UNIVERZITA PALACKEHO V OLOMOUCI

Lékarska fakulta

Ustav biologie

MOLEKULARNE-GENETICKA CHARAKTERIZACE TALASEMIi A
HEMOGLOBINOVYCH VARIANT V CESKE A SLOVENSKE POPULACI

Dizertacni prace

RNDr. Martina Divoka

Olomouc 2016 Lékarska biologie



PROHLASENI

Prohlasuji, Ze jsem predloZzenou praci vypracovala samostatné s pouZitim citované
literatury.

Prace byla podpofena granty MSMT MSM6198959205, IGA MZ CR NS10281, NT11208,

NT13587, LF_2010 004, LF_2011 006, LF_2012 007, LF_2013 004, IGA_LF_2014 001,
IGA_LF_2015_001, IGA_LF_2016_001.

V Olomouci dne 27.6.2016

Martina Divoka



PODEKOVANI

Podékovani patfi mym Skolitelkdm Mgr. Monice Horvatové, Ph.D. a prof. MUDr. Dagmar
PospiSilové, Ph.D. a odbornému konzultantovi prof. MUDr. Karlu Indrakovi, DrSc. za vedeni a

cenné pripominky pfi zpracovani dizertacni prace.

Dale chci podékovat doc. RNDr. Vladimiru Divokému, Ph.D. za odborné konzultace a rady a

za pomoc pfi interpretaci vysledkU a pfi zpracovani finalni verze dizertacni prace.
Dékuji pani Anné Lapcikové za pomoc pii morfologickém hodnoceni krevnich natérd.
Na zavér dékuji kolektivu Laboratofe molekuldrni biologie Hemato-onkologické kliniky

Fakultni nemocnice Olomouc za vytvoreni pfijemné pracovni atmosféry, za technickou

pomoc pti zpracovani dizertacni prace a za podporu béhem prace na uvedenych analyzach.



OBSAH

ABSTRAKT «..vveeve vttt sttt st a et s st s s s et ae s b s s s s an s et s ae s e s st b an s et s s s s s enaesasana et s ansesenantesanaeeas 5
ABSTRACT ..ottt ettt et sttt a st a et b s s s s et s st e st b b st et s e s s anae s s s s et s s st e s s aetesanaeeas 6
TEORETICKY UVOD ....evvvieeeecectetete ettt a sttt s s eae et s enssaeset et s s ssasseseses s s snassesesanas 7
1. HEMATOPOEZA A ERYTROPOEZA.........oucueueieieeeeeeeteeeeeeeeessaesetetesesesaesese et essasassesesesessassesesesasnas 7

2. REGULACE ERYTROPOEZY......coveueuiuereteeeeeeeeaetete e sesesasaese e sesessse st sessasaese et esesssasaesesasasesasansens 10

3. HEMOGLOBIN .....ooutiecteteecte e tetsae et es ettt ettt s st es st ssssesssssse s sassesseesesasaesesassesanansesans 12

4. GENETICKA PODSTATA SYNTEZY HEMOGLOBINU.....c.coovieieiuerereieeeeicie ettt 14

5. HEMOGLOBINOPATIE .....oucvvereeteeeceeteeecteseseesessaesesessesesessesessssessssessssssesesassesssssesassesessssssssssesans 19
PRAKTICKA CAST ...ttt ettt sttt s st ettt s s ae s et et et ennssseteteses s ananaesesasnanans 26
B.  CILE PRACE.....i ittt ettt ettt ettt a ettt st a ettt en e st et et s s asaeaes et et s enansetesesnes 26

7. MATERIAL A METODY ....oveevieieeeeeeceeieeeteseseetsseseesesssesesassssesssssssssssessssssessssssssssessssesessssssssssssans 27

8. VYSLEDKY A DISKUZE .....oovevvereeeeeeceeteeecseseseesesesaesesssesesassesessessssssssssssesassssesssssssassessssssssssssesans 33
8.1 Molekularné-geneticka charakteristika strukturnich hemoglobinovych variant.................... 33

8.2 Molekularné-geneticka charakterizace - a 6B-talasemickych alel ..........cccooevveiriiiieeinnnnnn. 46

8.3 Molekuldrné-geneticka charakteristika a-talasemii u ¢eskych rodin a u rodin cizinct Zijicich v

COSKE FEPUDBIICE ..ottt ettt e et s et sttt et ee st et et et eseseseesesaeas 49
8.4 Komentare k publikacim a diSKUSE ......cccuuiiiiiiiiie ettt e e 58
9. SHRNUTI A ZAVER......cvuimireieieieise ettt 70
10. POUZITA LITERATURA.......cvuitmimmritteresiesi ittt 72
11. SEZNAM PUBLIKACI A KONFERENCNICH PRISPEVKU ......couvereriririenieeieeieeiseie e 78
12, PRILOHY ottt 80
Pfiloha €. 1: Seznam pouUZityCh zZKratek ..........cccuueieiciiiiii et 80
Pfiloha €. 2: Sekvence pouZitych Primert .......c.eeeeeciiei et 81
PFiloha €. 3: DIVOKA €L @l, 2006 ....ccoeeeeeeeeeee e 83
Priloha €. 4: Lanikova et al, 2013 .....cooiiiiiiiiiiiiiiiie 84
Priloha €. 5: DIVOKA €t @l, 2006 ....cccooiiiiiiiiiiieiiieeeeeeeeee e 85
Priloha €. 6: SUIOVSKa €t @l, 2005 ....cccoiiiiiiiiiiiiieieeeeee 86
Pfiloha €. 7: Konferencni prispévky (abstrakta a postery).......ccoceeeccieeeeciieeeeccieee e 87



ABSTRAKT

Hemoglobinopatie jsou nejrozsifenéjsi monogenné dédicnd onemocnéni na svéte.
Jednd se o vrozené anémie s autozomalné recesivni dédicnosti charakterizované
kvantitativni redukci syntézy globinovych retézcli molekuly hemoglobinu (u talasemii) nebo
poruchou struktury molekuly hemoglobinu (u hemoglobinovych variant). Talasemie a
endemické hemoglobinové varianty byly selektovany v pribéhu evoluce v malarickych
oblastech, nebot heterozygotlim prinaseji vyhodu v protekci proti malarickému parazitu.
Talasemie i hemoglobinové varianty se ovSsem mohou vyskytnout v kazdé etnické skupiné
diky historické i soucasné migraci. V Ceské republice a na Slovensku jsou talasemie
nejcastéjsi pricinou vrozené mikrocytarni anemie.

Tato dizertacni prace se vénuje objasfiovani genetického podkladu talasemii a
abnormalnich hemoglobinovych variant v ¢eské a slovenské populaci. V nasi laboratofi se
tomuto tématu vénujeme jiz od roku 1991. V této disertacni prdaci jsou prezentovany
vysledky molekularné-genetickych analyz talasemii a abnormalnich hemoglobinovych variant
za obdobi od roku 2002 do roku 2015. Molekularni podstatu B-talasemie nebo 6B-talasemie
jsme odhalili u 383 jedinct z 235 rodin. Molekularni podstatu a-talasemie jsme odhalili u 98
jedinci z 82 rodin. Abnormalni hemoglobinovou variantu jsme na molekuldrni Urovni
diagnostikovali u 52 jedincli. Popsali jsme nékolik novych mutaci v globinovych genech,
v€etné unikatniho epigenetického mechanizmu vzniku B-talasemie vedoucimu k zeslabeni
exprese B-globinového genu v disledku inzerce funkéniho retrotranspozonu L1 do PB-
globinového genu.

Nase vysledky pfispély k odhaleni molekuldarné-genetické podstaty studovanych
nemoci v Ceské republice i na Slovensku a umoiznily jejich véasnou diagnostiku, ktera je

nezbytnd pro iniciaci vhodné |écby.

Klicova slova: hemoglobinopatie, talasemie, molekularné-geneticka diagnostika



ABSTRACT

Hemoglobinopathies are the most common monogenic hereditary diseases in the
world. It is a congenital anemia with autosomal recessive inheritance characterized by the
guantitative reduction of the synthesis of the globin chains of the hemoglobin molecule (in
thalassemias) or by a defect in the molecular structure of hemoglobin (in hemoglobin
variants). Thalassemias and endemic hemoglobin variants were selected during evolution in
malaria areas, as heterozygosity for the mutant alleles confers a selective advantage against
the malaria parasite. Thalassemias and hemoglobin variants, however, can occur in any
ethnic group because of historical and current migration. In the Czech Republic and Slovakia,
thalassemias are the most common cause of congenital microcytic anemia.

The aim of this thesis was to investigate the genetic background of thalassemia and
abnormal hemoglobin variants in the Czech and Slovak population. Our laboratories at
University Hospital Olomouc and Faculty of Medicine and Dentistry Palacky University have
been focused on this topic since 1991. In this dissertation thesis | present the results of
molecular genetic analyses of thalassemias and abnormal hemoglobin variants obtained
from 2002 to 2015. The molecular nature of B-thalassemia or 6B-thalassemia was uncovered
in 383 individuals from 235 families. Molecular basis of a-thalassemia was characterized in
98 individuals from 82 families. Abnormal hemoglobin variants were diagnosed at the
molecular level in 52 individuals. We have described several new mutations in the globin
genes, including an insertion of a transposable L1 element into the B-globin gene resulting in
a unique epigenetic etiology of B-thalassemia due to the silencing effect of repressive
chromatin associated with retrotransposon insertion.

Our results improve knowledge of molecular-genetic basis of studied diseases in the
Czech Republic and Slovakia and enable their early diagnosis, which is necessary for initiation

of appropriate therapy.

Key words: hemoglobinopathies, thalassemias, molecular-genetic diagnosis



TEORETICKY UVOD

1. HEMATOPOEZA A ERYTROPOEZA

Hematopoéza je fyziologicky proces tvorby a obnovy krevnich bunék v jednotlivych
krevnich fadach (erytrocyty, trombocyty a leukocyty), které diferencuji z hematopoetické
kmenové bunky (Obr. 1). Hematopoeticka kmenova burika je pluripotentni a ma schopnost
sebeobnovy, vytvari vSechny bunécné populace krve po cely Zivot organizmu. K proliferaci
hematopoetické kmenové buriky jsou zapotiebi kromé pusobeni rlistovych faktor( (napft.
hormony, interleukiny) také jiné fyzikalni a chemické interakce s podplrnymi stromalnimi
bunkami (Weissman et al, 2001).

Primitivni hematopoéza, resp. primitivni erytropoéza, jako prvni hematopoeticky
systém, vznika extraembryonalné ve Zloutkovém vacku. Prvnimi hematopoetickymi burikami
jsou primitivni erytroblasty. Definitivni hematopoéza probihd intraembryonalné ve fetalnich
jatrech a v dospélosti v kostni dfeni. V prabéhu formovani definitivni hematopoézy dochazi

k jejimu rozrGznéni do vSech krevnich fad. (Obr. 1).
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Obr. 1: Hierarchie hematopoézy (zdroj: http://tbl.med.yale.edu)
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Erytropoéza je fyziologicky proces tvorby a obnovy cervenych krvinek (erytrocytd)
v erytroidni vyvojové fadé. Casna produkce erytroidnich bunék probiha ve Zloutkovém vacku
jako v prechodné extraembryonadlni tkani. Tyto primitivni erytroidni burnky jsou jaderné,
odvozené z mezodermalnich bunék formovanych z ektodermu (Kinder et al, 1999). Nové
formované mezodermadlni buniky migruji a prostupuji Zloutkovym vackem a dostavaji se do
tésného kontaktu sendodermem. Interakce mezi témito dvéma bunéénymi vrstvami
zahajuje erytropoézu (Belaoussoff et al, 1998). Mezodermadlni bunky, které migruji do
Zloutkového vacku, formuji krevni ostrlvky, které obsahuji nejen ¢ervené krevni buriky, ale
také buriky endotelové. Obecny mezodermalni prekurzor — hemangioblast — ma bilinearni
potencial, mlzZe diferencovat do hematopoetickych i endotelovych bunék (Jagannathan-
Bogdan a Zon, 2013). V dospélém véku erytroidni linie vkostni dfeni diferencuje
z hematopoetické kmenové buriky.

Prvnim mistem intraembryonalni hematopoetické aktivity je oblast AGM (aorta-gonad-
mesonefros), ve které je mozné detekovat definitivni hematopoetické buriky 10. den mysiho
embryondlniho vyvoje. Tato oblast je pravdépodobné hlavnim zdrojem hematopoetickych
kmenovych bunék, které kolonizuji fetdlni jatra, a jelikoz kmenové burky definitivni
hematopoézy vznikaji i ve Zloutkovém vacku, predpoklddd se migrace hematopoetickych
prekurzord mezi Zloutkovym vackem a AGM (Medvinsky a Dzierzak 1996).

Prvnimi detekovatelnymi, liniové specifickymi hematopoetickymi burnkami jsou tedy
primitivni erytroblasty (primitivni hematopoéza), krvetvorba je vtomto obdobi vyhradné
erytroidni. Jatra (a v mensi mire i slezina) jsou hlavnim mistem krvetvorby ve druhém,
hepatolienalnim obdobi. V tomto obdobi opét prevazuje erytropoéza. Hematopoéza zacind
v kostni dfeni od 10. tydne intrauterinniho vyvoje (Jagannathan-Bogdan a Zon, 2013).

Primitivni a definitivni erytropoéza jsou dva odliSné procesy, které se vzajemné
prolinaji. Primitivni erytropoéza je prechodna se specifickou morfologii ¢ervenych krvinek -
relativné velké jaderné buriky charakteristické expresi embryondlnich globin(: Gowerl ({>¢,),
Gower2 (a»g;) a Portlandl (Qy,). Definitivni erytropoéza vznikd jako soucast liniového
rozriznéni definitivni hematopoézy a je charakteristickd expresi fetalnich globin( a globin

dospélého typu (Tab. I).



Tab. I: Prehled jednotlivych hemoglobinli béhem ontogeneze

ERYTROPOETICKY ORGAN ‘ GLOBINOVE RETEZCE ~ OZNACENi HEMOGLOBINU

Zloutkovy vacek LE, Hb Gower 1
Qv Hb Portland
0,LE; Hb Gower 2

Fetalni jatra a,Y> HbF

Kostni dren 0,0, HbA,
2B, HbA

Hematopoeticka liniovd specifikace je vysledkem kombinovaného ucinku rdznych
transkripénich faktor( (TF). Jsou to regulacni proteiny, které vazbou na promotory nebo
zesilovace transkripce zahajuji nebo zvySuji genovou expresi.

Hematopoetické buriky jsou ve svém pfirozeném prostiedi (Zloutkovy vacek, fetdlni
jatra, kostni dren) vystaveny pusobeni celé fady biochemickych, chemickych a fyzikalnich
interakci. Z nich nejdulezitéjsi jsou hematopoetické rlstové faktory. Patfi sem nékteré
hormony (napf. erytropoetin, EPO) a cytokiny (napf. interleukiny, interferony). PlUsobeni
hematopoetickych rlstovych faktorl stimuluje bunécnou proliferaci (spoustéji se bunécné
déje vedouci k progresi bunééného cyklu), reguluje prezivani bunék (regulace apoptdzy) a
spousti signalni drahy diferenciace (dochazi k regulaci exprese liniové-specifickych TF a jinych
specifickych genl dulezitych pro urcité stadium maturace (upraveno podle Necase, 2003)

(Obr. 2).
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Obr. 2: Schéma bunécné signdlni drahy. Extracelularni signdlni molekuly jsou hormony a
rastové faktory reagujici se svymi receptory. Konecnymi akceptory signdll v jadre jsou
transkripéni faktory, aktivujici genovou expresi. Pfi liniové specifikaci, stejné jako pfi
diferenciaci hematopoetickych progenitord, hraji dilezZitou roli interakce liniové-specifickych
transkrip¢nich faktord (prevzato z Divoky, 2002).

2. REGULACE ERYTROPOEZY

Erytrocyty jsou nejpocetnéjsi skupinou bunék v krvi dospélého jedince. Lidska krev
obsahuje asi 5 x 10*/L erytrocytl (u muzi byvaji pocty vy$si nez u zen). Délka Zivota ervené
krvinky je zhruba 120 dni. Nové erytrocyty jsou neustale produkovany v kostni dfeni za
podpory mikroprostredi skladajici se z endotelovych bunék cévniho systému, osteoblastq,
stromdlnich bunék, hematopoetickych bunék a extracelularni matrix. Toto prostredi
umoziuje pfimy kontakt mezi buikami navzdjem a umozZiuje vyvijejicim se
hematopoetickym burikam kontakt s adheznimi molekulami, ristovymi faktory a cytokiny.

Erytroidni progenitory jsou schopné vytvaret v podminkach tkanovych kultur na
methylceluléze ,in-vitro” erytroidni kolonie nazyvané ,burst forming unit-erythroid“ (BFU-E)
a ,,colony forming unit-erythroid” (CFU-E) (Gregory a Eaves, 1978). BFU-E vyZaduji pro svuj
rast a diferenciaci predevsim ,stem cell factor” (SCF) (Wu et al, 1995) a mnoho dalSich

hematopoetickych ristovych faktorld, CFU-E jsou naopak vysoce zdvislé na erytropoetinu
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(EPO) (Lin et al, 1996), nasledné diferencuji do prvnich stadii morfologicky identifikovanych
bunék erytrocytdrni linie — proerytroblast(i, dale do erytroblastl (bazofilni, polychromatofilni
a ortochromni), nasleduje stadium retikulocytu, které jiz neobsahuje jaddro, pouze zbytky

organel a RNA, a ktery vyzrava v konec¢né stadium — erytrocyt (Obr. 3).
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Obr. 3: Schéma erytropoézy — proces, béhem kterého pluripotentni kmenova burika
diferencuje a vyzravd do erytrocytu. Znazornény jsou vybrané faktory nezbytné v procesu
erytropoézy v jednotlivych erytroidnich stadiich. Upraveno podle Hermine a Roméo, 2006.

Retikulocyt Erytrocyt

Béhem diferenciace erytroidnich bunék dochazi k expresi erytroidné-specifickych gena,
ktera je presné nacasovana a striktné regulovana na Urovni transkripce (Obr. 3).
V regulacnich oblastech vsech erytroidné-specifickych genli se nachazi nukleotidova
sekvence 5'A/T GATA A/G 3’(tzv. GATA motiv), na kterou se vazi TF rodiny GATA (GATA1-
GATAB). Esencialni pro normalni erytropoézu je TF GATA1 (Pevny et al, 1991). Jeho exprese
je omezena na erytroidni, megakaryocytarni, eozinofilni linii a na linii mastocytl. Mysi
s chybéjici expresi GATA1 expresi umiraji 10. — 12. den z dldvodu anemie a zablokovani
erytropoézy ve stadiu proerytroblastu (Pevny et al, 1991).

Dalsi specificky erytroidni faktor KLF1 (Erytroid Kruppel-like factor) naseda s vysokou
afinitou na CACCC motiv nachdzejici se v promotorové oblasti B-globinového genu (HBB)
(Miller a Bieker, 1993). Mutace v této oblasti je asociovana s B-talasemii. Jeho role spociva
v aktivaci globinovych genl(, je dllezity pfi prepnuti exprese fetalnich globinl na globiny
dospélého typu a je nutny v poslednich stadiich erytroidni diferenciace a pfimo reguluje geny

zapojené do metabolizmu hemoglobinu a membranové stability. Ukazalo se, Zze KLF1 je ptfimy
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aktivator BCL11A exprese (Bourg et al, 2010; Zhou et al, 2010). Tento gen mimo jiné hraje
dllezitou roli v potlaceni exprese y-globinového genu (HBG) a tim snizuje produkci fetalniho
hemoglobinu (HbF) po narozeni. Nékteré lé¢ebné strategie vyzadujici zvySeni hladiny HbF (B-
talasemie, srpkovité anemie) se zaméruji na inhibici BCL11A aktivity.

Proces zrani ¢ervenych krvinek je tedy komplexné fizen plsobenim TF, z nichzZ kriticky
nejdUleZitéjsi je GATA-1, protoZe reguluje ne jen geny zahrnuté v erytroidni diferenciaci, ale
také geny dllezité pro progresi bunécéného cyklu a preziti. Tento cely program erytroidni
diferenciace musi byt regulovany pozitivné i negativné a musi zajistit pozvolnou, ale
kontrolovanou produkci ¢ervenych krvinek.

Zralé erytrocyty jsou bezjaderné, nemaji endoplazmatické retikulum ani mitochondrie
a nejsou schopné dalsi proliferace. Nové buriky se do periferni krve dostdvaji z kostni drené
ve formé retikulocytl — toto stadium ma jesté funkéni proteinovou translaci.

Za normalnich podminek je v organizmu denné nahrazeno asi 1 % erytrocyt(l. ZvySena
produkce erytrocytli je primarni odpovédi na hypoxicky stres, ktery nastava v pripadé
nedostatku kysliku pro organizmus. Produkce EPO v ledvinach je pfimo regulovdna tlakem
tkanového kysliku pomoci aktivity hypoxii-indukovaného transkripéniho faktoru HIF (Bunn,
2013). Kromé EPO, ktery je pfimy reguldtor produkce erytrocytu, tak existuji dalsi faktory,
které prispivaji k expanzi erytroidnich progenitor(: kostni morfogeneticky protein 4 (bone
morphogenetic protein 4, BMP4), ktery aktivuje SMADS5 signdlni drahu (Lenox et al, 2005),
transkripcéni faktor STATS5, ktery je aktivovan drahou EPO a jeho receptoru EPOR (Sokolovsky
et al, 2001), jiz zminény SCF a jeho receptor c-KIT (Menon et al, 2006) a glukokortikoidni
receptor (Bauer et al, 1999). Ke zvySené produkci erytrocytll mize dochazet také nasledkem

snizené apoptdzy erytroidnich progenitor(.

3. HEMOGLOBIN

Hemoglobin (Hb), cervené krevni barvivo, je zfunkéniho hlediska nejdulezité;jsi
bilkovina obsazena v erytrocytech. Jeho hlavni funkci je prenos kysliku (O,) z plic do tkani a
oxidu uhlic¢itého (CO,) z tkani zpét do plic. Dalsi funkce je pufrovaci — redukuje zmény v pH,
které by mohly nastat pri plsobeni kyseliny nebo zasady v erytrocytech.

Molekula Hb (Obr. 4) je tvorena bilkovinnou sloZzkou globinem a prostetickou skupinou
hemem. Lidské Hb jsou tetramery tvorené dvéma pary polypeptidovych retézcl, kazdy

z fetézcll obepind hem v hemové kapse. Hem je protoporfyrin, jehoz zdkladem je Ctvefice
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pyrolovych jader (tetrapyrol). Ve stfedu tetrapyrolového jadra je Sestivazny a dvojmocny iont
Zeleza.

Ctyfmi vazbami je iont Zeleza vazan v tetrapyrolovém kruhu, jednou vazbou na
globinovy fetézec a posledni Sestd vazba je urcena pro kovalentni interakci s molekulou
kysliku. Kazdy ze &tyf atomd Fe®* v molekule hemoglobinu je schopen reverzibilné vazat
jednu molekulu kysliku (tzv. proces oxygenace hemoglobinu - pfi této vazbé zlstava Zelezo
ve dvojmocné formé a nedochazi tak k oxidaci). Kazdy ze ¢tyf globinovych fetézcl vytvari
hydrofobni hemovou kapsu, ve které se hem nachazi a je tak chranén pred prlinikem vody a

ionty Zeleza pred autooxidaci. Vnéjsi povrch Hb molekuly tvofi nabité aminokyseliny.

~ Zelezo

hem

Obr. 4: Molekula hemoglobinu. Zdroj: http://fikus.omska.cz

Zelezo v molekule hemoglobinu je obvykle ve dvojmocné formé (Fe®"). Hem, ktery je
schopny vratné vazby s kyslikem zpUsobuje, Ze molekula hemoglobinu mize fungovat jako
transportni protein pro kyslik. Oxidace Zeleza na trojmocnou formu (Fe3+) je méné vratna
reakce, kdy dochazi k preméné hemoglobinu na methemoglobin, ktery nemuze vazat kyslik.
Jedna molekula hemoglobinu mlze vazat az ctyfi molekuly kysliku (oxyhemoglobin).

Formace oxyhemoglobinu miZe byt znazornéna témito ¢tyrmi kroky:

Hb4 + 0, Hb40, (K1)
Hb40, + 0, Hb40, (K2)
Hb40, + O, Hb40g (K3)
Hb40g + O, Hb40sg (K4)

Afinitu ke kysliku ovliviiuje kvarterni struktura Hb. Konstanty K1 az K4 vyjadiu;ji

skute¢nost, Ze zcela deoxygenovany Hb ma nizkou afinitu pro prvni molekulu kysliku. Po
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vazbé prvniho kysliku se vsak afinita Hb ke kysliku znacné zvysi a vazba dalSich molekul
kysliku je mnohem snazsi. Je to zplsobeno alosterickymi zménami celé Hb molekuly. Proto
ma disociacni kfivka oxyhemoglobinu za normalnich fyziologickych podminek sigmoidni tvar.
Diky tomuto faktu jsou molekuly Hb v erytrocytech bud jen plné sycené kyslikem
(oxygenované) nebo zcela deoxygenované s minimalnim zastoupenim molekul Hb, které jsou
nasycené jen ¢astecné. Znamena to tedy, Ze i maly pokles tlaku kysliku (jako je tomu mezi
plicemi a tkdanovymi kapildrami) vede k uvolnéni dostate¢ného mnoizstvi kysliku z krve. Hb
tedy mlzZe existovat jen ve dvou stabilnich stavech; tzv. deoxy (T — tenzni konfigurace), kdy
jsou globinové jednotky pevné vdzané a nebo oxy (R — relaxovand konfigurace) (podle
Huisman, 1993).

Disociacni kfivka oxyhemoglobinu vyjadfuje zavislost saturace a parcialniho tlaku O,.
Jeji sigmoidni tvar vyjadfuje prechody mezi tenzni a relaxovanou konfiguraci Hb. Pro
vyjadreni afinity Hb k O, se v praxi pouzivd hodnota PO,-50, kterd udava parcialni tlak
kysliku, pti kterém je Hb saturovan z 50 %.

Nejdulezitéjsimi fyziologickymi faktory, které ovliviuji afinitu Hb ke kysliku jsou pH,
koncentrace CO, a hladina 2,3-bisfosfoglyceratu (2,3-BPG). Afinita ke kysliku se snizuje se
zvysujicim se tlakem CO, (tzv. Bohr(iv efekt). To napomahd vstupu kysliku do tkani, ve
kterych pokles pH zplsobeny vzestupem koncentrace CO; snizuje afinitu Hb ke kysliku (podle

Huisman, 1993).

4. GENETICKA PODSTATA SYNTEZY HEMOGLOBINU

Syntéza hemu probihd v erytroidnich prekurzorech (proerytroblast az stadium
retikulocytu) za podpory osmi nezbytnych enzym(, které jsou kédovany rozdilnymi geny
(Ponka, 1997). Zelezo se dostava do erytroidnich progenitor(i z transferinu pfes navazani na
transferinové receptory pomoci endocytézy.

Syntéza a a B globinovych fetézcli probiha také v erytroidnich prekurzorech (staddium
proerytroblastu az retikulocytu); 6 globinova syntéza je ukoncena pred stadiem retikulocytu
v cytoplazmé na ribozomech (Steinberg a Adams, 1991).

