu (Kir6.2), ktery je
esencialni pro spravné fungovani B bunky (viz dale, kapitola 2.3.4). Fenotyp pacient
se odviji od konkrétni mutace v KCNJ11: u nékterych pacientl byl popsan tzv. DEND
syndrom, komplexni onemocnéni zahrnujici nervové a vyvojové opozdéni, epilepsii a
PNDM (Gloyn, 2004). PNDM muze byt zplGsoben i heterozygotnimi mutacemi v genu
kédujiciho druhou podjednotku draselného kanalu (SUR1) ABCC8 (Babenko, 2006),
heterozygotnimi nebo homozygotnimi mutacemi v genu pro inzulin (INS) (Stoy,
2007), homozygotnimi mutacemi v genu pro glukokinazu (GCK) (Njolstad, 2001),
v genu pro transkrip&ni faktory IPF1 (Stoffers, 1997b), Neurogenin3 (Rubio-Cabezas,
2011a) a NEUROD1 (Rubio-Cabezas, 2010). Byly popsany i pfipady sloZenych
heterozygotli (Rubio-Cabezas, 2011a). Na pfipadu neonatalniho diabetu byl
elegantné demonstrovan pfinos genetické diagnostiky k uspé&sné farmakologické
léc¢bé (farmakogenetika): u pacientd s mutacemi v genech kédujicich podjednotky
draselného kanalu (KCNJ11 a ABCCS8) se ukazal pfevod zlécby inzulinem na
podavani peroralnich antidiabetik derivati sulfonylurey jako vysoce efektivni a
bezpeény (Pearson, 2006).

Mitochondrialni diabetes, €asto zplsobeny mutaci A3243G v mitochondrialni
DNA, se projevuje mezi tfeti a patou dekadou Zivota mirnou hyperglykémii s tendenci
MELAS projevujici se malou postavou, oboustrannou hluchotou a pozdéji pak
diabetem, epizodami podobnymi mrtvici a encefalopatii.

Mezi dalSi syndromy Ffadime Wolframiv syndrom zplUsobeny recesivné

pfenasenymi mutacemi v genu pro wolframin (WFS7), ktery je charakteristicky
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pfitomnosti diabetu mellitu a atrofii optiku. Mutace v genu EIF2AK3 kbdujiciho faktor,
ktery udrzuje integritu R buriky a kontroluje bunéény rust a buné€nou smrt, zpusobuiji
vzacny Wolcott-Rallison syndrom. Tento syndrom je rovnéz pfenasen autozomalné
recesivné a projevuje se zejména malou postavou, epifyzarni dysplazii, renalni a

hepatocytarni dysfunkci a permanentnim neonatalnim diabetem.

2.3 MODY

2.3.1 Historie

Zaklady vyzkumu monogenniho diabetu poloZil Stefan S. Fajans roku 1949
zahajenim systematické prospektivni studie pacientt s diabetem a jejich zdravych
prvostupfiovych pfibuznych (Fajans, 1954). V ramci studie byla popsana rozsahla
rodina s mnohoCetnym vyskytem diabetu v nékolika generacich (obrazek 1), u niz
bylo onemocnéni doprovazeno Castym vyskytem vaznych mikro- a
makrovaskularmich komplikaci (Fajans, 1989). Tato rodina oznagovana zkratkou RW
(Rinke-Wiegand) sehrala vyznamnou roli v nasledujicich letech vyzkumu dédi¢ného
diabetu. S. S. Fajans pouzil jako prvni oznaéeni ,Maturity-onset type diabetes of
childhood or of the young“ roku 1964 na 5. mezinarodnim kongresu diabetologie
v Torontu (Fajans, 1965). Robert Tattersall poté, roku 1974, jako prvni popsal
autozomalné dominantni zpusob dédi¢nosti u tfi rodin s mirnou formou diabetu
(Tattersall, 1991). Oznaceni MODY (Maturity-Onset Diabetes of the Young) se pak
poprvé objevilo ve spoleCné praci Fajanse a Tattersalla publikované roku 1975
(Tattersall, 1975).

Era genetickych studii zagala v 80. letech minulého stoleti (shrnuto ve Fajans,
2011), ovS8em az o deset let pozdéji publikovali Graeme |. Bell a kolektiv nalez
polymorfizmu (Alu variabilni polyA) leziciho na dlouhém raménku 20. chromozému,
ktery segregoval s diabetem u vySe popsané RW rodiny a oznacili tak oblast genomu
nazvanou MODY1 (Bell, 1991). Nasledujici vazebné studie umoznily lokalizovat dalSi
lokusy spojené s MODY na chromozémy 7 (MODY2) (Froguel, 1992; Hattersley,
1992) a 12 (MODY3) (Vaxillaire, 1995). Detailni geneticky rozbor rekombinantll v RW
rodiné identifikoval jako kauzalni pro MODY1 gen HNF4A (Hepatocyte Nuclear Factor
4-alpha) (Yamagata, 1996a). Analyzou tohoto genu byla nalezena mutace p.GIn268X
zpusobujici diabetes v RW rodiné (Yamagata, 1996a). V genu HNF1A (Hepatocyte
Nuclear Factor 1-alpha), odpovidajicimu svou lokalizaci oblasti MODY3, byla jako
prvni nalezena mutace posunujici ¢teci ramec p.Pro291fsinsC u skotské rodiny

(Yamagata, 1996b). Lokus oznaCovany MODY2 se pfekryva s genem kodujicim
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enzym glukokinazu (GCK) (Froguel, 1992; Hattersley, 1992), v némz prvni kauzaini
mutaci p.GIn279X popsali Vionnet a kolektiv (Vionnet, 1992).

Obrazek 1. Rodokmen RW rodiny (Yamagata, 1996a). Osoby s MODY: Eerné
symboly; nediabeti¢ti pacienti: bilé symboly; osoby s mutaci p.GIn268X v genu
HNF4A: M/n, negativni: n/n.
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2.3.2 Charakteristika

MODY je nej¢astéjdi formou monogenniho diabetu fadici se v mezinarodni
klasifikaci diabetu mezi genetické defekty 3 buriky (ADA, 2011). Jedna se o klinicky
heterogenni skupinu onemocnéni, kterd se zpravidla projevuji jako non inzulin-
dependentni diabetes mellitus s autozomalné dominantnim typem dédi¢nosti a
s vékem v dobé diagndézy do 40 let. DalSimi spoleEnymi klinickymi charakteristikami
jsou manifestace diabetu bez ketoacidézy, nepfitomnost pankreatickych
autoprotilatek a detekovatelny C-peptid ukazujici na zachovani endogenni sekrece
inzulinu. Naopak jednotlivé podtypy MODY se od sebe klinicky odliduji v zavaznosti
hyperglykémie a s tim souvisejicich mikro- a makrovaskularnich komplikaci (shrnuto
v Ellard, 2008; Skrha, 2009). Klinické charakteristiky pacientd s MODY shrnuje
obrazek 2 zobrazujici schéma pouzivané oSetfujicimi |ékafi k rozhodnuti, zda pacient

spliuje kritéria pro molekularné-genetické vysetfeni MODY diabetu.
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Obrazek 2. Rozhodovaci algoritmus pro MODY na zakladé klinickych
charakteristik (Prihova, nepublikovano). Schéma pro osetiujici Iékate, na zakladé kterého

se mohou rozhodnout zaslat vzorek pacienta na molekularné-genetické vysetieni MODY.

Zjednoduseny rozhodovaci algoritmus pro MODY a monogenni diabetes

Facient mladsi 40 let

bez wyznamné obezity .. N
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a negativnl autopratilatky (pokud wyietfeny) ¥ a negativni autopratilatky (pokud wyZetfeny) ¥
NE ANO ANO NE
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. . . " B N
(t). vznikly ve véku pod pdl roku) \
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Pediatricka klinika FNM, ¥ Uvalu 84, Praha 5 Motol, 150 06
telefon 224 432 026
instrukce aZadanka na http e Lmg.cz/download/mody_instrukce. pdf

MODY je zpusoben mutaci v nékterém z genu nezbytnych pro spravnou funkci
R buriky pankreatu. Definitivni diagn6za MODY mUze byt tudiz provedena pouze na
zakladé molekularné-genetického vySetfeni (ADA, 2011). Do soucasnosti bylo
popsano 12 podtypt MODY na podkladé nalez( kauzalnich mutaci ve 12 rlznych
genech. Od oznaceni MODY1 az MODY12, které reflektovalo pofadi, ve kterém byly
jednotlivé geny objeveny, se jiz upousti. Jednotlivé typy MODY se definuji spise
nazvem genu, ve kterém byla detekovana mutace s pfiponou diagnézy MODY, tzn.
GCK-MODY nebo HNF1A-MODY. Dosud znamé podtypy MODY ukazuje tabulka 2.
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Tabulka 2. Rozdéleni MODY.

Podtyp MODY Alternativni nazvy OMIM* Reference
GCK-MODY MODY2, GCK diabetes | 125851 Hattersley, 1992
HNF1A-MODY MODY3, HNF diabetes | 600496 Yamagata, 1996b
HNF4A-MODY MODY1, HNF diabetes | 125850 Yamagata, 1996a
IPF1-MODY MODY4 606392 Stoffers, 1997a
HNF1B-MODY MODY5, RCAD 137920 Horikawa, 1997
NEUROD1-MODY MODY6 606394 Malecki, 1999
KLF11-MODY MODY7 610508 Neve, 2005
CEL-MODY MODY8 609812 Raeder, 2006
PAX4-MODY MODY9 612225 Plengvidhya, 2007
INS-MODY MODY10 613370 Edghill, 2008, Molven, 2008
BLK-MODY MODY11 613375 Borowiec, 2009
ABCC8-MODY - - Gonsorcikova, 2011

*OMIM (Online Mendelian Inheritance in Men): online databaze lidskych onemocnéni

s mendelovskou dédi¢nosti (http://www.ncbi.nim.nih.gov/omim).

2.3.3 Vyskyt

Celkovou prevalenci diabetu MODY je slozité stanovit a pravdépodobné jsou
jeji odhady podhodnocené, protoZze mnoho rodin je vedeno pod jinou diagnézou
(diabetes 1. nebo 2. typu) (Stone, 2010) nebo jejich diabetes zlstava zatim
nerozpoznan. Odhadem prevalence diabetu typu MODY se zabyvalo pouze nékolik
publikovanych praci. Mezi prvnimi byly dvé némecké studie: z klinickych zaznam(
40 927 pacientd s diabetem vybrali Panzram a Adolph 58 pacientd (0,14%)
(Panzram, 1981) splfujicich tehdejsi kritéria MODY (Tattersall, 1975). Na tuto studii
navazal druhy némecky vyzkum, ktery ovS8em detekoval prevalenci MODY mezi
diabetickymi pacienty az 10 krat vy3Si: 1,8% (Ledermann, 1995). Norska studie
(HUNT2) se zaméfila pouze na dospélé pacienty se subtypem HNF1A-MODY
(MODY3) a predikovala jejich minimalni prevalenci mezi pacienty s diabetem na 0,4%
(Eide, 2008). Recentni studie detekovala prevalenci subtypu HNF1A-MODY mezi
mladymi dospélymi v oxfordském regionu v Anglii na 0,18% (Kropff, 2011). Minimalni
prevalenci MODY v britském registru stanovila druha britska studie na 108 pfipadd na

1 milién obyvatel (Shields, 2010). Prevalence v jinych populacich nebyla publikovana.
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Dosavadni vysledky genetického testovani MODY v Ceské republice ukazuji
minimalni prevalenci 53 pfipadl na 1 milién obyvatel (nepublikovano).

V soucasnosti existuje i nezanedbatelné mnozZstvi rodin splfujicich klinicka
kritéria MODY bez nalezené mutace v nékterém ze znamych MODY gen(. Tato
skupina se oznacuje MODYX a nijak se neodliSuje v klinickych a biochemickych
charakteristikach od geneticky prokazanych subtypd MODY (Johansen, 2005).
MODYX zaujima 51% v danském MODY registru (Johansen, 2005), 48% v Ceském
registru (Pruhova, 2003), 45% v némeckém registru (Lindner, 1999) a 16% ve
francouzském registru (Frayling, 2001).

Zastoupeni subtypd MODY diabetu v jednotlivych narodnich registrech se
zejména odviji od zplUsobu naboru pacientd: nahodné zjisténa hyperglykémie u
pediatrickych pacientl je s vyS$si pravdépodobnosti zplsobena mutaci v genu pro
glukokinazu (GCK-MODY, MODY2), zatimco detekovana hyperglykémie u dospélych
bude spiSe zpusobena diabetem 2. typu, ktery v této skupiné vyrazné prevazuje
(Giuffrida, 2005). U narodnich registrii zalozenych pfedevsim na doporuéeni pacientl
z pediatrickych ambulanci tudiz pfevaZzuji pacienti s diagnézou GCK-MODY: napf. ve
Spanélském (Estalella, 2007), italském (Lorini, 2009), némeckém (Schober, 2009) a
Ceském (Pruhova, 2003; publikace prezentovana v kapitole 4.1). Naproti tomu u
britského (Shields, 2010) nebo norského (Bjorkhaug, 2003) registru, které jsou
zalozené prevazné na doporuceni pacientd zambulanci pro dospélé, vyrazné
prevazuje diagnéza HNF1A-MODY.

2.3.4 Funkce B buriky

Sekrece inzulinu z R bunék pankreatu je nezbytna kudrZeni glukbézové
homeostazy. Mutace v genech kdédujicich jaderné transkripéni faktory pankreatu ci
v genu pro glukokindzu jsou zodpovédné za poSkozeni funkce 3 bunék pankreatu,
coz vede k poruSe produkce inzulinu.

Obrazek 3 popisuje mechanizmus sekrece inzulinu: glukéza vstupuje do B
bufky pfes glukézové transportéry (GLUT1, GLUT2). Uvnitf 3 burnky je glukdza
rozpoznana enzymem glukokinazou, ktery ji fosforyluje na glukdzu-6-fosfat.
Nasleduje sled biochemickych reakci glykolyzy a Krebsova cyklu za vzniku vysoce
energetickych vazeb ve formé& ATP (adenozin trifosfat). Energie ATP je poté vyuZita
k uzavfeni draselného kanalu (Karp), coZ vede ke snizeni mnozstvi draselnych iontd
vystupujicich z bunky. Kanal Karp je sloZzen z celkem osmi podjednotek: Ctyfi z nich
tvofi tzv. vnitfni usmérmovac drasliku (pottasium inward-rectifying channel - Kir6.2;

kodovany genem KCNJ11), ktery je zavisly na hladiné ATP. Zbyvajici Ctyfi
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podjednotky tvofi sulfonylureovy receptor (SUR1; kédovany genem ABCCS8), ktery
plni regula¢ni funkci. Dusledkem uzavieni kanalu Karp dojde k depolarizaci
membrany 3 buriky a k naslednému otevieni napétové fizenych vapenatych kanalu a
proudu iontd vapniku do B burky. VysSi intracelularni koncentrace vapniku vyvola
sekreci inzulinu ze zasobnich granul (shrnuto v Nyunt, 2009; Skrha, 2009).

Kromé& uvolnéni inzulinu zpusobi vstup glukézy do R bunky i zvySenou
transkripci genu pro inzulin (INS) (Bailyes, 1992), ktery dale interaguje s jadernymi
transkripcnimi faktory (napf. s HNF1A, HNF4A, IPF1 a NEUROD1) (Duncan, 1998).
Slozita sit' transkripénich faktort ve vysledku ovliviiuje veSkeré déje v 3 burice a

reguluje i jeji prenatalni a postnatalni vyvoj (Servitja, 2004).

Obrazek 3. Mechanizmus sekrece inzulinu 3 burikou (Nyunt, 2009).
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2.4 GCK-MODY

GCK-MODY, oznacovany také jako glukokindzovy diabetes, GCK-diabetes
nebo MODY2, je nejCastéji zastoupenym podtypem MODY v Ceském registru
monogenniho diabetu (viz publikace predstavena v kapitole 4.1).

2.4.1 Klinicka charakteristika

Fenotyp pacientll s GCK-MODY je viceméné uniformni bez ohledu na typ ¢i
lokalizaci mutace v GCK, pravdépodobné diky kompenzaci pomoci zdravé (1j.

nemutované) alely (Sturis, 1994). U pacientl je detekovana vyssi glykémie na lacno
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(zpravidla v rozmezi 6 az 8 mmol/l), ktera je pfitomna od narozeni. Hyperglykémie je
u GCK-MODY stabilni, bez tendence k progresi (Stride, 2002), coz reflektuje i
hodnota glykovaného hemoglobinu (HbAc) pohybujici se na horni hranici normy (i;.
do 5,6% IFCC). Pfitomnost mikro- a makrovaskularnich komplikaci spojenych
s hyperglykémii je u pacientd s GCK-MODY velmi nizka (Velho, 1997; rukopis
v recenznim fizeni predstaveny v kapitole 4.6). Oralni glukézovy toleranéni test
(oGTT) nevykazuje typickou diabetickou kfivku, u vétSiny pacientl nepfesahuje
narast glykémie ve 120. minuté 3 mmol/l (Stride, 2002). Rodinni pfislusnici pacienta
s GCK-MODY mulzou byt vedeni jako diabetici 2. typu nebo zlstava jejich
hyperglykémie nerozpoznana az do okamziku nalezu mutace v genu GCK (Ellard,
2008). Stabilné mirmna hyperglykémie pacientt s GCK-MODY nevyzaduje
farmakologickou lé¢bu s vyjimkou téhotenstvi (Hattersley, 2006). Doporuéuje se
dodrZzovani zasad zdravého Zivotniho stylu a dietni opatfeni s cilem zabranit vzniku
diabetu 2. typu k jiz pfitomnému GCK-MODY (Murphy, 2008).

Nahodné zjisténa hyperglykémie u déti je nej¢astéji zpusobena mutacemi
vgenu GCK (Feigerlova, 2006). Dalsi ¢&astou situaci, kdy dochazi k prvnimu
zachyceni hyperglykémie, je t€hotenstvi. Za rlst plodu je nejvice zodpovédny inzulin
(Desoye, 1994). Studie Hattersleyho a kolektivu i navazujici prace (Shields, 2008)
ukazaly, Ze plod, ktery nezdédil mutaci v GCK od své matky s GCK-MODY, ma
v dobé porodu o 600 g vy$si hmotnost nez je primérna porodni vaha, a to v disledku
hyperglykémie matky zvySujici inzulinem zprostfedkovany rlst plodu (Hattersley,
1998). Pokud nastane situace, kdy plod je nositelem mutace v GCK, ovSem zdé&dil ji
po otci a matka je normoglykemicka, dojde ke snizené sekreci fetalniho inzulinu a
nizSi porodni vaze o 540 g. V pfipadé pfitomnosti GCK-MODY u matky i plodu se oba
vySe popsané jevy vzajemné vyrusi a plod ma pramérnou porodni hmotnost
(Hattersley, 1998).

2.4.2 Gen GCK a funkce proteinu

GCK-MODY je zpusoben heterozygotni inaktivacni mutaci v genu pro
glukokinazu (GCK). Gen GCK se nachazi na kratkém raménku 7. chromozému
(7p15.3-7p15.1). Byly popsany 3 izoformy: izoforma 1, regulovana distalnim
promotorem, se vyskytuje v R bunkach pankreatu a v mozku. lzoformy 2 a 3,
ovliviiované proximalnim promotorem, byly nalezeny v jaternich burikach (Jetton,
1994). Gen GCK je slozen v pfipadé pankreatické izoformy z 10 exonu (1a, 2-10)
(NM_000162.2). Dosud bylo publikovano vice nez 600 mutaci kauzalnich pro GCK-
MODY (Stenson, 2009), které byly lokalizovany viceméné rovnomérné po celém

genu s vyjimkou exonu 1a (Osbak, 2009). Neexistuje dukaz o pfitomnosti mutacniho
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hot-spot (Osbak, 2009). Na druhou stranu bylo prezentovano nékolik mutaci
nalezenych u zdanlivé nepfibuznych rodin pochazejicich ze stejného regionu, coz
ukazuje na efekt zakladatele (Henderson, 2007; Sagen, 2008; Saker, 1996).
NejCastéji, u 21 Ceskych rodin, byla detekovana mutace p.Glu40Lys - o analyze
efektu zakladatele pojednava publikace predstavena v kapitole 4.2.

Heterozygotni mutace v GCK zpUsobuji hyperglykémii rGznymi mechanizmy:
napf. plnou inaktivaci enzymu glukokinazy kvdli inzerci asparaginového zbytku
v pozici 161. aminokyseliny (Garcia-Herrero, 2007), teplotni nestabilitou enzymu
zpusobenou substituci p.Glu300Lys (Burke, 1999), snizenou afinititou ke glukéze
v disledku mutace p.Val62Met (Gloyn, 2005).

Studie na mySich modelech ukazaly, Ze kompletni vyfazeni gck zplasobi smrt
z duvodu zavazné formy diabetu béhem prvnich 4 dni Zivota (Grupe, 1995). To
upomina na analogii se vznikem PNDM u déti s homozygotni mutaci v GCK
(Njolstad, 2001). Padesatiprocentni zastoupeni gck v dusledku heterozygotni mutace
v genu gck pak u my3i vyustilo v mirnou, trvalou hyperglykémii podobnou fenotypu
pacientll s GCK-MODY (Grupe, 1995).

Gen GCK koduje enzym stejného nazvu, ktery hraje v 3 burfice zasadni roli pfi
zpracovani glukézy: fosforyluje glukézu na glukézu-6-fosfat (viz kapitola 2.3.4).
Glukokinaza (hexokinaza IV/D) byla objevena roku 1962 jako ¢&len rodiny enzymi
hexokinaz. Sklada se z 465 aminokyselin, které podle modelu krystalické struktury
(Kamata, 2004) tvofi velkou a malou doménu oddélenou Zlabkem, do kterého se vaze
molekula glukézy a ATP. Jsou znamy tfi konformacni stavy enzymu GCK: 1. zavieny
(stav vysokeé afinitity, kdy je navazana glukéza i ATP), 2. otevieny (mezistupen, kdy je
pfitomna vysokoafinitivni forma GCK ovSem jiz bez navazané glukézy a ATP), 3.
super-otevieny (stav nizké afinity ke glukdze), jez znazorfuje obrazek 4 (lynedjian,
2009). Glukokinaza vykazuje unikatni enzymatickou kinetiku: ma vice nez 20krat
vyssi afinitu ke glukéze v porovnani s nasledné plsobici hexokinazou Il a zavislost
hyperbolicky (Cardenas, 1998). Tyto charakteristiky davaji GCK vlastnost citlivého
senzoru pro glukézu v bufikach s neomezenym transportem glukézy pfes bunéénou

membranu, jako je pankreaticka 3 burika.

19



Obrazek 4. Celkova struktura super-oteviené formy glukokinazy (Kamata,

2004). Modfe je znazornéna velka doména, zelené mala doména a fialové helix a13,

ktery spojuje obé& domény.

Aktivita GCK muze byt regulovana polymorfizmy v genech pro regulator
glukokinazy (GCKR), katalytickou glukézu 6 fosfatazu (G6PC2), melatoninovy
receptor 1 (MTNR1B) nebo polymorfizmy v samotném GCK (Soranzo, 2010).
Rizikové alely v téchto genech jsou asociovany s vy3si hodnotou glykémie na la¢no
(Heni, 2010), HbA: (Soranzo, 2010) ¢&i sekreci inzulinu (Hu, 2010). Vliv polymorfizmu
vgenu G6PC2 na biochemické charakteristiky pacientd s GCK-MODY jsme ve
spolupraci s polskymi kolegy studovali v kohorté €eskych a polskych rodin s GCK-
MODY a ukazali jsme asociaci vy$Si hladiny HbAc a rizikové varianty polymorfizmu

v G6PC2 (rukopis v recenznim fizeni predstaveny v kapitole 4.7).