Geny kédujici globinové retézce se nachazeji na dvou lokusech na chromozomech 11 a
16. HBA lokus (a-globinovy lokus) je lokalizovany v blizkosti telomery na chromozomu 16

(16p13.3). HBB lokus (B-globinovy lokus) je umistén na chromozomu 11 v pozici 11p15.5.
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Kromé funkénich gend se na obou lokusech nachazi tzv. ,pseudogeny”, které jsou
nefunkénimi homology globinovych gend.

Vsechny funkéni lidské globinové geny maji podobnou zakladni strukturu. Skladaji se ze
tfi exonU oddélenych dvéma introny. Netraslatovand oblast (5"UTR) mRNA globinového genu
je koédovand sekvenci lezici mezi CAP oblasti a iniciacnim kodonem (ATG) zahrnujici
konzervované sekvence zodpovédné za transkripci genu (Sgourou et al, 2004). Oblast 3'UTR
je kédovana sekvenci mezi terminacnim kodonem (TAA) a poly(A) koncem, kde se nachazi
sekvence zodpovédna za signal pro sestfih 3" konce primdrniho transkriptu a pridani poly(A)

konce a udrzeni stability vysledné RNA molekuly (Obr. 5).

A
GATA-TX EKLF X NF1 X TFiD f RNA-pol I
| GATA CACCC CCAAT ATAAAA  [tAcattt
B
5 3 4
7% // s P
—7) Ext |ivs1| B2 | / IVS-II I =
PR ‘
Poly(A)
100bp

Obr. 5: Struktura B-globinového genu. (A) Promotor B-globinového genu s konvencénimi
sekvencemi element(, ke kterym se vazou TF nezbytné pro zahdjeni transkripce. Sipkou je
oznacen startovaci nukleotid. (B) B-globinovy gen sestavajici z promotorové oblasti (PR), 5' a
3' neprekladané oblasti (UTR, Srafované), tfi exon( (Ex) a dvou intront (IVS). Upraveno podle
Divoky et al, 2005.

Organizace globinovych lokust

Globinové geny jsou lokalizovany ve dvou lokusech. HBA lokus leZici na chromozomu
16 je dlouhy pres 28 kb a nachazi se na ném geny v nasledujicim poradi {2, pseudogen {1,
dva pseudogeny a a dva a geny pojmenované jako a2 a al. Na konci lokusu se nachazi gen 6

s neznamou funkci (Obr. 6). Globinové geny a2 a al (ozna¢ované HBA2 a HBA1) jsou vysoce
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homologni (98,5 %), HBA2 gen za normalnich okolnosti produkuje 2-3krat vice a-globinovych
fetézcl neZ gen HBA1 (Higgs, 2009).

Na HBB lokusu na chromozomu 11 se nachdzi: € gen, dva y geny (Gy a Ay), pseudogen
B, &6 gen a B gen (oznacovany HBB). Jednotlivé geny na obou lokusech leZi v poradi, ve
kterém se postupné, béhem ontogeneze, exprimuji (Obr. 6). Existuje Siroka variabilita a a B
globinovych lokusd mezi jednotlivci a skupinami, s mnoha polymorfizmy a alelickymi
variantami.

Transkripce globinovych genl na obou lokusech se spousti po interaci TF s promotory a
vzdalenymi tkanoveé specifickymi zesilovaci genové exprese: ,B-locus control region” (B-LCR)
pro HBB lokus a , hypersensitive site 40“ (HS-40) oblast pro HBA lokus.

Béhem hemoglobinového prepindni se erytrocyty, které obsahuji prevainé jeden typ
hemoglobinu, nahrazeny ¢ervenymi krvinkami obsahujicimi jiny typ hemoglobinu. Postupny

pfechod exprese jednotlivych globinovych gent ukazuje obrazek 6.
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Obr. 6: Schematické znazornéni B-globinového lokusu na chromosomu 11 a a-globinového
lokusu na chromozomu 16. B-LCR a HS-40 jsou regulacni oblasti globinovych genovych rodin,
pUsobici v poloze cis. Funkéni geny na lokusech jsou vyznaceny cerné, nevybarvené
obdélniky jsou pseudogeny (psi). Jednotlivé globinové fetézce syntetizované ve zloutkovém
vacku, jatrech, sleziné a kostni dfeni béhem ontogenetického vyvoje, vyjadrené v procentu
celkového Hb. Prepnuti z embryonalnich Hb na HbF je ukoncéeno v 10. tydnu; prepnuti z HbF
na Hb dospélého typu probiha v obdobi tésné po narozeni. Upraveno podle Divoky et al,
2005.

U zdravych jedincl je exprese globinovych gend balancovana a to tak, Ze mnoZstvi
nasyntetizovanych a-globinovych retézc ze 4 funkénich HBA genll odpovida produkci B-
globinovych fetézcl ze dvou HBB genu. Pri transkripci globinovych gen( vznika asi 2,5krat

vice a mRNA nez B (mimo jiné je to dano i rozdilnou stabilitou mRNA), ale syntéza B retézcu

je transla¢né vice efektivni, coz kompenzuje nadbytek a globinovych fetézcl (Voon a
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Vadolas, 2008). Kontrola syntézy globinovych fetézcli probihd z vétsi Casti na urovni
transkripce, translace je zdavisla na pfitomnosti hemu. Snizena hladina Zeleza vede ve findle
k inaktivaci iniciacniho faktoru translace a vede tak k redukci syntézy globinovych retézct

(Hermine a Roméo, 2006).

Normalni hemoglobiny

Majoritnim hemoglobinem v dospélosti je hemoglobin A (a;B;). Spolu s minoritnimi
hemoglobiny A, a F vytvarfi celkové Hb spektrum u dospélého jedince. HbA tvofi asi 97 %
vSech hemoglobind v erytrocytu dospélého jedince. HbA, tvofi u dospélych asi 1,5 -3 %
z celkového Hb spektra. lhned po narozeni je procento podstatné nizsi (0,2 — 0,3 %)
s postupnym zvySovanim do prvnich dvou let Zivota. Molekula HbA; je tvofena dvéma retézci
o a dvéma retézci 6 (0,6,). Jeho funkce je velmi podobnd HbA (Steinberg a Adams, 1991)
(podobna interakce s 2,3-BPG), ale na rozdil od HbA inhibuje polymerizaci HbS (Steinberg,
1998) a ma vyssi afinitu ke kysliku (Nagel a Steinberg, 2001). Redukovand syntéza HbA,
v dospélosti v porovnani s HbA je dana snizenou expresi 6 genu. Snizend hladina HbA; se
vyskytuje u deficitu nebo funkénich poruch metabolismu Zeleza a u nosicl a, & nebo 6B
talasemické alely. ZvySend hladina HbA, je typickym nalezem u velké vétsSiny nosicd B

talasemické alely.

Hemoglobin F

HbF je majoritni Hb v prenatalni dobé. Jeho afinita ke kysliku je vyssi nez u HbA, coz
usnadnuje prenost kysliku z matky na dité; umoziuje vyvijejicimu se plodu efektivnéji
ziskavat kyslik z krve matky. Molekula HbF je tvofena dvéma tetézci a a dvéma fetézci y
(azy2). Béhem prvniho roku Zivota se hladina HbF rapidné snizuje na hodnotu obvykle
mérenou u dospélych jedincl (do 1 %). Procento HbF se mlzZe pohybovat v dobé narozeni
vrozmezi 60 — 95 %. V HBB lokusu produkuji y-globinové transkripty dva geny Gy
(oznacovany jako HBG2) a Ay (oznacovany jako HBG1). Béhem prenatalniho obdobi a ihned
po narozeni je pomér Gy a Ay mezi 2:1 az 3:1. Béhem nékolika prvnich mésicl Zivota se
pomér priblizi poméru v dospélé populaci 2:3 (Rochette et al, 1994).

U zdravych dospélych jedincl je HbF heterogenné distribuovan do erytrocytt, které

oznacujeme F bunky (Thein a Craig, 1998). Mnozstvi F bunék je zna¢né variabilni, uvadi se od
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0,6 % do 22 % (Garner et al, 2000). Procento HbF je ovlivnéno vékem, pohlavim (mirné vyssi
byva u Zen). U nékterych jedinch pretrvava zvySena hladina HbF i v dospélosti, divodem
mlze byt hereditarni perzistence fetalniho hemoglobinu (HPFH). Ve vétSiné pripadl je
pri¢inou delece v lokusu HBB, méné casto bodova mutace v promotoru y-globinového genu

(Stomatoyanopoulos, 2005).

5. HEMOGLOBINOPATIE

Hemoglobinopatie jsou nejcastéjsi monogenné dédi¢né choroby na svété, postihuji asi
7 % svétové populace (Weatherall, 2008). Nejvétsi vyskyt tohoto onemocnéni je
v malarickych oblastech - v oblasti Stredomofi, jihovychodni Asii, Africe, Stfednim vychodé a
v Indii. BEhem poslednich let se incidence hemoglobinopatii zvysSila ve statech severni a
sttedni Evropy a také vseverni Americe vdlsledku demografickych zmén. Mezi
hemoglobinopatie se radi vSechna genetickd onemocnéni hemoglobinu rozdélena do tfi
hlavnich skupin: talasemie, strukturni hemoglobinové varianty (abnormalni hemoglobiny) a
HPFH (dédi¢né pretrvavani produkce fetalniho hemoglobinu). VSechny jsou zplsobené
mutaci a/nebo deleci v genech kddujicich pro globinové fetézce. Mutace, kterd zpUsobi
poruchu nékterého zglobind, jejimz dlsledkem je nerovnovdhu v poméru a a ne-a
globinovych fetézcl v erytrocytech, se nazyva talasemie (kvantitativni globinova porucha).
Mutace, které vedou k syntéze strukturné abnormalnich globinovych fetézcid se radi ke
kvalitativnim globinovym defektlim. Syntéza nékterych abnormalnich globinovych fetézcu
muze byt kombinovana s redukci jejich tvorby a mohou tak vznikat hemoglobinové varianty
s nerovnovahou a a B retézcl s talasemickym klinickym obrazem. Hemoglobinopatie maji
variabilni klinickou manifestaci od mirnych hypochromnich anemii aZ po zavazné stavy se
zavislosti na transfuzich s multiorgdnovym postizenim (upraveno podle Divoky et al, 2013).

Na hemoglobinopatii tfeba pomyslet, kdyz je u pacienta zjisténa mikrocytarni
hypochromni anemie po vylouceni pfi¢iny nedostatku Zeleza, pfi chronické hemolytické
anemii, pfi erytrocytdze a/nebo cyandze zplsobené hematologickymi faktory a v prenatalni

diagnostice.
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Talasemie

Mezi talasemie fadime vSechny talasemické poruchy syntézy hemoglobinu. Jedna se o
autozomalné recesivné dédicné choroby, nejvétsi klinicky vyznam maji a a B talasemie.
Pfenaseci talasemické alely (heterozygoti) trpi symptomy, které nejsou zavazné, ale vyzaduji
pozornost — mirnd mikrocytarni hypochromni anemie refrakterni na pfijmy Zeleza. Pro
homozygoty jsou typické vaziné hypochromni hemolytické anemie a komplexni onemocnéni.
Obecné patofyziologie a klinické projevy talasemii zavisi na mife nerovnovdhy a a ne-a-
globinovych fetézclG. Mezi a a PB-talasemiemi je vSak zasadni rozdil; pfi srovnatelné
nerovnovaze syntézy retézcl jsou B-talasemie vidy klinicky a morfologicky zavaznéjsi (vétsi
mikrocytdza); volné a-globiny jsou vice toxické k erytroidnim progenitorim. Na rozdil od
beta-talasemii jsou totiz u alfa-talasemii volné beta a gamma-globinové retézce schopné

tvofit solubilni tetramery (ty jsou ale nestabilni a nemohou prenaset kyslik).

Alfa-talasemie

Jsou vétsinou zplsobeny deleci funkénich a-globinovych gent. Haploidni lidsky genom
ma dva a-globinové geny, to znamena, Ze normalni genotyp je aa/aa (Obr. 7). Tak zvany a-
tal-2 genotyp se vyznacuje deleci jednoho ze dvou a-globinovych gent lokusu a je nejcastéjsi
u Cernochll a v nékterych oblastech Stfredomofi a Asie. Patfi sem svétové nejrozsirenéjsi
delece, které jsou Casté i v ¢eské populaci. Tak zvany a-tal-1 genotyp je zpUsoben rozsahlymi
delecemi postihujicimi oba a-globinové geny a je Casty v jihovychodni Asii, Stfredomofi a na
Filipinach. V téchto populacich je proto zvySené riziko vyskytu »hydrops fetalis«, vznikajiciho
disledkem delece 4 a-globinovych genl. V Ceské populaci se genotyp a-tal-1 vyskytuje

vzacnéji nez a-tal-2 genotyp, ale je relativné Casty u imigrantl z Asie.
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Obr. 7: Genotypové varianty dele¢nich forem a-talasemii. Blizsi charakteristika je uvedena
v publikaci Divoka et al (pfiloha €. 5).

Dalsi charakteristika a-talasemii, véetné genotypové a fenotypové variability, klinickych
forem, molekularni podstaty dele¢nich i nedele¢nich forem a diagnostickych metod je

uvedena jako soucdst viastni prilozené publikace (pfiloha €. 5).

Beta-talasemie

Beta-talasemie je dédicné onemocnéni charakterizované redukovanou nebo chybéjici
syntézou B-globinového retézce, ktera vede k riznym fenotypovym projevim od tézkych
anemickych stav( az po klinicky asymptomatické jedince. Vétsina B-talasemii je dédicna
autozomalné recesivné.

Z klinického hlediska délime B-talasemie na tfi zakladni formy: talasemie major, zndma
také jako Cooley’s anemia, talasemie intermedia a talasemie minor, dale na B-talasemie
asociované s abnormalni Hb variantou a autozomadlné dominantni formy onemocnéni.
Jedinci s B-talasemii major jsou homozygoti nebo slozeni heterozygoti pro B° nebo B*-
talasemii, jedinci s PB-talasemii intermedia jsou vétSinou homozygoti nebo slozeni
heterozygoti a postizeni s B-talasemii minor jsou vesmés heterozygoti, nosici talasemické
alely.

Beta-talasemie (stejné jako a-talasemie) se vyskytuje nejcastéji v malarickych
oblastech. Pacienti stalasemii major obvykle vyZzaduji pravidelné krevni transfuze.
V dospélosti je detekovan pouze HbF a HbA, a Zzadny HbA. Nelééeni nemocni s B-talasemii
major trpi deformitami kosti vznikajicimi v disledku expanze krvetvorby z drenovych

prostor, retardaci rastu, hepatosplenomegalii a jsou trvale zavisli na transfuzich, coz u nich
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vede k projeviim pretizeni organizmu Zelezem. Jednotlivci s talasemii intermedia predstavuji
heterogenni skupinu stran fenotypovych projev(, obecné se u nich vyskytuje stfedné tézka
anemie sobclasnou potfebou krevni transfuze. | tak mohou byt ohroZeni syndromem
pretizeni organizmu Zelezem. Molekuldrni mechanizmus tohoto jevu souvisi s nizkou
hladinou hepcidinu, ktery je negativnim regulatorem absorpce Zeleza v tenkém stfevé a
uvolfiovani Zeleza ze zdsobnich makrofagli. Tyto poznatky maji velky vyznam pro rozvoj
novych terapeutickych pfistupl v |é¢bé sekundarnich stavli pretizeni organizmu Zelezem u B-
talasemii (Sankaran a Weiss, 2015). VétSina heterozygotli pro B-talasemické mutace je
klinicky asymptomatickych jen s mirnou mikrycytarni, hypochromni anemii (Divoky et al,

2013).

Molekularni podstata B-talasemii

VétSina mutaci zpusobujicich B-talasemii je bodovych (zdména jednoho nukleotidu
v molekule DNA) nebo delece ¢i inzerce nukleotidl vedoucich k posunovym mutacim. Méné
Casto je pfricinou B-talasemie dlouhd delece vramci HBB genu nebo celého lokusu.
K dneSnimu dni bylo identifikovano vice nez 200 mutaci zpUsobujicich B-talasemii. Kompletni
seznam vSech mutaci je dostupny na strankdch Globin Gene Server Web

(http://www.globin.cse.psu.edu), pfipadné dalSich databazich. Mutace, které jen ¢astecné

zablokuji syntézu B-globinovych Fetdzcl se nazyvaji B'-talasemické mutace, ty které zcela
zastavi syntézu B-globinovych fetézc, jsou uvadény jako B°-talasemické mutace. Vétsina
mutaci pro B° a pro B* talasemii vedou k odlidnym hematologickym fenotyptim; u nosicd
talasemické alely je charakteristikd relativni erytrocytéza s redukovanym stfednim objemem
erytrocytll (MCV 60 -70 fl) a se zvySenou hladinou HbA, (3 — 6 %). Existuji vyjimky
s netypickym fenotypem zahrnujici tzv. ,silent” B-talasemické nosi¢e s hrani¢nimi nebo
normalnimi hematologickymi hodnotami nebo nosi¢e — heterozygoty s redukovanym MCV,
ale s normalni hladinou HbA; nebo naopak s neobvykle vysokou hladinou HbA; nad 6 %.
Néktefi jedinci mohou mit zvySenou hladinu HbF (nad 2 %) (Kanavakis a Traeger-Sinodinos,
2006).

Vznik hybridnich /B genl vede ke vzniku talasemickych hemoglobinovych variant,
napf. Hb Lepore, kdy dochazi k fuzi N-termindlni aminokyselinové sekvence normalniho 6&-
globinového fetézce s C-terminalni ¢asti normalni sekvence B-globinovéo rfetézce (Steinberg

a Adams, 1983).
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Hypernestabilni B-globinové tetézce nalezi do skupiny B-globinovych mutantd
vedoucich k produkci Hb variant, které jsou extrémné nestabilni a precipituji jeSté pred
spojenim s a-globinovymi retézci do molekuly Hb. Dochazi tak k hromadéni volnych a-
globinovych fetézcl a to vede k fenotypu talasemie intermedia. Do této skupiny patfi i Hb
Hradec Kralové (B115 Ala-Asp), popsany u matky a dcery z Cech (Divoky et al, 1993).

Vzacné se vyskytuji dominantni formy B-talasemii. Heterozygoti maji fenotyp talasemie
intermedia s Heinzovymi télisky v erytrocytech i v prekurzorech a hemolyzu. Bylo popsano
vice nez 30 dominantné vrozenych B-talasemickych mutaci, mnoho v jednotlivych rodinach
nebo izolovanych ptipadech a ¢asto vznikaji jako ,de novo“ mutace. Casto jsou v disledku
mutace syntetizovany vysoce nestabilni B-globinové tetézce, které nelze detekovat na
proteinové Urovni. Spektrum fenotypové zavaznosti dominantnich B-talasemii je spojeny se
stupném nestability abnormalnich B-globinovych retézca (Thein, 1999).

V nékterych vzacnych pripadech se mohou mutace, které zplsobuji B-talasemii,
nachazet mimo oblast HBB genu nebo celého HBB lokusu. Bylo popsano, Ze u jedincu
s klinickym obrazem vrozené mikrocytarni hypochromni anémie a se zvySenym HbA, nebo
HbF, u kterych analyzy vyloucily postizeni globinovych genti, mohou byt mutovany geny

kodujici faktory tzv. Hb prepindni (KLF1 a BCL11A) (Cao a Galanello, 2010; Rivella, 2015).

Diagnostika B-talasemii

Velka ¢ast nosicll B-talasemické alely ma zvysenou hladinu HbA; nad normalni hranici
3% (3-6 %). Asi jedna tretina heterozygotl ma zvySenou i hladinu HbF nad 1 %. U
homozygotl pro Bo—talasemii detekujeme jen HbF a minoritni frakci HbA,. Na molekuldrni
urovni detekujeme bodové mutace vramci HBB genu pomoci Sangerova sekvenovani a
delecni formy B-talasemii analyzujeme pomoci metody MLPA.

Pfi diferencidlni diagnostice B-talasemie minor, ziskané sideropenické anémie a
vrozenych poruch transportu iontli Zeleza, které byvaji také asociovdny s hypochromni
mikrocytarni anémii, se v prvni fadé opirame o stanoveni hladiny HbA, a HbF:

— B-talasemie minor: HbA,zvySeny nad 3-5%

— sideropenickd anémie a vrozené poruchy transportu iontl Zeleza: _normalni

hladina HbA; (pod 3 %)

— 1/3 nosiéd B-talasemické alely ma i mirné zvySenou hladinu HbF (nad 1 %)
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Spravna diagndza je dulezitd predevsim pro spravnou volbu terapie, protoze
neopodstatnéné poddavani preparatl Zeleza pacientim s B-talasemii nebo s vrozenymi
poruchami transportu iontl Zeleza mUze vést k pretizeni organizmu Zelezem.

Klinicky obraz heterozygotl pro &B-talasemii pfipomina B-talasemii minor; produkce
HbF je vSak u nich zvySena aZz na 5-20 %. Homozygoti pro &B-talasemii tvofi jen HbF a
hematologicky pfipominaji B-talasemii intermedia. Pfi diferencidlni diagnostice nam pomadha

urceni hladiny HbA,, ktera je u pacientd s §B-talasemii normalni.

Strukturni hemoglobinové varianty

Jednd se o skupinu onemocnéni zplsobenou strukturni zménou v molekule Hb
vznikajici v dlsledku aminokyselinové zamény v globinovém retézci. Nejcastéjsi pri¢inou na
genové urovni jsou bodové mutace v kddujicich sekvencich globinovych gent, ale mohou to
byt i kratké delece. Fenotypové projevy postizenych jedincd mohou byt rlizné, od zdvainych
forem s tézkou anemii ¢i hemolyzou po témér bezpfiznakové projevy. Toto zavisi na funkci a
stabilité vysledné Hb molekuly.

Hb abnormality miZzeme rozdélit do nékolika skupin: 1. Varianty s tendenci agregovat a
formovat srpkovité krvinky; 2. Varianty s abnormalni Hb syntézou — tzv. talasemické Hb,
napf. HbE; 3. Abnormalni varianty s hemolyzou a tendenci precipitovat (nestabilni
hemoglobiny), napf. Hb Koln (Obr. 8) a 4. Hemoglobinové varianty sabnormalnim
transportem kysliku (napf. Hb Olomouc) a kongenitdini polycytemie nebo varianty
s kongenitdlni cyandzou (abnormalni methemoglobiny) (Indrak et al, 1995). Treti a ctvrta

skupina zpUsobuje vazna onemocnéni u heterozygotll, homozygotni postizeni je fatdlni.
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Obr. 8: Proximalni a distalni strana hemové kapsy se schematickym znazornénim nékolika
aminokyselinovych zdmén v B-podjednotce hemoglobinu zjisténych v ceské a slovenské
populaci (pfevzato z Divoky et al, 2005). Substituce hem-kontaktnich (proximalni a distalni
His) nebo vnitfnich nepolarnich aminokyselin (Leu, Val) polarnimi aminokyselinovymi zbytky
zpusobuji zménu hydrofobnich vlastnosti hemové kapsy, snadnéjsi prlinik vody a jinych
oxidacnich latek do hemové kapsy a ndslednou oxidativni denaturaci Hb.

K dnesnimu dni bylo popsano vice nez tisic Hb variant, z nichZ dvé tfetiny jsou varianty

B-globinového tetézce (Globin Gene Server; http://globin.cse.psu.edu). Nejéastéjsi Hb

varianty po celém svété jsou endemické hemoglobiny HbS, HbC a HbE.

Diagnostika strukturnich hemoglobinovych variant

Pro zjisténi strukturni hemoglobinové varianty je dllezitd elektroforéza Hb, ktera
odhali abnormalni frakci mimo standardni Hb spektrum. Nestabilni Hb varianty ovsem
nemusi byt na elektroforéze zachytitelné, pro tyto pfipady se provadéji tzv. testy stability:
izopropanolovy test, test tepelné stability a test na Heinzova téliska. Mutace na DNA Urovni

se detekuji pomoci klasického Sangerova sekvenovani.
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PRAKTICKA CAST

6. CiLE PRACE

Tato disertacni prace si stanovuje nasledujici specifické cile

1. Molekuldrné-geneticka charakteristika hemoglobinopatii vedoucich k vrozenym
hemolytickym anemiim a dalSich strukturnich hemoglobinovych variant
2. Molekuldrné-geneticka charakterizace poruch globinové syntézy u nemocnych z

Ceské republiky, se zaméfenim na talasemické syndromy
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7. MATERIAL A METODY

V této kapitole se zaméruji pouze na ty metodické postupy, na kterych jsem se aktivné
podilela.

Soubor pacient(

Analyzovany soubor tvofilo 579 jedincl s podezienim na hemoglobinopatii s nalezem
mikrocytarni hypochromni anemie a s pozitivni rodinnou anamnézou. Jednalo se o pacienty
a jejich rodinné pfislusniky, ktefi byli sledovani na Hemato-onkologické klinice FN a LF UP
v Olomouci nebo na hematologickych pracovistich v Ceské republice a na Slovensku.

Biologicky materidl

Periferni krev pacient(l byla odebrana do K3EDTA odbérovych zkumavek. Ze vzorku krve byly
provadény zakladni bioanalytické testy, zhotoven hemolyzat a z leukocytll byla ziskana DNA
pro genetickou analyzu.

Bioanalytické testy

Hemolyzat byl pfipraven z erytrocytu periferni krve metodou vytiepani chloridem uhlicitym
s naslednou centrifugaci. Vysledny hemolyzat byl uchovavan pfri teploté -80 °C (Kutlar a
Huisman, 1991).

Stanoveni hladiny HbA, a HbS bylo provedeno ionexovou chromatografii pomoci kitu Sickle-
Thal Quik Column (Helena BioSciences Europe; Velka Britdnie) dle postupu doporuceného
vyrobcem.

Hladina HbF byla stanovena metodou alkalické denaturace ve vzorku hemolyzatu (Kutlar a
Huisman, 1991).

Elektroforéza hemoglobinu byla provedena v polyakrylamidovém gelu (PAGE). Separovany
vzorek hemolyzatu byl poté obarven Coomassie Brilliant Blue a bylo vyhodnoceno
hemoglobinové spektrum.

Izopropanolovy test byl proveden inkubaci hemolyzatu pacienta se 17% roztokem
izopropanolu (Kutlar a Huisman, 1991) a vyhodnocen zdkal nebo precipitace svédcici pro
pritomnost nestabilni hemoglobinové varianty. V nékterych pfipadech byl pouzit test tepelné

stability hemoglobinu (Kutlar a Huisman, 1991) (Obr. 9).
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Obr. 9: Pomér denaturovaného Hb v zavislosti na délce inkubace v testu tepelné stability
(TTS). Srovnani vysoce nestabilniho Hb Hradec Kralové s nestabilnim Hb Hana. Hb Hradec
Kralové je rozkladan jiz v erytroblastech a v erytrocytarnim lyzatu je ho jen malé mnozstvi,
které se rozloZi v TTS béhem 2 minut. Vzestup kfivky po 10 minutach znaci denaturaci HbA
(pFfevzato z Divoky, 2002).

Heinzova téliska byla detekovana v natérech periferni krve u pacientd s nestabilni
hemoglobinovou variantou nebo HbH, které byly pofizeny po inkubaci krve pacienta s 1%

roztokem Brillant kresylové modfi (Huisman THJ, 1990).

Molekuldrné-genetické testy

Izolace DNA

Pro izolaci genomické DNA zperiferni krve pacientl byla pouZita metoda
fenol/chloroform/isoamylalkohol s naslednou etanolovou precipitaci, PureGene® Blood Core
Kit B (Qiagen, Valencia, CA) nebo automaticky izolator nukleovych kyselin DNA MagNA Pure

(Roche Diagnostics, Mannheim, Germany).