2.5 HNF1A-MODY

VétsSina dosud znamych subtyplu diabetu MODY je zpuUsobena mutacemi
v genech kodujicich transkripéni faktory, z nichz nejbé&znéji byva v kavkazskych
populacich diagnostikovan typ HNF1A-MODY (MODY?3).

2.5.1 Klinicka charakteristika

Na rozdil od mirného fenotypu spojeného s onemocnénim GCK-MODY jsou
pacienti s HNF1A-MODY charakteristicti s vékem progredujici hyperglykémii.
VysSetfeni oGTT vykazuje vysoky narGst glykémie (o vice nez 5 mmol/l) ve 120.
minuté (Stride, 2002). U nékterych pacientl je glykémie na lac¢no v normalnim
rozmezi, ale ve 120. minuté dosahuje jiz diabetickych hodnot (Ellard, 2008). Jelikoz je
transkripéni faktor HNF1A exprimovan i v burikach renalniho tubulu, u nékterych

pacientd pozorujeme snizeny renalni prah pro glukézu vedouci ke glykosurii
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(Pontoglio, 2000). Pro HNF1A-MODY je typicka dobra kompenzace diabetu na
nizSich davkach inzulinu, nez jsou obvyklé u pacientd s jinym typem diabetu (Ellard,
2008). Ovsem u nespolupracujicich pacientl dochazi velmi rychle k rozvoji mikro- a
makrovaskularnich komplikaci (Isomaa, 1998; Steele, 2010). ZvySena hladina HDL
cholesterolu je dalsim znakem pozorovanym u onemocnéni HNF1A-MODY (Pearson,
2003). Rodinni pfisludnici probanda suspektniho na HNF1A-MODY mohou byt
diagnostikovani jako diabetici 1. typu bez pfitomnosti pankreatickych protilatek nebo
napfiklad jako neobézni diabetici 2. typu bez inzulinové rezistence (Ellard, 2008).

Z pohledu pacienta s HNF1A-MODY je nejzasadnéjsi jejich zjisténa citlivost
na léCbu derivaty sulfonylurey (Sovik, 1998). Derivaty sulfonylurey pfeklenuji
poskozeni B bunky zplUsobené defektem v transkripénich faktorech plsobenim na
draselny kanal a stimulaci sekrece inzulinu (Pearson, 2003). Jak je zminéno
v nasledujici kapitole 2.5.2, mutace v genu HNF1A poru$i transport a zpracovani
glukézy a snizi metabolizmus v mitochondriich. Tyto dé&je pfedchazi cinnosti
draselného kanalu (viz kapitola 2.3.4). Pokud je tedy v R burice pfitomné ATP, mohou
derivaty sulfonylurey zavfit draselny kanal (Hattersley, 2006) a uvolnit tak cestu
k sekreci inzulinu. Pfed genetickou diagnézou je vétSina pacientd l1é€ena inzulinem.
Bylo prokazano, ze po prevedeni na lé¢bu nékterou z tablet derivatl sulfonylurey
(napt. gliklazidem) dochazi ke zlepSeni jejich kompenzace diabetu (Pearson, 2000) i
ke zlepSeni jejich Zivotniho standardu (Shepherd, 2004).

Penetrance HNF1A-MODY je vysoka: u 63% pacientl se diabetes rozvine do
25. roku véku a u 96% do 55 let (Shepherd, 2001).

2.5.2 Gen HNF1A a funkce proteinu

Gen HNF1A (TCF1) lezi na dlouhém raménku 12. chromozému (12922-24.2)
a sklada se z 10 exonli (NM_000545.5) rozkladajicich se v oblasti dlouhé pfiblizné 23
kilobazi (kb). Dosud zname tfi izoformy HNF1A liSici se v exonu 6 a 7 (Bach, 1993).
Bylo popsano vice nez 350 heterozygotnich mutaci (substituci, deleci, inzerci i
vétSich prestaveb) zplsobujicich HNF1A-MODY (Stenson, 2009), které jsou
rozprostfeny viceméné rovnomérné po celé délce genu. Jak popisuje kapitola 2.1.1,
prvni nalezenou kauzalni mutaci v HNF1A byla p.Pro291fsinsC (Yamagata, 1996b).
Tato heterozygotni mutace posunuijici ¢teci ramec s pfed€asnym ukon&enim syntézy
proteinu byla nasledné detekovana i u dalSich rodin pochazejicich z riznych populaci
(Frayling, 1997; Kaisaki, 1997). Haplotypové analyzy neprokazaly, Zze by pacienti
s p.Pro291fsinsC sdileli spole€ny ancestralni haplotyp obklopujici mutaci (Bjorkhaug,
2003; Frayling, 1997; Kaisaki, 1997). Region genomu zahrnujici popisovanou mutaci

obsahuje fadu cytozini (polyC oblast). Toto nukleotidové slozeni je nachylné k
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Luklouznuti“ polymerazy a vzniku deleci nebo inzerci (Ellard, 2006). Tudiz je oblast
291. aminokyseliny genu HNF1A povaZzovana za mutacni hot-spot spiSe nez za
vysledek efektu zakladatele.

Heterozygotni mutace v HNF1A  zpGsobuji HNF1A-MODY  dvéma
mechanizmy: haploinsuficienci (exprese pouze jedné alely neni dostatecna pro
zajisténi plné funkce proteinu) a dominantné-negativnim efektem (mutovana alela
poskodi i druhou alelu) (Ellard, 2006).

Prace na mySich modelech ukazaly, Ze heterozygotni vyfazeni genu hnfia
vedlo k vaznému poskozeni pankreatickych R bunék (Lehto, 1997; Shih, 2002). Upiny
knockout hnfia pak vyvolal diabetes par dni po narozeni a poSkozeni funkce jater a
ledvin (Lee, 1998; Pontoglio, 1996; Pontoglio, 2000). U lidi nebyla homozygotni
mutace v genu HNF1A popsana.

Transport a metabolizmus glukézy v pankreatické R burice je regulovan fadou
transkripCnich faktorl véetné HNF1A (Stoffel, 1997). Exprese proteinu HNF1A byla
poprvé objevena v jatrech a posléze v pankreatu, ledvinach, Zzaludku a tenkém stfevé
(Yamagata, 2003). HNF1A je tvofen tfemi funkénimi doménami: dimerizacni, DNA-
vazebnou a transaktivacni. HNF1A muaze plsobit jako monomer nebo jako dimer ve
spojeni s HNF1B, k éemuz vyuziva pravé dimerizacni doménu (Yamagata, 1996b). |
kdyz presna role HNF1A nebyla dosud piné objasnéna, je znamo nékolik genu, které
tento transkripni faktor ovliviiuje: geny pro glukézovy transportér (GLUTZ2), pyruvat
kinazu typu L (enzym glykolyzy), aldolazu B, inzulin, mitochondrialni 2-oxoglutarat
dehydrogenazu a geny regulujici bunéCnou proliferaci a apoptdézu (Okita, 1999;
Wang, 2000; Wobser, 2002; Yamagata, 2002; Yang, 2002).

Obrazek 5 popisuje slozitou transkrip¢ni sit' regulujici déje v pankreatické
bufce. Vzajemna regulace transkripénich faktord HNF1A a HNF4A byla
dokumentovana studiemi na mySich modelech i u pacientd s MODY diabetem.
Analyzy mySi s vyfazenym genem hnfia ukazaly, Ze exprese HNF4A je zavisla na
HNF1A (Boj, 2001). Toto zjisténi nasledné potvrdil nalez mutaci v promotoru genu
HNF1A, kam se vaze transkripéni faktor HNF4A (Gragnoli, 1997). OpacCna zavislost
HNF1A na HNF4A byla prokazana experimentalné (Wang, 2000) i u rodin s mutaci
v oblasti promotoru specifickém pro pankreatické 3 bufky (P2) genu HNF4A, které
vedly k poruSeni schopnosti HNF1A vazat se do této oblasti a zpusobily tak u
pacientt HNF4A-MODY (Hansen, 2002; Wirsing, 2010). Spekuluje se, Ze mutace
vjednom ztéchto faktor0 mulze vézt k funkénimu poskozeni zbyvajicich alel

v popsaném kruhu (Ferrer, 2002; Servitja, 2004).
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Obrazek 5. Predpokladany model hierarchické sité transkripnich faktort (upraveno

dle Shih, 2001). Sipky znaé&i pozitivni regulaci.
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2.6 HNF4A-MODY

HNF4A-MODY (MODY1) zplsobeny heterozygotnimi mutacemi v genu
kodujicim transkripCni faktor HNF4A je klinicky téméf shodny s vySe popsanym

HNF1A-MODY diabetem. Je detekovan ovSem méné ¢asto.

2.6.1 Klinicka charakteristika

Prakticky identicky fenotyp pacientd s HNF4A-MODY a HNF1A-MODY vedl
k souhrnému oznaceni diagnézy téchto pacientl jako HNF-diabetes (HNF-MODY)
nebo diabetes transkripCnich faktorl. V pfipadé negativniho genetického vySetfeni
genu HNF1A a spinénych klinickych kritérii se tudiz doporu€uje i analyza genu
HNF4A (Ellard, 2008). Citlivost na derivaty sulfonylurey je u HNF4A-MODY
srovnatelna s pacienty s HNF1A-MODY (Shepherd, 2004). V porovnani s HNF1A-
MODY byvaji pacieni s HNF4A-MODY diagnostikovani pozdé&ji a nebyl u nich
prokazan nizky renalni prah pro glukézu (Pearson, 2005).

NejzasadnéjSi rozdil ve fenotypu pacientd mezi HNF1A-MODY a HNF4A-
MODY poprvé pozorovali Pearson a kolektiv roku 2007: porodni vaha nositeldl mutaci
v genu HNF4A byla v praméru o 790 g vysSi v porovnani se zdravymi pfibuznymi,
naopak vysSi porodni hmotnost nebyla asociovana s mutacemi v genu HNF1A
(Pearson, 2007). Kromé& pozorované makrosomie pfevazujici u diagnézy HNF4A-
MODY byl popsan i kauzalni vztah mutaci vgenu HNF4A s neonatalni
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hyperinzulinemickou hypoglykémii nezavislou na maternalni glykémii v t€hotenstvi
(Pearson, 2007). Tyto nalezy potvrdily experimentalni prace na mysSich
s knockoutovanym genem hnf4a (Pearson, 2007) i dalSi klinické studie (Kapoor,
2008) zahrnuijici i detailné klinicky charakterizovanou RW rodinu s HNF4A-MODY (viz
kapitola 2.1.1) (Fajans, 2007). Zjisténa fakta indikuji, Ze postnatalné uzce kooperujici
transkripcni faktory HNF1A a HNF4A (viz kapitola 2.5.2) pusobi nezavisle na sobé
v prenatalnim obdobi. Vyjimkou z popisovanych fenotypovych charakteristik je nalez
Ceského probanda s geneticky potvrzenym HNF1A-MODY, u néhoz jsme popsali
pfitomnost makrosomie a ketotické hypoglykémie (publikace predstavena v
kapitole 4.3).

2.6.2 Gen HNF4A a funkce proteinu

Na dlouhém raménku 20. chromozému (20913.12) se nachazi gen HNF4A
tvofeny celkem 13 exony (exony 1a, 1b, 1c, 1d, 2 — 10). Razné slozeni proximalnich
exonu genu HNF4A tvofi devét znamych izoforem (Bogan, 2000). Izoformy HNF4A1
az HNF4A6 zahrnujici exony 1a, 1b nebo 1c jsou aktivni v jaternich burnkach
(reguluje je jaterné-specificky promotor P1) (Dean, 2010). Ve fetalnim obdobi jedince
jsou jaterni izoformy exprimovany i v pankreatu z pfiblizné jedné &tvrtiny a vyznamné
tak ovliviuji vyvoj pankreatu (Harries, 2008). V adultnich 3 burikach pankreatu
dominuje vySe zminény pankreaticky-specificky promotor P2, ktery reguluje expresi
izoforem HNF4A7 az HNF4A9 obsahujici exon 1d (Thomas, 2001). Promotor P2
zahrnuje kromé jiz popsaného vazebného mista pro HNF1A (Hansen, 2002) i
vazebné misto pro faktor IPF1 (Thomas, 2001) a vobou té&chto lokacich byly
nalezeny mutace zpusobujici MODY (Thomas, 2001; Hansen, 2002; Wirsing, 2010;
vlastni pozorovani). Celkové bylo dosud publikovano 72 riznych mutaci v genu
HNF4A (Stenson, 2009) bez indicii o mutacnim hot-spot nebo efektu zakladatele.

Studie na mysich ukazaly, Ze heterozygotni delece genu hnf4a nezplsobi
glukézovou intoleranci (Shih, 2001), zatimco mys s plné vyfazenym hnf4a nepfezije
vice nez par dni (Chen, 2010).

Transkripéni faktor HNF4A patfici do rodiny receptort steroidnich hormonu je
exprimovan v jatrech, v ostrivcich pankreatu, v ledvinach a tenkém stfevé (Miquerol,
1994; Sladek, 1990). Na rozdil od HNF1A pracuje pouze ve formé& homodimeru a je
aktivovan ligandem, pravdépodobné mastnymi kyselinami (Dhe-Paganon, 2002).
Funkci regulatoru transkripce umoznuji DNA vazebna doména, ligand vazajici
doména s dimeriza¢nim rozhranim a dvé transaktivacni domény (Furuta, 1997). Roli
HNF4A v regulaci pochodl v R burnce ¢astecné popisuje kapitola 2.5.2 a obrazek 5,

ale veSkeré interakce nebyly dosud objeveny a popsany.
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2.7 IPF1-MODY

Heterozygotni mutace vgenu IPF1 (Insulin Promotor Factor 1) jsou
zodpovédné za vzacné se vyskytujici formu MODY: IPF1A-MODY (MODY4).

2.7.1 Klinicka charakteristika

Stoffers a kolektiv roku 1997 publikovali nédlez rozsahlé rodiny, u nizZ mutace
p.Pro63fsdelC (c.188delC, p.Pro63fsX60) v homozygotnim stavu zpUsobila
permanentni neonatalni diabetes mellitus a exokrinni pankreatickou nedostateCnost
zpusobenou agenezi pankreatu (Stoffers, 1997a). Heterozygotni mutace pak vedla k
MODY diabetu charakteristickému snizenou odpovédi inzulinu na glukézu a
primérnym vékem v dobé diagnoézy 35 let (Stoffers, 1997a; Stoffers, 1997b). Stejna
mutace v genu IPF1 vedouci v homozygotnim stavu k podobnému fenotypu jako u
pfedchoziho probanda byla nalezena i u dalsi rodiny (Thomas, 2009). Fenotyp
nositeld heterozygotni mutace p.Pro63fsdelC se ale od prvné popsané rodiny
odliSoval — diabetes byl u pacientd diagnostikovan v dfivéjSim véku a byl provazen
hyperinzulinemii, coz zpUsobila pravdépodobné vyskytujici se obezita (Fajans, 2010).
IPF1-MODY byl prokazan i u pacientl s gestacnim diabetem (Gragnoli, 2005; Weng,
2002) &i s hyperglykémii na laéno (Schwitzgebel, 2003).

Dosavadni klinicka data tak ukazuji, Ze MODY4 pfedstavuje relativné mirnou
formu diabetu se sniZzenou inzulinovou sekreci (Fajans, 2010), zatimco homozygotni
mutace v IPF1 vedou k zavaznému poskozeni morfologie i funkce pankreatu (Chen,
2008).

2.7.2 Gen IPF1A a funkce proteinu

Mapovani pomoci mikrosatelitnich markerd na mySim modelu s ¢asnym
projevem diabetu pojmenovaném Akita lokalizovalo dalSi, Ctvrty lokus spojeny
s dédiénym diabetem na chromozém 7 (Yoshioka, 1997). OvSem prakticky ve stejnou
dobu publikovali Stoffers a kolektiv nalez jiz pfimo kauzalniho genu pro MODY4 -
IPF1, oficidlné oznagovaného PDX1 (Pancreas/Duodeum Homeobox Factor 1), ktery
leZi na chromozdmu 13 (13q12.1) (Stoffers, 1997a). Gen IPF1 je tvofen dvéma exony
(NM_000209.3), které koduji transkripCni faktor IPF1. Protein je sloZzeny z N-
terminalni transaktivacni domény, motivu péti aminokyselin (FPWMK), jeZ interaguje
s transkrip&nim faktorem PBX1 a kone¢né homeodomény, coz je oblast zodpovédna

za vazbu ke gentim, které reguluje.
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Transkripéni faktor IPF1 je nezbytny pro embryogenezi pankreatu a u
dospélych R bunék pankreatu pro udrzeni jejich funkce (Ahlgren, 1998; Madsen,
1997). Jak jiz nazev napovida, IPF1 se vaze do promotoru inzulinového genu (oblast
TAAT), ale reguluje i dalSi geny zapojené do fungovani 3 buriky: PAX4 (Smith, 2000),
GLUT2 (Ahigren, 1998), Nkx6.1 (Watada, 2000), nebo gen pro rlstovy faktor vazajici
heparin (HB-EGF) (Kaneto, 1997). Mezi geny, jez naopak reguluji funkci IPF1, patfi
IPF1 sam (Smith, 2000), HNF3B (Marshak, 2000) a KLF11 (Fernandez-Zapico,
2009).

Mechanizmy pusobeni poskozeného IPF1, jenz jsou zodpovédné za fenotyp
pacientd, se odviji od typu nalezené mutace. Jednonukleotidova delece
p.Pro63fsdelC v genu IPF1 zplsobila posun ¢teciho ramce s pred&asné ukoncenou
syntézou proteinu, kterému tak chybéla DNA-vazebna doména (Fajans, 2010;
Stoffers, 1997a). Heterozygotni substituce p.Glu164Asp a p.Glu178Lys vedla
k hrani¢énim hodnotam glykémie u jejich nositeld kvuli snizené transkripéni aktivité
IPF1 zpUsobené kratkym polo¢asem zivota (Schwitzgebel, 2003).

Homozygotni delece genu ipf1 vedla ve shodé s pozorovanim u lidi k agenezi
pankreatu na mySich modelech (Jonsson, 1994). Heterozygotni mutace vedly
k poruSeni glukbézové tolerance (zavislé na stafi mysich modelll) zplsobené vyssi

rychlosti apoptézy 3 bunék pankreatu (Johnson, 2003).

2.8 HNF1B-MODY

HNF1B-MODY (MODYS5) je vzacnym subtypem MODY, ktery je

charakteristicky kromé diabetu poskozenim dalSich organovych soustav.

2.8.1 Klinicka charakteristika

Heterozygotni mutace v dalSim z transkripénich faktord podilejicich se na
fungovani R bunky pankreatu, HNF1B (Hepatocyte Nuclear Factor 1-beta), byl
zodpovédny za dédicny diabetes v japonské rodiné popsané roku 1997 (Horikawa,
1997). Nasledujici prace odhalily, Ze HNF1B-MODY je nejen spojen s diabetem, ale
pfedevsim s defekty urogenitalniho traktu (Bingham, 2000; Nishigori, 1998) a proto je
HNF1B-MODY nahrazovano oznacenim syndrom renalnich cyst a diabetu (RCAD,
Renal Cysts and Diabetes syndrome). Diabetes pacientd s HNF1B-MODY vykazuje
znamky defektu sekrece inzulinu a je podobny fenotypu pacientl s HNF1A-MODY
(Bellanne-Chantelot, 2004). OvSem na rozdil od HNF1A-MODY neni u pacientu
s HNF1B-MODY pIné objasnéna optimalni Ié¢ba jejich diabetu a doporucuje se tedy

peclivy monitoring (Naylor, 2011).
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Poskozeni urogenitalniho traktu se zpravidla u pacientdl s HNF1B-MODY
projevuje dfive nez diabetes. Svédc&i o tom metaanalyza publikovana roku 2010, ktera
ukazala, ze anomalie struktury ledviny se vyskytovala u 96,6% pacientd mladSich 25
let, zatimco porucha metabolizmu glukdézy byla pfitomna pouze u 21,6% stejné
starych pacientl (Chen, 2010). Typ poSkozeni struktury ledvin je u HNF1B-MODY
velice variabilni: zahrnuje napfiklad polycystozu, dysplazii, hypoplazii nebo agenezi
(Chen, 2010; vlastni pozorovani). U pacientd s HNF1B-MODY byly popsany i
anomalie dalSich organl — jater (Kitanaka, 2004) nebo poSkozeni exokrinni ¢asti
pankreatu (Bellanne-Chantelot, 2004).

2.8.2 Gen HNF1B a funkce proteinu

Gen HNF1B tvofeny 9 exony (NM_000458.2) se nachazi v oblasti centromery
chromozdému 17 (17cen-q21.3). Transkrip&ni faktor kddovany HNF1B se sklada ze tfi
domén: na N-konci se nachazi dimerizaéni doména, nasleduje ji DNA-vazebna
doména slozena ze specifické POU domény a POU homeodomény a transaktivacni
doména. Kauzalni jednonukleotidové mutace se nejcastéji vyskytuji v DNA-vazebné
doméné (Chen, 2010), celkové vSak pfevazuje heterozygotni delece celého genu
(Bellanne-Chantelot, 2005). Vysvétlenim mize byt kompozice regionu obklopujiciho
gen HNF1B, ktera je bohatd na AT, coz vede ke vzniku sekundarnich struktur a
vy88imu riziku vzniku deleci (Chuzhanova, 2003). Pravdépodobnym mechanizmem
pusobeni mutaci v HNF1B je haploinsuficience, kdy porusena DNA-vazebna Cdi
transaktivani doména neni schopna vazat koaktivator, tj. nékterou z histon-
acetyltransferaz (Barbacci, 2004). Spekuluje se i o vlivu dominantné negativniho
efektu, jako u mutaci v jinych transkripénich faktorech (Kitanaka, 2004).

Exprese HNF1B byla detekovana v jatrech, pankreatu, ledvinach a zZlu¢ovodu.
Jak jiz bylo ukdzano na obrazku 5, HNF1B je soucasti slozité regulacni sité
transkrip€nich faktord, které reguluji vyvoj 3 buriky pankreatu i metabolizmus glukézy.
HNF1B muze fungovat ve formé monomeru nebo dimeru ve vazbé s HNF1A
(Yamagata, 1996b). Vtomto sméru ukazala experimentaini studie, Ze mutovany
HNF1B potlacuje aktivitu HNF1A (Kitanaka, 2004). HNF1B navic reguluje fadu gent
v€etné genu pro inzulin (Okita, 1999).

Studie mysSi s knockoutovanym genem hnf1b nejsou jednoduché, protozZe
zvifeci modely umiraly v dasledku chybéni hnflb kratce po implantaci (Coffinier,
1999), coz dokazuje zdsadni roli tohoto faktoru v embryogenezi (Maestro, 2003).
Specialni strategie ale umoznila generovat mySi s chybéjicim hnf1b genem vyhradné

v 3 bunkach pankreatu, které kratce po narozeni projevily poruchu glukézové
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tolerance s tendenci k progresi béhem Zivota a doSlo i ke zmé&né exprese jinych
transkripCnich faktort (Wang, 2004b).