Izolace retikulocytarni RNA
Retikulocyty byly izolovany z periferni krve pomoci sacharézového gradientu (1,5M
sachardza a 0,15M KCIl). Nasledné byla izolovana retikulocytdarni RNA pomoci guanidinium

thiocyanat/fenol/chloroformové extrakce (Chomczynski a Sacchi, 1987).

28


http://www.sciencedirect.com/science/article/pii/0003269787900212
http://www.sciencedirect.com/science/article/pii/0003269787900212#COR1
http://www.sciencedirect.com/science/article/pii/0003269787900212

Reverzni transkripce
Retikulocytarni RNA (1 pg) byla prepsana do molekuly komplementarni DNA (cDNA) pomoci

reverzni transkriptazy AMV Reverse Transcriptase (Promega Corporation, Madison, USA).

Southern blot

Southern blot analyza probihala po nastépeni genomické DNA restrikénimi endonukledzami
EcoRl, Bglll, Ncol, EcoRl, Pstl and BamHI (Promega Corporation, Madison, USA). Fragmenty
nastépené DNA byly separovany v 0,8% agardézovém gelu a ndsledné preneseny na
nylonovou membranu Hybond+ (Amersham, Buckinghamshire, UK). Membrana byla
hybridizovdna s probami zahrnujici oblast 5B, B-globin IVS-Il a 3'B oblasti HBB genu, které
byly znadeny radioaktivnim fosforem 32p (Hartmann analytics, Germany). Naznacené

specifické fragmenty byly vyzareny na X-Ray film, (Kodak, USA).

Polymerazova retézova reakce

Polymerdazova retézova reakce (PCR) probihala v 50 pl nebo 25ul objemech v 1krat PCR pufru
s 25 mM MgCl2, 2 mM dNTPs mix a 1 U Taq polymerazy (AmpliTag Gold®, Applied
Biosystems by Life Technologies, USA) s pfidanim 20 pmol primer( (viz. tabulka primert
priloha ¢. 2). Jako templat bylo pouZito 100 ng DNA nebo cDNA (1/10 objemu reverzni
transkripce). Amplifikace probéhla v termocycleru po uvodni denaturaci (95°C, 10 min) v 35
cyklech pfi teplotach 95°C (45 s), 56°C (45 s) a 72°C (1 min), zavérecna polymerace trvala 10
min pfi 72°C.

Inverzni polymerazova retézova reakce

Inverzni PCR probihala v 50 pl objemech v 1krat PCR pufru s 25 mM MgCl2, 2 mM dNTPs mix
a 1 U Taq polymerazy (AmpliTag Gold®, Applied Biosystems by Life Technologies, USA) s
pfidanim 20 pmol primerd. K amplifikaci fragmentu a sekvenaci mista spojeni byly pouZzity
dvojice primer(: B-Ex2-R; B-IVS-II-F a B-Ex3-F; B-Ex3-R (viz. tabulka primer0 pfiloha ¢. 2).
Jako templat bylo pouzita DNA po ligaci a nasledné linearizaci restrikéni endonukledzou.
Amplifikace probéhla v termocycleru po Uvodni denaturaci (95°C, 10 min) v 35 cyklech pfi
teplotach 95°C (45 s), 59°C (45 s) a 72°C (1 min), zadvérecna polymerace trvala 10 min pfi
72°C.
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Klonovani

PCR produkty byly ligovany do pZErO® vektoru (Zero Background™ Cloning Kit, Invitrogen by
life technologies, USA) s kanamycinou rezistenci po linearizaci vektoru Eco RV restrikéni
endonukleazou (Promega Corporation, Madison, USA). Cirkularni plasmid s fragmenty DNA
byl transformovan do kompetentnich bunék Escherichia coli (New England BiolLabs,UK),
které byly ndsledné kultivovany na LB agarovych miskdch s pridavkem kanamycinu ve
vysledné koncentraci 50 pg/ml. Narostlé kolonie byly vypichovany a rozkultivovany

jednotlivé v LB médiu s pfidavkem baktoagaru a kvasnicového extraktu.

Izolace plazmidové DNA
Pro izolaci plazmidové DNA byl pouzit Plasmid Mini Kit (QIAGEN, Némecko) a postup izolace

doporuceny vyrobcem.

Pfiprava PCR produktli pro sekvenacni reakci
PCR produkty ziskané vramci HBB genu byly vyfezany z agarézového gelu a precistény

pomoci QlAquick Gel Extraction Kitu (QIAGEN, Némecko) dle postupu uréeného vyrobcem.

Sekvenacni analyza

Klasické Sangerovo sekvenovani bylo provedeno pomoci kitu T7 Sequenase vision 2.0 DNA
sequencing kit (Amersham LIFE SCIENCE, USA). Sekvenacni produkty byly znacené
radioaktivni sirou *°S, nasledné byly separovany v polyakrylamidovém denaturaénim gelu (s
pfidavkem 6 M mocoviny) a vyzareny na X-Ray film, (Kodak, USA). Novéjsi sekvenacni
analyzy byly provedeny pomoci kitu BigDye terminator v1.1 (Applied biosystems by Life
technologies, USA) a separovany v kapilarni elektroforéze (Geneticky analyzator ABI PRISM™
3100, Applied biosystems, USA). Vysledny chromatogram byl vyhodnocovan v program
Chromas V1.5 (Technelysium Pty Ltd, Austrdlie).

Alelové-specificka polymerazova retézova reakce

Alelové-specifickd polymerazovd tetézova reakce (ASO-PCR) pro identifikaci 6-ti
nejbéznéjsich typl deleci v ramci HBA lokusu (Chong et al, 2000) byla provedena v 50 ul
objemech pomoci LA DNA Polymerases Mix (Top-Bio, Ceskd republika). Amplifikace

probéhla v termocycleru po uvodni denaturaci (95°C, 10 min) v 30 cyklech pfi teplotach 97°C
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(45 s), 60°C (1 min 15 s) a 72°C (2 min 30 s), zavérecna polymerace trvala 10 min pfi 72°C.
PCR produkty byly separovany v 1% agarozovém gelu obarvenym ethidium bromidem.

Pro detekci sedmi nejcastéjsich a-talasemickych deleci bylo vytvoreno multiplexni PCR). Tato
metoda se pouziva pro uréeni dvou nejéastéjsich o'-talasemickych deleci (-a*’; -a*?) a

daldich 5 a’-talasemickych deleci, mezi nimi --M* a -->t*

. Novéjsi MLPA (viz déle) je zaloZena
na ligaci vice parl prob (obvykle dlouhych), které hybridizuji napfi¢ k analyzované oblasti.
Nasleduje semi-kvantitativni amplifikace s pouZzitim univerzélnich tag PCR primerl a poté

fragmentacni analyza.

Multiplex ligation-dependent probe amplification

Multiplex ligation-dependent probe amplification (MLPA) metoda je zaloZzena na ligaci dvou
sond s nasledujici amplifikaci. MLPA slouZi k detekci zmén poctu kopii genovych sekvenci —
od malych (nukleotidovych) deleci az po rozsahlé delece celého lokusu, ale i duplikaci a
amplifikaci (Obr. 10). Pro hybridizaci byly pouzity panely P140 HBA a P102 HBB (MRC-
Holland, Holandsko) a byl dodrzen postup doporuceny vyrobcem. Nasledné byly produkty
MLPA reakce separovany v kapildrni elektroforéze (Geneticky analyzator ABI PRISM™ 3100,
Applied biosystems, USA). Vysledky byly vyhodnoceny v programu GeneMarker® v1.85
(SoftGenetics, USA).
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1. Denaturace a hybridizace

PCR primer sekvence X PCR primer sekvence Y

stuffer sekvence

hybridizaéni sekvence (vlevo) hybridizaéni sekvence (vpravo)
2. Ligace

3. PCR pomoci univerzalnich primeri XaY

'“II

4. Fragmentacni analyza
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Obr. 10: MLPA vyuziva az nékolik desitek sond, z nichZ kazda je specificka pro rlizné sekvence
DNA. Kazda sonda je sloZzena ze dvou 5 a 3" polovi¢nich sond sestavajicich z cilové a
specifické sekvence a z univerzalniho primeru, ktery umozniiuje PCR amplifikaci vSech sond.
Kromé toho jedna nebo obé dvé poloviéni sondy obsahuji ucpavac sekvenci, ktery umoznuje
diferenciaci v pribéhu elektroforézy. Pribéh MLPA lze rozdélit do ctyr krokd (viz Obr.).
V prvnim kroku je DNA denaturovana a inkubovana se smési sond MLPA. Kazda sonda MLPA
se skldada ze dvou oligonukleotidu, které se nahybridizuji na sousedni cilovou sekvenci DNA, a
v dalSim kroku dochazi k jejich ligaci. Ve tfetim kroku dochazi k PCR amplifikaci, ktera se
provadi za pouZiti pouze jednoho paru PCR primer(, z nichZ jeden je fluorescen¢né znaceny.
Béhem PCR reakce jsou amplifikovany pouze ligované sondy. PCR produkty jsou v dalSim
kroku oddéleny na zakladé velikosti pomoci kapilarni elektroforézy. Rozdily mezi rliznymi
vzorky DNA jsou zjistovany porovnanim vyslednych pikd. Méfi se vyska nebo plocha
ziskanych pika. Klicovym bodem v reakci MLPA je to, Ze nedochazi k PCR amplifikaci cilové
sekvence, ale dochazi k hybridizaci a ligaci sond na cilové sekvence DNA. Upraveno podle:
www.mrc-holland.com.
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8. VYSLEDKY A DISKUZE

8.1 Molekularné-geneticka charakteristika strukturnich hemoglobinovych variant

Hypotézy. Pfi feSeni cile spojeného s molekuldrné-genetickou charakterizaci
strukturnich hemoglobinovych (Hb) variant jsme vychdzeli z pfedpokladu, Ze nejcastéjSimi
Hb variantami budou ve vy$etfovaném souboru jiz diive v CR diagnostikované HbE a Hb
Lepore (Indrdk et al, 1995; Divoky et al, 2005). Dale jsme ocekavali, Ze se stoupajici migraci
budou (u imigrant( a jejich potomk() diagnostikovany i endemické hemoglobinové varianty,
jako jsou HbS a HbC. Také jsme vychazeli z hypotézy, Ze u Casti nemocnych s vrozenou

hemolytickou anemii bude odhalena nestabilni hemoglobinopatie.

Vysetifovany soubor, vysledky bioanalytickych testli a molekularné-genetickych
analyz

Vysetfovany soubor tvofilo 52 jedincli z 37 rodin s podezfenim na hemoglobinopatii -
pacienti s normalni nebo zvySenou hladinou HbA, a HbF a zaroven s ndlezem v krevnim
obraze, ktery spolu srodinnou anamnézou a dalSimi vySetfenimi podporoval diagndzu
hemoblobinopatie, a u kterych byla jiz dfive vylou¢ena a nebo B-talasemie. Jednalo se o
analyzu vzorku vySetfovanych v Laboratofi molekularni biologie Hemato-onkologické kliniky
FNOL v letech 2008 — 2015. Pomoci bioanalytickych testli a sekvencni analyzy HBB genu byla

u nemocnych potvrzena strukturni hemoglobinova varianta.

HbE B26 (Glu=>Lys) (HbVar ID 277; HBB: c.79G>A) byl detekovan v nasem souboru u 14
jedincl z 11 rodin. VSichni byli nosici alely pro HbE, ve dvou pfipadech se jednalo o dvojité
heterozygoty v kombinaci s B-talasemickou mutaci IVS-1-1 (G>A) a CD37 (TGG—->TGA). HbE
patfi mezi tzv. talasemické hemoglobiny, vétSina heterozygotl jsou bezpfiznakovi nebo
s mirnou mikrocytarni anemii (Indrak et al, 1995). HbE byl ve vSech pfipadech detekovan na
proteinové elektroforéze (Obr. 11A) - vykazuje jen velmi mirnou nestabilitu a pomoci
ionexové chromatografie pfi méreni HbA, (HbE putuje ve stejném pruhu jako HbA;). U vSech
jedincl byla potvrzena mutace v kodonu 26 HBB genu (B26 Glu—>Lys) pomoci Sangerova

sekvenovani (Obr. 11B).
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Obr. 11: Proteinova a DNA diagnostika HbE. (A) Proteinova elektroforéza, polyakrylamidovy
gel barveny Coomasie blue. Na obrdzku zobrazené jednotlivé frakce hemoglobinového
spektra. HbE putuje stejné jako frakce HbA,, u nékterych vzorkl je patrnd vyraznéji frakce
HbA,, jednd se o nosice B-talasemické mutace. Potvrzeni HbE a odliSeni tak od frakce HbA,
bylo pomoci molekuldarné genetického vysetfeni - sekvenacni analyzou. (B) Vysledny
chromatogram ¢&asti HBB genu pacienta s HbE, jednd se o heterozygotni nosi¢stvi. Sipka
ukazuje bodovou mutaci v kodonu 26 HBB genu GAG—>AAG a zaroven nukleotid standardni
alely ve stejné pozici.

U 6 rodin (10 clenl) jsme v nasem souboru diagnostikovali nosi¢stvi pro Hb Lepore
(HbVar ID 743-744). Jednd se o hybridni hemoglobin vznikajici v meioze nerovnomérnym
prekfizenim (nerovnomérny ,crossingover”) mezi 6- a B-globinovymi geny. Tento proces
vede ke genové fuzi, zachovava cteci ramec, ale cely gen je pod vlivem slabého 6-
globinového promotoru. Vznikd tak hybridni globinovy fetézec, ktery v kombinaci s a-
globinovymi fetézci vytvari skupinu Hb Lepore s talasemickym fenotypem (Divoky et al,
2013). Heterozygoti maji mirnou mikrocytarni hypochromni anemii s normalni hladinou HbA,
a se zvysenou hladinou HbF. Hb Lepore je stabilni, lze jej detekovat na proteinové
elektroforéze (Obr. 12A). Pomoci sekvenacni analyzy lze detekovat mista fuze Useka 6- a B-

globinovych gend (Obr. 12B).
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Obr. 12: Proteinovd a DNA diagnostika Hb Lepore. (A) Proteinovd elektroforéza,
polyakrylamidovy gel barveny Coomasie blue. Na obrazku zobrazené jednotlivé frakce
hemoglobinového spektra, ¢ervenou Sipkou oznacena frakce Hb Lepore, ktery putuje
pomaleji nez HbA i HbF. (B) Vysledny chromatogram ¢asti HBB genu pacienta s Hb Lepore,
jedna se o heterozygotni nosi¢stvi. Zlutd Sipka ukazuje CD84 - polymorfismus (ACC-ACT),
fialova Sipka oznacuje CD 86, modra Sipka CD 87, kde zacina prekryv 6/B globinovych gend,
od CD88 nasleduje 100% homologie. Pravdépodobné se jednda o variantu Hb Lepore-Boston-
Washington (HbVar ID 744; sekvence &-globinového genu je po CD87, sekvence PB-
globinového genu nasleduje od CD116).

Endemicky HbS B6 (Glu=>Val) (HbVar ID 226; HBB: c.20A>T) jsme v nasem souboru
detekovali u 10 jedinct (ze 7 rodin). U 7 z nich jsme potvrdili heterozygotni nosicstvi alely pro
HbS (Obr. 13A), ¢tyfi jedinci byli ¢esti obcané s predky z malarickych oblasti, ostatni tfi byli
¢lenové cesko-africké rodiny, z nichz u dvou jedinc bylo soucasné diagnostikovano tiché
nosi¢stvi a-talasemické delece -o’ (Tab. I1). T¥i jedinci nadeho souboru méli potvrzenou
molekuldrné geneticky srpkovitou anemii (homozygotni forma HbS) (Obr. 13B), ve vSech

trech pripadech se jednalo o imigranty, africké obcany.
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Hemoglobin S lze dobfe detekovat na proteinové elektroforéze (Obr. 14A) a jeho
hladinu lze dobfe zméfit a vyjadrit procentuelné pomoci iontové chromatografie. Nosici alely
pro HbS maji mirnou mikrocytarni hypochromni anemii se zvySenou hladinou HbA, a
normalni hladinou HbF. Hladina HbS se obvykle pohybuje mezi 25 — 45 %. Pacienti se
srpkovitou anemii (homozygoti pro HbS) maji hladinu HbS mezi 70 — 90 % a 5 — 15 % HbF
(obr. 14B).

Nosi¢i alely pro HbS v kombinaci s a-talasemii maji vétSinou normalni hodnoty
krevniho obrazu, mirné zvySenou hladinu HbA,, normalni hladinu HbF a hladina HbS se u
nich pohybuje mezi 20 — 35 % (mUze byt mirné snizena oproti nosicim HbS alely). Namérené

hodnoty u ¢esko-africké rodiny z naseho souboru shrnuje tabulka Il.

Tab. Il: Tabulka uvadi prehled hematologickych a molekuldrné genetickych dat u cesko-
africké rodiny s heterozytotnim nosi¢stvim pro HbS a a-talasemické deleci -a>”.

MCH HbA;(%) HbF (%) HbS (%) HbS HBA lokus
OTEC(1966) | 546 | 152 | 049 | 894 | 278 4,7 0,4 35 86 (Glu-val) | delece -a*’
SYN (2000) 535 | 148 | 046 | 865 | 27,7 48 0,2 36 B6 (Glu-Val) negativni
DCERA (2004) | 528 | 128 | 041 | 77,3 | 24,2 4,9 03 31 B6 (Glu-val) | delece -o*’
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Obr. 13: Molekularné-geneticka diagnostika HbS. (A) Vysledny chromatogram casti HBB
genu pacienta s HbS, jednd se o heterozygotni nosi¢stvi. Sipka ukazuje bodovou mutaci
v kodonu 6 HBB genu GAG—>GTG a zaroven nukleotid standardni alely ve stejné pozici. (B)
Vysledny chromatogram ¢dasti HBB genu pacienta s HbS, jedna se o homozygotni nosicstvi.
Sipka ukazuje bodovou mutaci v kodonu 6 HBB genu GAG->GTG bez pfitomnosti standardni
alely ve stejné pozici.

lﬁs
Hbges 3 ’\/t 28

HbF

Obr. 14: Detekce HbS proteinovou elektroforézou na polyakrylamidovém gelu barveném
Coomasie blue. (A) Na obrazku zobrazené jednotlivé frakce hemoglobinového spektra,
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Cervenou Sipkou oznacend frakce HbS, ktery putuje pomaleji nez HbA i HbF. Na gelu jsou
vidét tfi vzorky od ¢lenl Cesko-africké rodiny. (B) Na obrazku zobrazené jednotlivé frakce
hemoglobinového spektra. Cervené $ipky oznaéuji frakce HbS a HbF jako jediné hemoglobiny
u pacienta se srpkovitou anemii (homozygot pro HbS. Hodnoty jeho krevniho obrazu (Hb: 81
g/l: Ery: 3,10.10%/l; Ht: 0,23; MCV: 74,5 fl), hladiny HbS (73 %) a hladina HbF (8 %)
odpovidaly zjisténému genotypu (Obr. 13B).

Mezi nejcastéjsi nestabilni hemoglobinové varianty se fadi Hb Kéln B98 (Val->Met)
(HbVar ID 448; HBB: c.295G>A) (Indrak et al, 1995). V nasem souboru jsme nosi¢stvi pro tuto
alelu detekovali u 3 rodin (5 ¢lenll) ¢eského plavodu. Pacienti maji obvykle normalni hodnoty
krevniho obrazu nebo mirnou hemolytickou anemii s hodnotou MCV mirné zvySenou (95 —
99 fl), retikuldzu (az 20 %) a v erytrocytech patrna Heinzova téliska, zpUsobend precipitaci
volnych globinovych fetézcl uvolnénych z nestabilni molekuly hemoglobinu. Mutace Hb Kdln
se Casto v rodinach vyskytuje de novo (Indrak et al, 1991). Vzhledem ke své nestabilité se Hb
K6In obtizné detekuje na proteinové elektroforéze, u vzorku na gelu je patrny tzv. ,smear”
jako neostra pritomnost nestabilniho proteinu (Obr. 15A). Na DNA drovni jsme u vSech 5
jedincl potvrdili heterozygotni nosi¢stvi pro Hb Koln (B98 Val->Met), detekovali jsme mutaci
v CD 98 HBB genu (GTG>ATG) (Obr. 15B).

A

Hb Kdln

Obr. 15: Proteinovd a DNA diagnostika Hb Koin. (A) Proteinova elektroforéza,
polyakrylamidovy gel barveny Coomasie blue. U dvou vzork( patrny ,smear” predstavujici
rozpadly nestabilni Hb K6ln u otce a syna z Ceské rodiny. Pruh HbA je patrny. (B) Vysledny
chromatogram ¢&asti HBB genu pacienta s Hb K&ln, jedna se o hererozygotni nosi¢stvi. Sipka
ukazuje bodovou mutaci v kodonu 98 HBB genu (GTG—>ATG) a zaroven nukleotid standardni
alely ve stejné pozici.
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Hemoglobin Knossos (27 Ala->Ser) (HbVar ID 281; HBB: c.82G>T) jsme v nasem
souboru detekovali u tfi jedincd ze tfi nepfibuznych ceskych rodin. Je to velmi béina Hb
varianta ve Stfedozemi (http://globin.cse.psu.edu/hbvar). U vSech se jednalo o
heterozygotni nosi¢stvi, které se projevuje mirnou mikrocytarni, hypochromni anemii
s normalni hladinou HbA,, HbF a s normalnim Hb spektrem na proteinové elektroforéze,
protoZe Hb Knossos putuje velmi blizko frakci HbA. Oddélit tyto jednotlivé frakce Ize pouze
pomoci izoelektrické fokuzace nebo pomoci vysokotlaké kapalinové chromatografie. My
jsme nosicstvi alely potvrdili u vSech tfi pacientd pomoci sekvenacni analyzy (Obr. 16);

detekovali jsme heterozygotni mutaci v CD 27 HBB genu (GCC->TCC).

& 6 T 6 6T 6 A 6 N ¢ CCT UGG 6 C0

v

Obr. 16: Vysledny chromatogram c¢dasti HBB genu pacienta s Hb Knossos, jedna se o
hererozygotni nosi¢stvi. Sipka ukazuje bodovou mutaci v kodonu 27 HBB genu (GCC->TCC) a
zaroven nukleotid standardni alely ve stejné pozici.

Dalsi nestabilni Hb variantou, kterou jsme charakterizovali v nasem souboru u tfi
jedincll ze dvou nepfibuznych rodin, byl Hb Monroe (B30 Arg—>Thr) (HbVar ID 290; HBB:
€.92G>C). Jedna rodina byla afrického, druha ¢eského plvodu. Ve vsech pripadech se jednalo
o heterozygotni nosicstvi, které se projevuje mirnou mikrocytarni hypochromni anemii se
zvySenou hladinou HbA,. Hb Monroe je nestabilni, proto je nezachytitelny na proteinové
elektroforéze (Gonzalez-Redondo et al, 1989). Mutace byla potvrzena sekvenéni analyzou

HBB genu, kde byla detekovana mutace v CD 30 (AGG—>ACG) (Obr. 17).
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Obr. 17: Vysledny chromatogram c¢asti HBB genu pacienta s Hb Monroe, jednd se o
hererozygotni nosi¢stvi. Sipka ukazuje bodovou mutaci v kodonu 30 HBB genu (AGG->ACG) a
zaroven nukleotid standardni alely ve stejné pozici.

Strukturni Hb variantu Hoshida B43 (Glu—>Gln) (HbVar ID 318; HBB: c.130G>C) jsme
detekovali u matky a syna z jedné Ceské rodiny. Zajimavosti je, Ze jde o Hb variantu, kterd
nevede k 74dnému abnormalnimu fenotypu. Ze se jednd o néjakou patologii, bylo zjisténo
nahodné pfi méreni glykovaného hemoglobinu u syna, ktery trpi diabetem. Jedna se stabilni
Hb variantu s normalni funkci, heterozygoti maji normalni hodnoty krevniho obrazu, mirné
zvysenou hladinu HbA; a normalni hladinu HbF (Tab. Ill). Klinické projevy naSich jedinct
odpovidaji plvodnimu popisu fenotypu z japonské rodiny (luchi et al, 1978). Pozdéji byla
tato vzacnd Hb varianta nalezena u jedné rodiny z byvalé Jugosldvie (Plaseska et al, 1991). Na
proteinové elektroforéze je patrna abnormalni frakce (Obr. 18A). Heterozygotni nosi¢stvi
alely pro Hb Hoshida jsme potvrdili u obou jedinci pomoci sekvenéni analyzy HBB genu (Obr.
18B).

Tab. lll: Hodnoty krevniho obrazu a vysledky bioanalytickych testd u rodiny s Hb Hoshida.

MATKA SYN
Hb (g/1) 148 161
ERY (10%/1) 4,8 5,2
Hematokrit 0,43 0,48
McV (fl) 89,8 91,3
MCH (pg) 30,8 31
RET 0,020 0,020
HbA, (%) 3,5 3,6
HbF (%) 0,3 0,4
ELFO Hb abnormalni frakce abnormalni frakce
Heinzova téliska negativni negativni
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Obr. 18: Proteinovd a DNA diagnostika Hb Hoshida. (A) Proteinova elektroforéza,
polyakrylamidovy gel barveny Coomasie blue. Cervenou $ipkou oznalena frakce Hb Hoshida
B43 (Glu—=>Gln). (B) Vysledny chromatogram ¢asti HBB genu pacienta s Hb Hoshida, jedna se
o hererozygotni nosié¢stvi. Sipka ukazuje bodovou mutaci v kodonu 43 HBB genu (GAG->CAG)
a zaroven ,wild type” alelu ve stejné pozici.

Strukturni hemoglobinovou variantu Doha B1 (Val->Glu) (HbVar ID 712; HBB: c.5T>A)
jsme detekovali v naSem souboru u jedné ceské rodiny (u otce a syna). Jednalo se o
heterozygotni nosicstvi, mutace v HBB genu v CD 1 (GTG->GAG) byla potvrzena sekvenacni
analyzou (Obr. 19A). V disledku mutace vznika v pozici 1 HBB genu aminokyselina — kyselina
glutamovad, kterda zabranuje odnéti predchozi aminokyseliny methioninu a dochdzi tak
k prodlouZeni proteinového retézce na N-konci v pofadi aminokyselin: Met-Glu-His-Leu-Thr-
(Kamel et al, 1985). Hb Doha je stabilni Hb, ktery putuje na proteinové elektroforéze rychleji

nez HbA (Obr. 19B). U heterozygotl nezpUlsobuje Zzadny patologicky fenotyp.
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Obr. 19: DNA a proteinova diagnostika Hb Doha. (A) Vysledny chromatogram ¢asti HBB genu
pacienta s Hb Doha, jednd se o hererozygotni nosi¢stvi. Fialova Sipka ukazuje bodovou
mutaci v kodonu 1 HBB genu (GTG->GAG) a zdroven ,wild type” alelu ve stejné pozici.
Mutace je asociovana s polymorfismem v pozici 5’"UTR +47 (C-T) (HBB: c.-4C>T) (Zluta Sipka).
(B) Proteinovd elektroforéza, polyakrylamidovy gel barveny Coomasie blue. Cervend ipka
oznacuje frakci Hb Doha, ktery putuje rychleji nez HbA.