2.9 NEUROD1-MODY

Poslednim subtypem MODY diabetu, ktery byl objeven ve 20. stoleti, je
NEUROD1-MODY (MODY®6) zplsobeny heterozygotnimi mutacemi v genu
NEUROD1 (Neurogenic Differentiation 1).

2.9.1 Klinicka charakteristika

Polska studie na pacientech s dédi¢nym diabetem 2. typu popsala u dvou
rodin pfitomnost mutaci v genu NEUROD1 a vedla tak u nich ke zméné diagnozy na
NEUROD1-MODY (Malecki, 1999). Dalsi rodiny s timto onemocnénim byly posléze
identifikovany na Islandu (Kristinsson, 2001), v Cin& (Liu, 2007), v Ceské republice
(Gonsorcikova, 2008) a pravdépodobné v Norsku (Sagen, 2005). Publikované rodiny
nesdilely mnoho spoleénych klinickych charakteristik. Vék v dobé& diagn6zy diabetu
se pohyboval od détsvi az do pozdni dospélosti (Malecki, 1999; Liu, 2007). U obou
dvou &eskych rodin a jedné polské byla pfitomna vyrazna obezita (Gonsorcikova,
2008; Malecki, 1999), zatimco islandsti a €insti pacienti vykazovali normalni (i kdyz v
nékterych pfipadech hraniéni) hodnotu BMI (Kristinsson, 2001; Liu, 2007). Ani ve
zpusobu |é¢by nelze najit spoleény prvek. Klinicka kritéria pro vybér pacientll na

skrining genu NEUROD1 tak zustavaji nejasna (Sagen, 2005).

2.9.2 Gen NEUROD1 a funkce proteinu
Lidsky gen NEUROD1 (BETA2/NEUROD1) byl lokalizovan na dlouhé

raménko 2. chromozému (2q32). Je tvofen 2 exony (NM_002500.3), z nichz pouze
druhy je translatovan do proteinu. Tfida B rodiny transkrip&nich faktort, jez obsahuji
DNA-vazebnou doménu HLH (helix-loop-helix), zahrnuje i NEUROD1. Naya a kolektiv
prokazali, Ze se NEUROD1 vaze jako heterodimer ve spojeni s proteinem E47 k E-
boxu promotoru inzulinového genu a specificky tak reguluje expresi inzulinu (Naya,
1995). Pozdéji se ukazalo, Zze dalSi esencialni soucasti regulacniho komplexu
NEUROD1 je i koaktivator p300 (Sharma, 1999). NEUROD1 je nezbytny i pro vyvoj 3
bunék pankreatu, coz prokazaly studie na mySich s vyfazenym neurodi, které
uhynuly do 5 dni po narozeni v disledku snizeného mnozstvi B bunék a
progresivniho diabetu (Naya, 1997).

Heterozygotni mutace zodpovédné za NEUROD1-MODY byly nalezeny
v HLH doméné a zabranily tak vazbé& k DNA (Kristinsson, 2001; Malecki, 1999), popf.
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v transaktivacni doméné, ¢imz znemoznily vazbu koaktivatoru p300 (Malecki, 1999;
Liu, 2007; Gonsorcikova, 2008).

2.10 KLF11-MODY

Mutace v dalSim z transkripénich faktort, Krippel-like zinc finger 11 (KLF11),
zpusobuji sedmy popsany subtyp MODY diabetu: KLF11-MODY (MODY7).

2.10.1 Klinicka charakteristika

Pouze u tfi rodin po celém svété byla prokazana diagnéza KLF11-MODY
(Neve, 2005). Jednalo se o rodiny s pGvodni diagnézou ¢asného diabetu 2. typu, kde
diabetes segregoval s mutaci pfinejmenSim ve dvou generacich. Pacienti byl
diagnostikovani vrozmezi 17 az 56 let véku, pfevaZovala |éCba peroralnimi
antidiabetiky a u zhruba poloviny z nich se jiZ vyskytovaly diabetické vaskularni
komplikace (Neve, 2005).

2.10.2 Gen KLF11 a funkce proteinu

Transkripéni faktor kbédovany genem KLF11 (chromozémova lokalizace 2p25,
4 exony) je jednim z 16 c¢&lenl podskupiny KLF vrodiné Sp1/KLF, ktera je
charakteristickd tfemi evoluéné konzervovanymi DNA-vazebnymi doménami s
motivem zinkovych prsta (Bieker, 2001). Pomoci téchto domén se KLF11 vaze ke GC
¢i CACCC boxu promotorovych oblasti cilovych gend (Niu, 2007). KLF11 reguluje
celou fadu bunéénych déju vcetné proliferace, starnuti, apoptézy (Black, 2001) a
pusobi jako represor faktorl zpusobujicich rakovinu pankreatu (Buck, 2006). Jelikoz
je ¢innost KLF11 indukovand TGFR (Transforming Growth Factor R), jehoz
signalizaCni draha je nezbytna pro vyvoj pankreatu (Miralles, 1998), pfedstavoval
KLF11 kandidatni gen pro diabetes.

A skute€né, Neve a kolektiv nalezli dvé vzacné varianty vgenu KLF11
segregujici s diabetem u tfi rodin (Neve, 2005). Obé mutace (p.Thr220Met a
p.Ala347Ser) méni sekundami strukturu DNA-vazebnych domén proteinu a zfejmé
ovliviiuji i vazbu nezbytnych kooperatort (Neve, 2005).

Po nalezu kauzalnich variant pro MODY nasledovaly studie zabyvajici se roli
KLF11 v patogenezi diabetu. Pfi vysokych hladinach glukdézy se KLF11 v 3 bufikach
vaze k inzulinovému promotoru a tim jej aktivuje (Neve, 2005). Ovdem o dva roky
pozdéji byla publikovana studie s opa¢nymi vysledky ukazujici, Ze vysoka hladina
glukézy naopak vedla v R burice ke snizeni mnozstvi detekované mRNA pro KLF11

(Niu, 2007). Nicméné je jisté, Ze homozygotni mutace v promotoru inzulinového genu
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¢.-331C>G zpusobujici neonatalni diabetes (Garin, 2010) pferusi vazebné misto pro
transkripéni faktor KLF11, &imZ zabrani aktivaci genu pro inzulin timto faktorem
(Bonnefond, 2011). Dale bylo zjisténo, Zze KLF11 se vaze do promotorové oblasti
genu IPF1 (viz kapitola 2.7.2), ktery timto aktivuje (Fernandez-Zapico, 2009).
Aktivace promotoru INS genu faktorem KLF11 je zavisla na kofaktoru p300, ktery
vyvolava acetylaci histont (Bonnefond, 2011). Ukazalo se rovnéz, ze p300 pusobi
jako regulator vétsiny MODY genu (GCK, HNF1A, HNF4A, HNF1B, IPF1, NEUROD1,
KLF11) (Femandez-Zapico, 2009).

Mysi s vyfazenym genem kIf11 nevykazovaly Zadné klinické abnormality a
byly fertilni (Song, 2005). HIubSi pohled na deficienci kIf11 v [} bunikach pankreatu
vSak ukazal, Ze vede ke snizeni sekrece inzulinu o 34% vzhledem k mysi s plné
funkénim genem kIf11 (Bonnefond, 2011).

2.11 CEL-MODY

Na rozdil od vétSiny subtypd MODY neni CEL-MODY (MODY8) zplsoben
mutacemi v nékterém z transkripénich faktor(i, ale v enzymu karboxyl ester lipaza
(CEL).

2.11.1 Klinicka charakteristika

| CEL-MODY se fadi mezi raritni formy dédi¢ného diabetu, protoze i kdyz byl
hledan v kohorté danskych a britskych MODYX pacientd (Torsvik, 2010), zUstavaji
popsany pouze 2 norské rodiny trpici exokrinni dysfunkci pankreatu a diabetem, jez
jsou zpusobeny heterozygotnimi mutacemi v genu CEL (Raeder, 2006). U vétSiny
pacientl se nejprve, zpravidla béhem druhé dekady Zivota, objevila mirna, opakujici
se bolest bficha a nasledné testy prokazaly deficit elastazy ve stolici (FED) potvrzujici
defekt exokrinni ¢innosti pankreatu. Diabetes €i porusena glukézova tolerance se u
pacientd manifestovaly pozdéji (u jedné z rodin v priméru ve 36 letech) a vykazovaly
poruseni sekrece inzulinu, zvySenou glykémii na lacno i ve 120. minuté béhem oGTT
a vyS88i hladiny HbA,c (Raeder, 2006). Nasledna klinicka studie ukazala, Ze u
nositell heterozygotni mutace v genu CEL se pred manifestaci diabetu v pankreatu
akumuluje tuk a predpoklada se tedy, Ze lipomatéza je jednim z Casnych jevl
v patogenezi diabetu i exokrinniho selhani pankreatu (Raeder, 2007). CEL-MODY
tudiz potvrzuje, Zze diabetes muze vzniknout v dasledku poruseni exokrinni funkce
pankreatu (Lombardo, 2003). Lécba pacientld substituci pankreatického enzymu

neméla vliv na kontrolu glykémie, ale zmirnila symptomy exokrinni insuficience
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pankreatu (Vesterhus, 2010). CEL-MODY je podle stejné prace asociovan i

s demyeliza¢ni neuropatologii (Vesterhus, 2010).

2.11.2 Gen CEL a funkce proteinu

Nukleotidova kompozice genu CEL nachazejiciho se na 9. chromozdému
(9934.3, NM_001807.3) je zajimava z nékolika divodd: prvnim je pfitomnost 11
kilobazi vzdaleného pseudogenu CELP s 96% homologii v exonech 1, 8, 9, 10 a 11,
coz znacné ztézuje molekularné-genetickou analyzu (Torsvik, 2010) a za druhé tim,
Ze se v poslednim 11. exonu genu nachazi sled repetic o délce 33 paru bazi (VNTR,
Variable Number of Tandem Repeats), které se opakuji 7krat az 21krat, nejCastéji
v8ak 16krat (Higuchi, 2002; Raeder, 2006). Oblast VNTR je v maturovaném proteinu
postranslacné modifikovana O-glykosylaci (Reue, 1991), jez zarucuje intracelularni
zpracovani proteinu (Lombardo, 2001). Pfedpoklada se, ze VNTR repetice jsou
nezbytné pro spravné slozeni, sekreci a stabilitu enzymu (Bruneau, 1997). A pravé
stabilita CEL je porudena nalezenymi mutacemi u dvou rodin s CEL-MODY, které se
nachazely vprvni (c.1686delT), respektive ctvrté (c.1785delC) repetici VNTR
(Raeder, 2006). Recentni prace ukazala, ze u pacientd s CEL-MODY je rovnéz
naruseno sloZeni proteinu do funkéni konformace (Johansson, 2011).

Karboxyl ester lipaza (CEL), enzym kédovany genem CEL, je exprimovan
zejména v exokrinnich &astech pankreatu, prsni Zlaze produkujici matefské mléko a
v menSi mife i vendotelovych bunkach a eozinofilech (Lombardo, 2001). Hlavni
funkci CEL je hydrolyza ester(i cholesterolu, mono-, di- a triacylglycerol(, fosfolipidu
(Hui, 1996) a traveni tukd z mléka u novorozencll (Lombardo, 2001). Snizena stabilita
i nespravna konformace proteinu v dusledku mutaci vgenu CEL vedou k atrofii
pankreatu a infiltraci pankreatu tukem a naslednému fenotypu CEL-MODY (Raeder,
2006).

Ovsem u mysi s knockoutovanym genem cel se neprojevily znamky exokrinni
a endokrinni dysfunkce pankreatu (Howles, 1996), s vyjimkou zjisténé mirné
glukézové intolerance u samicek (Vesterhus, 2010). Ukazalo se tedy, Ze v pfipadé

CEL-MODY nekoreluji fenotypové charakteristiky u lidi a zvifecich modelu.

2.12 PAX4-MODY

PAX4-MODY (MODY9), dalsi vzacny podtyp MODY s ne zcela vyhranénymi
fenotypovymi charakteristikami, byl testovan i u kohorty ¢eskych probandd klinicky

suspektnich pro MODY diabetes (publikace predstavena v kapitole 4.4).
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2.12.1 Klinicka charakteristika

Plengvidhya a kolektiv roku 2007 popsali nalez dvou thajskych rodin
s dédicnym diabetem, ktery byl zplsobeny heterozygotnimi mutacemi v genu PAX4
(Plengvidhya, 2007). Fenotyp obou rodin se v3ak pfili§ neshodoval: v pfipadé prvni
rodiny byla nalezena mutace p.Arg164Trp ve dvou generacich, u jednoho ¢lena
rodiny byl diabetes diagnostikovan az v 50 letech, u dalSiho byla prokazana jen
poruSena glukézova tolerance. OvSem u dalSich dvou pfibuznych s poruSenou
glukézovou toleranci nebyla mutace detekovana a autofi se odkazuji na pfitomnost
fenokopii (Plengvidhya, 2007). Rovnéz ve druhém publikovaném pfipadé zuUstavaji
pochybnosti o roli genu PAX4 v etiologii MODY: u pacienta s mutaci v misté sestfihu
intronu 7 a exonu 8 (IVS7-1G>A) nebyli k dispozici pfibuzni pro segregaéni analyzu.
Zverejnéna dostupna klinicka data ukazala, Zze v rodiné probanda se vyskytoval jak
diabetes, tak renalni selhani (Plengvidhya, 2007). Nedavno byl publikovan nalez tfeti,
japonské rodiny s PAX4-MODY, potvrzujici zna¢nou Kklinickou heterogenitu tohoto
subtypu MODY (Jo, 2011). U probanda byl v 15 letech diagnostikovan diabetes bez
ketoacidozy a pankreatickych autoprotilatek vyzadujici Ié€bu inzulinem. Naproti tomu
probandlv otec trpél od 30 let diabetem, jenz byl dobfe kompenzovan na dieté. U
obou byla detekovana kauzalni delece 39 nukleotidi v genu PAX4 (Jo, 2011).

Dosavadni vysledky ukazuji, Ze genetické pozadi asijskych a kavkazskych
MODY pacientd se muze IliSit. Kauzalni mutace vgenu PAX4 nebyla dosud
detekovana v kohortach francouzskych (Dupont, 1999), britskych (Edghill, 2010) a
Ceskych (kapitola 4.4) MODY pacientd, ale pouze u rodin pochazejicich z Thajska a
Japonska (Plengvidhya, 2007; Jo, 2011). Navic pfevazujici subtypy MODY (GCK-
MODY, HNF1A-MODY, HNF4A-MODY) v kavkazskych populacich tvofi pouze malé
procento korejskych, Cinskych €i japonskych pacientd (Eto, 1993; Hwang, 2006;
Tonooka, 2002; Xu, 2005).

2.12.2 Gen PAX4 a funkce proteinu

Gen PAX4 (Paired box 4) leZi na dlouhém raménku 7. chromozdému (7932) a
je slozen z9 exont (NM_006193.2). PAX4 patfi do genetické rodiny transkripénich
faktor obsahujicich parovou doménu a homeodoménu, které hraji kliCovou roli
v embryonalnim vyvoji plodu (Dohrmann, 2000). Produkt genu PAX4, transkripCni
faktor PAX4, se sklada z 349 aminokyselin (Smith, 1999). Je exprimovan v ¢asné fazi
vyvoje pankreatu a pozdéji je jeho vyskyt omezen pouze na B buriky (Sosa-Pineda,
1997). PAX4 plsobi jako represor transkripce: interaguje s dalSimi transkrip&nimi

faktory PDX1 a Nkx6.1 a moduluje tak spravny vyvoj pankreatickych R bunék (Wang,
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2004a). Rovnéz byla prokazana pfitomnost vazebného mista pro PAX4 v oblasti
promotoru inzulinového genu (Smith, 1999).

| kdyz je fenotyp pacientd s PAX4-MODY rGznorody, funkéni studie se
v zadsadé shoduji na principu pusobeni nalezenych mutaci. PAX4 potlacuje aktivitu
promotoru inzulinového genu za béznych okolnosti z50% (Plengvidhya, 2007).
Represe promotoru byla sniZzena na 35% v pfipadé pfitomnosti mutace p.Arg164Trp
(Plengvidhya, 2007), respektive byla Uuplné ztracena v pfipadé delece
c.374_412del39 (Jo, 2011). Patogenita sestfihové mutace IVS7-1G>A muze byt
zpusobena porusenim akceptorového mista splicingu a potencionalnim preskocenim
exonu, ovSem experimentalni dikazy chybi (Plengvidhya, 2007).

Mysi modely s heterozygotni deleci pax4 nevykazovaly zadné abnormality,
preZily do dospélosti a byly fertilni (Sosa-Pineda, 1997). Kompletni knock-out genu
vyvolal rastovou retardaci, dehydrataci, snizené mnozstvi 3 bunék pankreatu a smrt,
celkové se podobal fenotypu pozorovanému u kompletniho vyfazeni transkripéniho

faktoru IPF1, pfestozZe byl pfitomen pankreas normalni velikosti (Sosa-Pineda, 1997).

2.13 INS-MODY

Studium inzulinového genu (INS) probiha po nékolik desetileti, ale az na
zacCatku 21. stoleti byla objevena jeho souvislost s dédicnym diabetem typu MODY a
byl tak popsan INS-MODY (MODY10).

2.13.1 Klinicka charakteristika

Jak je stru¢né zminéno v kapitole 1.2.2, permanentni neonatalni diabetes
mellitus muze byt zpUsoben i heterozygotnimi (Stoy, 2007; Polak, 2008; Edghill,
2008) nebo homozygotnimi (Garin, 2010) mutacemi v genu INS ¢i jeho promotoru.
Ukazalo se také, Ze heterozygotni mutace v INS jsou vzacné zodpovédné i za subtyp
MODY (Molven, 2008; Edghill, 2008; Bonfanti, 2009; Boesgaard, 2010). Fenotyp
pacientt s familiarni formou diabetu vzniklou v dusledku mutace v INS genu je velice
rliznorody. Byli popsani jak pacienti pfesné zapadajici do klinickych kritérii MODY —
neobézni, s non inzulin-dependentnim diabetem (Edghill, 2008), tak i pacienti
s pozitivnimi pankreatickymi protiladtkami, ketoacidézou a diabetem zavislym na
inzulinu (Molven, 2008). U Ceské pacientky s INS-MODY se diabetes manifestoval
polyurii a polydipsii (Boesgaard, 2010).
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2.13.2 Gen INS a funkce proteinu

Frederick Sanger roku 1953 publikoval primarni strukturu inzulinu (Sanger,
1953a; Sanger, 1953b). Jeho nukleotidova sekvence pak byla popsana roku 1977
(Ullrich, 1977). Lidsky gen INS (11p15.5) je slozen z 3 exon (NM_00207.2), z nichz
pouze 2 jsou pFepisovany do proteinu, preproinzulinu (obrazek 6). Preproinzulin je
nasledné odstfizenim signalni sekvence pfeménén na proinzulin, ktery je sloZzen z B
fetézce, C peptidu a A fetézce. Tercidlni struktura inzulinu se vytvofi spontanné
disulfidickymi mustky, ale ke konverzi proinzulinu na inzulin dochazi az v sekre¢nich

granulich. Mechanizmus sekrece inzulinu popisuje kapitola 2.3.4.

Obrazek 6. Molekula preproinzulinu (upraveno dle Stoy, 2007). Aminokyseliny
signalniho peptidu jsou oznageny zelené, B fetézce Cervené, C peptidu oranzové a A
Fetézce modre. Carkované krouzky oznaduji aminokyselinové zbytky, ve kterych

dochazi ke stépeni pfi konverzi proinzulinu na inzulin.

SIGNAL PEPTIDE
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Regulace transkripce INS je fizena z nékolika stovek bazi dlouhé oblasti 5’
proximalné od /NS genu a podili se na ni cela fada transkripénich faktorl (o
nékterych znich pojednavaji pfedchazejici kapitoly). V regulacéni oblasti bylo
identifikovano nékolik evoluéné konzervovanych sekvenci, snimiz interaguji
transkripCni faktory: do E box( se vazi faktory s helix-loop-helix doménou, tzn.
pfedevSim NEUROD1 (viz kapitola 2.9.2), do A box0 nasedaji faktory
s homeodoménou jako je IPF1 (kapitola 2.7.2) a HNF1A (kapitola 2.5.2), s
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elementem C2 kooperuji proteiny s parovou doménou a homeodoménou — napf.
PAX4 (kapitola 2.12.2), do CRE (Cyclic AMP Response Element) se vazi faktory
s motivem leucinového zipu (CREB, CRE vazajici protein), a role oblasti G1 bohaté
na puriny zlstava jesté piné neobjasnéna (shrnuto v Melloul, 2002). Dale ve sméru
proximalné od poc¢atku transkripce genu INS se nachazi oblast s VNTR, jejiz pocet
opakovani jednotlivych repetici je asociovan s diabetem 1. (Bennett, 1996) i 2. typu
(Ong, 1999).

Predpokladané uc€inky mutaci v INS genu jsou porudeni stability molekuly
inzulinu ¢i porucha konverze proinzulinu na inzulin (Molven, 2008), jez jsou
doprovazené chronickym stresem endoplazmatického retikula spojenym s ubytkem
mnozstvi B bunék pankreatu (Liu, 2010). Experimentalni studie na mySich Akita,
modelovych organizmech pro stres endoplazmatického retikula, potvrdily dllezitost

tohoto jevu v patogenezi diabetu mellitu (Araki, 2003).

2.14 BLK-MODY

DalSim publikovanym subtypem MODY je BLK-MODY (MODY11), vzacny typ
diabetu klinicky pfipominajici NEUROD1-MODY, ktery je zpUsobeny heterozygotnimi

mutacemi v genu BLK (B-lymfocyt kinaza).

2.14.1 Klinicka charakteristika

Hlavni spole¢né Kklinické charakteristiky tfi polskych rodin s geneticky
potvrzenym BLK-MODY byly nadvaha (prGmér BMI 28,7) a relativni spiSe nez
absolutni deficit sekrece inzulinu. Primérny vék v dobé diagndzy diabetu byl 31 let.
VétSina pacientll (59%) se lécila inzulinem (Borowiec, 2009). VSechny vypsané
charakteristiky se shoduji s vySe popsanymi daty o pacientech s NEUROD1-MODY
(Gonsorcikova, 2008). Je ale nutné zminit, Ze mensi mnozstvi nositell mutace v genu
BLK zUstalo normoglykemickych (Borowiec, 2009). Penetrance BLK-MODY tedy neni
stoprocentni. Ukazalo se, ze dullezitou roli vtomto jevu mize hrat pravé nadvaha:
penetrance u pacientd s BMI nizSim nez 28 byla pouze 33%, zatimco u osob
s hodnotou BMI rovnou nebo vy3Si nez 28 dosahla penetrance BLK-MODY 89%
(Borowiec, 2009). Studie potvrzuje, Ze i monogenni choroby v&etné MODY mohou byt
ovlivnény dalSimi genetickymi nebo enviromentalnimi modifikatory (Borowiec, 2009;
Dipple, 2000).

35



2.14.2 Gen BLK a funkce proteinu

Na kratkém raménku chromozému 8 (8p23-22) lezi gen BLK skladajici se z 13
exonl (NM_001715.2). Mutace zpUsobujici BLK-MODY byly nalezeny ovSem i mimo
kédujici region: 20 kb ve sméru 5 od zacatku transkripce a v polyadenylaéni oblasti
na 3' konci (Borowiec, 2009). Mutace p.Ala71Thr detekovana u dalSi rodiny
segregovala na haplotypu, ktery zahrnoval i vzacné varianty na konci 3
nepfekladaného regionu (UTR) a 8 kb ve sméru 3* (Borowiec, 2009).

Gen BLK kéduje B-lymfocyt kinazu, protein s tyrozin kinazovou aktivitou
zrodiny src protoonkogent, jenz byl, jak jeho nazev napovida, detekovan v B-
lymfocytech, kde se podili na bunécné proliferaci a diferenciaci (Dymecki, 1990).
Pozdéjsi studie popsala i pfitomnost kinazy v burikach pankreatu (Marselli, 2008),
kde se exprese BLK zvysila pfi vysokych koncentracich glukézy a podporovala tim
sekreci inzulinu (Borowiec, 2009). Funkéni studie nalezenych mutaci asociovanych
s BLK-MODY prokazaly sniZzeni schopnosti BLK podporovat sekreci inzulinu
(Borowiec, 2009). Autofi rovnéz spekuluji, Ze BLK podporuje expresi transkripénich
faktord Nkx6.1 a IPF1 ovlivAujicich inzulinovy gen (Borowiec, 2009).

Role BLK ve fungovani B bunky pankreatu zUstava stale ne zcela objasnéna a
dalSi studie jsou zapotfebi k hlubSimu poznani funkce BLK v patogenezi MODY. P¥ilis
nového nepfinesla ani ¢ast vyzkumu na zvifecich modelech, u nichZz vyfazeni genu

blk nevyvolalo diabetes (Borowiec, 2009).

2.15 ABCC8-MODY

ABCC8-MODY se fadi mezi vzacné subtypy MODY s variabilni klinickou
expresi. Do spektra popsanych fenotypl pfispéla i studie ¢eské rodiny (publikace

predstavena v kapitole 4.5).

2.15.1 Klinicka charakteristika

Dosud bylo identifikovano Siroké spektrum fenotypl spojenych s mutacemi
vgenu ABCC8 (ATP-binding cassette C8) kddujicim regulaéni podjednotku
draselného kanalu B bunky, SUR1. Inaktivaéni mutace zpusobuji kongenitalni
hyperinzulinismus, ktery je charakterizovan neregulovanou sekreci inzulinu vedouci
k perzistentni hypoglykémii (Thomas, 1995). Opacné pusobici aktivaéni mutace
vedou k tranzientnimu nebo permanentnimu neonatalnimu diabetu (Flanagan, 2007)
nebo az k syndromu spojujicimu opozdéni psychomotorického vyvoje, epilepsii a

permanentni neonatalni diabetes (DEND) (Babenko, 2006). V souasnosti byly
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publikovany pfipady pacientll s geneticky prokazanym ABCC8-MODY. Jejich fenotyp
byl ovéem velice riznorody: od mirné hyperglykémie podobné charakteristikam GCK-
MODY (publikace predstavena v kapitole 4.5), pifes diabetes citlivy na Ié¢bu
derivaty sulfonylurey podobny HNF1A-MODY (Bowman, 2011), diabetes léCeny
inzulinem (Hartemann-Heurtier, 2009), az po diabetes pfipominajici T2DM (Huopio,
2003).

2.15.2 Gen ABCCS8 a funkce proteinu

Gen ABCCS, ktery lezi na chromozéomu 11 (11p15.1), je tvofen 39 exony
(NM_000352.3), které koduji 1581 aminokyselin dlouhy protein, ozna¢ovany SUR1.
Inaktivacni mutace zpUsobujici hyperinzulinismus se rozdéluji do dvou skupin podle
efektu, ktery maji na protein. Prvni tfida mutaci zabrarnuje dopravé Karp kanalu
z endoplazmatického retikula k buné&né membrané (Zerangue, 1999). Mutace
v ABCC8 druhé tfidy znemoznuji MgADP stimulovat aktivitu Karp kanalu, coz
zpusobuje jeho permanentni zavieni (Huopio, 2002). Publikovana literatura nabizi
minimalné dva mechanizmy, jimiZz aktivacni mutace zabrani Karp kanalu se zavfit:
snizena senzitivita kanalu k ATP (Proks, 2006), nebo vyssi stimulacni aktivita SUR1
(Babenko, 2006).

Sulfonylureovy receptor 1 (SUR1) patfi do rodiny ABC proteinu a jeho funkci
je regulace druhé jednotky Karp kanalu, Kir6.2 (Aittoniemi, 2009). Kromé pro ABC
proteiny béznych podjednotek (transmembranové a nukleotid-vazajici domény)
obsahuje SUR1 i unikatni soubor 5 terminalnich transmembranovych helixd (TMDO),
jez moduluji otevirani a zavirani Karp kanalu (Chan, 2003). Mutace v této doméné
byla nalezena i u Ceské rodiny s ABCC8-MODY (publikace predstavena v kapitole
4.5).

Snizenou senzitivitu k ATP vedouci az hyperglykémii, hypoinzulinémii,
ketoacidéze a smrti projevily i mySi v dusledku aktivacni mutace v abcc8 (Koster,
2000).

2.16 MODYX

| pfes stale se navySujici pocet genl kauzalnich pro MODY, zlstava
geneticka priCina diabetu u velkého mnozstvi rodin spliujicich klinicka kritéria MODY
dosud nenalezena (Johansen, 2005; kapitola 4.4). Explozivni rozvoj molekularné-
genetickych technik a soucasné jejich rychle klesajici cena pravdépodobné v brzké

budoucnosti umozni objev dalSich genl kauzalnich pro MODY. Mezi slibné techniky
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se fadi predevSim celoexomovy skrining (Ng, 2009) nebo celogenomové
sekvenovani (Shendure, 2008) DNA pacientl z vybranych MODYX rodin.
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3. Shrnuti genetického vysetrovani MODY

V poslednich &tyfech letech se nam diky finanéni podpofe grantu norského
kralovstvi prostfednictvim finanéniho mechanizmu (CZ0100) podafilo zoptimalizovat,
Casové i ekonomicky zefektivnit a rozsifit molekularné-genetickou diagnostiku genu
zodpovédnych nejen za MODY diabetes, ale i za nejCastéjSi formy neonatalniho
diabetu.

V Laboratofi molekuldrni genetiky Pediatrické kliniky 2. lékarské fakulty
Univerzity Karlovy v Praze tak rutinné provadime vysSetfeni geni GCK, HNF1A,
HNF4A, IPF1, HNF1B, NEUROD1, KLF11, PAX4, INS, ABCC8 a KCNJ11 za pouziti
nasledujicich technik:

e izolace DNA: z periferni krve metodou vysolovani, popf. komerénim
kitem Qiagen (MiniKit, Hilden, Némecko); ze slin komerénim kitem
OraGene (DNA Genotek, Ontario, Kanada); ze suchych Guthrieho
kapek komer&nim kitem Qiagen (MicroKit, Hilden, Némecko)

o piima sekvenace

o amplifikace jednotlivych exonl genl pomoci polymerazové
fetézové reakce (PCR)

o precisténi PCR produktl pomoci chemikalii Ampure za vyuziti
robota (oboje Beckman Coulter, Fullerton, USA)

o sekvenatni reakce (BigDye Terminator 3.1, Applied
Biosystems, Warrington, UK)

o precisténi sekvenacnich produkt pomoci chemikalii CleanSeq
za pouziti robota (oboje Beckman Coulter, Fullerton, USA)

o separace fragmentu na 16ti-kapilarni elektroforéze (ABI3130x/,
Applied Biosystems)

o hodnoceni softwarem Mutation Surveyor v.3.24 (SoftGenetics,
Pennsylvania, USA)

e analyza strukturalnich variant (rozsahlejSich deleci a inzerci) metodou
MLPA

o komeréni kit P241-B1 MODY (MRC Holland, Amsterdam,
Nizozemi)

o hodnoceni softwarem GeneMarker v.1.75 (SoftGenetics)

Molekularné-genetické vysetreni je ceskym pacientim suspektnim na MODY

poskytovano bezplatné diky grantové finan¢ni podpofe. Od roku 2009 se Uspésné
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ucastnime mezinarodni externi kontroly kvality (EMQN) zaméfené na sekvenaci a
molekularné-genetickou diagnostiku MODY.

K datu 1.12.2011 evidujeme v databazi monogenniho diabetu celkem 1613
osob z 591 rodin, z nichz klinicka kritéria MODY splfiuje a v procesu genetického
vySetfovani je zahrnuto 522 rodin (1518 osob). Dosavadni vysledky vypadaji

nasledovné:

GCK-MODY: 175 rodin (376 osob)
HNF1A-MODY: 41 rodin (96 osob)
HNF4A-MODY: 18 rodin (55 osob)
HNF1B-MODY: 7 rodin (7 osob)
NEUROD1-MODY: 2 rodiny (11 osob)
INS-MODY: 3 rodiny (7 osob)
ABCCB8-MODY: 1 rodina (7 osob).

Vysledky studia MODY diabetu prezentujeme nejen ve formé plvodnich
publikaci v zahrani€nich ¢asopisech (viz kapitola 4), ale i na domacich a

mezinarodnich védeckych konferencich.
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4. Vlastni publikace a rukopisy s komentari

4.1 GCK-MODY nej¢astéjsim subtypem v éeském MODY

registru

S. Priihova, P. Dusatkova, Z. Sumnik, S. Kolouskova, O. Pedersen, T.
Hansen, O. Cinek, J. Lebl: Glucokinase diabetes in 103 families from a country-
based study in the Czech Republic: geographically restricted distribution of two
prevalent GCK mutations. Pediatric Diabetes 2010, 11: 529-535.

Cilem této prace bylo shrnout vysledky deseti let molekularmé-genetického
vySetfovani genu GCK u Ceskych pacientd klinicky splfiujicich kritéria GCK-MODY.
Od roku 1999 byly pod vedenim MUDr. Stépanky Prihové, Ph.D systematicky
vyhledavany rodiny s pozitivni rodinou anamnézou diabetu, gestaniho diabetu &i s
poruchou glukézové tolerance v (pfevazné) pediatrickych endokrinologickych a
diabetologickych ambulancich po celé Ceské republice. Do roku 2009 jsme tak
zregistru o 292 rodinach vytvofili soubor Ccitajici 140 rodin (zastoupenych 140
probandy), které jsme testovali na pfitomnost mutaci v genu GCK. Vzorky DNA
prvnich 66 probandl byly analyzovany ve spolupracujicim danském pracovisti
skriningovou metodou dHPLC (denaturaéni vysokovykonnostni kapalinova
chromatografie), na kterou v pfipadé pozitivniho vysledku navazovala pfima
sekvenace (Pinterova, 2007; Pruhova, 2003). Zbyvajici vzorky spolu s témi
negativnimi po analyze dHPLC byly vySetfovany pfimo metodou sekvenace, kterou
v pfipadé negativniho nalezu doplfiovala detekce vétSich pfestaveb v genu GCK
pomoci MLPA.

Diagn6zu GCK-MODY jsme geneticky prokazali nalezenim heterozygotnich
mutaci vgenu GCK u 103 rodin, coz odpovida 74% zachytnosti mezi rodinami
s fenotypem GCK-MODY. GCK-MODY je s 35% nejCastéji zastoupenym subtypem
v Ceském registru pacientd s MODY. Analyza rovnéz prekvapivé ukazala na Ctyfi
prevalentni mutace (p.Glu40Lys, p.Leu315His, p.Gly318Arg a p.Val33Ala), které byly
detekovany u nezanedbatelného mnozstvi nepfibuznych rodin. Navic rodiny se
dvéma ze zminénych mutaci (p.Glu40Lys a p.Leu315His) pochazely z geograficky
ohraniéenych oblasti Ceské republiky. Analyzou plivodu t&chto mutaci jsme se

nasledné detailné zabyvali (kapitola 4.2). Reanalyza dHPLC negativnich vysledku
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pfimou sekvenaci ukazala, Ze senzitivita této skriningové metody nedosahuje
publikovanych 92-100% (Boutin, 2001), ale pouze 84%.
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Glucokinase diabetes in 103 families from a
country-based study in the Czech Republic:
geographically restricted distribution of two

prevalent GCK mutations

Pruhova S, Dusatkova P, Sumnik Z, Kolouskova S, Pedersen O, Hansen T,
Cinek O, Lebl J. Glucokinase diabetes in 103 families from a country-based
study in the Czech Republic: geographically restricted distribution of two
prevalent GCK mutations.

Pediatric Diabetes 2010: 11: 529-535.

Background: Glucokinase diabetes, also called GCK-MODY or
maturity-onset diabetes of the young type 2 (MODY?2). is caused by
heterozygous mutations in the gene encoding glucokinase (GCK).

Objective: The aim of study was to investigate the current prevalence of GCK
mutations in a large cohort of Czech patients with typical clinical appearance
of GCK-MODY. In addition, we reanalyzed the negative results obtained
previously by screening using the denaturing high-performance liquid
chromatography (dHPLC).

Methods: We studied 140 unrelated Czech probands with clinical picture of
GCK-MODY who were referred to our center from the whole of the Czech
Republic between the years 1999-2009 by direct sequencing of GCK gene.
Results: A mutation in GCK was identified in 103 of 140 probands (74%). We
identified 46 different GCK mutations of which 13 were novel. Several
mutations were detected in multiple families: p.Glu40Lys (20 families),
p-Gly318Arg (12), p.Leu315His (7) and p.Val33Ala (six families). Direct
sequencing detected a GCK mutations in 9 of 20 previously dHPLC-negative
samples; the sensitivity of the dHPLC screening was calculated as 84%.
Conclusions: The study shows a relatively high proportion of GCK mutations
among individuals with GCK-like phenotype, confirming the effectiveness of
carefully applied clinical criteria prior to genetic testing. In the Czech MODY
registry, GCK-MODY represents the biggest subgroup of MODY (35%). We
report several prevalent GCK mutations with a likely founder effect in the
Czech population. Furthermore, our results provide ground for a possible
recommendation to reinspect all negative results previously obtained by
screening using dHPLC.

Maturity-onset diabetes of the young (MODY) is a
genetically heterogeneous form of monogenic diabetes
mellitus, characterized by an autosomal dominant
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inheritance, by early age at onset and a primary defect
in beta-cell function. Glucokinase diabetes, also called
GCK-MODY or MODY?2. is one of the most prevalent
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subtypes of MODY. It is caused by heterozygous
mutations in the gene encoding glucokinase (GCK).
The heterozygous mutations in GCK lead to
enzyme inactivation that induces the specific GCK-
MODY phenotype characterized by chronic mild
hyperglycemia from early childhood (1, 2).

The prevalence of GCK-MODY differs markedly
across the studied populations (2—4). According to the
generally accepted opinion, this discrepancy is caused
not only by the variations in the genetic background
but also by differences in the recruitment criteria (5).
A previous study done in the Czech Republic showed
one of the highest prevalences of GCK-MODY among
MODY patients (6).

Se far, more than 300 different mutations in
the GCK have been described according to the
Human Gene Mutation Database (7) and by a review
of the literature (8). Earlier, direct sequencing was
usually preceded by a screening method. such as
denaturing high-performance liquid chromatography
(dHPLC) (9). Nowadays. direct sequencing of all
samples prevails. In our previous studies (6, 10), the
dHPLC was used as a screening method for the
investigation of GCK.

This paper aims to summarize the results from
genetic testing of a large cohort of Czech patients
fulfilling the clinical criteria for glucokinase diabetes,
gathered over the past 10 yr. The present work also
includes the retesting of all samples whose negativity
had been based solely on a negative dHPLC screening.

Methods
Study group

The probands were referred to our center from
different parts of the Czech Republic over the years
1999-2009. Altogether, we collected DNA from 959
family members from 292 families meeting the criteria
for MODY (11) and thus representing the Czech
MODY registry. We studied 140 probands from
MODY families with a high clinical suspicion of
GCK-MODY according to the recently published
criteria (11), specifically, the fasting hyperglycemia is
=5.5 mmol/L. persistent and stable, HbA lcis typically
just above the upper limit of normal and rarely exceeds
7.5% and the parents may have ‘mild type 2 diabetes’
with no complications or may not be diabetic (11).
Sixty-six probands had been tested in previously
published studies (6, 10) using the dHPLC as a screen-
ing method. Twenty probands with clinical suspicion
on GCK-MODY were dHPLC negative. Their DNA
was now reinvestigated by direct sequencing and multi-
plex ligation-dependent probe amplification (MLPA).
Seventy-four new index probands were referred to the
Czech MODY registry after the earlier published stud-
ies and their DNA was analyzed by direct sequencing
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and then by a MLPA if required. Altogether, DNA
samples from 94 probands were investigated.

The protocol was approved by the institutional
Ethics Committees of the Second and Third Faculty of
Medicine, Charles University in Prague, Prague, Czech
Republic.

Genetic analysis of the GCK gene

Genomic DNA was extracted from peripheral blood
with a routine salting-out method or using QIAmp
DNA Blood Mini Kit (Quiagen, Hilden, Germany).
Exons 1A-10, exon/intron boundaries and the GCK
promoter region were analyzed by direct sequenc-
ing. Polymerase chain reaction (PCR) primers were
used according to Boutin (9) with minor modifica-
tions. The PCR conditions are available from the
authors. The PCR products were purified by Agen-
court Ampure system (Beckman Coulter, Fullerton,
CA., USA). sequenced using BigDye Terminator 3.1
chemistry (Applied Biosystems, Warrington, UK)
and sequencing products were purified by Agencourt
CleanSeq system (Beckman Coulter). Reactions were
analyzed on the DNA sequencer ABI Prism 3130x/
(Applied Biosystems) and inspected using the Muta-
tion Surveyor software version 3.24 (SoftGenetics,
Pennsylvania, PA, USA). Only the relevant primers
for index mutations were used for DNA samples
from family members of the GCK-MODY patients.
The DNA samples negative for mutations were subse-
quently screened for gene dosage by MLPA following
the manufacturer’s instructions (MRC-Holland, Ams-
terdam. Netherlands). The results were analyzed using
software GeneMarker version 1.75 (SoftGenetics LLC,
PA, USA).

The dHPLC method involves subjecting PCR prod-
ucts to ion-pair reverse-phase liquid chromatography
in a column containing alkylated non-porous particles.
The PCR products with sequence variations form the
heteroduplexes which display reduced column reten-
tion time relative to their homoduplex counterparts (9).

Statistical analysis

Clinical and biochemical data are given as a median
with interquartile range. p-values were calculated using
non-parametric Mann—Whitney two-tailed test. For
comparing types of treatment the chi-squared test
was used. p-values less than 0.05 were considered
significant.

Results
Prevalence of GCK-MODY

Out of 140 probands. the diagnosis of GCK-MODY
was genetically confirmed in 103 families which

Pediatric Diabetes 2010: 11: 529-535
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GCK-MODY in the Czech Republic

Table 1. Clinical and biochemical characteristics of Czech GCK mutation carriers and probands negative for GCK mutation

GCK mutation Probands without a GCK
carriers (n = 103) mutation (n = 37) p-value*

Age at investigation (yr) 19.5 (15.5-25.0) 21.0 (17.0-25.0) 0.48
Age at diagnosis (yr) 12.3 (8.0-15.0) 14.0 (11.0-16.0) 0.06
BMI (kg/m?) 20.8 (18.7-22.8) 20.7 (17.1-23.3) 1.00
Fasting serum glucose (mmol/L) 6.7 (8.1-7.2) 6.4 (6.0-6.7) 0.13
HbA1c (%) 6.3 (5.8-6.7) 6.0 (5.8-6.4) 0.13
Treatment

Diet 71 20 0.09

OHA 4 3 0.32

Insulin 7 5 0.22

None 11 7 0.20

BMI, body mass index; HbA1c, hemoglobin A1c; OHA, oral hypoglycemic agents.

Data are median (interquartile range).

*Using non-parametric Mann-Whitney two-tailed test and the chi-squared test for comparing types of treatment. p-values

less than 0.05 were considered as significant.

represent 74% of Czech patients fulfilling the clinical
criteria. GCK-MODY is a frequent subgroup of
MODY in the Czech MODY register representing 35%
of all probands. The other two frequent MODY types
in the Czech MODY register are HNF1IA-MODY
with 10.6% and HNF4A-MODY with 4.5% (data not
shown).

Clinical characteristics

Clinical and biochemical characteristics of GCK-
MODY probands are shown in Table 1. The clinical
characteristics do not differ between carriers and non-
carriers of GCK mutation. The only possible tendency
could be noticed regarding the age of diagnosis: the
GCK mutation carriers were diagnosed at the mean
age of 11.6 £ 6.5 yr. whereas the probands without
mutation manifested later, at the age of 15.3 8.7 yron
average. However, this difference was not significant
(p = 0.061). Six probands with GCK mutation were
younger than 1 yr at diagnosis. Only two women
were recommended to the investigation because of
gestational diabetes with a strong family history of mild
hyperglycemia. The insulin therapy was successfully
terminated without a need of other therapy in probands
with genetically confirmed GCK-MODY.

Genetic analysis of GCK

We detected 46 different mutations summarized in
Table 2. Twenty-two of them were detected by dHPLC
and characterized by sequencing and described in our
previous studies (6, 10). Thirteen mutations are novel,
previously unpublished: p.Gly81Asp, p.Aspl24Asn,
p-Asnl80fs, p.Thr209Lys, p.Val226Glu, p.Val244fs,
p-Val277Arg, p.Gly385Trp, p.Vald12fs, p.Glud42stop,
IVS2+1G=A,IVS5+1G=>T, and IVS7-1G=C. Some
mutations were detected in more than one apparently
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unrelated family: p.Glu4OLys (in 20 families),
p-Gly318Arg (12 families), p.Leu315His (seven
families). p.Val33Ala (six families), p.Cys220X (five
families). p.Cys434Tyr (four families), p.Glu268stop
(three families), and seven mutations found in two
families each. In one proband. two different mutations
were found on one chromosome (p.Val226Glu,
p-Alal88Thr). The haplotype was passed in the family
over three generations. All mutations segregated with
chronic mild hyperglycemia or diabetes within the
families confirming the clinical diagnosis of GCK-
MODY. None of the novel mutations were found in
non-diabetic relatives of the probands.

Gene dosage analysis using the MLPA technique was
performed in 37 families with no detected mutation in
the coding region or the promoter of GCK. We did not
find any partial or whole gene deletion or duplication
in the analyzed samples.

Sequencing analysis of dHPLC-negative samples

Direct sequencing of 20 previously dHPLC-negative
samples detected eight different GCK mutations in
nine samples. Moreover, two of these have not been
previously described (p.Val244fs, p.Gly385Trp). The
sensitivity of the dHPLC method in our previous
studies was therefore 84% (46 patients with positive
dHPLC screening and consequently with captured
mutations from the total amount of 55 mutations).