V nasem souboru jsme analyzovali jednoho pacienta, ktery byl od dvou let sledovan
pro hemolytickou anemii a potfeboval pravidelné transfiuze. V 11 letech podstoupil
splenektomii, od té doby je subjektivné bez potizi. Molekularné geneticky byl vySetfen v nasi
laboratofi az v dospélém véku a byla mu potvrzena heterozygotni mutace v HBB genu
v pozici 28 (CTG—>CAG) (Obr. 20A), ktera byla jiz dfive popsand jako mutace vedouci k
aminokyselinové zaméné Hb Saint Louis (28 Leu—>Gln) (HbVar ID 284; HBB: c.86T>A). Jedna
se 0 nestabilni Hb variantu svysokou afinitou ke kysliku, v dlsledku toho vznika vyssi
procento methemoglobinu (Wiedermann et al, 1986, Divoky et al, 2005). Pacienti trpi
chronickou hemolytickou anemii asociovanou scyandzou, methemoglobinémii a
v erytrocytech lze detekovat Heinzova téliska (Obr. 20B,C). Vzhledem ke své nestabilité neni

Hb Saint Louis vidét na proteinové elektroforéze (Obr. 20D).
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Obr. 20: Diagnostika nestabilni Hb varianty Hb Saint Louis. (A) Vysledny chromatogram ¢3sti
HBB genu pacienta s Hb Saint Louis, jednd se o hererozygotni nosi¢stvi. Sipka ukazuje
bodovou mutaci v kodonu 28 HBB genu (GTG->GAG) a zaroven ,wild type” alelu ve stejné
pozici. (B-C) Natéry periferni krve pacienta se strukturni variantou Hb Saint Louis. (B)
panoptické barveni dle Pappenheima s ndlezem akantocytd, echinocytll, stomatocytq,
tercovitych erytrocytl, bazofilniho teckovani erytrocytl a Heinzovych télisek (oznacené
Sipkami). (C) inkubace erytrocytl s brilliant-kresylovou modti — prlikaz Heinzovych télisek
(inkluze tvorené shlukem volnych B-globinovych fetézcl v erytrocytu po rozpadu molekuly
hemoglobinu — oznacené Sipkami). (D) Proteinova elektroforéza, polyakrylamidovy gel
barveny Coomasie blue. Na obrazku zobrazené jednotlivé frakce hemoglobinového spektra,
cervenou Sipkou oznacéeny vzorek pacienta s Hb variantou Saint Louis. Vzhledem ke své
nestabilité patrna pouze frakce HbA.
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Jedna détska pacientka v nasem souboru byla nosi¢kou alely pro Hb C (B6Glu—>Lys)
(HbVar ID 227; HBB: c.19G>A). Otec ditéte je brazilské narodnosti, pfibuzni z matciny strany
maji madarsky plvod. HbC je stabilni hemoglobin s normalni funkci, u heterozygott se miize
objevit mirnad anemie a tercovité erytrocyty v natérech periferni krve. NaSe pacientka méla
normalni hodnoty krevniho obrazu, jen mirnou mikrocytézu (MCV 73 fl), normalni hodnotu
HbF. Stejné jako HbE, také Hb C putuje ve stejném pruhu jako HbA,, Ize jej detekovat
v proteinové elektroforéze (Obr. 21A). Mutace byla potvrzena sekvenacni analyzou HBB

genu (Obr. 21B).

¢ ¢ T 6 ACT C CT A AG 6 A G A1

v

Obr. 21: Proteinova a DNA diagnostika Hb C. (A) Proteinova elektroforéza, polyakrylamidovy
gel barveny Coomasie blue. Na obrdzku zobrazené jednotlivé frakce hemoglobinového
spektra. Hb C putuje stejné jako frakce HbA,. Potvrzeni Hb C a odliSeni tak od frakce HbA,
bylo pomoci molekularné genetického vySetfeni - sekvenacni analyzou. (B) Vysledny
chromatogram ¢asti HBB genu pacientky s Hb C, jednd se o hererozygotni nosi¢stvi. Sipka
ukazuje bodovou mutaci v kodonu 6 HBB genu (GAG—>AAG) a zaroven nukleotid standardni
alely ve stejné pozici.

Posledni zastoupenou strukturni Hb variantou v nasem souboru predstavuje Hb Sydney
(B67 Val>Ala) (HbVar ID 371; HBB: c.203T>C). Jedna se o nestabilni Hb variantu s projevy
hemolytické anemie s Heinzovymi télisky (Indrak et al, 1998). V nasem souboru byla

vysetfena jedna détska pacientka s hemolytickou anemii (Hb: 103 g/l; Ery: 3,67.10"%/I; Ht:
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0,34; MCV: 91,8 fl), s pozitivnimi Heinzovymi télisky a izopropanolovym testem. Nélez na
proteinové elektroforéze odpovidal nestabilni hemoglobinopatii, u vzorku byla patrna pouze
frakce HbA. Pomoci sekvenacni analyzy byla detekovana heterozygotni mutace v pozici 67

HBB genu (GTG->GCG) (Obr. 22).
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Obr. 22: Vysledny chromatogram ¢dasti HBB genu pacientky s Hb Sydney, jednd se o
hererozygotni nosi¢stvi. Sipka ukazuje bodovou mutaci v kodonu 67 HBB genu (GTG->GCG) a
zaroven nukleotid standardni alely ve stejné pozici.

Shrnuti molekularné-genetické charakterizace strukturnich hemoglobinovych variant

Pfehled strukturnich hemoglobinovych variant, které jsme charakterizovali na
molekuldrni Urovni v letech 2008 — 2015, je uveden v tabulce IV. Potvrdili jsme nase pracovni
hypotézy: nejéastéjsimi Hb variantami v CR zGstdvaji Hb E a Hb Lepore. Potvrdili jsme, Ze
zvysujici se imigrace z malarickych oblasti vede k introdukci alel endemickych hemoglobin(
do nasi populace. Ukézali jsme, Ze je nutné na hematologickych pracovistich v CR pocitat
s nestabilnimi hemoglobinopatiemi jako pri¢inami vrozené hemolytické anemie. Navic jsme
poprvé v ¢eské populaci identifikovali dvé vzacné Hb varianty, Hb Hoshida a Hb Doha.
Vysledky této casti disertacni prace byly prezentovany formou abstrakt a posterli na
konferencich (pfiloha €. 7). V ptipravé jsou publikace popisujici zminéné vzacné Hb varianty

Hb Hoshida a Hb Doha v ¢eskych rodinach.
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Tab. IV: Prehled jednotlivych

vySetfovaném souboru pacient(

strukturnich hemoglobinovych variant zjisténych ve

POCET POCET

HEMOGLOBINOVA VARIANTA RODIN CLENU STABILITA FENOTYP (heterozygoti)
Hb E B26 (Glu->Lys) 11 14" mirnd nestabilita mikrocytozdza, talasemie minor
Hb Lepore 6B-hybrid 6 10 normalni mikrocytdza, talasemie minor
Hb S (z toho normalni u heterozygotl, HA u
homozygot) B6 (Glu—>Val) 7 10* (3) deoxy forma precipituje | homozygott
Hb Koln 98 (Val->Met) 3 5 nestabilni mirna HA
Hb Knossos B27 (Ala->Ser) 3 3 normalni mikrocytozéza, talasemie minor
Hb Monroe 30 (Arg->Thr) 2 3 nestabilni mikrocytozdza, talasemie minor
Hb Hoshida B43 (Glu—>Gln) 1 2 normalni normalni
Hb Sydney B67 (Val->Ala) 1 1 nestabilni HA
Hb Doha B1 (Val=>Glu) 1 2 normalni normalni
Hb Saint Louis 28 (Leu—>Gln) 1 1 nestabilni, T Met-Hb HA, cyandza

mikrocytozdza, talasemie minor,

Hb C B6 (Glu->Lys) 1 1 normalni mirnd HA u homozygotl

1jeden pacient byl dvojity heterozygot pro HbE a pro B-talasemickou mutaci IVS-I-1(G>A)
2 jeden pacient byl dvojity heterozygot pro HbE a pro B-talasemickou mutaci CD37(G->A)
*
dva clenové jedné rodiny afrického plvodu s kombinaci nosicstvi pro HbS a tichého nosicstvi a-talasemické

3.7
delece -a

8.2 Molekularné-geneticka charakterizace 8- a 6B-talasemickych alel

Hypotézy. Pti feSeni cile spojeného s molekuldrné-genetickou charakterizaci B-
talasemickych alel jsme vychazeli z hypotézy, Zze v éeské a slovenské populaci pfevladaji B- a
6B-talasemické alely pidvodem ze Stfedozemi, jak bylo publikovano v pavodni praci Indraka
et al (1992), a Ze vysoka frekvence IVS-I-1 (G->A) mediteranni alely by mohla byt specificka
pro ceskou a slovenskou populaci. Tato hypotéza se vSak opirala o relativné maly soubor
pacientl analyzovany v pUvodni praci vénované molekuldrné-genetické charakteristice B-

talasemickych alel v ¢eské a slovenské populaci (Indrak et al, 1992).

Vysetiovany soubor, vysledky bioanalytickych testli a molekularné-genetickych
analyz

Nas vySetfovany soubor tvofilo 400 jedincd s podezienim na B- nebo &/B-talasemii -
pacienti se zvySenou hladinou HbA; a HbF a zdroven s nalezem v krevnim obraze, ktery spolu
s rodinnou anamnézou a dalsimi vySetfenimi podporoval diagnézu B- nebo &/B-talasemie.
Jednalo se o analyzu vzorkd vySetfovanych v Laboratofi molekularni biologie Hemato-

onkologické kliniky FNOL v letech 2002 — 2015. Pomoci bioanalytickych testli a sekvenacni
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analyzy HBB genu byla u 383 nemocnych potvrzena konkrétni forma B- nebo 6/B-talasemie.

Vzhledem ktomu, Ze studie popisujici molekuldrné-genetickou charakterizaci B- a 6B-

talasemickych alel byla publikovéna, a publikace je i s komentafem prilozena (pfiloha €. 3),

uvadim zde jen shrnuti vysledku v tabulce V.

Tab. V: Incidence B-talasemickych a 6B-talasemickych mutaci v éeské a slovenské populaci
detekovanych v obdobi 2002 — 2015.

B-talasemicka

Pocty

Typ talasemie®/

mutace Mutace® rodin/dlend etnicky plvod mgtatc?b )
(haplotyp pokud je znamy®)

IVS-I1-1 (G->A) HBB:c.92+1G>A 53/97 | B%/Stiedozemi (Va)

IVS-1-110 (G->A) HBB:c.93-21G>A 40/61 | B/ Stfedozemi  (I; IX)

IVS-I-6 (T->C) HBB:c.92+6T>C 27/32 | B/ Sttedozemi (VI nebo X)

CD 39 (C->T) HBB:c.118C>T; p.GIn40* 23/37¢ | B°/ Stiedozemi (1)

IVS-1I-1 (G->A) HBB:c.315+1G>A 15/25 | B%/ Stfedozemi

CD 38/39 (-C) HBB:c.118delC; p.GIn40Argfs*22 7/17 | B%/¢esky (1)

CD 8 (-AA) HBB:c.25_26delAA; p.Lys9Valfs*14 7/12% | B%/ Stfedozemi

IVS-11-745 (C->G) HBB:c.316-106C>G 7/10 | B’/ Stfedozemi (Vlla)

—87 (C->T) HBB:c. —137C>T 6/7 | B"/stfedoevropsky

CD 121 (G->T) HBB:c.364G>T; p.Glu122* 4/12 | B°/slovensky/Eesky (Va)'

D414z (rrcr) | HBBic126_129delCTTT; 4/4 | B/asijsky (&insky)
p.Phed2Leufs*19

CD 82/83 (-G) HBB:c.251delG; p.Gly84Alafs*6 3/8 | B% azerbajdzansky/evropsky?

Poly A (A->G) HBB:c.*111A>G 3/4 | B/ Sttedozemi

—-87 (C->G) HBB:c. -137C>G 2/3 | B/ Sttedozemi

CD 17 (A->T) HBB:c.52A>T; p.Lys18* 2/2 | B%asijsky (Cinsky)

-86 (C->A) HBB:c. —136C>A 2/2 | B /italsky

CD 46/47 (+G) HBB: c.142_142dupG; p.Asp48Glyfs*6 1/3 | B%italsky
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IVS-I-5 (G->C) HBB:c.92+5G>C 1/3 | B*/ Stfedozemi

CD 52 (-A)® HBB: c.158delA; p.Asp53Valfs*9 1/3 | B%/¢esky (nova mutace)

CD 112 (T->A) HBB:c.339T>A; p.Cys113* 1/2 | B%slovensky'

CD 7/8 (+G) HBB: c.24_24dupG; p.Lys9Glufs*15 1/2 | B%slovensky (IX)

44 bp deletion HBB:c.76_92+27del 1/2 | B°/recky

CD 5 (—CT) HBB:c.17_18delCT; p.Pro6Argfs*17 1/2 | B% Sttedozemi

VS-1-765 L1 L1 insertion between HBB:c.316- 172 | B*/ukrajinsky
86_316-85

CD 45 (-T) HBB:c.138delT; p.Phed6Leufs*16 1/2 | B%asijsky (pakistansky)

CD37 (TGG->TGA) HBB:c.114 G>A; p.Trp38* 1/1 | B%/asijsky (saudsko arabsky)

619 bp deletion HBB:c.316-149 *342delinsAAGTAGA® 1/1 Bo/indicky

CD 6 (-A) HBB:c.20delA; p.Glu7Glyfs*13 1/1 | B% Stfedozemi

CD 71/72 (+A) HBB:c.216_217insA; p.Ser73Lysfs*2 1/1 | B%/asijsky (Einsky)

6B-thalassemicka

mutace

Hb Lepore HBD: HBB: fusion 11/18 | 8P fuzni Hb
Sicilska NG_000007.3:g.64336_77738del13403 4/7 | (6B)°-talasemie
Macedonska/Turecka | HBB: HBD complex rearrangement 1/1 | (6B)%talasemie

®HBB dle NM_000518.4

bpodle Thein, 2013

‘dle haplotypové studie publikované dfive (Kynélova et al, 1998). Haplotypy byly &islovdny podle
Antonarakis et al. (1985)

dieden pacient moldavské narodnosti byl dvojity heterozygot pro CD 8 (-AA)/CD 39 (C >T) s
B-talasemii major

°nové popsand mutace

Vyhodnoceni testovanych hypotéz tykajicich se B- a 6B-talasemickych alel v ¢eské a
slovenské populaci

Na rozsahlém souboru 382 pfipadl nosicd B- nebo &/B-talasemie z celkem 234
nepfibuznych rodin a jednoho sloZzeného heterozygota pro dvé B-talasemické mutace jsme

potvrdili hypotézu, Ze v nasSi populaci prevazuji B- a 6/B-talasemické alely plvodem ze
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Stredozemi. Nepotvrdili jsme ovSsem druhou hypotézu plvodné vyslovenou Indrakem et al
(1992), Ze vysoka incidence IVS-I-1 (G->A) mediteranni alely je specifickd pro ceskou a
slovenskou populaci a odliSuje nase populace od jinych populaci s vyskytem talasemii.
Ukazalo se, Ze puvodné vysoké relativni zastoupeni této alely (45.2 % vSech B-talasemickych
alel) v ¢eské a slovenské populaci publikované Indrakem et al (1992) bylo ovlivnéno malym
souborem nemocnych. Nami zjisténa relativni frekvence 27.1 % v rozsdhlém souboru
pacientl odpovidd zastoupeni této alely i v jinych populacich, napf. v nékterych castech
Iberijského poloostrova, v nékterych oblastech Itdlie a Recka a v nékterych oblastech Malé

Asie (zdroj: http://www.ithanet.eu).

8.3 Molekularné-geneticka charakteristika a-talasemii u ceskych rodin a u rodin

Vveers

Hypotéza. Prii feSeni cile spojeného s molekuldrné-genetickou charakterizaci a-
talasemickych alel jsme vychazeli z hypotézy, Ze v ¢eské a slovenské populaci se vyskytuji a-
talasemie daleko castéji, nez bylo dosud publikovano, a to z divodu dfive nedostatecné
(nedostupné) diagnostiky. Predpokladali jsme, Ze nové molekularné-genetické pristupy,
umoznujici presnou charakterizaci mutaci a-globinovych gen( daleko snadnéji nez drivéjsi
genetické mapovani s pouzitim izotopem-znacenych sond, povedou k daleko vétsimu
zachytu a-talasemii jak u ¢eskych rodin, tak u rodin cizinc Zijicich v Ceské republice

Vysetiovany soubor, vysledky bioanalytickych testli a molekularné-genetickych
analyz

Soubor tvofilo 127 jedincl ze 108 nepribuznych rodin s podezienim na a-talasemii -
pacienti s normalni nebo snizenou hladinou HbA, a s normalni hladinou HbF a zaroven
s ndlezem v krevnim obraze, ktery spolu srodinnou anamnézou a dalSimi vysSetfenimi
podporoval diagndzu talasemie, a u kterych byla jiz dfive vyloucena B-talasemie nebo
abnormalni hemoglobinova varianta. Jednalo se o retrospektivni analyzu vzorkd nasbiranych
a vySetfovanych v Laboratofi molekularni biologie Hemato-onkologické kliniky FNOL v letech
1992 — 2015. Pomoci metod multiplexni ASO-PCR (Obr. 23) a MLPA, které jsme zavedli do
laboratorni praxe, byly detekovany delece v HBA lokusu vedouci k diagnéze a-talasemie u 97

jedincl z 81 rodin.
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— -a3.7 HOMO
-a3.7 HETERO

ad2 — kontrolni amplifikace a2

--MED

Obr. 23: Ukazka agardzového gelu (1%) s vysledky multiplexni alelové-specifické PCR (ASO-
PCR). Jsou vyznaleny vzorky nemocnych s deleci -a>’ (hetero a homozygotni genotyp),
s deleci -a*? a s deleci --"P. Vice k jednotlivym typtm téchto a-talasemickych deleci viz nize.

Diagnostika a-talasemickych deleci

Nejcastéjsi typ a-talasemické delece je 3.7 kb dlouha delece zahrnujici ¢ast a2 i al
globinovych genti (-a*’) (Obr. 24). Je typickd pro rlizné populace, nejvice je zastoupena v
populaci indické, africké a stfedozemni a v populacich zemi Dalného vychodu. Tento typ
delece ma predispozici vzniknout diky duplikované homologni oblasti v blizkosti obou a-
globinovych genli, coz muize v pribéhu meiozy, béhem parovani chromozomi, vést
k reciproké rekombinaci mezi tzv. Z segmenty (Higgs, 2009). V naSem souboru byla tato
prestavba detekovana u celkem 47 rodin (52 ¢lend) z toho u 11 nemocnych se jednalo o
homozygotni postizeni. Ceskych rodin pozitivnich pro tuto deleci bylo 30 (34 ¢lend), kdy u

Sesti z nich se jednalo o homozygotni formu (Tab. VI).

inter { HVR 3'HVR
wseo ] B i v e v — R = M-

-03.7
|

Obr. 24: Struktura HBA lokusu na chromozomu 16 s oznacenim deletované oblasti -a>”’
vedouci k a*-talasemii.

vevys

--SEA zahrnujici celé geny a2 i al, ale i pseudogeny ya2 a yal (Obr. 25). Heterozygoti mivaji
mirnou mikrocytdrni hypochromni anemii (MCV 60-70 fl). Tato delece je velice casta

v populaci jihovychodni Asie. V naSem souboru tuto deleci neslo 17 rodin (19 clent), 15
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z téchto rodin (16 ¢lend) bylo prokazatelné asijského plvodu. Jeden pacient v souboru

pochazel z Ceské rodiny (Tab. VI).

inter { HVR 3'HVR
~{vs-20 R v J oo o | — N e M-

--SEA

Obr. 25: Struktura HBA lokusu na chromozomu 16 s oznacenim deletované ¢asti lokusu --SEA
vedouci k o’-talasemii.

Vzacné byvaji v rlznych populacich (véetné evropskych) diagnostikovany rozsahlé
delece celého HBA lokusu. Rozsahla delece jedné alely celého lokusu HBA, véetné regulaéni
oblasti HS40 (Obr. 26A), byla v nasem souboru detekovédna u 6 rodin (11 ¢lend) ceského
plvodu s a-talasemii (Tab. VI). Jedna se o prioritni zjiSténi v rdmci ¢eské populace; tyto typy
deleci jsou vesmés jen velmi vzacné detekovany, bylo mozné je odhalit jen diky pouziti MLPA

technologie; vysledek tohoto vysettfeni u jednoho z nemocnych je zobrazen na obrazku 26B.

LT L DL LT

\

inter { HVR N\ 3'HVR
PO S , N/ ey ba E—E— - Hi

\\

.‘\\.

m————)

Obr. 26A: Struktura HBA lokusu na chromozomu 16 s oznacenim deletovaného useku vcéetné
regulac¢ni oblasti HS-40 vedouci k o’-talasemii. Vertikalni Sipky nad lokusem znaci polohy
MLPA préb pouzitych pro mapovani deleci.
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Probe Matme Bin Size 2m 2_III-4_25_ru1LF‘LJ
1 Cirl-t1 1150 ]
2 |[ctr-02 1460 2
3 [Ctrl-03 17040 2
4 |Curl-04 7060 7
5 |Ctrl-05 24710 2
E |Ctrl-06 2E60 2
7 |Ctrl-07 27210 2
g |Ctrl-08 301 .0 2
3 [cCtrl-09 3250 2
10 |Ctrl-10 3540 2
11 [Ctrl-11 3910 2
12 [Ctrl12 4100 2
13 |[HB&1 HBEAZ ed141.0 1
14 [HB&1_HBAZ e 1640 1
15 |HBAZ_intron-2a|158.0 1
16 |HBAZ_intron-2b|241.0 1
17 |HB& 8622 _La0] 3450 1
18 |HBA 4624 4002910 1
19 |HBA 4625 L4003180 1
70 |HBA_4626_La74159.0 1
71 |HBA_4627_La0]2000 1
22 |HBA_4625_L4002280 1
73 |HB&_8637_Lati1540 1
24 |HBA&_4635_La0] 2520 1
25 |HBA&_4639_L40]309.0 1
26 |HBA_4926_L401364.0 1
27 |HBA B707 LE29401.0 1
o[ AdmsiRao et L 28 |HBA_g4gs_Led{3740 1
T : 20 |HBA 5491 _Le4{1950 1
P S U T SO SR S N A 30 [HBA&_g492_Le42130 1
o E 31 |HBA 5493 _Led{2190 1
L A 32 |HBA 5494 LeH 2560 1
E o3 DO SO SO P S S N 33 |HBA_g497_Le4d33vo 1
P S S S S S 34 |HBA 5499 Le4d1530 1
B s R LR Sl SRCRRED 35 |HBA_Consprog 1280 2
N T SO SO SN SRS SN SO 36 |Hs-a0 177.0 1
— A 37 |H=40_4600_Lat|3a3.0 1
100 150 200 S%sen(bpseﬁm 350 400 450 55 FOLRGH =51 1

Obr. 26B: PocitaCova analyza vysledki metody MLPA (probemix P140_HBA) u pacienta
prokazujici deleci celého lokusu. i: pocitacové grafické vyznaceni poctu genovych kopii
jednotlivych cilovych sekvenci pouzitych préb, po normalizaci s kontrolnimi DNA useky
(modre), ¢ervené body oznacuji deletované uUseky, zelené jsou vyznaceny useky, které po
normalizaci nevykazuji rozdily v poctu detekovanych DNA kopii ve srovnani s kontrolnim
vzorkem. ii: tabulka — ¢islo 1 u Usekl DNA detekovanych jednotlivymi specifickymi préobami
znaci heterozygotni deleci (redukce poc¢tu genovych kopii na polovinu).

Delece regulacni oblasti HS-40 byla detekovana u 4 rodin (6 ¢len() s a-talasemii, z nichz
ceského plvodu byly 3 rodiny (4 jedinci) (Tab. VI). HS-40 region je nezbytny pro erytroidné-
specifickou expresi genl a-globinového lokusu. Podobné typy deleci, které jsou velmi

sporadicky detekovany v rlznych populacich, vedou k uplnému utlumeni exprese o-
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globinovych gend daného lokusu. V literatufe jsou popsany rdzné typy téchto deleci,
postihujici oblast HS-40 a r(izné velké Useky smérem 5°od HS-40. Dva rlzné typy delece HS-

40 jsme detekovali i u nemocnych z naseho souboru (Obr. 27).

inter { HVR
—{vseo | A vo o o | — o1 |-

3’HVR

delece HS-40

Obr. 27: Struktura HBA lokusu na chromozomu 16 s oznacenim dvou typU deleci zahrnujici
regulaéni oblast HS-40 vedouci k a’-talasemii.

Dale jsme v souboru nemocnych diagnostikovali dvé unikatni delece, v tomto pfipadé
zahrnujici a2 i al globinové geny (regulacni oblast HS-40 byla zachovana) u 3 rodin (3 ¢lend)
(Tab. V1), vSichni byli ¢eského plvodu (Obr. 28). Pfesna charakteristika téchto deleci bude

vyZadovat dalsi analyzy, véetné sekvenace pfislusnych zlomovych mist HBA lokusu.

inter { HVR
Lo | B oo }—{o |— {0 HII-

delece a2 a al

—/

Obr. 28: Struktura HBA lokusu na chromozomu 16 s oznacenim dvou typ( unikatnich deleci
zahrnuijicich a2 i al globinové geny vedouci k a’~talasemii.

Diagnostika onemocnéni HbH

U jedné pacientky (puvodem z Afriky) bylo diagnostikovano na molekularni drovni
onemocnéni HbH. Pomoci multiplexni ASO-PCR a MLPA byla zjisténa delece tfi a-globinovych
gent (genotyp -a*?/--M¥, Obr. 29A a B) vedouci k HbH onemocnéni. Hodnoty krevniho
obrazu (Hb: 83 g/l; Ery: 4,42.1012; Ht: 0,28; MCV: 62,7 fl) odpovidaly zjisténému genotypu.
Typickym nalezem pro HbH onemocnéni je prikaz inkluzi v erytrocytech pacientl. Volné B-
globinové fretézce vytvari tetrametry, které precipituji na membranach erytrocytl. Po
obarveni brilliant kresylovou modii byly inkluze viditelné i v krevnim natéru nami

vySetifované nemocné (Obr. 29C).
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inter { HVR 3'HVR
o R o oo o B e I
-04.2
I

--MED

.

Obr. 29: Diagnostika onemocnéni HbH — pacient z Afriky. (A) Vysledek multiplexni ASO-PCR
na 1% agarézovém gelu. (B) Schematické zndzornéni vysledku mapovani deleci u pacientky
s onemocnénim HbH. Oba typy deleci, tj. -a*?/--MEP, byly potvrzeny i multiplexni alelové-
specifickou PCR (viz A). (C) Priikaz inkluzi HbH u nemocné s genotypem -o*%/--VP.