Discussion

The high prevalence of genetically confirmed GCK-
MODY clearly points to the importance of good
clinical classification of the patients and their
family before genetic testing. Our results —likewise
the recent paper by Lorini etal.(12)—show that
investigation of fasting glycemia in parents may be
specifically recommended if the child has mild stable
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Table 2. Mutations in the GCK gene identified in the Czech subjects

No. of families Location Codon/nt Nuclectide change Designation Published
6 Exon 2 33 c.98T>C p.Val33Ala Lukasova 2008
20 Exon 2 40 c.118G=A p.GludOLys Pruhova 2003
4 Exon 2 44 cA31G=A p.GlyddAsp Pruhova 2003
1 Intron 2 1 c.208+1G=A IVS24+1G=A Novel
1 Exon 3 72 c.214G=A p.Gly72Arg Lehto 1999
1 Exon 3 81 c.242G>A p.Gly81Asp Novel
1 Exon 4 124 c.370G=>A p.Asp124Asn Novel
1 Exon 4 150 c.450C=A p.Phe150Leu Pruhova 2003
1 Exon 4 167 c.469G=>A p.Glu157Lys Massa 2001
1 Exon 5 175 c.523G=A p.Gly175Arg Froguel 1993
1 Exon 5 180 ¢.540delT p.Asn180fs Novel
1 Exon 5 182 c.544G=A p.Val182Met Froguel 1993
1 Exon 5 186 c.556C=T p.Arg186stop Katagiri 1992
g Exon 5 188 c.562G=>A p.Ala188Thr Shimada 1993
1 Exon 5 191 c.572G>A p.Arg191GIn Massa 2001
1 Intron 5 1 c.579+1G=>T VS 5+1G=>T Novel
1 Exon 6 209 c.626C=A p.Thr209Lys Novel
5 Exon 6 220 c.660C=A p.Cys220stop Ziemssen 2002
2 Exon 6 226 c.B76G=>A p.Val226Met Velho 1997
1 Exon 6 226 c.B77T=A p.Mal226Glu Novel
3 Exon 7 244 c.730delG p.Val244fs Novel
1 Exon 7 250 c.748C=T p.Arg250Cys Pinterova 2007
2 Exon 7 251 c.751A>G p.Met251Val Pruhova 2003
1 Exon 7 252 Cc.754T>C p.Cys252Arg Pruhova 2003
1 Exon 7 256 C.766G=>A p.Glu256Lys Gidh-Jain 1993
1 Exon 7 261 c.781G=>A p.Gly261Arg Stoffel 1992
1 Exon 7 265 c.793G>A p.Glu265Lys Galan 2006
3 Exon 7 268 c.802G>T p.Glu268stop Pruhova 2003
1 Exon 7 277 €.829_830delinsAG p.Mal277Arg Novel
1 Intron 7 —1 c.864-1G>C VS7-1G>C Novel
1 Exon 8 294 c.881G>T p.Gly294Asp Pruhova 2003
1 Exon 8 295 c.884G>A p.Gly295Asp Pruhova 2003
7 Exon 8 315 c.944T=A p.Leu315His Pinterova 2007
1 Exon 8 316 c.946T>G p.Phe316Val Pinterova 2007
12 Exon 8 318 c.952G=>A p.Gly318Arg Pruhova 2003
1 Exon 9 377 c.1129C>T P.Arg377Cys Osbak 2009
2 Exon 9 383 c.1148C>T p.Ser383Leu Barrio 2002
1 Exon 9 385 c.1153G>T p.Gly385Trmp Novel
1 Exon 9 387 c.1160C>T p.Ala387Val Thomson 2003
1 Exon 9 411 €.1233_1238delCinsACCCCA p.Val 412fs Novel
1 Exon 10 419 c.1255T>C p.Phe419Leu Pinterova 2003
4 Exon 10 434 c.1301G=A p.Cysd34Tyr Pruhova 2003
1 Exon 10 436 c.1307T=>A p.lled36Asn Pinterova 2007
1 Exon 10 442 c.1334G=>T p.Glud42stop Novel
2 Exon 10 447 c.1340G=A p.Arg447GIn Thomson 2003
1 Exon 10 454 c.1361C=>A p.Alad54Glu Pinterova 2007

hyperglycemia, negative autoimmune markers for type
1 diabetes but seems to have negative family history of
diabetes.

The results prove the high prevalence of GCK-
MODY in the Czech MODY registry and are
consistent with our previous reports (6. 10); however,
the prevalence is still lower as compared to the very
high proportion of GCK-MODY reported in Spain (3).
The probands with GCK-MODY represent the biggest
subgroup of patients with defined MODY diagnosis
which rank among published data from Germany (13).
Italy (12). and France (14) and are in contrast to the
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rather low prevalence of GCK-MODY in Norway
(12%) (4). Most of the studies agree that the high
prevalence of GCK-MODY is as a result of the mode
of recruitment of the subjects, which was primarily
based on referrals from pediatricians. In pediatric
population, the possibility of GCK-MODY being the
cause of mild stable hyperglycemia is higher than in the
adult population where type 2 diabetes is the leading
cause of hyperglycemia. However. we obviously cannot
rule out the different genetic background of the studied
populations or the possible bias because of low number
of subjects in some papers (15).

Pediatric Diabetes 2010: 11: 529-535
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Novel GCK mutations

We found 13 novel and 33 known mutations in the
GCK gene. These 13 mutations include six missense,
four nonsense and three splicing mutations. The amino-
acid residues affected by novel mutations p.Gly81Asp.
p-Thr209Lys, p.Val226Glu and p.Gly385Trp were
described to be disease causing in previous studies:
p.Gly81Ser (16), p.Thr209Met (17). p.Val226Met (14)
and p.Gly385Val (18). The missense mutations
p-Aspl24Asn and p.Val277Arg are located in
the highly conserved residues among different
species (rat, cow. and chicken) implying their
functional importance. The novel nonsense mutations
p-Asnl80fs, p.Val244fs, p.Val412fs, and p.Glud42stop
result in truncated proteins which lead to functional
consequences. Furthermore, we have found three new
splicing mutations IVS2+1G=A, IVS5+1G=>T, and
IVS7-1G=C. The positions are assumed to affect
splicing procedure. As the partial or whole gene
deletions may cause MODY (19), the MLPA analysis
was performed. No structural variant of the MODY
genes was detected in our dataset which corresponds
with previous findings that such rearrangements are
not a frequent cause of GCK-MODY (20).

The ‘Czech’ GCK mutations

GCK testingin the Czech MODY registry revealed that
some mutations such as p.GludOLys, p.Gly318Arg,
p.Leu315His and p.Val33Ala occur in apparently
unrelated families. Interestingly, all these most frequent
GCK mutations were first reported in the Czech
MODY patients (6, 10, 21) and. to our best knowledge.
they have not been reported in foreign GCK-MODY
patients since then. These findings suggest a founder
effect in the Czech population.

Moreover, deeperinsight on the regional distribution
of our four most prevalent GCK mutations revealed
that the p.Glud0Lys was detected in the western
part of the Czech Republic, whereas the p.Leu315His
occurred only in the northeast of the country (Fig. 1).
The other most frequent mutations p.Gly318Arg and
p-Val33Ala did not show an apparent pattern of
distribution in the Czech Republic. Hence, a haplotype
construction using single nucleotide polymorphisms
or microsatellite markers may clarify the genetic
background and distribution of the ‘Czech’ GCK
mutations in our dataset.

Founder GCK mutations have previously been
detected in several countries including Norway (4) and
Spain (3). However, the data from Slovakia indicate
that although an identical novel mutation (—71G=>C
GCK beta-cell promoter) can be found in several
families at a restricted geographic area (22), the origin
of the mutation can be independent. We did test the

Pediatric Diabetes 2010: 11: 529-535
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Fig. 1. Regional distribution of glucokinase (GCK) mutations in the
Czech Republic. The geographical distribution of the cities/villages
from which originate all probands with detected mutations in GCK
gene (A), probands with p.Glu40Lys (B) and p.Leu315His (C). Each
spot corresponds to one proband with GCK mutation.

region spanning this novel ‘Slovak’ mutation within
the promoter, but neither of our patients was positive.

The reinspection of the dHPLC-negative results

The dHPLC method was used for screening for
mutations in several studies (6,23-25). Although the
sensitivity of the dHPLC was expected to reach
92-100% (9), we achieved only 84%. Two different
temperatures for heat denaturation as well as various
concentrations of acetonitrile buffers were used
as recommended by Bountin (9). Nevertheless, the
dHPLC as a screening method may give false negative
results even if the described optimized methods are
used.
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In conclusion, in this study, we present a high
prevalence of GCK-MODY in a group of carefully
clinically selected Czech, mainly pediatric, patients
fulfilling the clinical criteria for GCK-MODY and
also high prevalence of GCK-MODY among all our
MODY probands. Furthermore, we reported several
frequent GCK mutations with a possible founder effect
in the Czech population. Our data may provide ground
for recommendation to reinvestigation of all negative
results obtained by screening methods such as dHPLC.
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4.2 Efekt zakladatele prevalentnich mutaci v GCK

P. Dusatkova, S. Prtihova, M. Borowiec, K. Vesela, K. Antosik, J. Lebl,
W. Miynarski, O. Cinek: Ancestral mutations may cause a significant proportion
of GCK-MODY. Pediatric Diabetes. V tisku.

PFi pfipravé publikace o GCK-MODY v Ceské republice (kapitola 4.1) jsme
detekovali dosud nejvy3Si pocCet nepfibuznych rodin, které nesly shodnou mutaci v
genu GCK: 21 rodin s p.Glu40Lys, 15 rodin s p.Leu315His, 13 rodin s p.Gly318Arg a
10 rodin s p.Val33Ala. Diky nasledné spolupraci s kolegy z Polska se nam podafilo
rozS8ifit soubor rodin s mutaci p.Gly318Arg o dalSich 13 polskych rodin. DalSim
zajimavym jevem bylo, Ze rodiny s urlitymi mutacemi pochazely z geograficky
ohrani¢enych oblasti Ceské republiky a Polska (obrazek 7). Tyto skuteénosti
indikovaly, Zze zminéné mutace v GCK mohly vzniknout a rozsifit se diky efektu

zakladatele.

Obrazek 7. Geograficka distribuce rodin nesoucich mutace p.Glu40Lys (a),
p.Leu315His (b), p.Gly318Arg (c) a p.Val33Ala (d).

(d) p.Val33Al
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MozZny vztah mezi nepfibuznymi rodinami se stejnpou mutaci jsme
analyzovali pomoci genetickych markerd (jednonukleotidovych polymorfizma)
obklopujicich gen GCK. Evoluéné staré mutace jsou totiz pfenaseny z generace na
generaci jako soucast ancestralniho haplotypu, tzn. spolu s unikatni kombinaci alel
okolnich markert.

Pomoci haplotypové analyzy jsme prokazali, Zze 3 ze 4 studovanych mutaci,
p.Glu40Lys, p.Leu315His a p.Gly318Arg, vznikly diky efektu zakladatele. Vyuzitim
daného setu genetickych markeri se nam nepodafilo prokazat ancestraini plvod
mutace p.Val33Ala. Didvodem je pravdépodobné mala statisticka sila v dusledku
nizkého poctu dostupnych rodin. Nasledné jsme pomoci statistického nastroje
vyuZzivajiciho demografické udaje odhadli pravdépodobné stafi ancestralnich mutaci,
které se pohybovalo mezi 82 a 110 generacemi.

Predkladana studie se jako vibec prvni zabyvala detailné studiem efektu
zakladatele u jednoho ze subtypu MODY. Ukazali jsme, ze mutace v GCK jsou
evoluéné staré a ve shodé s predchozi praci studujici komplikace u GCK-MODY
(kapitola 4.6) naSe data ukazuji, ze pacienti s GCK-MODY byli fertilni a pfenaseli

mutace dalSim generacim i v minulosti.
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Background: Although the literature indicates that ancestral mutations in the
glucokinase (GCK) gene are rare, we have detected a high frequency of four
prevalent mutations that together are responsible for over one third of the
GCK mutations in our Czech National Register of monogenic diabetes.
Therefore, we studied their potential ancestral origin in our and neighbouring
Polish populations.

Methods: We analysed the lineage of four mutations in the GCK gene —
p-Glu40Lys (21 apparently unrelated families), p.Leu315His (15 families).
p.Gly318Arg (26 families), and p.Val33Ala (10 families) — using genotypes of
16 single nucleotide polymorphisms that span a 14 Mb region around the
gene. Haplotypes were reconstructed using PHASE and HAPLOVIEW
programmes, and their age was estimated using DMLE+.

Results: We found a strong evidence that supports ancestral origin of three
of the four mutations: the p.Glu40Lys mutation was associated with an

1 1-marker long conserved haplotype, the p.Leu315His mutation was
associated with a 7-marker haplotype, and the p.Gly318Arg mutation was
associated with an 8-marker haplotype. None of these haplotypes were
detected in the general population with a frequency =0.5%: The ages of the
mutations were roughly estimated to be between 82 and 110 generations old
(95% credible sets 65—151). The fourth prevalent mutation, p.Val33Ala,
lacked statistically significant evidence for the founder effect, although there
were some indications for its common origin.

Conclusions: The large proportion of families carrying three ancestral
mutations in GCK indicates that the previously assumed rarity of the founder
effect with regard to GCK-maturity onset diabetes of the young (MODY)
should be reconsidered.
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Glucokinase MODY (GCK-MODY, MODY?2) is a
common form of maturity‘enset diabetes of the young
(MODY) that is caused by heterozygous inactivating
mutations in the glucokinase (GCK) gene (1, 2). Over
600 different causative mutations have been described
(3), which are uniformly distributed over the entire
gene, except for in exon 1. The generally accepted
opinion is that a vast majority of families with
GCK-MODY carry their own specific mutation (4).
However, exceptions to these private mutations exist,
as recurrent mutations have been documented.
Generally, the recurrent mutationsin a gene might be
caused either by the presence of mutation hot-spot or

by a founder effect. The mutation hot-spot corresponds
to the region of genome which is susceptible to the
genesis of new mutations mostly due to nucleotide
composition (e.g., CpG nucleotides). Mutations that
arose by this phenomenon are equally distributed in
different populations. On the other hand, an ancestral
mutation is regionally or culturally restricted because
of its origin from a founder population.

In the GCK-MODY, several mutations have been
shown to arise from common ancestors: a mutation
which was reported in five apparently unrelated
families in Oxford (p.Gly299Arg mutation) (5), a
mutation in five families in Quebec (p.Val226Met)

1
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(6), three mutations in Spain (p.Vall82Leu in three
families from Cantabria, p.Glu399X in two families
from Albacete, and p.Ala379Val in two families
from Basquete) (7), a mutation in six families from
Norway (p.Glu339Gly) (8), and a mutation in five
families in Slovakia (c.-71G>C) (9). However. the
evidence in support of the common origin of the
above reported that recurrent mutations are often
limited by the number and span of markers (at most,
seven markers that span approximately 7 Mb (9)), and
previous studies lack estimates regarding the age of the
mutations.

In the National Czech MODY Register, we
identified a notable number of unrelated families
with GCK-MODY who carry the same missense
mutations: p.GludOLys, p.Leu3l5His, p.Gly318Arg,
and p.Val33Ala. Together, these four recurrent
mutations constitute over one third of all genetically
confirmed cases of the disease. This led us to
ask the central MODY laboratory in neighbouring
Poland about the occurrence of these four mutations,
and together we established the collection of the
Czech and Polish families carrying these prevalent
mutations. Within the Czech population, p.Glu40Lys
and p.Leu315His are restricted to a particular region
(Fig. 1). This fact strongly suggests that the founder
effect may be responsible for the observed distribution
of these mutations.

The aim of our study was to determine whether the
founder effect is responsible for the distribution of
these recurrent mutations and to estimate when these
mutations arose.
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Methods

Clinical characteristics of the subjects and genetic
diagnosis

The families that were analysed were identified by
the Czech and Polish nation-wide MODY registers,
which are based on referrals from both paediatric
and adult diabetologists. To date, the registers have
identified 152 Czech and 68 Polish families with GCK-
MODY. We have analysed 157 mutation carriers and
their 47 healthy relatives negative for the respective
familial mutation, namely 21 Czech families with
the p.Glu40Lys mutation (52 mutation carriers and
13 healthy relatives), 15 Czech families with the
p.Leu315His mutation (34 mutation carriers and
19 healthy relatives), 26 families (13 Czech and
13 Polish, altogether 51 mutation carriers and 11
healthy relatives)» with the p.Gly318Arg mutation,
and 10 Czech families (20 mutation carriers and 4
healthy relatives) with the p.Val33Ala mutation. The
families with the 'same mutation were considered as
unrelated if having different family names back to
the third generation. Median age at investigation of
the healthy relatives was 41 yr, interquartile range
34.5-49.0 yr. The clinical data on the carriers of the
mutations were as follows: median age at investigation
26.5yr (interquartile range 16.0-42.0), median age
at diagnosis 15.5 yr (9.0-25.0), median body mass
index 22.3 kg/m? (19.3-24.8), median fasting glycaemia
level 6.4 mmol/L (6.0-7.0), and median glycated
haemoglobin (DCCT scale) 6.6%(6.2—7.1). The genetic
diagnosis of the families was performed using direct
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Fig. 1. Geographical distribution of the families carrying recurrent mutations. The distribution of mutations is shown within the Czech

Republic (A, B, and D) or the Czech Republic and Poland (C).
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Sanger sequencing of polymerase chain reaction (PCR)
products (10, 11).

The background marker and haplotype frequencies
were established using samples from 94 unrelated
non-diabetic control subjects that were consecutively
recruited from paediatric patients who underwent
minor surgical interventions at the Department
of Paediatric Surgery, University Hospital Motol,
Prague. The subjects had normal fasting blood glucose
levels and no history of diabetes. This study was
approved by the Institutional Ethics Committee, and
written informed consent was obtained from all
participants or their guardians.

SNP typing

To assess whether a mutation had a common origin, we
analysed 16 single nucleotide polymorphisms (SNPs)
whose minor allele frequencies are reported to be
between 37 and 50% in subjects of European ancestry
(12). None of the markers were in linkage disequilib-
rium (LD) with the others according to the HapMap
Project database. The markers covered a 14 Mb region
(i.e., 9.2¢cM for male and 25¢cM for female genetic
map based on Rutgers Combined Map) around
the GCK gene: 152718177, 1rs6964434, rs10259786,
rs10256791, rs12701941, 154720444, 1s11763891,
rs1181603, 152595650, rs2971674, rs6950488, rs217355,
1810242353, 14917157, rs4286894, and rs4947757. The
genotypes of the markers were determined using
the TagMan SNP genotyping assays, which were
run using the Universal Master Mix (both Applied
Biosystems, Foster City, CA, USA) and a 384-
well format LightCycler 480 machine (Roche, Basel,
Switzerland). The end-point readings were analysed
according to the manufacturer’s instructions. To
ensure consistency between runs, identical samples
of all the three genotypes were repeated .in every
PCR run.

Statistical analysis

Haplotype analysis. The genotypes-of 16 SNPs, the
mutations, and family status were analysed using
HarrLoview software (L13). to detect possible LD
between the markers and the mutations. In addition,
the PHASE programme implementing the Markov chain
Monte Carlo algorithm (14) was used to estimate
the haplotype phases based only on population data
because the parents of several of the probands were
unavailable.

The lack of LDs between the markers in the general
population was verified using 94 control subjects; their
genotypes neither departed from Hardy— Weinberg law
nor displayed significant mutual LD (all D’ < 0.40,
12 < 0.17) (Fig. S1E. Supporting information).

Pediatric Diabetes 2011: 0: 000—000
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Evolutionary tree reconstruction. Evolutionary his-
tory was inferred using MEGAS software (15), which
utilizes the UPGMA clustering method (16). The test
of the molecular clock hypothesis (equal evolution
rate) was performed by comparing the maximum-
likelihood value for the given tree topology with
and without the molecular clock constraints as per
the Tamura—Nei model (17). The null hypothesis of
the constant rate of evolution was not rejected for
any of the mutations (p-values: p.Glud0OLys, 0.991;
p-Leu315His, 0.538: p.Gly318Arg, 0.769).

Estimation of mutation age. Subsequently, the
genetic markers that were in LD were used to
estimated the age of the mutation using DMLE+
software (18). Three parameters were set: the duration
of one generation, the population growth rate, and
the proportion of the population that was sampled.
The programme was run in the genotype mode. One
generation was set to last 25'yr. The population growth
rate was estimated with the formula N = Ny x e,
where N represents actual population size (10 230 060
inhabitants in“the Czech Republic and 38 116 000 in
Poland). Ny is the population size at different times, g is
number of generations between N and Ny, and r is the
natural logarithm of population growth per generation.
According to data from the Czech Statistical Office
(Www.€zs0.cz), the average growth rate from 1100 AD
to now is approximately 0.078. Similar data can be
obtained from the Central Statistical Office of Poland
(www.stat.gov.pl). The proportion of the population
that was sampled was determined with the assumption
that 2% of all diabetic patients are suffering from
monogenic diabetes (19). GCK-MODY is predicted to
make up an average of 35% of monogenic diabetes (20).
Therefore, the proportion of the population that was
tested was estimated to be 0.004 for p.Glu40Lys, 0.003
for p.Leu315His, and 0.001 for p.Gly318Arg (Czech
and Polish epidemiological data included).

Importantly, it has been repeatedly shown that
the pMLE+ method is crucially dependent on the
demographic parameters (21, 22). Therefore, a
sensitivity analysis was performed with minimum
(0.03) and maximum (0.102) growth rate, and with
a different proportions of chromosomes carrying
mutations (0.0004, 0.004, and 0.009 for p.Glu40Lys:
0.0003, 0.003, and 0.008 for p.Leu315His; and 0.0001,
0.001, and 0.007 for p.Gly318Arg). Further. results
utilizing male and female genetic distances were
compared.

Results

We observed that three of the recurrent mutations
(p.Glud0Lys, p.Leu3l5His, and p.Gly318Arg) were
associated with conserved haplotypes. The most

3
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conserved was the haplotype surrounding the
p.Glu40Lys mutation, which extended over 11 SNPs
in 51 of the 52 carriers (AAGACGGAGGCG:; the
mutation is highlighted in bold and the sequences of
the SNP alleles are shown in order from telomere
to centromere). The haplotype of the remaining
subject was only different at three of the markers
(Table 1A and Fig. S1A). The conserved haplotype
around the p.Leu315His mutation extended over
seven SNPs (ATAGAGGT) spanning 1.4 Mb (Table
IB and Fig. SIB). Finally, both Czech and Polish
subjects with the p.Gly318Arg mutation had a
haplotype that extended over eight markers and
spanned 4 Mb (ATAGAGCTG) (Table 1C and Fig.
S1C). No significant haplotype could be defined for
the p.Val33Ala mutation (Table 1D and Fig. S1D),
although the analysis indicated a tendency towards
LD with the nearest markers.

Clustering analyses that show the evolutionary
relationship of families with GCK mutations are
presented in Fig. S2. These analyses indicate that the
p.Leu315His mutation arose from a restricted region
in the northeast part of the Czech Republic (Fig. S2B),
and also confirm that the Czech and Polish families
that carry the p.Gly318Arg mutation share a common
genetic background (Fig. S2C).

The time when these mutations appeared in
the Central European population was estimated
using markers from the ancestral haplotypes. The
p-Glu40Lys mutation was estimated to have appeared
82 generations ago (95% credible set 65-119
generations), the p.Leu315His mutation 91 generations
ago (95% credible set 71-130 generations),. and
the p.Gly318Arg mutation 110 generations ago
(95% credible set 92-151 generations). However,
the sensitivity analyses revealed a high variability
of the results: the estimates ranged almost threefold
depending on the population growth rate.and almost
twofold depending on the proportion ef the mutated
chromosomes (data shown in Fig. 83 and its footnote).

Discussion

In this study, we demonstrated that the founder
effect is responsible for the distribution of the
glucokinase mutations: p.Glu40Lys, p.Leu315His, and
p.Gly318Arg. All three are carried on considerably
long ancestral haplotypes that are not present in the
background population. Our study differs from the
previously published works (5-9) in that we used a
considerably larger number of apparently unrelated
families (10-26 per one mutation) and a higher
number of SNP markers, and estimated the age of
the mutations. The estimation of mutation age was
performed using the bMLE+ programme which is one of
the most accurate prediction programmes (23) because

4

it utilizes the time of mutation genesis rather than
the period of existence of the most recent common
ancestor (24). Its accuracy, however, critically depends
on the input data from the studied population, which
was demonstrated also by our sensitivity analysis
(Fig. S3).

The collaboration of two national MODY
collections decreased the likelihood of overlooking a
prevalent recurrent mutation, but we understand that
our collection, similar to other MODY collections,
contains just the tip of the GCK-MODY iceberg. This
limitation is manifested by the p.Val33Ala mutation
whose ancestral origin could not be statistically proven
with the data from 10 families, although indications
of LD were observed (Table 1D and Fig. S1D). We
hypothesize that even a single early recombination
event may have severely decreased our power to
confirm the identity by descent of this less prevalent
recurrent mutation. The count of 10 families with this
recurrent mutation:is higher than any of the so far
published ancestral GCK mutations, yet the power to
detect the founder effect is still insufficient: therefore,
many more.similar ancestral mutations may be still
hidden undetected in various populations.

The exact estimation of the age of the three ancestral
mutations. is utmost difficult due to high degree of
uncertainty for all of the input parameters (especially
the population growth rate and proportion of mutated
chromosomes; Fig. S3). It, however, appears that the
three mutations do not dramatically differ from each
other with respect to their age of origin (approximately
30% difference in age between the oldest and youngest
mutation). Therefore, the extent of their geographic
distribution might illustrate how the spread of these
mutations was dependent on the magnitude and
routes of migration from the founder populations.
The p.Leu315His mutation is mostly confined to
a relatively small, ethnographically restricted region
in the northeast part of the Czech Republic, called
Lassko. Lassko is characterised by a common dialect
and culture (25). However, its geographical limits are
vague, and the population has never been considered
isolated. The prevalent p.Glu40Lys mutation has
spread throughout the western part of the Czech
Republic, yet it is has not been detected in the
neighbouring countries: but, interestingly, one Irish
family was observed carrying this mutation (4).
Similarly, the third ancestral mutation, p.Gly318Arg,
was observed not only in the Czech Republic and in
the neighbouring Polish cities of Katowice, Krakow,
and Wroclaw, but also in three families from UK,
USA, and Canada (4). We are not able to assess the
relationship between Middle-European and the other
carriers.

In conclusion, we present strong evidence that three
recurrent mutations in the GCK gene are ancestral.

Pediatric Diabetes 2011: 0: 000-000
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Their high occurrence in the MODY collections of
the Czech Republic (one of three families) and Poland
(one of five families) may indicate that the previously
assumed rarity of the founder effect with regard to
GCK-MODY should be reconsidered. This work may
have implications for future genetic testing strategies,
as genotyping of a single substitution can be done
at a fraction of the cost, labour, and time needed
for sequencing the whole gene and is possible as the
first step in genetic investigation in a population like
ours.
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Fig. S1. Plots of linkage disequilibria (LDs) for
the four analysed recurrent mutations. Observed
LD among families carrying (A) p.Glu40Lys, (B)
p-Leu315His, (C) p.Gly318Arg, and (D) p.Val33Ala.
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D' <0.5.

Fig. S2. ‘Evelutionary relationships of families
carrying GCK mutations: (A) p.GludOLys, (B)
p.Leu315His, and (C) p.Gly318Arg.

Fig. S3. Sensitivity analyses of DMLE+ estimates.
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4.3 HNF1A-MODY s makrosomii a hypoglykémii

P. Dusatkova, S. Priihova, Z. Sumnik, S. Kolouskova, B. Obermannova,
O. Cinek, J. Lebl: HNF1A mutation presenting as fetal macrosomia and
hypoglycemia in childhood prior to onset of overt diabetes. J Pediatr Endocr
Met 2011, 24 (5-6): 377-379.

Klinicky obraz pacientd s HNF1A-MODY a HNF4A-MODY je velice podobny,
pravdépodobné diky autoregulaéni smy€ce mezi transkripénimy faktory HNF1A a
HNF4A, které jsou soucasti transkripéni sité plsobici na déje v 3 bunfce. OvSem
neonatalni hyperinzulinémicka hypoglykémie a makrosomie byla popsana pouze u
pacientll s HNF4AA-MODY (Pearson, 2007).

Nase skupina publikovala pfipad probanda, jehoZz porodni vaha ve 43.
gestacnim tydnu byla 4750 g (+1,99 SD) a porodni délka 59 cm (+3,51 SD). Kfece
nejasné etiologie s pozitivnimi ketolatkami se u né&j objevily prvni den Zivota a
opakovaly se jesté nékolikrat béhem raného détstvi vzdy v souvislosti s fyzickou
aktivitou a nedostatenym pfisunem energie. Av3ak hladina glykémie byla zméfena
az pfi jednom z dalSich zachvatl v 9 letech a dosahla 2,2 mmol/l. V 19 letech byla u
probanda detekovana glykosurie a nasledné diabetes mellitus s ihned zapoc&atou
lé€bou inzulinem. Diabetes mellitus se projevil u probandovy dcery (porodni vaha:
+1,02 SD, porodni délka: +1,29 SD) v jejich 16 letech polyurii. Kvili pozitivni rodinné
anamnéze diabetu jsme provedli genetické vySetfeni a nalezli jsme heterozygotni
mutaci v genu HNF1A u probanda i jeho dcery.

Demonstrovali jsme tak pravdépodobné prvni pfipad asociace makrosomie a
ketotickych hypoglykémii v détstvi s HNF1A-MODY, ackoli jsme si védomi neupinych

klinickych informaci o pfedpokladané hypoglykémii probanda v jeho détstvi.
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HNF1A mutation presenting with fetal macrosomia and
hypoglycemia in childhood prior to onset of overt diabetes

Petra Dugitkova, Stépinka Prahova, Zdenék Sumnik,
Stanislava Kolouskova, Barbora Obermannova,
Ondiej Cinek and Jan Lebl*

Department of Pediatrics, University Hospital Motol
and Second Faculty of Medicine, Charles University in
Prague, Prague, Czech Republic

Abstract

Background: HNFIA-MODY (MODY?3) is a common sub-
type of autosomal dominant diabetes. Unlike HNF4-MODY
where fetal macrosomia and early postnatal hyperinsuline-
mic hypoglycemia have been reported, a history of transient
insulin overproduction has not been recognized in individuals
with HNFIA-MODY yet.

Case report: Here, we report a 40-year-old male patient
with HNFIA mutation p.Arg272His (¢.815G>A) with a his-
tory of fetal macrosomia (4750 g, 59 cm) and, at least, one
attack of symptomatic hypoglycemia in childhood. Diabetes
was subsequently diagnosed at 19 years. The proband’s
daughter who developed diabetes at 16 years carries the
same mutation, but her birth weight and length were in the
upper normal range, and she never experienced hypoglyce-
mic symptoms.

Conclusion: The observation of fetal macrosomia and hypo-
glycemia in childhood is suggestive of a biphasic impact of
the HNFIA mutation on B-cell function over the lifespan,
leading from inappropriate insulin oversecretion to final clini-
cal diabetes.

HNF1A-MODY:

Keywords:  diabetes:

macrosomia.

hypoglycemia;

Introduction

HNFI1A and HNF4A are essential components of the B-cell
transcriptional network. Their heterozygous mutations are
causative of HNFIA-MODY (MODY3) and HNF4A-MODY
(MODY 1) — two subtypes of monogenic diabetes with a simi-
lar clinical course. However, the recently described association
of neonatal hyperinsulinemic hypoglycemia and macrosomia

*Corresponding author: Jan Lebl, Prof, MD, PhD,

Department of Pediatrics, University Hospital Motol V Uvalu 84,
CZ-150 06 Prague, Czech Republic

Phone: +420-224-432 001, Fax: +420-224-432 020,

E-mail: jan.lebl@lfmotol.cuni.cz

in HNF4A but not HNF 1A mutation carriers (1-3) suggested
that the B-cell transcriptional network can act differently over
the lifespan.

History and examination

We report the clinical history of a 40-year-old male proband
born from a first uneventful pregnancy of a 31-year-old
healthy non-diabetic mother in the 43rd gestational week.
His birth weight was 4750 g (+1.99 SD) and birth length
59 cm [+3.51 SD: normative values according to Lawrence
etal. (4)]. On the first day of life, after 6 h of adequate spon-
taneous ventilation, he experienced apnea and hypertonic
convulsions. The tonic-clonic convulsions occured repeat-
edly up to day 3, until the introduction of sufficient breast-
feeding. The proband suffered from recurrent convulsions
during febrile respiratory tract infections accompanied by
loss of appetite at the age of 16 months, 3 years, 4.5, 5, and
7.5 years. Unfortunately, blood glucose (BG) levels were
not measured on these occasions, although semiquantitative
estimations of urine ketone bodies were positive (grades
3-4). The patient was treated under an improper diagnosis
of epilepsy.

BG level was measured and hypoglycemia was first docu-
mented at the age of 9 years, after an episode of blurred
vision, vomiting, hypotonicity and dizziness that followed
previous extensive physical activity with fasting. Glycemia
was 2.2 mmol/L, urine ketone bodies were positive (grade
4). Two hours later, after oral administration of syrup, BG
increased to 2.8 mmol/L. Following regular food intake
in subsequent days, fasting BG levels ranged from 3.6 to
6.0 mmol/L. One week later, an oral glucose tolerance test
(OGTT) resulted in BG levels of 4.1, 9.9, and 6.4 mmol/L
at 0, 1, and 2 h. No further convulsions have occurred since
this episode.

At the age of 19 years, glycosuria was randomly detected
and a subsequent OGTT diagnosed diabetes (BG 8.0, 14.5,
and 15.8 mmol/L at 0, 1, and 2 h). Insulin therapy was started
in three daily injections: Semilente, Actrapid, and Semilente
(0.31 TU/kg/day).

At present, the proband has been treated with insulin for
21 years. He is overweight (body mass index 29.7 kg/m?),
his current daily insulin dose ranges from 82 to 88 IU
(0.87-0.94 TU/kg/day), and HbA lc is 10.3%. He has already
developed diabetic retinopathy, neuropathy, and minor foot
problems.

The proband’s daughter developed diabetes at 16 years.
She was born from a first uneventful pregnancy of a 19-year-
old non-diabetic mother in the 40th gestational week, with a
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birth weight of 3950 g (+1.02 SD) and birth length of 53 cm
(+1.29 SD). After she had noticed polyuria at 16 years of age,
the testing of the morning fasting BG showed 6.5 mmol/L,
and postprandial BG was 16-18 mmol/L. Her HbAlc was
6.9%. An intravenous glucose tolerance test (IVGTT) dis-
played a low-normal first phase insulin release (59.3 mIU/L;
minute 143 following an IV bolus of glucose 0.5 g/kg BW).
Her OGTT was diabetic (BG 12.4 mmol/L at 2 h). She started
with insulin therapy (NPH insulin 10 IU daily, ie., 0.15
TU/kg/day).

Investigation

The positive family history (see the pedigree in Figure 1) indi-
cated the need for MODY genetic testing. The genes HNFIA,
HNF4A and INS were analyzed by direct sequencing. A
heterozygous mutation p.Arg272His (c.815G>A) in HNFIA
previously published by Kaisaki et al. (5) was shown both
in the proband and his diabetic daughter. Other tested family
members were negative for this mutation; however, it must be
noted that a sample from the deceased proband’s father was
not available. The proband was negative for mutations in the
HNF4A and INS genes with its promoters.

The results of genetic testing led to a change in therapy: the
proband’s daughter was immediately switched to repaglinide
administered 1 mg daily (0, 0.5, and 0.5 mg prior to meals) on
which she sustained excellent metabolic control. The proband
refused to be switched from insulin to OHA (oral hypoglyce-
mic agents).

Here, we demonstrate, to the best of our knowledge for
the first time, that a HNFJA mutation can be associated
with fetal macrosomia and hypoglycemia in childhood.
The strength of the evidence is unfortunately limited by
the insufficient documentation of BG levels in the neonatal
period and during the recurrent attacks of convulsions in
early childhood. Only the last attack, when the proband was

M/n
16
INS->OHA

Figure 1 Family pedigree. Patients with known diabetes are col-
ored black. The proband is indicated by an arrow. Where available,
the genotype is mentioned (M/n: HNFIA mutation carrier, n/n: unaf-
fected), below is recorded the age of diagnosis of diabetes and the
treatment (INS for insulin, OHA for oral hypoglycemic agents).

9 years old, was documented by laboratory measurements,
resembling ketotic hypoglycemia. Nevertheless, the medi-
cal data indicate that the repeated attacks of convulsions
during the respiratory tract infections and fasting followed
by positive testing of urine ketone bodies were very proba-
bly caused by hypoglycemia. In our opinion, any spontane-
ous hypoglycemia, including ketotic hypoglycemia, results
from disequilibrium between limited glucose disposal and
the ability to suppress insulin action efficiently. Thus, our
proband might have suffered from insufficient suppress-
ibility of insulin production in non-standard circumstances
(fever, vomiting, limited food intake or excessive physical
activity) resulting from impaired function of the B-cell tran-
scriptional regulation. Functional analysis of the detected
heterozygous mutation p.Arg272His in HNFIA was per-
formed by Vaxillaire et al. (6): according to their results,
the mutant protein decreased the ability of the transcrip-
tional factor to bind to the DNA of its regulated genes. The
reported case of fetal macrosomia and recurrent attacks
of neonatal and childhood hypoglycemia in the HNFIA-
MODY proband does not allow the causality of the HNF /A
mutation, to be proved but is of interest with regard to the
reports on HNF4A mutation carriers. Absence of signs of
hypoglycemia in the proband’s daughter indicates that the
disease background could be multifactorial in origin, not
being caused exclusively by the p.Arg272His mutation.

Conclusions

In conclusion, this case observation suggests that fetal mac-
rosomia and hypoglycemia in childhood might not be limited
only to HNF4A mutations, but could also be associated with
the mutation in HNFIA. It could be due to a biphasic impact
of the HNFIA mutation on [3-cell function over the lifespan,
leading from insufficient control of insulin oversecretion to
final failure of insulin production.
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4.4 Analyza genu PAX4 u éeskych MODYX

P. Dusatkova, K. Vesela, S. Prithova, J. Lebl, O. Cinek: Lack of PAX4
mutations in 53 Czech MODYX families. Diabetic Medicine 2010, 27: 1459-1460.

Cilem prace bylo zmapovat gen PAX4 zodpovédny za vzacny podtyp MODY
(PAX4-MODY, MODY9) u rozsahlé kohorty Ceskych pacientl splfiujicich klinicka
kritéria MODY diabetu, u nichZ avsak nebyla nalezena mutace v prevalentnich MODY
genech (cestu k identifikaci MODYX shrnuje obrazek 8).

Obrazek 8. Identifikace skupiny MODYX v Ceském registru pacientt s MODY.
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HNFI1A4, HNF4A, HNFI1B (n=0)

Molekularné-geneticka analyza metodou pfimé sekvenace neodhalila PAX4-
MODY u zadného =z cCeskych pacienti. NasSe vysledky ve shodé s mensi
francouzskou (Dupont, 1999) a britskou (Edghill, 2010) studii indikuji, Ze PAX4 neni
dalezitym pfispévatelem k onemocnéni MODY v kavkazskych populacich. Ukazuje na
to jednak fakt, Ze PAX4-MODY byl dosud popsan pouze u dvou thajskych rodin
(Plengvidhya, 2007) a nedavno u jedné japonské rodiny (Jo, 2011). A rovnéz nizké
zastoupeni v Evropé prevalentnich subtypd MODY (GCK-MODY, HNF1A-MODY,
HNF4A-MODY) v asijskych populacich (Eto, 1993; Hwang, 2006; Tonooka, 2002; Xu,
2005).
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Pfedkladana studie ukazala, Ze zavedeni rutinniho vySetfovani genu PAX4

neni zadouci ve skupiné pacientl kavkazského puvodu suspektnich pro MODY.
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Letters: Original Observations
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Lack of PAX4 mutations in 53 Czech MODYX
families

Diabet. Med. 27, 1459-1460 (2010)

While the most common causes for maturity-onset diabetes of
the young (MODY) are heterozygous mutations in the genes
HNF1A, GCK and HNF4A, other genes have also been
implicated in MODY aetiology in isolated cases. One such
gene is the PAX4 gene, an encoding transcription factor essential
for development of insulin-producing cells [1].

The body of evidence supporting the role of PAX4 in the
MODY actiology is, however, limited. Only two MODY
probands, both of Thai origin, have been found to carry
heterozygous mutations in the PAX4 gene [1]. Of note,
although the first mutation (p.Argl64Trp) impaired the
molecule function in vitro, the pedigree of its carrier included
mutation-negative phenocopies; thus, clear evidence is lacking
for co-segregation with the phenotype. For the mutation IVS7-
1G>A found in the other proband, no functional study could be
performed and no relatives were available for genetic testing,.
The only patients with MODY tested for PAX4 outside the
Thai population were 11 French and eight British subjects
[2,3]—all negative for mutations. Interestingly, a Japanese study
tested PAX4 in 393 individuals with Type 2 diabetes and found
that approximately 3% of patients carried the p.Argl21Trp
mutation [4]. However, the published data do not allow
conclusions on the possibility that MODY was misclassified as
Type 2 diabetes.

As, to the best of our knowledge, no other published study of
patients with MODY has focused on the PAX4 gene, we
investigated this gene in a carefully selected and clinically well-
documented cohort of 53 Czech probands with MODY who
were negative for mutations in the GCK, HNF1A, HNF4A, INS
and NEUROD genes, and for structural variants in four
common MODY genes (MODYX subjects).

The procedure for identification of these MODYX patients
among the nationwide Czech MODY registry is shown in
Figure 1. The protocol was approved by the Ethics Committee of
the University Hospital Motol, Prague. We first re-evaluated the
clinical characteristics of all 281 Czech probands with MODY
against the consensus for diagnosis of monogenic diabetes [5].
Briefly, they had to have a positive family history of diabetes in at
least two generatons, positive C-peptide and no islet
autoantibodies. Then, all common MODY genes were tested
for mutations as well as for structural rearrangements using
techniques reported previously [6], with the exception
of amplification of the exon 8 of the PAX4 gene, where
long-range PCR (Qiagen, Hilden, Germany) was utilized to
amplify the longer stretch of DNA flanking the exon.

© 2010 The Authors.
Diabetic Medicine © 2010 Diabetes UK

Excluded Diagnosis
GCK-MODY (n=135)

Partial clinical data HNF1A-MODY (n=33)

n=12)
HNF4-MODY (n=17)
No positive family
history (n= 13) NEUROD-MODY (r=2)

Insulin gene mutations (n=2)
Change of diagnoesis

r=14) Structural variants in GCK,

HNFIA, HNF44, HNFIB (n=0)

FIGURE 1 Identification of the MODYX probands within the Czech
MODY registry.

This test procedure identified 53 MODYX probands with
median age at investigation of 33 years [interquartile range
(IQR) 21.0-48.0] and median age at diagnosis of diabetes
19 years (IQR 13.5-30.5). The patients were on the edge of the
normal and overweight categories, with a median BMI of
24 kg/m*. The median fasting serum glucose was 6.7 mmol/1
(IQR 6.3-8.3), the median C-peptide was 797 pmol/]
(IQR 595.0-1190.0) and the median of HbA;. was 6.1%
(IQR 4.5-8.2) and 43 mmol/mol (Diabetes Control and
Complications Trial and International Federation of Clinical
Chemistry, respectively). Most of the MODYX probands were
treated with insulin (7 = 30). Four probands were on oral
hypoglycaemic agents and those with mild and stable
hyperglycacmia were treated with diet (7 = 8) or did not
require any treatment (17 = 4).

PAX4 testing of these MODYX patients revealed no
mutations. Our negative result, reached in a considerably
larger group, confirms the previous findings from two other
Caucasian populations [2,3]. This indicates that PAX4 is not an
important contributor to MODY actiology in Caucasians, yet it
still may be important in the Asian populations: the genetic
composition of MODY in Asia is clearly different to the
Caucasian populations, as indicated by the lack of mutations in
the three most common MODY genes (GCK, HNFIA or
HNF4A): this was observed, for example, in studies from Korea
and China [7,8].

In conclusion, we did not detect causal mutations in the PAX4
gene in a large and clinically well-characterized group of Czech
MODYX probands, which may suggest—together with data
from other European populations—that MODY in Caucasians
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could only very rarely, if ever, be attributed to mutations in
this gene.
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The relationship between low vital capacity
and impaired glucose metabolism in men

Diabet. Med. 27, 1460-1461 (2010)

In recentyears, associations between low vital capacity, which
mostly reflects restrictive lung diseases, and metabolic
abnormalities such as Type 2 diabetes and the metabolic
syndrome, have been reported in some studies [1-3]. However,
no studies have clearly shown that this relationship is
independent of central obesity, by means of a direct
measurement, instead of statistical adjustment. Consequently,
many investigators and clinical practitioners have suggested that
even overweight and mild obesity may reduce lung expansion
attributable to mechanical, rather than via metabolic factors,
because severe obesity reduces the movement of the thorax and
diaphragm and thus restricts lung expansion [4,5]. In this
context, we evaluated the relationship between low vital capacity
and impaired glucose metabolism assessed as high fasting plasma
glucose and high glycosylated haemoglobin (HbA 1) in data from
a previous study of apparently healthy adults [2]. Impaired
glucose metabolism was determined as high fasting plasma
glucose (= 5.4 mmol/l) or high HbA. [= 5.8% (National
Glycohemoglobin = Standardizatdon Program, NGSP); =40
mmol/mol (International Federation of Clinical Chemistry,
IFCC)]. Among male non-smokers without known lung discase
(n=1169, 51.9 & 12.2 years), the percentage of predicted
forced vital capacity (%PFVC) in individuals with waist
circumference > 85.1 cm was significantly lower in subjects
with high fasting plasma glucose than in those with low fasting
plasma glucose (Fig. 1). Of note, the %PFVC significantly
decreased with increasing waist circumference in subjects with
high fasting plasma glucose (P = 0.04, one-way ANOVA), but
not in those with low fasting plasma glucose (P = 0.86). When
subjects were limited to male subjects, including smokers, who
had HbA;. measured because of suspected impaired glucose
metabolism (7 = 848, 53.0 + 11.9 years), the %PFVC was
significantly lower in subjects with high HbA . compared with
those with low HbA;., except in the subjects with waist
circumference < 80 cm. Furthermore, %PFVC in subjects with
high HbA;. significantly decreased with increasing waist
circumference (P = 0.003), whereas %PFVC in those with low
HbA,. did not (P = 0.14). Of note, even in the subjects
with normal weight and low waist circumference (BMI
23.0-25.0 kg/mz), low %PFVC was associated with impaired
glucose metabolism. There were no consistent differences in
BMI, waist circumference or prevalence of smokers between
subjects with impaired glucose metabolism and those without in
each waist circumference group (Mann-Whitney U-test and
y-test). These observations with direct measurement rather than
statistical adjustment for waist circumference, suggest that
high fasting plasma glucose and high HbA,. are associated

© 2010 The Authors.
Diabetic Medicine © 2010 Diabetes UK
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4.5 Mutace v genu ABCCS8 zpusobujici hyperglykémii

L. Gonsorc¢ikova, M. Vaxillaire, S. Priihova, A. Dechaume, P. Dusatkova,
O. Cinek, O. Pedersen, P. Froguel, T. Hansen, J. Lebl: Familial mild
hyperglycemia associated with a novel ABCC8-V84l mutation within three
generations. Pediatric Diabetes 2011, 12 (3): 266-269.