HbH onemocnéni jsme na molekuldrni urovni detekovali u dalsi pacientky, jeji
predkové pochazi z Itdlie. Hodnoty krevniho obrazu korespondovaly s nalezem (Hb: 87 g/l;
Ery: 4,96.10"/I; Ht: 0,29; MCV: 59,3 fl), hladina HbA, byla na spodni hranici (1,3 %), hladina
HbF normalni (0,5 %). Elektroforéza Hb ukazovala standardni hemoglobinové spektrum (HbH
nelze detekovat elektroforeticky), test na Heinzova téliska byl pozitivni, byly prokazany

inkluze HbH (Obr. 30A). Pomoci MLPA (Obr. 30B) byly zjistény dvé rlizné delece HBA lokusu
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vedouci k inaktivaci tfi a-globinovych genl a zpUsobujici HbH onemocnéni (delece regulacni

oblasti HS-40 na jednom chromozomu, na druhém chromozomu delece -a>’) (Obr. 30C).
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Obr. 30: Diagnostika onemocnéni HbH — pacientka italského pdvodu. (A) Prikaz Heinzovych
télisek (HbH inkluzi) u pacientky pUvodem z Italie s HoH onemocnénim. (B) Pocitacova
analyza vysledk(i metody MLPA (probemix P140_HBA) u pacientky prokazujici dvé delece:
HS-40 a -o®’ vpozici trans. i: potitatové grafické vyznaleni poctu genovych kopif
jednotlivych cilovych sekvenci pouzitych préb, po normalizaci s kontrolnimi DNA dseky
(modre), ¢ervené body oznacuji deletované useky, zelené jsou vyznaceny Useky, které po
normalizaci nevykazuji rozdily v poctu detekovanych DNA kopii ve srovnani s kontrolnim
vzorkem. ii: tabulka — ¢islo 1 u Usek( DNA detekovanych jednotlivymi specifickymi prébami
znadi heterozygotni deleci (redukce poctu genovych kopii na polovinu). (C) Mapovani deleci
u pacientky s onemocnénim HbH, na schémetickém obrazku jsou zobrazeny deletované
useky DNA v rdmci lokusu HBA v pozici trans vedouci i inaktivaci tfi a-globinovych gen.

U jedné pacientky v naSem souboru jsme pomoci metody MLPA detekovali duplikaci
celého HBA lokusu (Obr. 31), coz vede k tzv. kvadruplikaci a-globinovych gen( v poloze cis,
tzn., Ze pacientka ma celkem 6 a-globinovych gen(. Tato zména (bez pfitomnosti dalSiho
defektu globinové syntézy) nema vliv na fenotyp jednotlivce, tomu odpovidal i jeji krevni
obraz, méla jen mirnou makrocytézu erytrocytd (Hb: 140 g/l; ERY: 5,57.10*%/I; Ht: 0,40; MCV:
72,4 fl). Dalsi mérené hodnoty (HbA, a HbF) a elektroforéza hemoglobinu byly v normé.
Multiplikace a-globinovych genl muze nékdy vést ke zhorSeni klinického pribéhu B-

talasemie.

duplikace celého HBA lokusu

inter { HVR

POLR3K fd HS-40 —E—H.H— w1 H wa2 Yol m b1 _""

Obr. 31: Schématické znazornéni HBA lokusu s vyznacenim duplikované ¢&asti lokusu dle
vysledk( MLPA

Shrnuti molekularné-genetické charakteristiky a-talasemii

Vysledky molekularné-genetickych analyz a-talasemii jsou shrnuty v tabulce. VI. Studie
popisujici molekularné-genetickou charakterizaci a-talasemickych alel ¢eskych rodin a rodin
cizincl Zijicich v Ceské republice byla pfijata k publikaci v recenzovaném ¢asopise a publikace
je i s komentarem pfriloZzena nize (pfiloha ¢. 5). Potvrdili jsme nasi pracovni hypotézu, Ze a-
talasemie nejsou v nasi populaci tak vzacné, jak jsme plvodné publikovali (Indradk et al,
1993), ale Ze zfejmé budou stejné rozsifené jako B-talasemie. Také heterogenita a-talasemii

je v CR zfejmé daleko vétsi nei se dosud soudilo. Navic, a-talasemické alely budou se
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stupfiujici se migraci v CR postupné pFibyvat, a s tim bude stoupat i nutnost jejich pfesné

diagnostiky zaloZzené na molekuldrné-genetickych analyzach.

Tab. VI: Prehled dele¢nich forem a-talasemii a multiplikaci a-globinovych gen(
zjisténych ve vysetfovaném souboru pacient(

TYPY DELECI POCET RODIN POCET CLENU
-’ (z toho homozygotd) 47 52 (11)
-SEA 17 19

delece celého HBA lokusu

delece HS-40

delece a2/al (blize nespecifikovana)

6

4 6

3 3
kombinace delece HS-40/-a®>’  (HbH) 1 1

1 1

1 1

1 3

kombinace -a**/--M¥®  (HbH)

duplikace celého HBA lokusu

Kvadruplikace HBA2 genu
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thalassemia in the Czech and Slovak populations: Mediterranean, Asian and unique
mutations. Hemoglobin. 2016; 40(3):156-162.
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Prchal JT, Divoky V. B-Thalassemia due to intronic LINE-1 insertion in the B-globin gene
(HBB): molecular mechanisms underlying reduced transcript levels of the B-globin() allele.
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Komentar k praci: Divokd M, Partschovd M, Pospisilova D, Orviskd M, Lapcikovad A, Indrdk
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Horvathova M, Pospisilova D. Characterization of iron metabolism and erythropoiesis in
erythrocyte membrane defects and thalassemia traits. Biomed Pap Med Fac Univ Palacky

Olomouc Czech Repub. 2015 Oct 27. doi: 10.5507/bp.2015.054. [Epub ahead of print]

Ad 1) Divoka M, Partschova M, Kucerova J, Mojzikova R, Cermak J, Pospisilova J, Fabryova V,
Prochazkova D, Indrak K, Divoky V. Molecular characterization of B-thalassemia in the Czech
and Slovak populations: Mediterranean, Asian and unique mutations. Hemoglobin. 2016;

40(3):156-162.

Béhem let 2002 — 2015 bylo vysetfeno v Laboratofi molekularni biologie Hemato-
onkologické kliniky FNOL 400 jedinci s podezienim na B- nebo &/B-talasemii. Bylo
diagnostikovano 382 pripadd nosicstvi B- nebo &/B-talasemie z celkem 234 neptibuznych
rodin. Jeden pacient byl sloZzeny heterozygot pro dvé B-talasemické mutace. Shrnuti vysledku
jednotlivych mutaci a jejich incidenci uvadi Tab. V v podkapitole 8.2.

Analyzou naseho souboru bylo potvrzeno, Ze mutace IVS-I-1 (G—>A), kterad patti do
skupiny mediterannich mutaci, je nejéastéjsi B-talasemickou mutaci v éeské a slovenské
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populaci (Indrak et al, 1992). Jiz dfive bylo popsano, Ze mutace je asociovana se sub-
haplotypem Va (ve ¢tyfech rodinach, u kterych byla provedena haplotypova analyza) (Indrak
et al, 1992; Kynclova et al, 1998) coz napovida stfedozemnimu plvodu této mutantni alely
v postizenych ¢eskych a slovenskych rodindch (sub-haplotyp Va je typicky mediteranni sub-
haplotyp) (Antonarakis et al, 1985). K dalSim ¢astym mutacim pochazejicim ze stejné oblasti
patfi: IVS-I-110 (G—>A), IVS-1-6 (T->C), CD 39 (C->T) a IVS-lI-1 (G—>A). Z celkového poctu
pacientl z naseho vySetreného souboru bylo 285 jedincl ze 180 rodin (80 % pacientu; 82,6
% rodin), ktefi byli nosi¢i B-talasemické alely pldvodem ze Stfedozemi. Podobné, vSechny
nami zjisténé &/B-talasemické alely pochazeji z této oblasti.

Druhou nejpocetné;jsi skupinu mutaci zjisténou v nasem souboru tvori unikatni mutace
lokdlniho (Ceského, slovenského, ukrajinského) plvodu. Relativné ¢asta je mutace CD 38/39
(-C), kterd byla dosud detekovana pouze v ¢eské populaci (Indrak et al, 1991). Dalsi unikatni
mutace vCD 112 (T->A), byla vnasem souboru zjisténa ujedné slovenské rodiny,
pravdépodobné pribuzné s rodinou, u které byla mutace dfive popsana (Divoky et al, 1993).

e

Inzerce L1 transpozonu zplsobujici B*-talasemii u ukrajinské rodiny Zijici na Gzemi Slovenska
byla popsdna v praci Lanikova et al, 2013 (viz komentar k praci ad2).

Déle jsme ve dvou rodinach zjistili dvé unikatni B°-talasemické mutace. Mutace v CD
7/8 (+G) byla jiz dfive publikovana v ¢eském pisemnictvi (Kynclova et al, 1999), dalsi mutace
v CD 52 (-A) byla zde vtomto ¢lanku popsana poprvé. U jiné rodiny jsme diagnostikovali
vzacnou mutaci CD 46/47 (+G), dosud zndmou jen u jednoho italského pacienta ze Sicilie
(Giambona et al, 2011). Hodnoty krevniho obrazu u tfi ¢len( rodiny s mutaci CD 46/47 (+G)
byly zavainéjsi nez by se oCekavalo v pfipadé heterozygotniho nosicstvi Bo—talasemie. Proto
jsme u téchto nemocnych vysetfili i HBA lokus a zjistili jsme kvadruplikaci a-globinového
genu u vSech tfi jedinc(, coz zplsobilo vétsi posun v nepoméru a:p globinovych retézcl a to
bylo pfi¢inou zavaznéjsiho fenotypu. Ovsem kromé vyraznéjsi mikrocytarni anemie nebyly
zjistény u téchto pacientl zadné jiné klinické symptomy (jako zndmky hemolytické anemie se
splenomegalii) a tito nemocni nevyzaduiji transfuze krve.

Zavérem tedy lze konstatovat, Ze tato prace pfindsi dosud nejkomplexnéjsi
molekuldrné-genetickou charakterizaci B-talasemickych alel v ¢eské a slovenské populaci.
Ukazali jsme, Ze zde prevazuji B-talasemické alely pldvodem ze Stfredomofi, nicméné dilezité
zastoupeni maji lokalni unikatni mutace i mutantni alely asijského plvodu. Predpokladame,

Ze tato nasSe prace bude slouzit Siroké lékarské verejnosti k zdkladni orientaci v alelické
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heterogenité B-talasemii v Ceské a slovenské populaci i jako podklad pro diagnostické
postupy u nemocnych s B-talasemii v CR a na Slovensku. V souboru pacienttl s podezfenim
na B- nebo &/B-talasemii zlstalo 18 jedincl, u kterych jsme doposud nedetekovali Zddnou
mutaci v HBB genu a budeme pokracovat v podrobnéjsich analyzach jednak genu HBB, ale i

KLF1 nebo BCL11A.

Vymezeni mého podilu prace:

V této praci jsem provadéla vétSinu mutacnich analyz na DNA urovni (sekvenacni
analyzy, MLPA analyzy, PCR detekce a jejich vyhodnoceni) a c¢astecné jsem provadéla i
diagnostické testy (elektroforézy Hb, stanoveni hladin HbA, a HbF), a napsala jsem prvni

draft manuskriptu.

Ad 2) Lanikova L, Kucerova J, Indrak K, Divoka M, Issa JP, Papayannopoulou T, Prchal JT,
Divoky V. B-Thalassemia due to intronic LINE-1 insertion in the B-globin gene (HBB):
molecular mechanisms underlying reduced transcript levels of the B-globin(L1) allele. Hum

Mutat. 2013; 34(10):1361-5.

Iy

U ¢len( ukrajinské rodiny (matka a dcera) Zijici v CR jsme detekovali transkripéné
aktivni retrotranspozon LINE 1 (L1, nazvany L1B-thal) inzertovany do 2. intronu HBB genu.
V prabéhu nékolika let molekuldrnich analyz této unikatni mutace jsme zjistili, Ze inzerce
vede k vyrazné redukci B-globinové exprese (fenotyp B*-talasemie). Jednalo se tedy o novy
mechanizmus patologického utlumeni genové exprese a o novou etiologii B-talasemie.

Proposita byla 25letd Zena ukrajinského plvodu s typickymi laboratornimi znaky B-
talasemie minor; stejné laboratorni vysledky byly opakované zjistény i u jeji 50leté matky (Hb
110-120 g/I, MCV 60-70 fl, MCH 19-20 pg). V krevnim natéru jsme pozorovali mikrocytézu,
hypochromazii, tercovité erytrocyty a poikilocyty. Obé Zeny mély mirnou retikulocytézu (0,3
az 1.5 % retikulocytll), zvysenou hladinu HbA, (5,3 %) a mirné zvyseny HbF (tésné nad 1 %).
Vzhledem k tomu, Ze inicidlni analyza HBB genu neodhalila Zddnou mutaci (tuto analyzu
proved| prof. K. Indrak v laboratofi prof. Huismana, MCG, Augusta, GA, USA), byla genomicka
DNA proposity podrobena genetickému mapovani pro pfitomnost mozné prestavby v ramci
HBB genu. Také inicidlni genetické mapovani proved| prof. Indrak v USA a odhalil neobvyklou

prestavbu, pravdépodobnou inzerci nezndmé sekvence do HBB genu proposity a jeji matky.
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Pokracovali jsme v mapovani inzerce s pouzitim restrikéniho mapovani genomické DNA
(Southern blotting) a hybridizace s 5’8, B-globin IVS-1l a 3’B prébami (Obr. 32A, B a C). Zjistili
jsme, Ze ve 2. intronu HBB genu se nachazi priblizné 6 kb dlouha inzerce neznamé DNA.

Pro analyzu zlomovych mist inzerce ve 2. intronu HBB genu jsme pouzili strategii
inverzni PCR. Dva restrikéni fragmenty obsahujici 5’ a 3’ zlomova mista inzerce a 2. intronu
HBB genu byly cirkularizovany ligaci a nasledné linearizovany (Obr. 33A a B), amplifikovany
pomoci PCR, a PCR produkty byly subklonovany a sekvenovany (Obr. 33C a D). Jiz analyza
zlomovych mist naznacila, Ze inzertovanou sekvenci v HBB genu je L1 retrotranspozon.
Odhalili jsme ve zlomovém misté inzerce 9-13 bp dlouhou duplikaci (tzv. zdvojeni cilového
mista) s9 nukleotidy (T/AAAATAAAA) tvoricimi tzv. konvencni misto Stépené L1
endonukledazou (Feng et al, 1996, Obr. 33D). Nasledna sekvenacni analyza celé inzerce
odhalila, Ze se jednd o nezkraceny L1 element s 99,5% homologii s retrotranskripéné aktivni
L1 sekvenci z databaze GenBank (sekvence se lisila ve 33 nukleotidech) (Kimberland et al,
1999); jednalo se tedy o nové popsany L1 retrotranspozon (GenBank pfistupovy kéd:
AF149422.1). Na obrazku 34 u struktury B-globin-L1 alely Sipka inzerce ukazuje orientaci L1
inzerce vUci HBB genu a smér L1 transkripce, ktera byla vici HBB transkripci protismysina.

Nasledné jsme zjistovali, jestli inzerce L1 do 2. intronu HBB genu ovliviiuje spravné
vystfizeni intrond HBB genu pfi posttranskripéni modifikaci B-globinové RNA. Domnivali jsme
se, Zze inzerce muZe vést k naruseni sesttihu a ke snizeni produkce funkéniho transkriptu z -
globin-L1 alely. Pro analyzy transkriptl jsme pouzili retikulocytatni RNA, izolovanou
z retikulocytl periferni krve obou pacientek. Jak je znazornéno na obrazku 34, pomoci RT-
PCR (s pouzitim primer( jak jsou specifikovany v pfiloze €. 2) a naslednou sekvenaci RT-PCR
produktl byly detekovany ctyri transkrip¢ni varianty B-globin-L1 alely: spravny transkript (s
normalnim sestfihem) a tfi abnormalni sestfihové varianty vzniklé aktivaci kryptickych mist
sestfihu. U téchto abnormalnich variant doSlo ke zméné cteciho ramce a k zarazeni
pfed¢asného STOP kodonu do B-globinové mRNA (Obr. 34). Zjistili jsme tedy, Ze jednim
z mechanizmd vyrazné redukce B-globinové exprese (fenotyp B*-talasemie) u propozity a jeji
matky je naruseni normalniho sestfihu HBB genu z B-globin-L1 alely a vznik abnormalnich
sestfihovych variant s pred¢asnym STOP kodonem. Takové transkripty s predé¢asnym STOP
kodonem jsou v burice eliminovany, nejcastéji mechanizmem, ktery se nazyva ,nonsense-

mediated mRNA decay” (NMD, Hentze et al, 1999).
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Shrnuti tohoto projektu: Transpozice aktivnich mobilnich element( jsou povaZovany
za ddleZity mechanizmus vzniku nemoci. U ¢len(l ukrajinské rodiny Zijici v CR jsme detekovali
transkripéné aktivni retrotranspozon L1 (nazvany L1 B-thal) inzertovany do 2. intronu B-
globinového genu. Inzerce vedla k vyrazné redukci B-globinové exprese (fenotyp B'-
talasemie). Jednalo se tedy o novy mechanizmus patologické cis-regulace genové exprese. V
prabéhu feSeni tohoto projektu jsme analyzovali hybridy konstruované z mysich
erytroleukemickych bunék a talasemickych chromozoml ziskanych z pacientl s touto
transpozénovou inzerci do B-globinového genu a také retikulocytarni RNA ziskanou pfimo
z krve pacientd. Zjistili jsme, Ze abnormalni sesttih B-globinového transkriptu pochazejiciho z
alely s inzerci L1 je z ¢asti zodpovédny za B-talasemicky fenotyp. Dale jsme popsali unikatni
epigeneticky mechanizmus zeslabeni exprese B-globinového genu, kdy k utlumeni exprese 8-

globinového genu doslo z divodu hypermetylace DNA a deacetylace chromatinu v oblasti B-

globin-L1 promotoru.

Vymezeni mého podilu prace:

MUj podil na tomto projektu byl: genetické mapovani inzerce metodou Southern
blotting a hybridizace, sekvenacni analyzy zlomovych mist inzerce, analyza abnormadlniho
sestfihu B-globinové alely s inzerci L1. K mé praci na tomto projektu se vztahuji také Obr. 32,

33 a3 34.

62



A

EcoRI
Belll
BamHI
Neol
BamHI
EcoRI
Avall
Belll

Probes:  5°B B-IVS-II 3°B

s’ ey 3
1S —
5.6 kb EcoRI
50D Belll
& = ; — % :: - = 2 e
5'B-IVS-II 3'B-IVS-II
S’ oy ’ .
b1 — INSERTION i 3
7.8 kb 35kb EcoRI
7.0 kb W Belll
oFr — c¥ CE G P CI cp
=> W
=> s
R - gt 7.0 - -
R S0 M S e
-
3.5 =>
3.1 - -
L
-
=>
EcoRI Neol Pstl BamHI B-IVS-II 5B 3P

Obr. 32: Genetické mapovdani inzerce. (A) Restrikéni mapa HBB genu (horni schéma

nemutovand, standardni alela, dolni schéma alela s inzerci) s vyzna¢enim délky EcoRI a Bglll
restrikénich fragmentud, které byly detekovany 5B, B-globin IVS-1l a 3'B probami (pozice prob
je vyznacena). Pro jednotlivé EcoRl a Bglll restrikty jsou uvedeny délky v kilobazich. (B) Ncol,
EcoRl, Pstl and BamHI restrikéni Stépy genomické DNA propozity (P) a normalni kontroly (C),
které byly hybridizovany s B-globin IVS-Il prébou. Po Southernové prenosu a hybridizaci byly
na autoradiografickém filmu detekovany silnéjsi (Cerna Sipka) a slabsi (oteviena Sipka)
abnormalni pruhy. (C) Vysledek hybridizace Bglll-stépené genomické DNA propozity (P) a
normalni kontroly (C) s B-globin IVS-Il, 5'B a 3’B probami.
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Obr. 33: Sekvenacni analyza zlomovych mist inzerce L1 elementu ve 2. intronu HBB genu. (A
a B) Schéma strategie inverzni PCR, ktera byla pouZita pro klonovani 5’ and 3’ zlomovych
mist. (A) Accl genomicky fragment (1.1 kb) obsahujici 5’ spojeni 2. intronu HBB a L1
elementu byl cirkularizovan ligaci a nasledné linearizovan BamHI restriktdzou. Primery B-
Ex2-R and B-IVS-II-F pak byly pouZity k amplifikaci fragmentu a sekvenaci mista spojeni. (B)
Pstl genomicky fragment (1.6 kb) obsahujici 3’ spojeni L1 elementu a 2. intronu HBB byl
cirkularizovan ligaci v Pstl misté a ndsledné linearizovan EcoRlI restriktazou. Primery B-Ex3-F a
B-Ex3-R pak byly pouzity k amplifikaci fragmentu a sekvenaci mista spojeni. (C) Ukazka
sekvenacniho gelu se sekvenci 5 zlomového mista, zfetelny je dlouhy poly(A) usek
odpovidajici 3’ konci inzertovaného transkriptu L1 elementu. (D) Znazornéni sekvence obou
zlomovych mist. Zminény poly(A) usek inzerce fuzoval v misté kratkého motivu ctyr ,A”
v sekvenci 2. intronu HBB. Nelze presné urcit, kolik ,A“ nukleotidi v misté této fuze patfi
poly(A) konci inzertované sekvence, proto je u posledniho ,A“ inzerce rozpéti 107-111. Sipky
nad sekvenci ukazuji nukleotidy v pozicich 97 and 98 bp 5’ k 3’ konci 2. intronu HBB genu. L1
inzerce je tedy v misté zlomu ohrani¢ena duplikaci 9-13 bp cilové sekvence (tzv. zdvojeni
cilového mista), ktera vznika pfi integraci L1 elementu do hostitelské sekvence.

B-1F B-2F6-3F L1-4R L1-3RL1-2R BIR
fo] Goni NN oz NN wwrn /[ bos [uon

1

titctttcag/g  §
S tatttetag/it )
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Obr. 34: Sekvenacni analyza alternativnich sestfihovych variant vzniklych z B-globin-L1 alely.
Nahofe je vyznacena struktura B-globin-L1 alely. Cisly jsou oznaceny exony HBB genu,
introny jsou vyznaceny Cernég; 2. intron HBB genu je rozdélen L1 inzerci na dvé ¢asti. Na 5'a 3'
konci genu jsou vyznaceny neprekladané oblasti (“untranslated regions”, UTR) HBB genu.
Transkripty B-globin-L1 alely byly charakterizovany sekvenacni analyzou RT-PCR produktd. Je
vyznacena lokalizace primerd pouzitych pro RT-PCR a pro sekvenaci transkriptl (tfi
“forward” B-1F, B-2F, B-3F a Ctyfi “reverse” B-1R, L1-2R, L1-3R, L1-4R primery). Byly
detekovany spravné sesttizeny B-globinovy transkript (1) a tfi abnormalni sestfihové varianty
(2-4). Plnou carou jsou oznaceny detekované sekvence transkriptl, teckované jsou
vyznaceny vystfizené sekvence, carkované jsou vyznaceny useky, které nebyly dale
sekvenovany. Alternativni sestfih u sesttfihovych variant 2 a 3 probihd s vyuzZitim dvou
kryptickych mist sestfihu; u varianty 2 je to kryptické akceptorové misto sestfihu v ramci 2.
intronu HBB genu a u varianty 3 je to kryptické akceptorové misto sestfihu v ramci sekvence
L1 elementu. Varianta 3 se vyznacuje nevystfizenym 2. intronem HBB genu obsahujicim L1
element. Alternativni sestfih vede ke zméné cteciho rdmce a k zarazeni predéasného STOP
kodonu do alternativnich sestfihovych variant. Sipky (W) vyznaéuji pozice stop kodond.
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Ad 3) Divokd M, Partschovad M, Pospisilova D, Orviska M, Lapéikova A, Indrak K., Cermak J,
Divoky V: Alfa-talasemie u 45 &eskych rodin a 37 rodin cizincG Zijicich v Ceské republice:
prehled literatury a molekuldrné-genetickd diagnostika. Transfuze Hematol. Dnes. 2016.

Ptijato k publikaci.

Jednd se o c¢lanek na pomezi plvodniho védeckého a prehledového ¢lanku o
molekuldrné genetické charakterizaci a-talasemii v Ceské republice. Popisuje genotypovou a
fenotypovou variabilitu  a-talasemii, jednotlivé typy deleci a mutaci, které onemocnéni
zpUsobuji, a dlraz je kladen na diagnostické metody na molekularni drovni. Clanek prindsi
nejen prehled literdrnich Udajdi, ale také nové vysledky v diagnostice a-talasemii v Ceské
republice, kdy v pribéhu poslednich 10 let doSlo k vyznamnému rozsifeni spektra a-
talasemickych mutaci i po¢tu molekuldrné-geneticky diagnostikovanych jedinct v CR. Vyuziti
novych molekuldrné-genetickych pristupll pomohlo zlepSit diagnostiku a-talasemii —
multiplexni ASO-PCR a MLPA pro diagnostiku dele¢nich forem a-talasemii a sekvenaéni
analyzy HBA gen( pro nedelecni formy a-talasemii se staly zdkladnimi diagnostickymi
pristupy. V souboru 82 rodin (98 ¢len(l) s podezienim na a-talasemii jsme odhalili u 78 rodin
(92 jedincll) rizné delece v rdmci HBA lokusu; 45 rodin (53 jedinc(l) bylo ¢eskych, bez predki
z malarickych oblasti nejméné ve tiech generacich rodu, ostatni byli cizinci Zijici v CR. U dvou
jinych ceskych rodin (4 jedincl) jsme odhalili multiplikaci a-globinovych genli a u dalSich
dvou imigrantl jsme odhalili nedelec¢ni a-talasemickou mutaci. Ve vétsiné pripadu se jednalo
o tiché nosiéstvi nebo nosi¢stvi a-talasemie, s béznymi typy deleci jednoho nebo dvou a-
globinovych gend, které jsou znamé ze Stredozemi nebo z jihovychodni Asie. Rozsahlé delece
celého HBA lokusu, véetné regulacni oblasti HS-40, byly detekovany u 6 ¢eskych rodin (11
¢lentd) s klinickymi projevy odpovidajicimi nosi¢stvi a-talasemie (jednalo se vesmés o
heterozygoty). U 4 rodin (z nich 3 ¢eského plvodu) jsme detekovali rizné dlouhé delece
regulacni oblasti HS-40, ale sintaktnimi a-globinovymi geny, sfenotypem odpovidajicim
ztraté dvou a-globinovych gent (nosiéstvi a-talasemie) u 5 jedincd, a u 1 pacientky jedné
rodiny s klinickymi projevy odpovidajicimi ztraté tfi a-globinovych genl (choroba HbH).
Molekularni analyzou této pacientky sitalskymi predky jsme zjistili, Ze fenotyp HbH
onemocnéni je u ni zpUsoben inaktivaci dvou a-globinovych genli zminénou deleci HS-40 na

jednom chromozomu v kombinaci s deleci jednoho a-globinového genu (-o*7) na druhém
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chromozomu. Stejné zavainy fenotyp, tj. chorobu HbH, jsme detekovali u imigranta ze
severni Afriky, u kterého byl pficinny genotyp kombinaci dvou ¢astych deleci ze Stfedozemi
_a4.2/__MED).

Byla tak provedena prvni systematickd molekularné-geneticka analyza a-talasemii v
Ceské republice na selektovaném souboru 82 rodin. Tato prace pFinasi prvni komplexni
molekuldrné-genetickou charakterizaci a-talasemickych alel v CR. Ukazali jsme, 7e zde
prevazuji a-talasemické alely plivodem ze Stfedomofi a z JV Asie, nicméné u ¢eskych rodin
jsme nachadzeli i vzacné typy deleci HBA lokusu. Predpokladame, Ze tato nase prace bude
slouZit Siroké Iékarské vefejnosti k zakladni orientaci v alelické heterogenité a-talasemii v CR

i na Slovensku.