Publikace, ktera vznikla ve spolupraci s francouzskymi a danskymi kolegy
pojednava o nalezu Ceské rodiny, u niz se hyperglykémie vyskytuje ve tfech
generacich a vykazuje autozomalné dominantni typ dédiCnosti. U ¢lend rodiny
s detekovanou hyperglykémii nebyla prokazana pfitomnost pankreatickych protilatek,
oGTT bylo vpasmu poruchy glukézové tolerance, neobjevily se diabetické
komplikace a nebyla proto zahgjena Zadna lé¢ba. Genetické vySetfeni neprokazalo
mutaci v zadném z Castych subtypd MODY. Az analyza genu ABCCS, kddujiciho
jednu z podjednotek Karp kanalu B buriky pankreatu, odhalila heterozygotni mutaci
p.Val84lle segregujici s hyperglykémii.

Predstavili jsme pravdépodobné prvni pfipad pacientd, za jejichz
hyperglykémii, ktera by spi$ klinicky odpovidala GCK-MODY, je zodpovédna mutace
v genu ABCCS8. Tento nalez dokresluje velkou klinickou variabilitu popisovanou u

rodin s mutacemi v ABCCS.
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Case Report

© 2011 John Wiley & Sons AIS

Pediatric Diabetes

Familial mild hyperglycemia associated with
a novel ABCCS-V841 mutation within three

generations

Gonsorcikova L, Vaxillaire M, Pruhova S, Dechaume A, Dusatkova P, Cinek
O, Pedersen O, Froguel P, Hansen T, Lebl J. Familial mild hyperglycemia
associated with a novel 4ABCCS-V84I mutation within three generations.
Pediatric Diabetes 2011: 12: 266—269.

We present a unique case of a 19-year-old man with a positive family history
of persistent mild hyperglycemia and a novel V841 mutation in ABCCS.

The proband was initially detected to have fasting hyperglycemia (ranging
6.1-6.4 mmol/L) at the age of 12 years. Increased fasting blood glucose

was also subsequently detected in five additional family members (in his twin
brother, sister, mother, maternal aunt, and grandfather). The grandfather
has been known to have mild diabetes since 30 years and has never been
treated. After having excluded a causative mutation in five maturity-onset
diabetes of the young genes (MODY 14 and 6), we identified a novel ABCCS
V&4l mutation, which segregated with autosomal dominant transmission

of mild hyperglycemia within three generations. This mutation that

is located in a conserved area of transmembrane domain TMDO seems to be
a rare cause of clinical phenotype resembling glucokinase-deficient diabetes.
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The ATP-sensitive potassium channel (Katp) plays
a crucial role in blood glucose (BG) homeostasis by
regulating the K+ ions flow across the cell membrane
in the beta cell (1). Katp channels have an octameric
structure that consists of two subunits: Kir6.2 and sul-
fonylurea receptor 1 (SURI) (2). While the inwardly
rectifier protein Kir6.2 (encoded by KCNJI1) forms
an ion pore, the SURI subunit (encoded by 4BCCS)
plays a regulatory role (3). Because of the key role of the
Katp channel in insulin secretion, pathogenic muta-
tionsin both KCNJ11 and ABCCS genes are associated
with severe disorders of glucose metabolism (4.5).
Within 4 BCC8, more than 202 mutations and a signif-
icant number of polymorphisms have been identified
so far (6). First, ABCCS inactivating mutations were
recognized to lead to insulin oversecretion resulting in
hyperinsulinemic hypoglycemia in infancy (4). Studies
of animal models have shown that activating ABCCS
mutations may lead to diabetes (7). Since 2006, sev-
eral studies reported activating 4 BCCS8 mutations to
be causative of a wide spectrum of clinical forms of
diabetes ranging from permanent neonatal diabetes
mellitus (PNDM) and diabetes mellitus, epilepsy, and
neurodevelopmental delay (DEND) syndrome to less
severe forms of diabetes with variable expression and
age at onset (5,6,8—11).

We report the case of a 19-year-old young man
with familial autosomal dominant occurrence of hyper-
glycemia. The proband was recruited from a cohort of
patients of Czech Caucasian origin with autosomal
dominant transmission of diabetes or hyperglycemia
first recognized in childhood, adolescence. or early
adulthood. These patients with suspicion of maturity-
onset diabetes of the young (MODY) were first
analyzed using denatured High Performance Liquid
Chromatography (dHPLC) or/and direct sequencing
to search for mutations in the five MODY genes:
HNF44 (MODY 1), GCK (MODY 2), HNFIAITCFI
(MODY 3),/PFI (MODY 4)and NEURODI (MODY
6). HNFIB mutations responsible for MODY 5 were
not investigated because of the absence of urogenital
malformations. Because of the negative results and
suggestive familial occurrence of hyperglycemia, we
decided to continue with genetic testing for mutations
in ABCCS.

Case report

A 19-year-old man of Caucasian Czech origin was
found to have increased fasting glycemia ranging from
6.1 to 6.4 mmol/L. The mild hyperglycemia was initially
detected at the age of 12 years during an examination
at a sport physician. Clinical signs of diabetes were
not present. An oral glucose tolerance test (OGTT)
at age 12 years showed a normal 2-h plasma glucose
value of 7.6 mmol/L. The fasting and 2-h serum insulin

Pediatric Diabetes 2011: 12: 266-269

Mild hyperglycemia as a result of a novel 4 BCC§ mutation

and C-peptide levels were 8.38 and 50.2 mIU/L for
insulin and 496 and 1620 pmol/L for C-peptide. The
anti-GAD and anti-insulin autoantibodies were tested
negative. The proband has not been treated for dia-
betes and had not developed diabetic complications.
His monozygotic twin brother and his younger sister
(age 13 years) also presented increased fasting glycemia
(6.1-6.3mmol/L). The twin brother had an elevated
2-h BG level of 8.3mmol/L after an oral glucose load.
The sister had a normal glucose level of 7.0 mmol/L
after an oral glucose load. Their mother and the
mother’s sister were both prescribed a diet during
pregnancies because of mild gestational diabetes (fast-
ing glycemia values ranged from 5.9 to 6.1 mmol/L,
and 2-h BG levels from 12.1 to 13.2mmol/L). They
never had any clinical symptoms of diabetes and have
not been treated for hyperglycemia since the pregnan-
cies. The maternal grandfather of the proband had
been found to have fasting hyperglycemia by the age
of 30 years. Unfortunately, he was not available for an
OGTT. The family pedigree is displayed in Fig. 1. The
clinical and biological characteristics are summarized
in Table 1. Plasma glucose levels during an OGTT in
five patients compared to plasma glucose levels during
an OGTT obtained from patients with diabetes because
of a mutation in the glucokinase (GCK) gene (12) are
shown in Fig. 2.

We analyzed all exons, exon/intron boundaries, and
a proximal promoter region of the ABCCS gene by

| "
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Fig. I. Family pedigree. Patients with IFG/IGT/DM are colored
black. The proband is indicated by an arrow. Clinical data and
genotypes are summarized in Table 1. Legend from top to bottom:
subject identification, genotype (M-mutant allele, n-wild type), age
(current age/age at clinical diagnosis of diabetes), and glycemic status.
IFG, impaired fasting glucose; IGT, impaired glucose tolerance;
DM, diabetes mellitus; NGT, normal glucose tolerance.
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Table 1. Clinical data and genetic status of members of the family

Birth Fasting OGTT-120" HbA4c
D Current  Ageat weight/Length glycemia  glycemia (DCCT
number Sex Phenotype Genotype  age diagnosis (g/cm) BMI (mmol/L)  (mmol/l) scale) (%)
I:1 M Hyperglycemia M/n 59 30 —_ - 6.8 -_— -
I1:2 F  GDM/DM M/n 41 20 3100/51 243 6.0 121 5.9
11:3 M NGT n/n 33 — 3800/50 — — - —
I1:4 F  GDM/DM M/n 32 20 2900749 21 6.1 13.2 6.3
:1 M IFG M/n 19 12 2350/45 18.1 6.0 7.6 5.9
I:2 M IGT M/n 19 12 2400745 17.8 6.2 8.3 6.2
1:3 F IFG M/n 15 13 3200/53 20 6.1 7.0 6.1
l:4 M NGT n/n 11 — 3100/48 16.9 5.8 7.3 5.8
I11:5 F NGT M/n 7 — 4200/50 151 5.2 5.9 4.9

M, male; F, female; GDM, gestational diabetes mellitus; IGT, impaired glucose tolerance; IFG, impaired fasting glucose; NGT,
normal glucose tolerance; M/n, carrier of a heterozygous ABCC8 mutation; n/n, no mutation; BMI, body mass index; HbA1.,
glycosylated hemoglobine Aic (DCCT scale); OGTT, oral glucose tolerance test.

The numbering of individuals corresponds with the pedigree (Fig. 1).
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Fig. 2. Glucose concentrations within OGTTs of A BCCS mutation
carriers (n = 5) in comparison to OGTTs of GCK mutation carriers
[according to Stride et al. (12)]. OGTT, oral glucose tolerance test.

direct sequencing as previously described (8). PCR
products were purified by Agencourt ClenSEQ sys-
tem (Beckman Coulter, Fullerton, CA, USA) and
sequenced using BigDye Terminator chemistry 3.1
(Applied Biosystems, Warrington, UK). Reactions
were analyzed on the DNA sequencer ABI Prism
3100x/ (Applied Biosystems) and inspected using
the Mutation Surveyor software (Mutation Surveyor
v3.24; SoftGenetics, Pennsylvania, PA, USA). To
exclude the possibility of change in the gene dosage, the
proband’s DNA was subsequently screened for the four
most common MODY genes (HNFI A, GCK, HNF4A,
and HNFIB) by MLPA according to the manu-
facturer’s instructions (P241-MODY. MR C-Holland.
Amsterdam, The Netherlands). The results were ana-
lyzed using the software GENEMARKER (SoftGenetics
LLC, State College, PA, USA).

After having excluded a mutation within the GCK
and HNFs genes or a change in gene dosage, we
identified a novel G>A substitution in exon 2 of the
ABCCS gene leading to a substitution of valine (GTC)
by isoleucine (ATC) at the first position of codon 84

268

(p- V841 mutation). The V84 residue is conserved across
species from humans to mouse, rat, and chicken. The
V841 mutation was not found in 300 control chro-
mosomes of Czech healthy subjects. Seven of nine
additional family members tested were found to carry
the V841 mutation (Fig. 1: Table I).

Discussion

We present a family with transmission of mild non-
progressive hyperglycemia in three generations because
of a novel ABCCS V841 mutation.

The proband and five members of his family with
mild hyperglycemia but no diabetic complications were
found to carry the novel V841 mutation, which is
located in ABCCS exon 2 and leads to an aminoacid
substitution in the transmembrane domain TMDO of
SURI. SURI associates with Kir6.2 and modulates
opening and closing of the Katp channel through
this N-terminal TMDO domain (13). The mutations in
TMDO can affect the Katp channel gating or amplify
the stimulatory effect of Mg-nucleotides on SURI,
thereby causing a diabetic phenotype (9,10,14). An
in vitro functional assay using Xenopus oocytes has
shown that some of the activating SUR | mutations led
to reduced response to ATP and thus reduced insulin
secretion (9). We can therefore hypothesize that the
V841 mutation may lead to slightly altered channel
gating and thus impaired release of insulin granules.
However, the V841 mutation that we report seems to
induce a milder phenotype compared to other muta-
tions in the TMDO region described so far.

The clinical phenotype of family members carrying
the ABCCS8 V841 mutation resembles GCK diabetes
(MODY?2) with an autosomal dominant mode of inher-
itance and persistent mild fasting hyperglycemia. It
probably represents the mildest ever-described clinical
phenotype associated with an 4BCCS mutation (15).

Pediatric Diabetes 2011: 12: 266-269
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Interestingly, even the oldest mutation carrier (age
59years) has not developed diabetic complications
so far.

The mutation has been identified in seven of the
nine family members available for genetic testing
(Fig. 1; Table 1). Six of them were shown to have
asymptomatic mild fasting hyperglycemia. One carrier
(a 7-year-old girl, T11.5) is normoglycemic and has
normal OGTT. We speculate that she is still too young
to develop hyperglycemia or the penetrance of the
mutation may vary. A variable penetrance of dominant
ABCCS gene mutations has been described in previous
studies (10,11).

Although the clinical manifestation of hyper-
glycemia in this family is similar to the GCK-deficient
diabetes, it is to note a tendency to progression from
hyperglycemia to overt diabetes with age in the fam-
ily. Moreover, Tarasov et al. (10) described an ABCCS
mutation leading to typical adult-onset type 2 dia-
betes with manifestation of hyperglycemia at 39 years.
Another report from Huopio etal. (16) described
a family with a missense 4ABCCS mutation associ-
ated with mild congenital hyperinsulinism in infancy
switched to glucose intolerance in early adulthood and
diabetes mellitus in the middle age.

In conclusion, 4ABCCS mutations give rise to a bright
spectrum of phenotypes ranging from hyperinsulinemic
hypoglycemia (when inactivating), and severe neonatal
diabetes or chronic mild hyperglycemia and type
2 diabetes with variable clinical presentation and
progression (when activating).
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4.6 Makrovaskularni komplikace u GCK-MODY

S. Priihova, P. Dusatkova, P. J. Kraml, M. Kulich, Z. Prochazkova, J.
Broz, J. Zikmund, O. Cinek, M. Andél, O. Pedersen, T. Hansen, J. Lebl: Chronic
mild hyperglycaemia in GCK-MODY does not accelerate the carotid intima-

media thickness and the cardiovascular risk. Rukopis v recenznim fizeni.

Chronicka, i kdyz mirna, hyperglykémie u pacientd s GCK-MODY nevede
podle dostupnych informaci ke vzniku zavaznych mikro- a makrovaskularnich
komplikaci (Ellard, 2008) a jen u malého procenta pacientl se objevuje prvni nebo
druhy stupen komplikaci. PocCet praci zabyvajicich se diabetickymi komplikacemi u
téchto pacientl je ale velice omezeny, respektive dosud existovaly dvé publikace
(Page, 1995; Velho, 1997). Proto jsme se v nasi studii zamé&fili na makrovaskularni
komplikace s durazem na méreni Sifky intimy a médie kréni karotidy (CIMT, carotide
intima-media thickness) reflektujici riziko aterosklerézy, cévni mozkové pfihody a
ischémie myokardu (Djaberi, 2008).

U 27 pacientd s GCK-MODY a jejich 24 zdravych pfibuznych starSich 35 let
jsme ve spolupraci s 3. lékafskou fakultou Univerzity Karlovy v Praze a fakultni
nemocnici Kralovské Vinohrady analyzovali zédkladni antropometrické a biochemicka
data spolu s CIMT méfenou pomoci ultrasonografie.

Neprokazali jsme, ze by GCK-MODY zvySoval u svych nosic¢l riziko vzniku
makrovaskularmich komplikaci v porovnani se zdravymi pfibuznymi sparovanymi dle
véku a pohlavi, se kterymi sdili Zivotni styl a prostiedi. Nase studie tak potvrzuje
dobrou prognézu pro pacienty s GCK-MODY.

Nosicstvi heterozygotni mutace v GCK v8ak nechrani pfed rozvojem diabetu
2. typu nad ramec GCK-MODY (Murphy, 2008). Na rozdil od GCK-MODY, jez
charakterizuje pouze mirny narlst postprandialni glykémie pfi oGTT, je u pacientd
s diabetem 2. typu glykémie ve 120. minuté vysSi, coz by mohlo vysvétlovat rozdil
v riziku vzniku mikro- a makrovaskularnich komplikaci. Rovnéz hodnota CIMT je
asociovana spiSe s postprandialni nez s lacnou glykémii (Hanefeld, 2000). | pfesto,
ze GCK-MODY nepfinasi rizika spojena s diabetem, je potfebné pacientim zduraznit

dalezitost spravného Zivotniho stylu pfi prevenci diabetu 2. typu.
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Abstract

Objective. To investigate the prevalence of macrovascular complications and to
measure the carotid intima-media thickness in patients with life-long mild
hyperglycaemia caused by glucokinase (GCK) mutations and in their unaffected

relatives.

Research and Methods. The history of coronary heart disease and stroke and the
carotid intima-media thickness (CIMT) was evaluated in 27 GCK mutation carriers

and 24 control individuals, all aged over 35 years.

Results. Mean CIMT was 0.707 £ 0.215mm (mean = SD) in GCK mutation carriers
and 0.690 = 0.180 mm in control individuals. When adjusted for age, gender and
family status, the estimated mean difference in CIMT between the two groups
increased to 0.049mm (95% CI from -0.026 to 0.123; p=0.19). No significant
difference was detected for other measured clinical and biochemical characteristics
with the exception of fasting blood glucose (GCK-MODY 7.6mmol/l (SD+1.2), controls
5.3mmol/l (SD+0.3), p <0.0001) and glycated hemoglobin HbA. (GCK-MODY 6.9%
(SD%1.0), 52mmol/mol (SD%10), controls 5.7% (SD%0.4), 39mmol/mol (SD%3), p
<0.0001). The frequency of myocardial infarction or ischemic stroke did not differ

between study groups.
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Discussion. In spite of the life-long mild hyperglycaemia in GCK mutation carriers we
found no evidence of increased carotid intima-media thickness or increased

prevalence of macrovascular complications.
Introduction

GCK-MODY (GCK-diabetes, glucokinase diabetes, MODY2) is a monogenic
condition caused by heterozygous mutations in the gene encoding glucokinase (GCK)
Fajans, 2001. It is characterized by chronic lifelong mild hyperglycaemia, and less
than 50% of patients fulfill criteria of overt diabetes. GCK-MODY is not associated

with insulin resistance or dyslipidaemia Stride, 2002.

Non-invasive imaging techniques as carotid intima-media thickness (CIMT)
measurements allow stratifying for the risk of atherosclerosis and myocardial
ischemia Djaberi, 2008. The risk of atherosclerotic vascular disease is increased both
in patients with type 2 diabetes, in those with impaired glucose tolerance, and with
metabolic syndrome when compared to individuals without diabetes Ishizaka, 2009.
However, large epidemiological studies have shown lower rates of cardiovascular
mortality in patients with a relatively high fasting blood glucose and relatively low 2-h
post-OGTT blood glucose (i.e. a similar pattern to GCK-MODY) in comparison with
typical patients with type 2 diabetes 1999. Importantly, Niskanen Niskanen, 1996
demonstrated that components of the insulin resistance syndrome including
hyperinsulinaemia after an oral glucose load, serum lipid abnormalities and elevated

blood pressure are major determinants of CIMT in patients with diabetes.

Our study aimed in patients with GCK-MODY older than 35 years and their unaffected
relatives sharing similar environment and life style to characterize the prevalence of
macrovascular complications estimated by the history of coronary heart disease and

stroke, and by measuring the CIMT.
Research design and methods

We studied 27 patients from 20 Czech families with genetically confirmed GCK-
MODY (age 35-75 years; median 46 years), and their 24 unaffected family members
(siblings, parents, partners) representing the control group (age 35-79 years, median
50 years). Each of the 20 participating families contributed with 1 to 3 patients having
GCK-MODY and with 1 to 3 control individuals matched by age and gender. The
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control individuals having fasting blood glucose more than 6.0mmol/l and/or with
known history of diabetes were excluded from the study. The identification of families
with GCK-MODY has been reported previously Pruhova, 2003, Pruhova, 2010.
Informed consent was obtained from all study participants. The study protocol was
approved by the Ethics Committee of 3™ Faculty of Medicine, Charles University in

Prague.

All study participants were examined in a fasting state. A structured assessment
included a questionnaire, anthropometric examination and blood sampling for
biochemical analysis. The laboratory methods have been described previously

Feigerlova, 2006.

High-resolution B-mode carotid ultrasonography (using Phillips iU22 ultrasound) was
performed to measure the CIMT of the distant wall for 1-cm lengths of the carotid
bifurcation and the internal and common carotid, right and left. The means at ten sites
were combined in an unweighted average to produce an overall CIMT. The upper
normal limit of CIMT was set to 0.7mm Aminbakhsh, 1999, Touboul, 2002. History of

coronary heart disease and ischemic stroke was obtained from medical records.

Clinical and demographic characteristics of GCK mutation carriers and control
individuals were compared using a two-sample Welch t-tests (continuous variables)
and Fisher exact tests (categorical variables). Mixed linear regression models with
CIMT, blood pressure and serum creatinine as outcomes were used to estimate and
test adjusted effects of GCK mutation status. Age, gender and mutation status were
included as fixed effects, families were included as random effects. All analyses were

performed using R statistical package 2001.
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Results

No significant differences in baseline characteristics were found between patients and
control individuals, with the exception of fasting blood glucose (GCK-MODY
7.6mmol/l (SD%1.2), controls 5.3mmol/l (SD+0.3), p <0.0001) and glycated
hemoglobin HbA. (GCK-MODY 6.9% (SD%1.0), 52mmol/mol (SD+10), controls 5.7%
(SD£0.4), 39mmol/mol (SD+3), (p <0.0001) (Table 1). Two control individuals had
fasting blood glucose of 5.9mmol/l. The prevalence of smokers and hypertensive

patients was similar in both study samples (p=1).

The measured CIMT values for participants with and without GCK mutations are
shown in Figure 1. The mean CIMT was 0.707mm (range 0.4-1.1) in GCK-MODY
patients and 0.692mm (range 0.4-1.1) in healthy control individuals. According to the
published recommendations Aminbakhsh, 1999, Touboul, 2002 these values did not
indicate an increased risk for acceleration of atherosclerosis. After adjusting for age,
gender and family status, the estimated mean difference in CIMT between patients
and healthy individuals slightly increased to 0.049mm (95% CI from -0.026 to 0.123;
p=0.19). Estimated trends of mean CIMT indicate a moderate rise of CIMT with age
and mutation status, see regression lines plotted in Fig. 1. Carotid plaques (local
intima-media thickenings exceeding 1 mm and protruding into the lumen) were
identified in 7 (25.9%) patients and 3 (12.5%) control individuals, all of them being

haemodynamically insignificant.

Myocardial changes typical for ischemic heart disease were detected in three out of
27 patients with GCK-MODY and in two out of 24 healthy control individuals
(p=0.866). Three study participants suffered from myocardial infarction (two with
GCK-MODY, one control individual) (p=0.895) in the past and two from an ischemic
stroke (one with GCK-MODY, one control individual). A similar proportion of
participants (35%) from both groups were treated for hypertension using one or more
antihypertensive drugs. Four of 27 patients with GCK-MODY (14.8%) were treated

with oral hypoglycaemic agents; one patient was treated with insulin.
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Discussion

To our best knowledge, the present study is the first case-control study of the clinical
status of GCK-MODY patients older than 35 years with inclusion of CIMT
measurements. The results confirm a mild natural course of GCK-MODY with no
tendency of increased risk of developing macroangiopatic complications. The 95%
confidence interval of the CIMT difference adjusted for age, family and gender,
-0.026 to +0.123 mm, indicates that the possible increase in CIMT associated with

GCK mutation is low, and most likely clinically insignificant.

In GCK-MODY, also the absence of serious chronic microvascular complications was
observed by Page Page, 1995 and Velho Velho, 1996, Velho, 1997 who described
proliferative retinopathy in less than 4%, proteinuria in 6%, and peripheral neuropathy
in 5% of patients with hyperglycaemia for more than 5 years after diagnosis. A major
problem with assessing the diabetic complications in these patients is the
differentiation between patients who only have GCK-MODY and those who develop
type 2 diabetes on top of their GCK-MODY. It is generally assumed that patients with
GCK-MODY do not develop insulin resistance and dyslipidaemia in the natural
disease course Stride, 2002, and their glucose tolerance remains stable over many
years Martin, 2008. Nevertheless, carrying a GCK mutation does not protect against
development of type 2 diabetes, which occurs at a prevalence similar to the general

population Murphy, 2008.

Patients with GCK-MODY do only have a small increase in glucose levels after an
oral glucose load Stride, 2002. This might explain the observed lack of complications
in GCK-MODY. In contrast, patients with type 2 diabetes have relatively high the 2-
hours glucose levels (as a proxy for postprandial glucose levels) indicating that
postprandial glucose levels could be the most pathogenic glycaemic factor for
developing micro- and macrovascular complications. The CIMT has been shown to
correlate more strongly with postprandial glycaemia than fasting hyperglycaemia, and
in addition, subjects with postprandial hyperglycaemia had significantly higher levels
of serum triglycerides and a tendency to higher occurrence of hypertension and low
serum HDL-cholesterol which is not typically seen in GCK-MODY patients Hanefeld,
2000. In support of the pathogenic role of postprandial glycaemia, Tominaga et al.

Tominaga, 1999 reported that impaired glucose tolerance but not impaired fasting
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glucose is a risk factor for cardiovascular disease. Also the serum hs-CRP levels are
lover in GCK-MODY than in patients with type 2 diabetes McDonald, .

Furthermore, it has been reported that the metabolic syndrome is a risk factor for
CIMT in patients with diabetes as well as individuals without diabetes with insulin
resistance Ishizaka, 2009, McNeill, 2004, Suzuki, 2004 and is a major component of
the atherosclerosis risk. Patients with GCK-MODY have mild hyperglycaemia without
the components of metabolic syndrome and insulin resistance which is in contrast to
patients with type 2 diabetes. Therefore, our study adds to the accumulating evidence
that chronic mild hyperglycaemia without components of the metabolic syndrome has
a milder effect on the development of macrovascular complications compared to the

same glycaemic levels when associated with metabolic syndrome components.

On the other hand, a common variant in the pancreatic GCK promoter has been
shown to influence the risk of diabetes complications: Marz et al showed Marz, 2004
that the A allele at ¢c.-30G>A of GCK was associated with an increased risk of
coronary artery disease not only in patients with type 2 diabetes but also - yet much
weaker - in individuals not having diabetes (OR=1.27, 95%CI 1.02-1.59).

In conclusion, our data indicate that the natural course of mild life-long
hyperglycaemia is associated with a low risk of development of diabetic
macrovascular complications. The main message for the patients with GCK-MODY is
to reduce the risk of development of “classical” type 2 diabetes on top of their GCK-
MODY, i.e. avoid obesity and maintain a high level of physical activity. Our data
support a conservative therapeutic approach to the hyperglycaemia in non-pregnant
patients with GCK-MODY. Other risk factors for micro- and macrovascular

complications should, however, be treated according to present guidelines.
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Figure 1
Estimated trends of mean CIMT by gender and GCK mutation status (adjusted for

family).
S — | GCK-diabetes, male A
-4&- GCK-diabetes, female
---0--  Control, male m
- Control, female
o |
I—
=
= e}
§ S
b=
© _|
o
< .
S 14 A A

40 50 60 70 80

Age [yrs]

84



Table 1

Clinical and biochemical characteristics of participants with GCK-MODY and control
individuals. Counts and percentages are shown for categorical variables; means and
standard deviations are shown for numerical variables. P-values compare the

unadjusted means/percentages between the two groups.

Controls GCK-MODY

n=24 n=27 p-value

Gender: Female 13 (54.2%) 12 (44.4%) 0.58
Male 11 (45.8%) 15 (55.6%)
Smoking : Non-smoker 20 (83.3%) 22 (81.5%) 1
Smoker 4 (16.7%) 5 (18.5%)

Age [yr] 53 (12.2) 49.8 (12.1) 0.35
Weight [kg] 81.7 (14) 77.2 (12.9) 0.23
Height [cm] 172 (7.43) 170 (7.34) 0.35
BMI [kg/m?] 27.7 (4.32) 26.8 (4.04) 0.43
Waist circumference [cm] 96.8 (13.6) 92.1 (12.3) 0.20
Hip circumference [cm] 108 (7.97) 104 (9.88) 0.081
Waist-to-hip ratio 0.892 (0.083) | 0.881 (0.121) 0.73
Systolic blood pressure 124 (12.8) 122 (20.8) 08
[mmHg]
Diastolic blood pressure 75.6 (9.7) 72.6 (12.5) 0.34
[mmHg]
Glycaemia [mmol/I] 5.26 (0.33) 7.58 (1.17) <0.001
HBA. [%] 5.74 (0.381) 6.92 (0.957) | <0.001
HBA /. [mmol/mol] 39 (3) 52 (10) <0.001
C-peptide [pmol/l] 871 (301) 853 (545) 0.89
Total cholesterol [mmol/l] 5.42 (0.866) 5.15 (0.856) 0.26
HDL cholesterol [mmol/I] 1.51 (0.368) 1.52 (0.366) 0.94
LDL cholesterol [mmol/I] 3.16 (0.66) 2.85 (0.757) 0.13
Triglycerides [mmol/I] 1.54 (0.858) 1.58 (1.33) 0.9
Creatinine [mmol/I] 70.5 (19.1) 73.6 (22.1) 0.59
GMT [pkat/l] 0.468 (0.307) | 0.647 (0.785) 0.28
Microalbuminuria [ug/mg 6.58 (10.1) 24.8 (61) 0.15
creatinine]
Albumin/creatinine ratio 0.818 (1.56) 5.11 (14.6) 0.17
Intima media thickness [mm] 0.692 (0.189) | 0.707 (0.215) 0.78
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4.7 Modifikator GCK-MODY

M. Borowiec, W. Fendler, P. Dusatkova, K. Antosik, S. Priihova, O.
Cinek, M. Mysliwiec, P. Jarosz-Chobot, M. T. Malecki, W. Mlynarski: HbA1c-
based Diabetes Diagnosis Among Patients with Glucokinase Mutation (GCK-
MODY) is Affected by a Genetic Variant of Glucose-6-Phosphatase (G6PC2).

Rukopis v recenznim fizeni.

Produkt genu G6PC2 (glucose-6-phospatase catalytic 2 gene) je enzym
zapojeny do zpracovani glukézy, ktery byl detekovan v ostravcich pankreatu.
Celogenomové asociaéni studie ukazaly, Ze jednonukleotidové polymorfizmy v tomto
genu jsou asociovany s glykémii na lacno a HbAic (Bouatia-Naji, 2008; Soranzo,
2010). Proto jsme se ve spolupraci s polskymi kolegy rozhodli zkoumat vztah
genotypl polymorfizmu rs560887 v genu G6PC2 s klinickymi charakteristikami
pacientd s GCK-MODY, zejména s hladinou HbAc.

Genotyp GG byl asociovan s mirné vysSi hladinou HbA:c u Ceskych i
polskych pacientd s GCK-MODY. Rovnéz jsme ukazali, Ze pacienti s rizikovym
genotypem GG maji vySSi pravdépodobnost dosaZeni hodnoty glykovaného
hemoglobinu pfedstavujici klinickou hranici pro diabetes dle kritérii americké
diabetologické asociace (ADA, 2011). Pfedpokladame tedy, Ze rizikovy genotyp GG
polymorfizmu rs560887 mlize mit aditivni efekt k mutaci v GCK. Vztah mutace v GCK
a testovaného polymorfizmu vS8ak nemohl byt detailngji studovan kvdli

nedostateénému mnozstvi stejnych mutaci v kohorté pacientli s GCK-MODY.
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Abstract

Aims: Genetic variation at the rs560887 locus of the glucose-6-phosphatase, catalytic
2 gene (G6PC2) is known to affect regulation of fasting glycaemia. We determined
the rs560887 genotype of patients with monogenic diabetes and glucokinase gene
mutations (GCK-MODY) and correlated the genotypes with HbA1c levels.

Methods: Patients from GCK-MODY families were recruited from two large cohorts
from Poland (N=128) and Czech Republic (N=158). Genotypes at rs560887
polymorphic site in G6PC2 were examined using real-time quantitative-PCR. The
effect of rs560887 genotype on age at diagnosis of GCK-MODY and initial HbA1c
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levels were evaluated separately within both cohorts. Following that, a metaanalysis
of rs560887 genotype—HbA1c associations of both Polish and Czech cohorts was
performed to confirm homogeneity of findings and validate cohort-specific results.
Results: GG homozygosity at rs560887 was associated with marginally elevated
HbA1c levels (p=0.07 in both cohorts). The effects observed in both groups were very
homogeneous (Q=0.18; p=0.68). Metaanalysis showed that GG homozygosity at
rs560887 was associated with mean HbA1c levels higher by 0.24% [95% Confidence
Interval (95%CI): 0.05-0.44] than in individuals with other genotypes. Additionally,
metaanalysis of both cohorts showed that GG homozygous individuals had higher
odds of reaching the 6.5% (48 mmol/mol) diagnostic threshold of diabetes of the
ADA; (OR=1.90; 95%CI =1.07-3.36; p=0.03). No such effects was observed for age at
diagnosis of diabetes.

Conclusions: Variation at the rs560887 locus of G6PC2 is associated with a more
severe GCK-MODY phenotype; GG homozygotes are more likely to meet diagnostic
criteria for diabetes based on HbA1c level.

Keywords: MODY; Glucose Metabolism; Diagnosis

Abbreviations: G6PC2 — glucose-6 phosphatase catalytic subunit 2 gene; GCK —
glucokinase gene; GCK-MODY — monogenic diabetes caused by mutations in GCK;

GCKR - glucokinase regulator gene;

Introduction

Mutations in the glucokinase gene (GCK) result in a phenotype of fasting
hyperglycaemia (GCK-MODY) [1]. Recent reports show that genetic variation of the
glucose-6-phosphatase, catalytic 2 gene (G6PC2) may affect fasting glycaemia and
HbA1c levels [2,3]. Carriage of the G allele at polymorphic site rs560887 in G6PC2
was implicated both in elevated fasting plasma glucose and higher HbA1c levels
resulting in elevated risk of developing impaired fasting glucose [4]. Although Edghill
and co-workers found no clearly pathogenic mutations in G6PC2 in patients with
diabetes of monogenic origin [5], we hypothesized that the rs560887 polymorphism in
G6PC2 may result in a more pronounced clinical picture of GCK-MODY, due to
higher HbA1c levels and more frequent diagnosis of diabetes in such individuals.
Patients and Methods

The Institutional Ethics Committee approved the study and informed consent was
obtained from all patients. The characteristics of the Polish cohort of patients with
GCK-MODY were described earlier [6]. For validation purposes, clinical data were

obtained from the MODY registry in the Czech Republic [7]. Patients without data on
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initial HbA1c levels were excluded from analysis. Genotyping at rs560887 was
performed by means of allele-specific real-time quantitative PCR using a
commercially available assay (Applied Biosystems, Foster City, CA, USA) at the
Polish centre.

The analysis covered the probands from GCK-MODY families who were diagnosed
with diabetes using the ADA criteria based on glucose level only. Additionally, HbA1c
measurement was evaluated as a diagnostic tool according to the current ADA
recommendations in patients with GCK-MODY. In the Polish cohort, HbA1c was
measured by using high-performance liquid chromatography and the Bio-Rad
VARIANT program (Bio-Rad Laboratories, Hercules, CA, USA), certified by the
National Glycohaemoglobin Standardization Programme (NGSP) as meeting the
DCCT standard. At the Czech centre, HbA1c values were obtained by using definitive
boronate affinity HPLC technology—PDQ plus (Primus Corporation, Kansas City, MO,
USA). Mean HbA1c in controls in both centres were estimated at 5.9£0.15% (41+/-1.5
mmol/mol) during the study period.

Continuous variables were presented as medians and interquartile ranges (25-75%)
and compared using the Mann-Whitney U test. Categorical variables were presented
as numbers (Ns) and percentages and compared by using Pearson’s Chi-square or
Fisher's two-tailed exact test. Odds ratios (ORs) with 95% Confidence Intervals
(95%Cl) were calculated where possible.

Despite the expected homogeneity of both groups, it was deemed likely that cohort-
specific effects resulting from different screening approaches or time of data
collection could be important. Two possible options to factoring in such effect were: a
metaanalysis or multivariate regression modelling adjusting for centre-dependent
factors. The latter approach, would average the results of the two cohorts and most
likely fail to detect any group-specific factor interactions due to limited priori statistical
power resulting from an impossibility to account for all potential confounders. The
metaanalysis however, would cover all such unknown group-specific effects by
computing an aggregate effect without transformations or averaging of the results
over the two cohorts. Therefore, a decision was made that it was better suited for the
primary analysis of study results. Metaanalyses were performed using the Hedges’ g
statistic and the DerSimonian and Laird method for fixed and random effects model
evaluation. Heterogeneity of each model was analyzed using the Q statistic and the
Breslow-Day test. A p value of <0.05 was considered significant.

Results

The whole Polish and Czech cohorts consisted of 128 and 154 probands with GCK-

MODY, respectively. Full clinical data on age at evaluation and initial HbA1c were
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obtained for 79 Polish patients (61.7%) and 120 Czech patients (77.9%). No
differences in age at onset or gender distribution between patients included and
excluded from the study (p=0.12 and 0.90 respectively). The remaining groups were
homogenous for age at diagnosis, gender and metabolic control (Table 1).

Genotype frequencies for rs560887 of G6PC2 did not differ between the Polish and
the Czech cohorts (p=0.58) and did not deviate significantly from Hardy-Weinberg
expectations in either group (p=0.36 and 0.78, respectively). HbA1c levels at diabetes
onset were higher by 0.24%/2.4 mmol/mol (95%CIl = 0.05 to 0.44% / 0.5 to 4.4
mmol/mol; p=0.01) in GG homozygotes than in A allele carriers. GG homozygotes
were nearly twice as likely (OR=1.90; 95%CIl = 1.07 to 3.36; p=0.03) to reach
diagnostic threshold for diabetes of 6.5% proposed by the ADA [8] (Figure 1).
Multivariate regression analysis with adjustment for study centre yielded results
convergent with those shown in the study - increase of HbA1c by 0.23% (2.3
mmol/mol) in GG homozygotes after adjustment for cohort (p=0.047). Differences of
age at onset between GG homozygous patients and A allele carriers were not
statistically significant (12.62+/-7.83 years in GG homozygotes and 13.48+/-7.95 in A
allele carriers; p=0.40). No cohort-dependent differences of age at onset were
observed in the Polish and Czech subgroups (p=0.09 and p=0.39 respectively). In a
control group of 84 healthy volunteers of Polish origin, genotype frequencies at
rs560887 equalled: AA — 7.1% (N=6), AG — 42.9% (N=36) and GG — 50.0% (N=42)
and did not differ from both the Polish (p=0.49) or Czech (p=0.38) cohorts showing no
overrepresentation of either genotype in GCK-MODY patients.

Discussion

The GCK-MODY patients show a mild phenotype with fasting hyperglycaemia or
diabetes without ketoacidosis and the majority of cases does not any kind of
treatment. As the main feature of GCK-MODY is elevated blood glucose, genetic
variability associated with elevated blood glucose levels may lead to a more severe
clinical course of diabetes and poorer metabolic control. Results of our study show
that rs560887 may indeed affect HbA1c levels, which can have clinical consequences
in GCK-MODY individuals. Firstly, HbA1c exceeding the 6.5% (48 mmol/mol)
threshold is a criterion for diagnosis of diabetes with all its therapeutical and
psychosocial consequences. Secondly, worse metabolic control in patients with GCK
mutations may potentially make patients less likely to enter genetic screening. .
Finally, higher HbA1c levels may be associated with greater risk of diabetic
complications, although data confirming this effect in GCK-MODY patients is lacking.
These factors support the initial hypothesis that G6PC2 may be a factor influencing
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the clinical picture of GCK-MODY through altered detection rate, higher HbA1c levels,
and possibly greater need for additional therapeutic interventions.

The effect of G6PC2 polymorphism on HbA1c level was similar in both cohorts, and
no subgroup of patients with particular mutations could be identified. The effect of
G6PC2 on elevating HbA1c levels seems conserved regardless of population or
presence of GCK mutation. As shown in a recent metaanalysis of genome-wide
association studies the effect of rs560887 may result in meeting the HbA1c threshold
and influencing and potentially resulting in reclassification of patients screened for
diabetes using HbA1c [2]. Presented results show that the odds of crossing the
diagnostic HbA1c threshold in patients with GCK-MODY are greater in GG
homozygous patients, making them more likely to be diagnosed with diabetes. Effects
of rs560887 on fasting glucose may be additive to those of specific GCK mutations,
exacerbating the clinical phenotype of diabetes. Unfortunately, the numbers of
particular mutations were not sufficient to perform formal testing of polymorphism—
mutation interaction effects.

Other polymorphic sites known to be associated with plasma glucose concentration
through altered GCK activity were reported within the GCK promoter (rs1799884) and
the GCKR (glucokinase regulator) structural gene (rs1260326) [9]. However, the
Authors considered effects of both these polymorphisms’ effects to be impossible to
be measured accurately within the presented study. The rs1799884 was excluded
due to potential linkage disequilibrium of the polymorphic site with mutations located
within the same haplotype. The second had to be ruled out due to known direct
interaction of GCKR with GCK, which could be altered by specific mutations of the
latter [10]. As the biologic impact of all 96 different mutations observed in the studied
groups was unknown, and bioinformatic models offer no definite proof as to which
mutations would be most detrimental for protein interaction, the authors refrained
from using the above-mentioned polymorphic sites in their analysis. Different study
approaches are required to prove whether these GCK modulators may actually affect
the clinical spectrum of GCK-MODY. Papers on the effects of variability in G6PC2
also report a potential effect of the rs552976 locus on HbA1c. [2] However, as both
remain in strong linkage according to HapMap data (D'=0.9 in the European
population) the study was limited to only to one of these in order to decrease
redundancy and multiple hypothesis testing.

In conclusion, the G6PC2 polymorphic site rs560887 is associated with higher levels
of HbA1c in patients with GCK-MODY. This may translate toward higher detection
rates of GCK-MODY among GG homozygotes if the HbA1c criterion is used.
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Table 1 — Clinical characteristics and G6PC2 rs560887 genotype distributions in the

study groups. Data are presented as medians with interquartile ranges or numbers

and % where appropriate. N/A — not available.

Polish cohort Czech cohort p value
Variable Median (25-75%) Median (25-75%)
Age at diagnosis 11 (6.3-14.7) 12.0 (7.0-15.0) 0.69
[years]
Total cholesterol
4.31 (3.78 — 4.99) N/A N/A
[mmol/l]
HDL [mmol/l] 1.16 (0.93 — 1.50) N/A N/A
Triglycerides 0.83 (0.64 — 1.21) N/A N/A
[mmol/l]
HbA1c 6.50 (6.10-6.75); 6.50 (6.18-7.05); 0.11
[%;mmol/mol] 48 (41-50) 48 (44-54)
N (%) N (%) p value
Male sex [n, (%)] 41 (51.9%) 63 (52.5%) 0.92
rs560887 genotype N (%) N (%) p value
GG 38 (48.1%) 50 (41.7%)
GA 31 (39.2%) 56 (46.7%) 0.58
AA 10 (12.7%) 14 (11.7%)
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Figure captions

Figure 1: A — Metaanalysis of the effect of the GG genotype contrasted with A allele

carriage at rs560887 in Polish and Czech cohorts on mean glycated haemoglobin

levels (HbA1c). As the results were homogenous, with a Q value of 0.18 and p=0.68,

the fixed effects model was used. D — difference of means; 95%CI| — 95% Confidence

Interval. A difference of 0.1% equals 1 mmol/mol within the observed range of values.

B — Metaanalysis of the association between crossing the 6.5% (48 mmol/mol)

threshold of HbA1c with the GG genotype contrasted with A allele carriage at

rs560887. OR — odds ratio. As the results were homogenous, with a Q value of 0.96

and p=0.33, the fixed effects model was used.
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5. Zaver

Predkladana dizerta¢ni prace je dil¢éim vysledkem systematického studia
MODY diabetu v Ceské republice, ktery zapogal jiz pred 13 lety diky MUDr. St&pance
Prdhové, Ph.D. a Prof. MUDr. Janu Leblovi, CSc.

Pomoci molekularné-genetickych metod jsme prokazali diagnézu MODY u
vice nez 240 Ceskych rodin, z nichz u nékterych jsme popsali i vzacné formy tohoto
onemocnéni (kapitoly 4.3 a 4.5). Na druhou stranu jsme ukazali, Ze nékteré subtypy
MODY se pravdépodobné vyskytuji pouze v nékterych populacich pacientl
s diabetem (kapitola 4.4). V Ceském registru monogenniho diabetu je nejCastéji
zastoupen subtyp GCK-MODY, coz je ve shodé s prevazujicim zplsobem pfichodu
pacientll suspektnich na MODY, ktefi se spiSe rekrutuji z pediatrickych ambulanci
(kapitola 4.1). U pacientd s GCK-MODY jsme se rovnéz zaméfili na studium
makrovaskularnich komplikaci spojenych s hyperglykémii, které ukazalo, Ze ani
nékolik desetileti Zivota s vySSi glykémii nezvySuje u pacientl s GCK-MODY riziko
vzniku aterosklerdzy (kapitola 4.6). Podle vysledku spole¢né prace s polskymi kolegy
vSak muze byt u téchto pacientl hladina HbA;c modulovana polymorfizmy v genu
G6PC2, jehoz proteinovy produkt interaguje s glukokinazou (kapitola 4.7). Studiem
ancestralnich mutaci vgenu GCK u ceskych a polskych rodin jsme hloubégji
porozuméli populaéni genetice subtypu GCK-MODY (kapitola 4.2).

| naSe prace tudiz ukazuje dulezitost molekularné-genetického vysetfeni
genl zpusobujicich MODY. Neprokaze se tim pouze pfi€ina onemocnéni, ale
ziskame moznost vysvétlit klinické znaky asociované s MODY, stanovit prognézu
vyvoje diabetu a v neposledni fadé dava vysledek genetiky MODY oSetfujicim
lékafim prostor k optimalizaci |é€by pacienta. Z hlediska rodiny pacientd s MODY je
dalezitym benefitem moznost prediktivniho testovani pfibuznych, ¢imz je mozné
zabranit budoucim komplikacim spojenych s diabetem.

Charakterizace MODY genu pfispéla k vyznamnému zlepSeni znalosti o
homeostaze glukdzy v poslednich desetiletich a v budoucnosti muze pomoci pfi

definovani novych cilt [é¢by diabetu.

5.1 Sméry dalSiho vyzkumu

Ve vyzkumné C<&asti projektu bychom se radi v budoucnosti zabyvali
hledanim novych MODY genu ve skupiné ceskych rodin klinicky odpovidajicim

MODY av8ak bez nalezené kauzalni mutace (MODYX), funkénimi analyzami
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vV wiw

patogenity novych, dosud nepopsanych mutaci v nejbéznéjSich MODY genech a

rovnéz se zaméfime na studium kvality Zivota rodin s MODY.
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