Vymezeni mého podilu prace:

V této praci jsem provadéla vétSinu mutacnich analyz na DNA drovni (MLPA analyzy,
multiplexni ASO-PCR detekce a jejich vyhodnoceni) a ¢asteéné jsem provadéla i diagnostické

testy (elektroforézy Hb), a napsala jsem prvni draft manuskriptu.

Ad 4) Sulovska L, Holub D, Zidova Z, Divoka M, Hajduch M, Mihal V, Vrbkova J, Horvathova
M, Pospisilova D. Characterization of iron metabolism and erythropoiesis in erythrocyte
membrane defects and thalassemia traits. Biomed Pap Med Fac Univ Palacky Olomouc

Czech Repub. 2015 Oct 27. doi: 10.5507/bp.2015.054. [Epub ahead of print]

V ramci této studie byly u dvou skupin détskych pacientl s anemii méreny vybrané
parametry metabolizmu Zeleza (sérové Zelezo, ferritin, hepcidin) a aktivity erytropoézy (EPO,
solubilni transferinovy receptor - sTfR, rlstovy diferenciacni faktor 15 — GDF15). Prvni
skupina pacientl byli jedinci s defektem erytrocytarni membrany, druhou skupinu tvofili
pacienti s talasemii. V praci byly srovnany jednotlivé namérené parametry v obou skupinach
a statisticky vyhodnoceny.

Do skupiny pacientl s talasemii bylo zafazeno 13 déti s talasemii minor (10 nosic¢t B-
talasemické alely a 3 nosici a-talasemické alely). Do souboru byl zafazen také jeden pacient s

B-talasemii major (imigrant Zijici v Ceské republice). Kontrolni skupinu tvofilo 47 déti, které

byly vysetreny z dlvodu podstoupeni minoritniho chirurgického zakroku.
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Prvné byly srovndvany hodnoty krevniho obrazu, pacienti s a-talasemii i B-talasemii
byli hodnoceni spole¢né vzhledem k podobnému klinickému obrazu. Byla u nich zjisténa
mirna az zavaznéjsi anemie v porovnani s kontrolni skupinou. Pfi méreni stanoveni aktivity
erytropoézy byly v talasemické skupiné statisticky signifikantni vysledky pouze u méreni
hladiny GDF15, kde byly naméfené hodnoty 3krat vyssi nez u kontrolni skupiny. Pacient
s talasemii major mél jako jediny vyraznou anemii (Hb 82 g/l) a mél zvysené vSechny tfi
méfené parametry. Pfi méfeni parametri metabolizmu Zeleza byl pocitdn pomér
hepcidin/ferritin, ktery byl u jedinc( s talasemii sniZzeny, nicméné hodnoty nebyly statisticky
signifikantni. Tyto vysledky ukazuji neadekvatni potlaceni syntézy hepcidinu.

Ze sledovani vyplyvd, Ze erytroidni signaly dominuji nad signaly zdsob Zeleza. Pacienti
s inefektivni erytropoézou a zvySenou hladinou zasobniho Zeleza maji prekvapivé nizkou
hladinu hepcidinu s ohledem na zdsobu Zeleza vedouci kjeho nadmérnému ukladani
v parenchymalnich tkdnich. Tato relativné snizena hladina hepcidinu vysvétluje pretizeni
Zelezem u pacientl s B-talasemii intermedia bez nutnosti transfuze. Naopak, u pacientl s B-
talasemii major je primdrni pri¢inou vysoké hladiny Zeleza opakovand transfuzni terapie;
hladina hepcidinu je vys$si nez u pacientli s B-talasemii intermedia diky snizenému efektu
transfuzi na vlastni neefektivni erytropoézu. Je zndmo, Ze nosici talasemie (a- i B-) maji
pozménéné parametry metabolizmu Zeleza navzdory klinickym symptomam.

Sledovani potvrdilo vysledky publikované Gumimaraes et al. (2015), Ze pomér
(hepcidin/ferritin)/sTfR pomér rozlisuje nosic¢e talasemické alely od zdravych jedincd a také
dokaze oddélit skupinu pacientld s defektem erytrocytarni membrany. Méreni pomeéru
(hepcidin/ferritin)/sTfR muizZe slouZit pro sledovani pacientd s defektem erytrocytarni
membrany a vyvoji jejich onemocnéni a také ukazovat na potencialni risk pretizeni Zelezem.

Zavérem lze konstatovat, Ze i nosici talasemické alely mlzou vykazovat vyssi riziko
pretiZzeni organizmu Zelezem nez zdrava populace. Je dilezité také zminit, Ze jsme mezi
talasemickymi nosi¢i pozorovali interindividualni rozdily v mife alterace studovanych
parametrld, kterd pravdépodobné odrdzi jak heterogenitu talasemickych mutaci na
molekuldrni Udrovni, tak pfitomnost dalSich modifikujicich genl. Vhodnym markrem
reflektujicim zavaZnost porusené rovnovahy mezi metabolizmem Zeleza a erytropoézou se
zdad byt index (hepcidin/feritin)/solubilni TfR, ktery by pomohl odlisit pacienty nejvice

ohrozené moznym rizikem pozvolné organové akumulace Zeleza.
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Vymezeni mého podilu prace:

Na praci jsem se podilela diagnostikou (bioanalytické testy, molekuldrni metody) vSech

analyzovanych jedincu s talasemii.
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9. SHRNUTI A ZAVER

Talasemie a hemoglobinové varianty jsou monogenné dédi¢né choroby s velmi
rozmanitym fenotypem. Jejich vyskyt je soustfedén predevsim do malarickych oblasti, ale
diky historické i soucasné imigraci se talasemie i hemoglobinové varianty stdle castéji
objevuji i vnadi populaci. V Ceské republice a na Slovensku jsou talasemie nej¢ast&;jsi
pfi¢inou vrozené mikrocytarni anemie. Podobné jako v jinych ne-malarickych regionech,
pfitomnost talasemii a strukturnich hemoglobinovych variant ve stfedni Evropé odrazi
historické pfesuny populaci a demografické zmény, které ndasledné ovlivnily genetickou
variabilitu populace Zijici v sou¢asnosti na tomto uzemi.

Molekularné-genetickou diagnostiku hemoglobinopatii a vyzkum poruch globinové
syntézy zalozil v Olomouci prof. MUDr. Karel Indrak, DrSc., emeritni pfednosta HOK FNOL.
Vysledky, které predkladdme v této dizertacni praci, navazuji na inicialni studie prof. Indraka
a rozSifuji naSe znalosti o molekuldarné-genetické charakteristice hemoglobinopatii
vyskytujicich se v Ceské republice a na Slovensku.

Testovali jsme nékolik pracovnich hypotéz. Potvrdili jsme, Ze nejcastéjSimi Hb
variantami v CR zGstavaji Hb E a Hb Lepore. Potvrdili jsme hypotézu, Ze zvy3ujici se imigrace z
malarickych oblasti vede k introdukci alel endemickych hemoglobinli do nasi populace.
Ukazali jsme, Ze je nutné na hematologickych pracoviitich v CR poéitat s nestabilnimi
hemoglobinopatiemi jako pri¢inami vrozené hemolytické anemie. Potvrdili jsme, Ze v nasi
populaci pfevazuji B- a &6/B-talasemické alely pdvodem ze Stfedozemi. Nepotvrdili jsme
ovsem hypotézu plvodné vyslovenou prof. Indrakem (a pozdéji prevzatou i jinymi autory), Zze
vysokd incidence IVS-I-1 (G->A) mediterdnni alely je specifickd pro Ceskou, slovenskou a
pfipadné madarskou populaci a odliSuje tyto populace od jinych populaci s vyskytem
talasemii. Ukdazalo se, Ze plUvodné vysoké relativni zastoupeni této alely v ¢eské a slovenské
populaci bylo ovlivnéno malym souborem nemocnych. Nami zjisténa relativni frekvence IVS-
I-1 (G->A) B-talasemické alely v rozsdhlém souboru B-talasemickych pacientli odpovida
zastoupeni této alely v nékterych oblastech Stfedozemi. Dale jsme potvrdili nas predpoklad,
Ze nové molekuldrné-genetické pfistupy, umoznujici pfesnou a rychlou charakterizaci mutaci
a-globinovych gend, povedou k daleko vétSimu zachytu a-talasemii jak u ¢eskych rodin, tak u

er

rodin cizinc@ Zijicich v Ceské republice. Ukazali jsme, 7e a-talasemie nejsou v nasi populaci
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tak vzacné, jak jsme pred lety publikovali, a Ze i heterogenita a-talasemii je v CR zfejmé
daleko vétsi, nez se dosud soudilo.

Uréeni spravné diagnézy hemoglobinopatie je z klinického hlediska klicové. Ukazali
jsme, Ze i nosici talasemickych alel maji neadekvatné utlumenou produkci hepcidinu
vzhledem k zdsobdm Zeleza a vykazuji tak vyssi riziko pretizeni organizmu Zelezem. U
pacientl s mikrocytarni anemii, u kterych byla detekovana talasemickda mutace, nesmi byt
pouzita nespravnd lécba pomoci preparatl Zeleza. Ta je naopak dulezitd u sideropenické
anemie, kterd se projevuje podobné jako talasemie mikrocytézou a hypochromazii. Navic,
talasemické alely i alely hemoglobinovych variant budou se stupriujici se migraci v CR
postupné pribyvat a s tim bude stoupat i nutnost jejich prenatalni diagnostiky zaloZzené na
molekuldrné-genetickych analyzach.

Kromé molekuldrné-genetické charakteristiky hemoglobinopatii jsme se ve védeckych
projektech zaméfili i na detailni vyzkum novych molekuldrnich mechanizmd vedoucich
k talasemickému fenotypu u nékterych nasSich nemocnych. Popsali jsme unikdtni inzerci
transkripéné aktivniho retrotranspozon LINE 1 do 2. intronu HBB genu. Zjistili jsme, Ze
inzerce vede k vyrazné redukci B-globinové exprese (fenotyp B'-talasemie), a Ze se na PB-
talasemickém fenotypu podili abnormalni sestfih B-globinového transkriptu pochdzejiciho z
alely s inzerci L1. Jednalo se o novou etiologii B-talasemie.

Nase pracovi$té HOK FNOL a LF UP, spolu s Ustavem biologie LF UP Olomouc a Détskou
klinikou FNOL a LF UP Olomouc jsou Centrem vysoce specializované péce pro dospélé
pacienty a déti se vzacnymi vrozenymi a ziskanymi poruchami krvetvorby v CR. Tato
dizertaéni prace reprezentuje vysledky tohoto Centra jako celku a véfime, Ze vysledky
predkladdané vtéto praci budou slouzit k dalSimu rozvoji vyzkumu hemoglobinopatii

v Olomouci.
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12. PRILOHY

Priloha €. 1: Seznam pouzitych zkratek

AGM aorta-gonad-mesonefros oblast
ASO-PCR »allele-specific oligonucleotide” PCR

alelové specificka polymerazova retézova reakce

B-LCR »B-control locus region”

BFU-E ,burst forming unit-erythroid”

BMP4 »,bone morphogenetic protein 4“

CFU-E »colony forming unit-erythroid”

c-KIT receptor pro faktor kmenovych bunék

EPO erytropoetin

EPOR erytropoetinovy receptor

Ex exon

FNOL Fakultni nemocnice Olomouc

Hb hemoglobin

HIF »hypoxia inducible factor” hypoxii inducibilni faktor
HOK Hemato-onkologicka klinika

HPFH hereditary persistence of fetal hemoglobin; hereditarni perzistence

fetalniho hemoglobinu

HS-40 ,hypersensitive site 40“

IVS intron

KLF1 »Kruppel like factor 1“

PCR polymerdazova retézova reakce

PO,-50 parcialni tlak kysliku, pFi kterém je hemoglobin saturovan z 50 %
RT-PCR reverzni transkripce-polymerdzova retézova reakce
STATS »signal transducer and activator of transcription 5“
SCF ,stem cell factor”, faktor kmenovych bunék

TF transkripéni faktor

TTS test tepelné stability

UTR5" 3’ neprekladana oblast 5" 3’

2,3-BPG 2,3-bisfosfoglycerat
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Priloha ¢. 2: Sekvence pouzitych primer

Tabulka VII: Seznam pouZitych primerf

Primery pro analyzu L1 retrotranspozonu (RT-PCR, inverzni PCR a sekvenovani)

B-1F 5’- TGAGGAGAAGTCTGCCGTTA -3’
B-1R 5’- CAGAATCCAGATGCTCAAGG - 3’
B-2F 5’- GTGGTCTACCCTTGGACCC - 3’
B-3F 5’- CTTTGGGGATCTGTCCACT - 3’
L1-2R 5’- TTCCCTATTTAATAAATGGT - 3’
L1-3R 5’- AATATCCAGAATCTACAATGAA - 3’
L1-4R 5’- CCAAATGTCCAACAATGATAGACTGGA - 3’
B-Ex2-R 5’- CCATAACAGCATCAGGAGTG - 3’
-Ex3-F 5’- TGCAGGCTGCCTATCAGAAA - 3’
B
-Ex3-R 5’- GCACACAGACCAGCACGTTG - 3’
B
B-IVS-II-F 5’- GTGGAAGTCTCAGGATCGTT - 3’

Primery pro detekci bodovych mutaci v

HBB genu (PCR a sekvenovani)

HBB-662

5’- AGATCCATCTACATATCCCAAAGC - 3’

HBB-427 5’- CTATTGCTTACATTTGCTT - 3’

HBB-108 5’- GCCAAGGACAGGTACGGCTGTCATC - 3’
HBB-16 5’- GCAGGTTGGTATCAAGGTT - 3’

HBB-18 5’- TCTCCTTAAACCTGTCTTG - 3

HBB-109 5’- CCCTTCCTATGACATGAACTTAACCAT -3’
HBB-229 5’- ATACAATGTATCATGCCTCTTTGCACC - 3
HBB-58 5’- AATCCAGCTACCATTCTGC - 3’

HBB-230 5’- GTATTTTCCCAAGGTTTGAACTAGCTC - 3’
HBB-195 5’- GTGGTCTACCCTTGGACCC - 3’

HBB-437 5’- CTTTGGGGATCTGTCCACT - 3’

HBB-327 5’- TGCAGGCTGCCTATCAGAAA - 3’
B-Ex2-AS 5’- CCATAACAGCATCAGGAGTG - 3’
B-Ex3-AS 5’- GCACACAGACCAGCACGTTG - 3’

Primery pro detekci deleci v HBA lokusu (ASO-PCR)

4.2_R 5’- CCCGTTGGATCTTCTCATTTCCC - 3’
SEA_F 5’- CGATCTGGGCTCTGTGTTCTC - 3’
SEA_R 5’- AGCCCACGTTGTGTTCATGGC - 3’
LIS1_F 5’- GTCGTCACTGGCAGCGTAGATC - 3’
LIS1_R 5’- GATTCCAGGTTGTAGACGGACTG - 3’
a2/3.7_F 5’- CCCCTCGCCAAGTCCACCC - 3’

FIL_F 5’- TGCAAATATGTTTCTCTCATTCTGTG - 3’
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FIL_R

5’- ATAACCTTTATCTGCCACATGTAGC - 3’

20.5_F 5’- GCCCAACATCCGGAGTACATG - 3’
3.7/20.5_R 5’- AAAGCACTCTAGGGTCCAGCG - 3’
a2_R 5’- AGACCAGGAAGGGCCGGTG - 3’
4.2_F 5’- GGTTTACCCATGTGGTGCCTC - 3’
MED_F 5’- TACCCTTTGCAAGCACACGTAC - 3’

MED_R

5’- TCAATCTCCGACAGCTCCGAC - 3’
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Priloha €. 3: Divoka et al, 2016

Divoka M, Partschova M, Kucerova J, Mojzikova R, Cermak J, Pospisilova D, Fabryova V, Prochazkova
D, Indrak K, Divoky V: Molecular Characterization of B-Thalassemia in the Czech and Slovak
Populations: Mediterranean, Asian and Unique Mutations. Hemoglobin. 2016 Jun;40(3):156-62. IF
0,78.
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Abstract

B-Thalassemia (B-thal) is considered rare in Central Europe. As in other malaria-free regions, the
presence of PB-thal in Central Europe reflects historical and recent immigration, and
demographic changes that have influenced the genetic variability of the current populations
living in this area. This study assesses the frequency and spectrum of mutations on the p-globin
gene in Czech and Slovak subjects with clinical symptoms of thalassemia. The results of the
initial part of this research were published more than two decades ago; the aim of this study
was to update these original reports. During the period from 2002 to 2015, 400 cases from
Czech and Slovak hematological centers were analyzed. Twenty-nine B-thal mutations,
identified in 356 heterozygotes from 218 unrelated families, involve five unique mutations
including a recently described insertion of a transposable L1 element into the B-globin gene.
One mutation described here is reported for the first time. Most of the mutations were of
Mediterranean origin and accounted for 82.0% of cases. All but one case studied were
heterozygous carriers, manifesting p-thal minor, with rare exceptions represented by the rare
(BO) codons 46/47 (+G) (HBB: c.142_142dupG) mutation associated with an «-globin gene
quadruplication and by dominantly inherited p-thal with a more severe phenotype. One double
heterozygous B-thal patient was a recent immigrant from Moldavia. The list of 3B-thal alleles
(26 carriers, 16 families) contains Hb Lepore and two types of 3p°-thal deletions. In the past,
genetic drift and migration as well as recent immigrations were responsible for the introduction
of Mediterranean alleles, while several mutations described in single families were of local
origin.
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Introduction

Hemoglobinopathies are known to occur at low frequencies in
the populations of West, North and Central European
countries (1). Reports describing thalassemia or hemoglobin
(Hb) variants from malaria-free countries often bring novel
insights into the epidemiology of these genetic disorders
(2-10) and contribute to the understanding of the pathophysi-
ology of these diseases (11,12) or might even represent novel
mechanisms of these congenital defects (13-15).

In this report, we have updated the molecular analysis of
B- and OB-thalassemia (- and df-thal) alleles found in the
Czech and Slovak populations. Since the original report (4),

Address correspondence to Dr. Vladimir Divoky, Department of
Biology, Faculty of Medicine and Dentistry, Palacky University,
Hnevotinska 3, Olomouc, CZ-775 15, Czech Republic. Tel: +420-585-
632-151. Fax: +420-585-632-966. E-mail: vladimir.divoky @upol.cz

and several other previous reports describing unique muta-
tions (16—18), the number of B-thal chromosomes has more
than tripled and the spectrum of B-thal mutations has risen
considerably. The relatively high frequency of B-thal alleles,
mostly specific to the Mediterranean Basin, reported up to
now in the Czech and Slovak populations (4,19,20) has been
attributed to a long common history between Czechs and
Slovaks and some Mediterranean populations in the multi-
national Habsburg monarchy, and later in the Austrian-
Hungarian monarchy. Other historical influences such as
Ottoman Turk invasions of these lands during the 16th and
17th centuries (21,22) are also a factor.

Here, we have summarized the results obtained from 2002
to 2015 for families with B- and 6B-thal chromosomes living
in the Czech and Slovak Republics (former Czechoslovakia);
the subjects were mostly of native Czech or Slovak origin.
Besides the four previously described unique mutations
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originating in local populations (15-18), one novel mutation
was identified and was added to the existing HbVar database
(http://globin.cse.psu.edu/hbvar) (23).

Materials and methods

In a series of 400 cases from 240 families, hereditary
hypochromic microcytic anemia and elevated Hb A, and/or
Hb F values suggested a B- or Of-thal determinant. The
patients’ samples were collected and referred to us for genetic
analysis between 2002 and 2015. The Ethics Committee of
Palacky University Hospital, Olomouc, Czech Republic
approved the study and informed consent was obtained from
all individuals.

Blood sample measurements (using Sysmex XE 5000
analyzer; Sysmex, Kobe, Japan), Hb electrophoresis, Hb A,
and Hb F quantification have been described in previous
reports (24,25). Genomic DNA was isolated from peripheral
blood samples collected into vacutainers containing EDTA,
using either phenol/chloroform/isoamyl alcohol extraction
with ethanol precipitation, the Puregene® Blood Core Kit B
(Qiagen Inc., Valencia, CA, USA) or an automatic DNA
analyzer MagNA Pure (Roche Diagnostics GmbH
Deutschland, Mannheim, Germany). The polymerase chain
reaction (PCR) primers and conditions used to amplify the
B-globin gene including the 5" and 3’ untranslated regions (5’
and 3’ UTRs) (NM_000518.4) are available upon request. The
PCR products were purified with a QIAquick PCR purifica-
tion kit (Qiagen Inc.) and used for dot-blot analysis of
amplified DNA using **P-labeled oligonucleotide probes (4)
or for direct PCR product sequencing in both directions with a
BigDye terminator kit (Applied Biosystems, Foster City, CA,
USA) using an ABI PRISM™ 310 or 3100 Genetic Analyzer
(Applied Biosystems). In addition, several Sf-thal alleles
were characterized through MLPA (multiplex ligation-
dependent probe amplification) (SALSA MLPA probemix
P102-B2  HBB; MRC-Holland, Amsterdam, The
Netherlands).

Results

During the period from 2002 to 2015, 400 subjects with
features of B- or 6P-thal traits were analyzed; the - or dp-thal
alleles were detected in 382 carriers from 234 unrelated
families. One patient was a double heterozygote for B-thal
mutations. The cumulative results of the incidence of
individual mutations together with their ethnic distribution
are provided in Table 1. The Mediterranean mutation IVS-I-1
(G>A) (HBB: ¢c92+1G>A) was present in about one-
fourth of Czech and Slovak families and thus remains the
most frequent B-thal mutation in this population, as previ-
ously described (4). In earlier studies performed in Czech and
Slovak families, the mutation was associated with haplotype
Va [in six families, in which haplotype analysis was carried
out (19,26)] suggesting this mutant allele in the affected
Czech and Slovak families originated in the Mediterranean.
Other common Mediterranean mutations detected previously
on Mediterranean haplotypes in Czech and Slovak families
(19) (Supplementary Table 1) and found in more than 10
Czech or Slovak families in this study were: IVS-I-110
(G>A) (HBB: c93-21G>A); IVS-I-6 (T>C) (HBB:

Hemoglobin, Early Online: 1-7

¢c.92+4+6T>C), codon 39 (C>T) (HBB: ¢c.118C>T) and
IVS-II-1 (G>A) (HBB: ¢c.3154+ 1G> A). In total, 293 sub-
jects from 184 families (82.0% of subjects, 84.4% of families)
carry [B-thal alleles previously reported from the endemic
Mediterranean region (Figure 1). In addition, all df-thal
alleles detected are common in Mediterranean countries.

The second most common subgroup of mutations (in terms
of their origin) are those which originated locally (Figure 1).
Of these, the codons 38/39 (—C) (HBB: c.118delC) mutation
(18) is relatively frequently found only in the Czech
population. Another unique mutation, codon 112 (T>A)
(HBB: ¢.339T > A), was observed in one Slovak family in our
cohort and was likely related to the original case described
earlier (16). The insertion of a transposable element causing
B*-thal in a Ukrainian mother and daughter living in Slovakia
has been described separately (15). Table 2 shows a
comparison of hematological data for two unique and one
rare B’-thal mutations detected in single families, the codons
7/8 (+G) (HBB: c.24_24dupG) mutation has already been
described in a Czech language journal (17), and codons 46/47
(+G) (HBB: c.142_142dupG) in one Italian patient from
Sicily (27), while the codon 52 (—A) (HBB: c.158delA)
mutation is reported here for the first time. The hematological
values for the three family members with the codons 46/47
mutation were more severe than expected for B’-thal hetero-
zygotes and a search for another determinant (responsible for
this severe phenotype) revealed an a-globin gene quadrupli-
cation in all three patients (Supplementary Figure 1).
However, except for more pronounced microcytic anemia
and splenomegaly detected in one child (Table 2), the other
affected family members did not exhibit severe clinical
symptoms (signs of hemolytic anemia with splenomegaly)
and none of the patients required transfusions. The molecular
defects of 18 cases with suspected B- or df-thal traits (i.e.
familiar microcytosis, hypochromia, borderline to elevated
Hb A, and/or Hb F, normal serum ferritin level) remain
unknown, despite extensive sequence analysis involving the
flanking regions of the B-globin gene as well as MLPA
analysis of the B-globin gene cluster.

Discussion

B-Thalassemia is considered rare in Central Europe (1). As in
other non malaria regions, the presence of B-thal in Central
Europe reflects the historical immigration and demographic
changes that have influenced the genetic variability of the
current populations living in this area (28).

The Czech Republic (Bohemia and Moravia) was originally
populated by Celts and invaded by Germanic tribes. The Slavs
become the dominant population from the 6th to 8th centuries,
surrounded by Germans (22). The Slovaks were Slavs who
settled to the east of Moravia. Early on in their history, they fell
under the rule of the Magyars, or Hungarians, who were Finno-
Ugric in ethnic origin rather than Slavic (21). Even though
close contact between the Czechs and Slovaks came much later
(from 1620 but mainly after 1918), the resulting gene-flow is
likely to be responsible for a very similar thalassemia allele
frequency in the Czechs and Slovaks. Despite some cultural
differences, the Czechs and Slovaks shared political and
historical regions that emerged in Central Europe long enough
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Table 1. The incidence of B-thalassemia and 6p-thalassemia mutations in Czech and Slovak populations found during the 2002-2015 period.

Relative
Frequency Type of Thalassemia®;
HbVar Families/ (% of Ethnic Background®
B-Thalassemia Mutations ID HGVS Nomenclature® (HBB:) Cases chromosomes) (possible haplotype)©
IVS-I-1 (G>A) 817 c92+1G>A 53/97 27.1 |30; Mediterranean (Va)
IVS-I-110 (G>A) 827 c93-21G>A 40/61 17.0 B*; Mediterranean (I; IX)
IVS-1-6 (T>C) 826 c.92+6T>C 27/32 8.9 B**; Mediterranean (VI; X)
codon 39 (C>T) 845 c.118C>T; p.GIn40* 23/37¢ 10.3 BO; Mediterranean (I)
IVS-II-1 (G>A) 884 c315+1G>A 15725 7.0 BO; Mediterranean
codons 38/39 (—C) 843 c.118delC; p.Glnd40Argfs*22 7117 4.7 BO; Czech (II)
codon 8 (—AA) 785 ¢.25_26delAA; p.Lys9Valfs*14 7/12¢ 33 B°; Mediterranean
IVS-1I-745 (C>G) 891 ¢.316—106C>G 7/10 2.8 B*; Mediterranean (VIla)
—87 (C>T) 759 c.—137C>T 6/7 2.0 B**; German/Italian
codon 121 (G>T) 951 ¢.364G>T; p.Glul22* 4/12¢ 3.3 BO; Caucasian/
Czech-Slovak? (Va)
codons 41/42 (—TTCT) 849 ¢.126_129delCTTT; 4/4 1.1 BO; Asian (Chinese)
p-Phe42 eufs*19
codons 82/83 (—G) 875 c.251delG; p.Gly84Alafs*6 3/8 2.2 BO; Azerbaijani
polyA (AATAAA > AATGAA) 969 c*111A>G 3/4 1.1 B**; Mediterranean
—87 (C>QG) 758 c.—137C>G 2/3 0.8 B**; Mediterranean
codon 17 (A>T) 800 ¢.52A>T; p.Lys18* 2/2 0.6 B°; Asian (Chinese)
—86 (C>A) 760 c.—136C>A 212 0.6 B**; Italian
codons 46/47 (+G) 2974 c.142_142dupG; 1/3 0.8 BO; ITtalian (see also Table 2)
p-Asp48Glyfs*6
IVS-I-5 (G>C) 824 ¢c92+5G>C 1/3 0.8 B*; Mediterranean
codon 52 (—A)" 2973 c.158delA; p.Asp53Valfs*9 1/3 0.8 B°; Czech (see also Table 2)
codon 112 (T>A) 948 ¢.339T>A; p.Cys113* 1/2° 0.6 B%; Slovak
codons 7/8 (+G)"¢ 2972 ¢.24_24dupG; p.Lys9Glufs*15 12 0.6 B°; Slovak (IX;
see also Table 2)
44 bp deletion 975 ¢.76_92 + 27del 12 0.6 BO; Greek
codon 5 (—CT) 783 ¢.17_18delCT; p.Pro6Argfs*17 172 0.6 B°; Mediterranean
IVS-II-765 L1" 2892 L1 insertion between 172 0.6 B*; Ukrainian
¢.316—86_316—85
codon 45 (—T) 855 c.138delT; p.Phe46Leufs*16 172 0.6 BO; Asian (Pakistani)
codon 37 (TGG>TGA) 841 c.114G> A;p.Trp38* ) 1/1 0.3 BO; Asian (Saudi Arabian)
619 bp deletion 979 c.316—149_%*342delinsAAGTAGA' 1/1 0.3 B°; Indian
codon 6 (—A) 784 c.20delA; p.Glu7Glyfs*13 171 0.3 B°; Mediterranean
codons 71/72 (+A) 869 c.216_217insA; p.Ser73Lysfs*2 1/1 0.3 [30; Asian (Chinese)
Total 218/357 100.0
SB-Thalassemia Mutations .
Hb Lepore 743-744)  HBD:HBB: fusion 11/18 69.2 4P fusion Hb
Sicilian 1035 NG_000007.3:g. 4/7 27.0 (3B)°-thalassemia
64336_77738del113403
Macedonian/Turkish 1036 HBB:HBD: complex 1/1 38 (3B)°-thalassemia
rearrangement
Total 16/26 100.0

#HBB accession NM_000518.4.

®From HbVar [http://globin.cse.psu.edu/hbvar (23)], IthaGenes [(http://www.ithanet.eu (32)] and from (54).

“Based on haplotype studies performed on a limited number of families published in a Czech language journal (19). Haplotype analysis was performed
using a PCR-RFLP method (56) at nine polymorphic sites: HincIl-5' &, Xmnl-5" v, Hindl-%y, Hind -y, Hincll-yB, HincIl-3' B, Hinfl-5' B, Avall-
B and BamHI-3' +B, and the haplotypes were numbered according to (35). For more information, see the Supplementary Table 1.

9One patient of Moldavian origin was a compound heterozygote for codon 8/codon 39 with B-thal major.

Likely relatives of previously described families/cases (4,16).

Newly described mutation.

EFirst described in a Czech language journal (17).

"Described separately (15).

fSequence verified as described (57) not as NG_000007.3:2.71609_72227del619, the current HbVar annotation of 619 bp deletion HBB variant.
JPrecisely specified cases were either Hb Lepore-Baltimore (8°°/B%; NG_000007.3:2.63564_70978del; HbVar ID: 743) (n = 3) or Hb Lepore-Boston-
Washington (Hb LBW, 8%7/'1%; NG_000007.3:2.63632_71046del; HbVar ID: 744) (n =3).

that many families with Czech ancestry contain members of
Slovak origin and vice versa, which makes it difficult to
distinguish unique and common mutations between the Czech
and Slovak populations. For this purpose we consider the
Czech and Slovak Republics as one region. Formerly, the
frequency of B-thal mutations in Czechoslovakia (now the
Czech and Slovak Republics) was described as specifically
different from that found in the Mediterranean and Balkan
countries; the main difference was attributed to a seemingly

high relative frequency (45.2%) of the IVS-I-1 allele among the
Czech and Slovak thalassemia carriers (4), and these data were
also cited in the following comparative studies (29). The IVS-I-
1 mutation was even proposed to have originated in Eastern
Europe (30). However, these data were based on a relatively
small number of B-thal chromosomes analyzed from the former
Czechoslovakia. Here, in a much larger study allowing more
reliable comparison, the relative frequency of the most
common B-thal mutations does not seem to differ from certain



Downloaded by [Knihovna Univerzity Palackeho], [${individual User.displayName} ] at 06:40 10 March 2016

4 M. Divoka et al.

Figure 1. Summary of frequencies of B-thal
chromosomes in the Czech and Slovak
populations according to their ethnic origin.
The relative frequencies of -thal chromo-
somes in individual ethnic categories were
calculated from the B-thal chromosome
frequencies as depicted in Table 1. The ethnic
origin/distribution data for individual p-thal
mutations were compiled from HbVar [http://
globin.cse.psu.edu/hbvar (23)] and IthaGenes
[http://www.ithanet.eu (32)] databases and
one review article (54). The ‘Asian’ category
of mutations involves rarely represented
Chinese, Pakistani, Saudi Arabian and Indian
mutations (see Table 1).

Hemoglobin, Early Online: 1-7

® Mediterranean (including Italian and Greek)
m Czech/Slovak/Ukrainian

® Caucasian/Czech-Slovak?

u Asian

m Azerbaijani

u German/Italian

Table 2. Hematological data of one rare and two unique B-thalassemia mutations.

Reticulocytes

Mutation Patients Sex-Age Hb (g/dL) RBC (10'*L) MCV (fL) MCH (pg) Hb Ay (%) HbF (%) (%)

codons 7/8 (+G)* mother F-43 11.7 5.76 61.5 20.3 49 2.7 NA

son M-21 13.2 6.44 61.8 20.5 52 2.0 NA

codon 52 (—A) four F-9, F-4 10.0-12.9 5.18-5.64 58.7-71.3  19.0-22.9 4.5-53 1.4-2.0 NA
relatives®  M-34, M-29

codons 46/47 (+G)° mother F-28 9.6 5.39 59.4 17.8 5.7 1.0 2.5

son M-4 11.3 6.96 54.9 16.2 53 9.1 1.4

daughter? F-1 9.0 5.01 58.9 18.0 6.6 4.8 2.0

Hb: hemoglobin; RBC: red blood cell count; MCV: mean corpuscular volume; MCH: mean corpuscular Hb; normal control range for reticulocytes:

0.5-2.5%; NA: not analyzed.
“From (17).
PRange of values.

€All family members with the codon 46/47 mutation also carry the a-globin gene quadruplication (see Supplementary Figure 1).

The only family member presenting with splenomegaly.

Mediterranean populations. The incidence of the IVS-I-1 allele
(27.1% of molecularly characterized B-thal cases in this study)
is similar to that observed in some Mediterranean regions, such
as the Iberian Peninsula (31), some parts of Italy (27) or some
population groups (Lebanese Christians) (30); a comparison of
IVS-I-1 allele’s relative frequencies for different populations/
regions is available at http://www.ithanet.eu (32). Although
found in association with different haplotypes (33,34), the vast
majority of the IVS-I-1 allele observed in Mediterranean
regions was linked with haplotype V [http://globin.cse.
psu.edu/hbvar; the original haplotype designation associated
with IVS-I-1 was described as the Mediterranean subhaplotype
Va (35)]. As the same subhaplotype was previously identified
for the Czech IVS-I-1 alleles (19,26), it is very likely that this
mutation was introduced to the Czech and Slovak populations
from the Mediterranean Basin as we proposed (4,20) and did
not originate in Eastern Europe as ascribed (30).

The second most common mutation in our cohort,
IVS-1-110 (G>A) (17% of molecularly characterized B-thal
cases in this study), is the most common [-globin gene
mutation in Greece (36), and is also common in several other
Mediterranean populations [documented in the HbVar

database  (http://globin.cse.psu.edu/hbvar) or in the
IthaGenes database (http://www.ithanet.eu)]. The haplotypes
previously associated with this mutation in selected Czech/
Slovak families were I and IX (19) (Supplementary Table 1) —
the most common haplotypes associated with this mutation in
the Mediterranean (35). Also, the spectrum of other B-thal
determinants of Mediterranean origin reported in this study
further supports our original conclusion that the majority of
B-thal genes in the Czech and Slovak populations were
imported from the Mediterranean (4). Similar results were
published for the indigenous Hungarian and German popu-
lations (5,37). It seems likely that the occurrence of these
mutations corresponds with a common history (400 years) for
Czechs, Slovaks, Germans and Hungarians as well as some
Mediterranean populations joined from 1526 to 1918 to the
Habsburg monarchy and later to the Austrian-Hungarian
monarchy.

In some subjects, namely one family with codon 39, one
with codon 8 (—AA), another with the ‘Greek’ 44 bp deletion
and one family carrying Hb Lepore, ancestors from
the Mediterranean region were identified, suggesting the
ancestors of the individuals affected had recently migrated to
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the Czech Republic (e.g. a group of Greeks settled in the
former Czechoslovakia after the Second World War).
However, the vast majority of B-thal-affected families did
not report Mediterranean relatives in the two preceding
generations, indicating that the mutant genes were introduced
into the Czech and Slovak populations during the Austrian-
Hungarian empire or earlier. In industrialized Northern and
Western European countries, B-thal and other hemoglobin-
opathies have recently become much more common through
high immigration rates from endemic areas (10,28,38).
Although immigration to the Czech and Slovak Republics is
rising, it is not yet that high, and the presence of some
mutations (such as the ‘Turkish’ codon 8 mutation) in several
families without a clear Mediterranean or Turkish background
may be remnants of historical rather than recent events — the
regions were invaded by Huns (4th century) and Avars (6th to
8th centuries) and overrun by other Asian tribes such as the
Mongols or Tartars (21,22). Two Asian mutations, codons 41/
42 (—TTCT) and codon 17 (A>T), detected in six families
without any obvious Asian influence on their pedigrees, may
also have a historical Asian origin; both these mutations are
common in the Far East (1).

From the five mutations so far found only in local (non
immigrant) families, the distribution of the codons 38/39
mutation is quite interesting. Most of the affected families
come from the same region, central Moravia (the eastern part
of the Czech Republic). Previous haplotype analysis of three
of these families showed that the mutated allele was linked to
haplotype II (19). These data suggest that this mutation may
have originated relatively recently and due to a single
founding event it appears to be regionally specific. The
other unique B-thal mutation, the insertion of a transposable
L1 element into the B-globin gene (depicted in Table 1 as
IVS-1I-765 L1, HbVar ID: 2892), represents a novel etiology
of B-thal due to the silencing effect of repressive chromatin
associated with a retrotransposon insertion (15).

Similar to what was published for other non malaria
countries [reviewed in (39)], B-thal mutation diversity in the
Czech and Slovak populations has been increased by isolated
unique mutations. One such mutation, codon 52, is described
here for the first time and an additional one was described
only in a Czech language journal (codons 7/8); both have
now been added to the online HbVar database (http://
globin.cse.psu.edu/hbvar). In the case of the rare codons 46/
47 mutation, the heterozygotes described in this study
coinherited two extra o-globin genes (quadruplication of
the HBA2 gene) that resulted in a more severe p-thal
phenotype (more severe than would be expected for p°-thal
heterozygotes), as described for other B°-thal carriers with
such an a-globin genotype (40,41). Increased B-thal severity
by a-globin gene triplication has already been published for
a Czech patient (26), verifying the presence of these o-globin
genotypes with an increased number of functional o-globin
genes in the Czech population.

Of some special interest are two other rare mutations,
namely codons 82/83 (—G) (HBB: ¢.251delG) and codon 121
(G>T) (HBB: ¢c.364G>T). The rare frameshift mutation at
codons 82/83, originally described in Azerbaijanis (42,43),
has been reported with a relatively high frequency from
Germany (7). The origin of this mutation in Czech, Slovak
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[this report and (4)] and German families will remain
unresolved until the haplotype analyses become available. It
is possible, however, that the mutation was imported to
Central Europe by Azerbaijanis, as it was suggested that this
mutation might be specific for the population of Azerbaijan
(44). The codon 121 mutation was originally described as a
cause of severe hemolytic anemia with splenomegaly, called
dominantly inherited inclusion body B-thal (11,45,46).
However, later the mutation was associated with a variable
clinical manifestation in heterozygotes among the families
affected and even among carriers from the same family
(47,48); the same was true for individuals from the Czech and
Slovak families; the clinical picture of most carriers resemble
B-thal traits associated with recessive mutants [this report and
(4)]. All the patients we studied had four o-globin genes and
sequencing analysis of both ol and o2 genes from two
selected individuals with an asymptomatic clinical picture
failed to detect any abnormality (not shown). Thus, other
recently identified modifiers of the clinical severity of B-thal
(12,40,49,50) might be responsible for this variable clinical
manifestation. Previous haplotype analysis in one Slovak and
two Czech families with a codon 121 mutation revealed
restriction fragment length polymorphism (RFLP) character-
istics of haplotype Va (19), however, differences in the
polymorphisms were recently observed through sequencing
analysis of the (AT)x(T)y repeat motif 5’ to the B-globin gene
(unpublished data, not shown). Interestingly, two of four
Dutch families with the codon 121 mutation revealed the
same haplotype (or at least the same 5’ subhaplotype, referred
to as h2) (48). Although we cannot exclude the possibility
that (at least some of) the mutations arose from the same
event and that the differences of the (AT)x(T)y polymorph-
isms may have resulted from recombination at the recom-
bination hot-spot, the rarity of this mutation rather supports
the hypothesis that the causative codon 121 mutations are of
de novo origin in individual European populations, as
suggested for this type of mutation in non malaria countries
with an otherwise low thalassemia frequency (39). Based on
the above mentioned clinical and genetic analyses, we
conclude that the only ‘true’ dominantly inherited [-thal
present in the Czech population is represented by the
hyperunstable Hb variant described as Hb Hradec Kralove
(Hb HK, HBB: c.347C>A) (51).

An independent study involving a cohort of 70 pB-thal
carriers from the Slovak Republic (20) revealed mutations
also represented in a cohort of this study. However, there
are a few mutations not detected by us but described by
others for Czech or Slovak B-thal subjects, which further
increase the diversity of B-thal mutations in the Czech/
Slovak ethnicities; these were the ‘Czech’ 4.2kb [-thal
deletion [HbVar ID: 983 (52)] and the polyadenylation
(polyA) signal AATAAA >GATAAA mutation [IthalD: 271
(53)]. Eighteen cases in our cohort with clinical features of
B-thal trait but with no detectable mutation in the B-globin
gene suggest that mutations in trams-acting factors causing
the B-thal phenotype (54) remain to be determined in the
indigenous Czech and Slovak populations. In fact, one
Kiriippel-like factor 1 (KLF1I) gene mutation associated with
increased Hb F levels has recently been identified in a
Slovak individual (55).
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ABSTRACT: We describe the molecular etiology of
B*-thalassemia that is caused by the insertion of the full-
length transposable element LINE-1 (L1) into the intron-
2 of the B-globin gene (HBB). The transcript level of the
affected B-globin gene was severely reduced. The remain-
ing transcripts consisted of full-length, correctly processed
B-globin mRNA and a minute amount of three aberrantly
spliced transcripts with a decreased half-life due to activa-
tion of the nonsense-mediated decay pathway. The lower
steady-state amount of mRNA produced by the B-globin; ;
allele also resulted from a reduced rate of transcription
and decreased production of full-length B-globin primary
transcripts. The promoter and enhancer sequences of the
B-globiny; allele were hypermethylated; however, treat-
ment with a demethylating agent did not restore the
impaired transcription. A histone deacetylase inhibitor
partially reactivated the B-globin;; transcription despite
permanent f-globin;; promoter CpG methylation. This
result indicates that the decreased rate of transcription
from the B-globin;; allele is associated with an altered
chromatin structure. Therefore, the molecular defect
caused by intronic L1 insertion in the B-globin gene rep-
resents a novel etiology of B-thalassemia.
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We have previously reported that the insertion of a full-length
LINE-1 (L1) element (GenBank accession: AF149422.1) in the an-
tisense orientation into the 3’-end of intron-2 of the B-globin gene
(HBB; MIM #141900; GenBank accession: NM_000518.4) causes
B*-thalassemia in a mother and daughter of Ukrainian descent
[Divoky et al., 1996]. The 8-thalassemia trait in the propositus and
her mother was diagnosed in the laboratory of the late Dr. Huisman
(Augusta, GA) [Indrak et al., 1992]. We have shown that this L1
element retained the capacity for high-frequency retrotransposition
in cultured cells [Kimberland et al., 1999]. Here, we analyzed the
molecular mechanisms that are responsible for the severe reduction
in B-globin gene expression in the presence of the L1 insertion and
cause the B'-thalassemia phenotype.

The B*-thalassemia nature of this mutation was investigated in the
reticulocytes from the patient and in the interspecific hybrids created
from the fusion of transformed lymphocytes of the propositus with
mouse erythroleukemia cells (MEL) containing either the affected
or normal chromosome 11 [Papayannopoulou et al., 1986]. The cell
line containing the mutant chromosome 11 from the propositus was
designated as “MEL HBB"'*,” and the control cell line with a normal
chromosome 11 was designated as “MEL HBB"'.” Blood samples
from the propositus and her mother were obtained with the approval
ofthe institutional review board committees of Palacky University in
Olomouc and the Institute of Hematology and Blood Transfusion in
Prague, Czech Republic. Informed consent was obtained as per the
Declaration of Helsinki. The details of the experimental procedures
and the sequences of the primers used for this study are found in
the Supp. Methods and Supp. Tables.

The propositus (25-year-old Caucasian female) had microcytic
anemia (Hb 11.3 g/dL, red blood cells 5.5 x 10'%/L, mean corpuscu-
lar volume 63 fL, and mean corpuscular hemoglobin 20 pg) with a
normal reticulocyte count. Her HbA, was increased to 5.3% and the
HDbF was just above 1%. No inclusion bodies of precipitated globin
chains were detected in her erythroid cells after brilliant cresyl blue
staining. Hematological indices of the patient’s mother were compa-
rable; neither patient had neurological or other systemic abnormal-
ities. Southern blot and sequencing analyses revealed heterozygosity
for the full-length retrotransposon (L1, i.e., L15.1n,) inserted in the
antisense orientation into the 3’-end of intron-2 (8-IVS-II) of the
B-globin gene (hereafter referred to as B-globin;;; Supp. Fig. S1)
deposited into the HBVar database (http://www.lovd.nl/HBB). The

© 2013 WILEY PERIODICALS, INC.



insertion occurred at 98 bp 5'- to the 3’-end of B-IVS-II and was
flanked by a 9-13-bp target site duplication [Divoky et al., 1996;
Kimberland et al., 1999].

The B-globin transcripts from affected and unaffected B-globin
alleles of the propositus were distinguishable by a silent codon 2
polymorphism [Antonarakis et al., 1985; Orkin et al., 1982]. This
polymorphism allowed the quantification of the transcript amount
and the determination of the §'-thalassemia phenotype (Fig. 1A).
The propositus was a codon 2 CAT/CAC heterozygote, whereas the
mother of the propositus, who also carried the L1 insertion, was a
codon CAC homozygote. Thus, the L1-containing allele was derived
from framework 1 [Antonarakis et al., 1985] with a codon 2 CAC
sequence that creates a recognition site for the BsiHKAI enzyme.

To assess whether the 8'-thalassemia is due to abnormal splic-
ing of the B-globin message, reticulocyte and MEL HBB"'" mR-
NAs were analyzed by RT-PCR using several primers. Sequencing
of the RT-PCR products revealed both correctly processed tran-
scripts as well as three rare messages with unusual sequences pro-
duced by the B-globin,; allele (Fig. 1B). All of the aberrantly spliced
B-globin transcripts contained a premature translation termination
codon, which makes them susceptible to nonsense-mediated mRNA
decay (NMD). To determine whether the NMD pathway degrades
the B-globin;; mRNA and thus is responsible for the reduction in
the steady-state mRNA level produced by the mutant allele, we cul-
tivated the induced MEL hybrids cells overnight with the NMD
inhibitor emetine [Yang et al., 2007]. Quantitative real-time PCR
(qPCR) showed a 2.4-fold increase (P < 0.05 vs. control) in the ac-
cumulation of transcripts from the 8-globiny; allele in the presence
of emetine (Fig. 1C), whereas no increase in the amount of wild-type
B-globiny; transcripts was observed under the same conditions. To
further confirm that the low stability of the B-globin,; transcripts
was due to NMD, transcription in the MEL HBB"'* and MEL HBB™
hybrids was blocked with actinomycin D in the presence and absence
of emetine. Indeed, the decreased stability of the B-globin,; mRNA
was mainly due to NMD. The half-life of the 8-globin;; mRNA was
restored almost to normal when emetine was used (Supp. Fig. S2).

In addition to a decrease in RNA stability, a decreased rate of tran-
scription could be responsible for the reduced amount of B-globiny
mRNA. This possibility was examined using a nuclear run-on assay
[Yang et al., 2007]. The increase in the B-globin nuclear fraction
primary transcript level during 40 min of in vitro transcription in
the presence or absence of ribonucleotide triphosphates (rNTPs, see
Supp. Methods for experimental details) was measured. The data
showed that the B-globin;; allele has a transcription rate that is
reduced 4.7-fold versus the wild type (Fig. 1D).

Previous studies have demonstrated that L1 insertions disrupt
the formation of the full-length transcript of the target gene by pro-
ducing prematurely polyadenylated mRNA. These truncated tran-
scripts form because of the use of the L1 polyadenylation signal(s).
Additionally, the release of RNApol-II from the L1 sequence causes
inefficient elongation [Han et al., 2004]. We measured the rela-
tive amount of the B-globin;; primary transcript using QPCR with
primers flanking the insertion (Fig. 1E). The nuclear fraction RNA
was collected from MEL HBB"' and MEL HBB'!'* hybrids, and the
relative amount of wild-type and B -globin; ; primary transcripts was
measured at exon-2 and exon-3 and expressed as the exon-3/exon-
2 ratio normalized to the control as described [Pfaffl, 2001] (see
Supp. Methods). The ratio was 0.805, which suggests that 19.5% of
the MEL HBB"!* primary transcript is not extended beyond the L1
insertion. The truncated transcripts could result from either pre-
mature polyadenylation or incomplete elongation.

Retrotransposons are considered to be epigenetic mediators of
gene expression in mammalian cells [Whitelaw and Martin, 2001].

2 HUMAN MUTATION, Vol. 00, No. 0, 1-5, 2013

We examined whether the decreased rate of S-globin, allele tran-
scription is associated with the 8-globin;; promoter and 3’-enhancer
methylation that could be reversed by a demethylating agent. The
locations of the CpG dinucleotides (CpGs) within the B-globin,
promoter and enhancer and also within the L1 promoter are de-
picted in Figure 2A. The results from bisulfite sequencing (Fig. 2B)
show that the 8-globin;; promoter sequence was hypermethylated
(65% Me-CpG vs. 35% Me-CpG in the control MEL HBB"' cell
line). The 3’-enhancer sequence was fully methylated in compari-
son with the control sequences. Treatment of the induced hybrid
MEL cells with decitabine (5-aza-2’'-deoxycytidine, DAC, 2 uM)
for 24 hr did not change the methylation status of the 8-globiny,
promoter, nor did it lead to an increase in expression of B-globin,
mRNA (Fig. 2B and C). Different treatment conditions (treatment
time 48 hr or 5 uM DAC) gave similar results. Expression of the
y -globin gene, which was used as a treatment control, was increased
after DAC exposure as expected [Mabaera et al., 2008] (Fig. 2C).
The partial demethylation of the 8-globin;; erythroid-specific 3'-
enhancer sequence [Boehringer et al., 1987] (Fig. 2B) suggested that
insensitivity to DAC under these assay conditions was a feature of
the B-globin;; and L1 promoters. Even the more stringent DAC-
treatment conditions [Qin et al., 2009] did not reactivate B-globin,
expression (data not shown).

The histone deacetylation of the surrounding chromatin was im-
plicated in the inactivation of L1 host genes [Garcia-Perez et al.,
2010]. To test whether transcriptional silencing of the 8-globin;; al-
lele is related to repressive chromatin modifications such as deacety-
lation, we treated induced MEL HBB"'* cells with trichostatin A
(TSA), a histone-deacetylase (HDAC) inhibitor (Fig. 2D). The TSA-
induced reactivation of developmentally silenced y -globin expres-
sion in the somatic cell hybrids was previously documented [Swank
et al., 2003], and therefore, it was used as an internal treatment con-
trol (Fig. 2E). Although exposure of the induced MEL HBB"'" cells to
TSA (alone or in combination with DAC) did not change the densely
methylated profile of the B-globin;; promoter sequence (Fig. 2D),
this treatment partially restored 8-globin; ; expression (Fig. 2E). This
result suggests that histone deacetylation is (in part) responsible for
the 8-globiny; silencing that could be relieved by TSA.

L14.iha displays characteristics of an active retrotransposon [Kim-
berland et al., 1999]. Therefore, it is possible that transcripts origi-
nating from the L14_¢,, promoter could interfere with the 8-globin
gene that is transcribed in the opposite orientation to this L1
[Whitelaw and Martin, 2001]. The e-globin gene silencing by a tran-
scribed Alu element provides precedence for in cis transcriptional
interference by neighboring transcripts from the antisense strand in
globin gene regulation [Wu et al., 1990]. Thus, we assayed for the
presence of L1g_yq-specific transcripts in patient mRNA that was
isolated from harvested BFU-E colonies and in mRNA from the in-
terspecific hybrids (see Supp. Methods and Supp. Tables for details).
No L1g_thai-specific transcripts could be detected in the BFU-Es from
the patients. Several L1 transcripts were detected in the induced MEL
HBB!" cells; however, their sequence analyses revealed other than
L1g.a origin (data not shown). Correspondingly, bisulfite sequenc-
ing revealed a highly methylated pattern along the L14_ 4. promoter
region (Fig. 2B and D), suggesting that the absence of endogenous
L1 transcripts is a consequence of the L14_,,; promoter hypermethy-
lation. We also investigated whether the L14_4, insertion splits the
HBB gene’s transcript, that is, the “gene-breaking” model [Wheelan
et al.,, 2005]. We identified neither upstream HBB-specific tran-
scripts that terminate in the major antisense polyadenylation signal
[Han et al., 2004] nor evidence for L1 antisense promoter-derived
HBB-specific transcripts (see Supp. Methods and Supp. Tables for
details).
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Figure 1. Analyses of transcription from the 8-globiny; allele. A: Total reticulocyte RNA of the propositus (lane 2, codon 2 CAT/CAC polymorphism
heterozygous) and the wild-type control (lane 1, codon 2 CAC homozygous) was subjected to RT-PCR, which amplified exons 1 and 2 of all existing
mature B-globin transcripts. Aliquots of the labeled PCR products were digested with the BsiHKAI enzyme, which cuts the CAC allele. The ratio
of digested to undigested cDNA was 10%-15% to 90%-85% instead of the expected heterozygous ratio of 50% to 50%. Concurrent experiments
performed with genomic DNA served as a control for digestion and quantification of PCR products. B: The structure of the B-globin;; gene is
depicted at the top. Gray rectangles represent the 8-globin exons, black rectangles indicate the 8-globin introns, and the B-1VS-Il is divided by
L1 insertion (white rectangle not drawn to scale). The correctly spliced B-globin message (1) and three abnormally spliced B-globin,; transcripts
(2-4) were detected by RT-PCR using three forward (8-1F, 8-2F, and 8-3F) and four reverse (8-1R, L1-2R, L1-3R, L1-4R) primers (primers are listed
in Supp. Table S1, locations are delineated as arrows at the top). The solid lines indicate transcript sequences, the dotted lines are sequences
eliminated by splicing, and the dashed lines are portions of transcripts that were not sequenced. One splicing variant resulted from activation of a
cryptic acceptor site within g-IVS-I (tttctttcag/g), and the second variant resulted from activation of a cryptic acceptor site within the L1 sequence
(tatttctag/g). The third aberrantly processed B-globin transcript displayed retention of the globin intron including the inserted L1 sequence. The
arrows (#) denote stop codons in the aberrant S-globin reading frame. C: MEL HBB'* and MEL HBB" hybrids were treated with an NMD inhibitor
emetine (0.5 «M). The qPCR quantification showed no increase in wild-type 8-globin mRNA in the MEL HBB" cell line versus a 2.4-fold increase
(*, P < 0.05 vs. control) in 8-globin;; mRNA in MEL HBB''* cells. Data are the mean + SD of three independent experiments. D: A PCR-based
nuclear run-on assay revealed a 4.7-fold decrease in the B-globin; allele transcription rate compared with the wild-type 8-globinallele. To include
all transcript variants originating at the B-globin;; promoter, exon-1 primers were used for quantification. The rate of transcription is displayed
as the fold increase of primary B-globin/B-globin;; transcript over its basal level (not containing rNTPs) after 40 min of in vitro transcription. Data
are the mean £ SD of two independent experiments. E: Schematic representation of the primary transcripts of the 8-globin and B-globin;; alleles
(full-length [a, solid line] and truncated [b, partially dotted line]). The thickness of the lines represents the overall relative amount of the produced
primary transcript. According to the PCR-based nuclear run-on assay, the wild-type allele creates 4.7-fold more primary transcript than the mutant
B-globin;; allele. Additionally, the nuclear RNA was evaluated by B-globin exon-2 and exon-3 quantification. The results indicated that a portion of
the primary 8-globin;; transcripts (19.5%) do not contain the sequences downstream of the L1 insertion. The details of the experimental procedures
are described in the Supp. Methods.
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Figure 2. Analysis of epigenetic silencing of the 8-globin; allele. A: Diagram of the human g-globin gene promoter and enhancer regions
showing the locations of binding sites for transcription factors, poly(A) signal, and CpG dinucleotides [adapted from Mabaera et al., 2007]. The
position of the CpGs within the L1 promoter is also shown. B: Genomic DNA from MEL hybrid cells was isolated and bisulfite treated to determine
the methylation status of the six CpGs between -415 and +110 bp (bases downstream and upstream of the transcription start site) on the promoter
region, 13 CpGs on the promoter of the inserted L1 and three CpGs between +442 and +592 bp on the enhancer region (bases upstream of the poly(A)
signal) of the mutated and normal S-globin alleles (plotted horizontally). Treatment of DMSO-induced MEL HBB''* cells with a demethylating
agent (DAC, 2 ©M) did not change the methylation profile of the 8-globin;; gene and the L1 promoters but did decrease the methylation of
the enhancer. e represents methylated sequence, o represents unmethylated sequence. C: Consequently, DAC treatment did not increase the
expression of B-globin;; mRNA, whereas the expression of the y -globin gene (HBG T, MIM #142200, GenBank: NM_000559.2) was increased. Data
are the mean 4 SD of three independent experiments (*, P < 0.05 vs. untreated cells). For the effect of DAC and TSA treatment expressed as the
y- to B-globin mRNA ratio [Swank et al., 2003], see Supp. Figure S3. D: Treatment of induced hybrid MEL HBB"'* cells with the HDAC inhibitor
TSA (100 nM) alone and in combination with the demethylating agent (DAC, 2 M) did not change the hypermethylation profile of the 8-globin;
promoter. However, the combined treatment partially reversed the methylation of the B-globin;; enhancer. e represents methylated sequence, o
represents unmethylated sequence. E: Despite the permanent methylation pattern of the 8-globin;; promoter, TSA partially reactivated expression
from the mutant 8-globin;; gene (see also Supp. Fig. S3) indicating that silencing is mediated by histone deacetylation. The data are the mean + SD
of three independent experiments (*, P < 0.05 vs. untreated cells). The details of the experimental procedures are described in the Supp. Methods.

In conclusion, we report a combination of molecular events lead-
ing to B'-thalassemia caused by an intronic L1 insertion in the
B-globin gene. In addition to the known effects of the intronic L1
sequence on mRNA processing [reviewed by Hancks and Kazazian,
2012], our data reveal that transcriptional repression of the host
gene is due to regional spreading of methylation that affects both the
5'-promoter and the 3’-enhancer. Our attempts to reactivate the si-
lenced B-globin;; expression revealed that the HDAC inhibitor TSA,
but not the demethylating agent DAC, leads to a partial restoration of
host gene transcription. This result indicates that the decreased rate
of transcription from B-globin, ; is associated with altered chromatin
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that is likely caused by the spreading of repressive marks induced
by L1 to the neighboring B-globin;; gene promoter [Garcia-Perez
etal., 2010; Montoya-Durango et al., 2009]. These results have ther-
apeutic implications for diseases caused by the deleterious effects of
retrotransposons.
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SUPP. METHODS

Databases

The mutation has been deposited in the LOVD database and HBvar database:
LOVD: http://lovd.bx.psu.edu/variants.php?select db=HBB&action=view&view=0002122%2C0001811%2C0
HBvar: http://globin.bx.psu.edu/cgi-bin/hbvar/query vars3?mode=output&display format=page&i=2892

Diagnosis of pB-thalassemia

The HbA; levels were measured by cation exchange high-performance liquid chromatography
(HPLC) and the HbF levels by alkali denaturation and HPLC (Kutlar, et al., 1991). Analysis of
the S-globin genes of the patient revealed no obvious mutation except that they were

heterozygous for an unexpected rearrangement that was detected by gene mapping (not shown).

RNA quantification by primer extension of RT-PCR products

Total reticulocyte RNA from the propositus and the control was subjected to RT-PCR with
primers B-F and B-Ex2-R (Supp. Table S1). After 19 cycles of PCR, the amplified products were
labeled with one cycle of primer extension using a [y-"P] ATP end-labeled primer p-Ex2-R
(95°C, 2 min; 58°C, 2 min; 72°C, 8 min). Aliquots of the PCR products were then digested for 2
h at 65°C with BsiHKAI (New England Biolabs, Beverly, MA), analyzed on an 8% non-
denaturing polyacrylamide gel, and visualized by autoradiography. The intensities of the bands

were quantified using a Phosphorlmager (Molecular Dynamics).

Preparation of human/mouse cell hybrids

Interspecific hybrids of Epstein Barr Virus (EBV) transformed lymphocytes from the propositus
and mouse erythroleukemia (MEL) cells were generated. The fusions were done in the presence
of polyethylene glycol (PEG, 1500, 50 % w/v) as previously described (Papayannopoulou, et al,
1996). After a period of two to three weeks, clonal outgrowths were evident in many of the
wells. Hybrid cells from the clonal outgrowths that contained human chromosome 11 were
selected based on reactivity to antibody 53/6, which recognizes an antigen encoded by
chromosome 11 (Yagi, et al., 1987). Two lines were derived from the positive cell clones: one
containing the affected chromosome 11 (designated “MEL HBB“'™) and one with the normal

chromosome 11 (designated “MEL HBB""). The hybrids were expanded and cultured in IMDM


http://lovd.bx.psu.edu/variants.php?select_db=HBB&action=view&view=0002122%2C0001811%2C0
http://globin.bx.psu.edu/cgi-bin/hbvar/query_vars3?mode=output&display_format=page&i=2892
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supplemented with 10% bovine calf serum (Invitrogen, Life Technologies, NY) in a humidified
incubator at 37°C and 5% CO, and were induced to differentiate by adding 1.8% dimethyl
sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO) for 72 h.

The hybrid human/mouse cells were treated under various conditions for different
experiments as follows: for 24 h with emetine (0.5 uM, Sigma-Aldrich, St. Louis, MO) for
nonsense-mediated mMRNA decay (NMD) inhibition; for various times (1 - 12 h) with
actinomycin D (Act-D, 1 uM, Sigma-Aldrich, St. Louis, MO) to block mRNA synthesis; and for
24 h simultaneously with DMSO or for 24 h and 48 h before the induction of differentiation by
DMSO with 5-aza-2'-deoxycytidine (DAC, 2 uM or 5 uM, Sigma-Aldrich, St. Louis, MO)
and/or trichostatin A (TSA, 100 nM, Sigma-Aldrich, St. Louis, MO) to test the DNA methylation

pattern/reactivation of silenced gene expression.

Subcloning and sequencing of alternatively spliced transcripts

RNA was isolated from the reticulocytes from the propositus and from the in vitro cultured
human/mouse cell hybrids. The S-globin transcripts were analyzed by RT-PCR and sequencing
of the subcloned PCR products. The primer pairs used to amplify and sequence the transcripts
were: B-1F and B-1R, for first round PCR; B-2F with L1-4R, 3-3F with L1-4R, 3-2F with L1-2R
and B-3F with L1-3R for nested PCR. The sequences of the PCR primers are listed in Supp.
Table S1.

Human B-globin transcript quantification by real-time qPCR

Total RNA from the MEL HBB"'" and MEL HBB™ cell lines was isolated with TRI reagent
(Roche Applied Science) followed by TURBO DNA-free DNase | treatment (Ambion, Life
Technologies, NY). For quantification of the human g-globin mRNA by gPCR, RNA was
reverse-transcribed using a Transcriptor First Strand cDNA Synthesis Kit (Roche Applied
Science). cDNA was quantified on a Light Cycler 480 (Roche Applied Science). For
quantification of the aberrantly spliced variants and the NMD activation assay, exon-3 primers
(HBB ex3 F and R) and UPL (Universal Probe Library, Roche Applied Science) probe #56 were
used. For the mRNA stability assay and the effect of AZA and/or TSA treatment, exon-2 primers
(HBB ex2 F and R) were used for p-globin mRNA and primers HBG F a R for y-globin mRNA

quantification. The levels of the human f-globin and y-globin transcripts were normalized to
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human LDHA (MIM# 150000; GenBank accession: NM_005566.3) (primers LDHA F and R and
UPL probe #47) using an efficiency corrected formula for the relative expression ratio (Pfaffl, et
al., 2001). The sequences of the primers and the reaction conditions are listed in Supp. Tables S1
and S2.

PCR-based Nuclear Run-On Assay

Nuclei from the hybrid MEL HBB"'" and MEL HBB"' cells were isolated with the Nuclei EZ
Prep Nuclei Isolation Kit (Sigma-Aldrich, St. Louis, MO), according to the manufacturer’s
protocol. The total nuclei were split into two equal aliquots and 2x reaction buffer was added
(containing 30 mM Tris, pH 8; 2,5 mM MgCl,; 150 mM KCI; 20% glycerol; 1 mM DTT and 40
U RNasin; Promega, Madison, WI), and the reaction was performed, as previously described
(Yang, et al., 2007). The in vitro transcription reaction was initiated by the addition of 0.5 mM of
each ribonucleotide triphosphate (fATP, rCTP, rGTP, rUTP) (rNTP) (Invitrogen, Life
Technologies, NY) and incubated for 40 min at 30°C. The second aliquot, which did not contain
rNTPs, was incubated under the same conditions. The rate of transcription (hormalized fold
increase) was determined as the ratio of the nuclear fraction primary p-globin transcript
measured in exon-1 (primers HBB ex1 F and R) with added rNTPs to the same fraction at basal
level (without added rNTPs) after 40 min of in vitro transcription. LDHA was used as a reference

gene for quantification. The sequences of primers are listed in Supp. Table S1.

Relative ratio of exon-3 to exon-2 of the human S-globin primary transcript

The HBB exon-3/exon-2 ratio of MEL HBB“'" native primary transcript from the nuclear
fraction that was prepared as mentioned above was normalized to the exon-3/exon-2 ratio of the
control MEL HBB™ native primary nuclear transcript using formula 2**“". The method for
calculating AACt was similar to the method used for the relative quantification and is as follows:
(CtmeL HeBL1+ ex2 — CtmEer HBBwt ex2) — (CtmeL HBBL1+ ex3 — CtMEL HBBwt ex3). EXON-2 primers HBB ex 2
F and R, exon-3 primers HBB ex 3 F and R, and exon-3 UPL probe #56 were used for the
determination of this ratio. The efficiency of both amplicons was measured using a dilution
series standard curve and was very close to 2. The sequences of PCR primers are listed in Supp.
Table S1.
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DNA methylation analysis

Bisulfite modification was performed on the genomic DNA from MEL HBB"'" and MEL HBB"'
hybrids cells using the EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, CA). The
promoter and enhancer regions of the S-globin gene and the L1gwa promoter were amplified
using semi-nested PCR. The S-globin promoter primers were published elsewhere (Mabaera, et
al., 2007); the enhancer region was amplified with HBBenh bis F and R primers for the first
round, and then HBBenh bis F2 and R were used for semi-nested PCR. The L1 promoter was
amplified with L1 meth F and R primers for the first round, followed by primers L1 meth F2 and
R for the semi-nested round. The purified products were subcloned, and at least 8 positive clones
for each region were sequenced. In the case of the S-globin.; promoter and 3' enhancer, 10 to 20

clones were sequenced. The sequences of the PCR primers are listed in Supp. Table S1.

L1-specific RT-PCR and sequencing

In vitro cultures of BFU-E colonies were performed as described (Horvathova, et al., 2012).
Total RNA from reticulocytes and from harvested BFU-Es was treated twice with DNAse I (10
U/1 pg of RNA) at 37°C for 1 hour and then re-extracted using phenol-chloroform and
precipitated with ethanol. Overall, 5 pmols of the L1-specific primer were annealed (in 45°C for
30 min) to 1 pg of total RNA (isolated from reticulocytes and from BFU-E colonies) in 1x
hybridization buffer (1 M NaCl; 10 mM Tris-HCI pH 7.5; 1 mM EDTA; 0.2% SDS) and were
extended with reverse transcriptase (Superscript II, Invitrogen, Life Technologies, NY)
according to manufacturer’s instructions. This cDNA template was amplified by semi-nested
PCR using the same antisense primer as for reverse transcription and two sense primers (L1 F 1
for the first round and L1 F 2 for the second round). DNA sequencing was performed in both

directions. The sequences of the primers are listed in Supp. Table S1.

Gene-breaking RT-PCR and sequencing

Total RNA from MEL HBB"'"" and MEL HBB™ cell lines was isolated with TRI reagent
followed by TURBO DNA-free DNase | treatment. Transcripts terminating in L1 major
antisense polyadenylation site were searched by using 0.12 uM L1-polyT chimera primer and

reverse transcriptase (Superscript II, Invitrogen, Life Technologies, NY) (Wheelan, et al., 2005);
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the cDNA synthesis was performed with 3 pg total RNA. 10 uL of the cDNA synthesis solution
was used for PCR amplification with HotStarTaq Master Mix Kit (Qiagen, QIAGEN Valencia,
CA) and 0.5 uM primers for the first round: NRO Bl F and MAPS L1 R and second round:
NRO B2 F and MAPS L1 R. In searching for transcripts starting in the L1 antisense promoter
GeneRacer™ Oligo dT primer was used (GeneRacer™™ Kit, Invitrogen, Life Technologies, NY)
and ASP L1 F primer (Maétlik, et al., 2006) for the first round, and ASP L1 F and HBB ex3 R
primers for the second round. The PCR products (major bands) were purified on agarose gels,
cloned by using a TOPO TA Cloning (GeneRacer™™ Kit, Invitrogen, Life Technologies, NY)
and sequenced. The sequences of the primers are listed in Supp. Table S1.
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Supp. Figure S1. Schematic diagram of the L1 g, insertion and f-globin gene breakpoints. (A
and B) The inverse PCR strategy used to clone the 5’ and 3’ breakpoints. (A) An Accl genomic
fragment (1.1 kb) containing the 5° junction of the fglobin IVS-II with the insertion sequence
was self-ligated in the Accl site and then linearized in the BamHI site. Primers B-Ex2-R and f-
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IVS-II-F were used to amplify the junction sequence. (B) A Pstl genomic fragment (1.6 kb)
containing the 3’ junction of the insertion with fglobin IVS-II sequence was ligated in the Pstl
site and then linearized in the EcoRI site. Primers B-Ex3-F and B-Ex3-R were used to amplify the
linear fragments containing the junction. (C) Sequence of the breakpoints. The insertion occurred
at 98 bp 5" to the 3" end of A-IVS-II. The arrows above the nucleotide sequence show the
residues at positions 98 and 99 bp 5’ to the 3’ end of fglobin IVS-II. The L1 insertion was
flanked by a 9-13 bp target site duplication (the run of four As, shown by the hatched bracket,
could be duplicated or could be a part of the L1-poly(A) tail) (Kimberland, et al., 1999). The L1-
poly(A) tail length is 107(A); the GenBank sequence database (accession AF149422.1) shows
only 27(A).
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Supp. Figure S2. The half-life of f-globin and f-globin,; mRNA was determined after blockage
of transcription for various times (1 — 12 h) with actinomycin D (ActD, 1 uM) in induced hybrid
MEL cells. The half-life was calculated (Dolken, et al., 2008) from the relative amount of
transcript present at each time point during ActD treatment. The half-life of the wild type -
globin mRNA in the control MEL HBB™ hybrid cell line was ~11.71 h. The half-life of total
mRNA from p-globiny; allele, measured in MEL HBB“'" cells, was only ~4.31 h. To test
whether the low stability of f-globin;; transcripts is solely a consequence of NMD, we also
measured the mRNA half-life in the presence of emetine (0.5 uM). The stability of the 3
globin;; MRNA was restored almost to normal levels when emetine was used. The data are the
mean + SD of three independent experiments.

12
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Supp. Figure S3. The ratio of y- to f-globin mRNA in hybrid MEL cells treated with DAC (2
uM) and TSA (100 nM) at day 3 of 1.8% DMSO-induced differentiation. The y/f-globin
transcript ratio of MEL HBB"'" cells was normalized to the y/8-globin transcript ratio of control
cells MEL HBB"' using the formula 2°““* where AACt was calculated as: (Ct— Ctp)mer #swt —
(Ct,— Ctg)meL neeL1+. Data are the mean = SD of three independent experiments. The increased
yIB-globin MRNA ratio in DMSO-induced and DAC-treated MEL HBB"** cells is consistent with
the activation of y-globin in the presence of persistent suppression of S-globin expression due to
the L1 insertion. TSA treatment resulted in an equal y/8-globin transcript ratio in MEL HBB™
and MEL HBB""" cells.
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Supp. Table S1. List of Primers Used

Primer name Sequence

B-1F 5’TGAGGAGAAGTCTGCCGTTA

B-1R 5’CAGAATCCAGATGCTCAAGG

B-2F 5’GTGGTCTACCCTTGGACCC

B-3F 5’CTTTGGGGATCTGTCCACT

LI-2R 5S’TTCCCTATTTAATAAATGGT

L1-3R 5’AATATCCAGAATCTACAATGAA
L1-4R 5’CCAAATGTCCAACAATGATAGTCTGGA
B-F 5’CATTTGCTTCTGACACAACT
B-Ex2-R 5’CCATAACAGCATCAGGAGTG
B-Ex3-F 5" TGCAGGCTGCCTATCAGAAA
B-Ex3-R 5> GCACACAGACCAGCACGTTG
B-IVS-II-F 5> GTGGAAGTCTCAGGATCGTT

HBB ex1 F 5’ TGAGGAGAAGTCTGCCGTT

HBB ex1 R 5 GGGCCTCACCACCAACTT

HBB ex2 F 5’ CAAGGGCACCTTTGCCACA

HBB ex2 R 5’ CCTGAAGTTCTCAGGATCCACG
HBB ex3 F 5" ACAAGTATCACTAAGCTCGCTTTCT
HBB ex3 R 5’ TAGTTGGACTTAGGGAACAAAGG
HBG F 5 GGCAACCTGTCCTCTGCCTC

HBGR 5’ GAAATGGATTGCCAAAACGG
LDHAF 5’ CTGTCATGGGTGGGTCCTT

LDHAR 5’ GCAACATTCATTCCACTCCA
HBBenh bis F S TTTGATTTTATTTAGTTTTTTTGTTTAGAG
HBBenh bis R 5’ CCAACAAACCTCTAATCTCTTCCTA
HBBenh bis F2 5’ TTTTAGTTGTTTTTATGAATGTTTTT
L1 meth F 5’ TTGAGTTAGGTGTGGGATATAGTTT
L1 meth F2 S’GTTTTTTAGGTGAGGTAATGTTT

L1 methR 5" ATATAAACATAATTAACAAAAAAACCTAAC
L1-specific primer 5’TCAGTTTTAGGGTACATGTGC

L1F1 5’TGCTCATCATCACTGGCCAT

L1F2 5’AGTCAGGAAACAACAGGTGC

L1-polyT chimera primer

S’ TTTTTTTTTTTTTTTTTTAAAGACA

NROBI1 F

5" ACGTGGATGAAGTTGGTGGT

MAPS L1 R

5’ TGTGCACATGTACCCTAAAACTG

NROB2F

5 GCACGTGGATCCTGAGAAC

ASPLIF

5’ CTGCTGTGCTAGCAATCAGC

10
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Supp. Table S2. Real-time PCR Conditions

11

Gene LDHA HBB ex1 HBB ex2 HBB ex3
Assay type Tagman SYBR SYBR Tagman
Denaturation 95 °C — 5 min 95 °C — 5 min 95 °C — 5 min 95 °C — 5 min
Cycles 45 45 45 45
Denaturation 95 °C — 10 sec 95 °C — 10 sec 95 °C — 10 sec 95 °C - 10 sec
Annealing 63 °C — 30 sec 60 °C — 10 sec 63 °C — 10 sec 60 °C — 30 sec
Elongation 72°C—10sec 72 °C—10sec

Melting analysis Melting analysis

95 °C -5sec 95 °C -5sec

55 °C -1 min 55 °C —1 min

continuous increase | continuous increase

by 0.1 °C/sec to by 0.1 °C/sec to

97 °C 97 °C
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Souhrn

Alfa-talasemie jsou nejrozsifenéjsi monogenné dédi€nd onemocnéni na svété. Jednd se o
vrozené anémie s autozomalné recesivni dédiCnosti charakterizované kvantitativni redukci
syntézy a-globinovych fetézcl molekuly hemoglobinu. Spole¢né s dalSimi typy talasemii a
se strukturnimi hemoglobinovymi variantami jsou fazeny do skupiny chorob s poruchou
tvorby nebo struktury globinovych fetézcii - hemoglobinopatii. Vyskyt vétSiny
hemoglobinopatii je soustiedén predevsim do malarickych oblasti Protoze globinové mutace
poskytuji heterozygotnim nosi¢im ochranu pfed maldrii, doSlo v pribéhu evoluce
pravdépodobné k selektivnimu zvyhodnéni mutantnich alel globinovych genii v oblastech
s vysokym vyskytem malarie.

Alfa-talasemie jsou nejcastéji zpusobeny delecemi usektit DNA v a-globinovém lokusu na 16.
chromozomu a vyznacuji se mikrocytarni hypochromni anemii s rtiznymi fenotypovymi
stupni zavaznosti, od téméef asymptomatickych forem az po Zivot ohrozujici hemolytické
anémie. Jsou rozsifeny zvlasté v jihovychodni Asii, ve Stftedomofti, v Africe a Indii, ve stiedni
Evropé jsou vzacné. Piesto 1 v nasich zemépisnych Sitkach je na pfitomnost a-talasemie nutné
myslet jako na moZnou pfi€inu vrozené mikrocytarni anémie. Pro spravnou diagnostiku o-
talasemii je nutny soubor hematologickych, biochemickych a molekularné-genetickych
vySetieni. Cilem tohoto sdé€leni je upozornit na variabilni fenotyp a gen otyp téchto

onemocnéni v Ceské republice u ¢eskych rodin i rodin cizinct Zijicich v CR.

Klic¢ova slova
hemoglobinopatie, a-talasemie, onemocnéni HbH, molekularné-geneticka diagnostika



Summary
Divoka M., Partschova M., PospiSilova D., Orviska M.l, Lapcdikova A.l, Indrak K.,

Cermak J., Divoky V.

Alpha-thalassemia in 45 Czech and 37 immigrant families: review of the literature and
molecular diagnosis

Alpha-thalassemia is the most common monogenic gene disorder in the world. It is an
inherited autosomal recessive disorder characterized by reduced production of the a-globin
chains of hemoglobin. It belongs, together with other types of thalassemias and
hemoglobinopathies, to common globin gene disorders widely distributed due to their natural
selection through protection of carriers against severe malaria. Alpha-thalassemia most
frequently results from deletions removing segments of DNA from the a-globin gene cluster
on chromosome 16 and is characterized by a microcytic hypochromic anemia, with a clinical
phenotype varying from almost asymptomatic to a lethal hemolytic anemia. Alpha-
thalassemia is especially frequent in populations originating from the South East Asia,
Mediterranean region, Africa and Indian subcontinent, with rare occurrence in Central
Europe. However, also in our region the presence of a-thalassemia should be considered as a
possible cause of hereditary microcytic anemia. Specialized diagnostic approaches that are
needed for correct diagnosis of a-thalassemia involve molecular analysis required to confirm
the hematological and biochemical observations. The aim of this study is to report the variable
phenotype and genotype of these disease states in the Czech families and in immigrants living

in the Czech Republic.

Key words: hemoglobinopathy, a-thalassemia, HbH disease, molecular diagnostics



Uvod

Alfa-talasemie je nejrozsifencj$i monogenné dédi€né onemocnéni na svéte, asi 5 %
svétové populace nese nékterou z a-talasemickych alel (1). Alfa-talasemie, spolu s dalSimi
typy talasemii a s endemickymi hemoglobinovymi variantami byly selektovany v prub¢hu
evoluce v malarickych oblastech, nebot’ heterozygotim pfinaseji vyhodu v protekci proti
malarickému parazitu Plasmodium falciparum (2). Talasemie 1 hemoglobinové varianty se
mohou ovSem vyskytnout v kazdé etnické skupiné€ a vzhledem ke vzristajici migraci obyvatel
Austrélie. Praveé ve sttedni Evropé bylo diive toto onemocnéni 1ékati opomijeno.

Diky historické 1 souasné imigraci se talasemie a hemoglobinové varianty objevuji
stale Gast&ji i v nasi populaci. V Ceské republice a na Slovensku jsou talasemie nejéastg&jsi
pri¢inou vrozené mikrocytarni anemie (3), ale pozornost byla dosud vénovana témeét vyhradné
B-talasemiim (3-6). Alfa-talasemie byly dosud v CR charakterizovany na molekularni Girovni
jen vyjimecné (3, 4); v jednom ptipad¢ se jednalo o novy unikatni molekuldrni mechanizmus
vedouci k a-talasemii (7, 8). V tomto sdéleni pfinaSime piehled literatury a vlastni zkuSenosti
s diagnostikou a-talasemickych alel. Uvadime variabilni fenotyp a molekuldrné-genetickou
analyzu téchto onemocnéni u 45 rodin ¢eského pivodu a 37 rodin cizinci Zijicich v Ceské

republice.

Genotypova a fenotypova variabilita a-talasemii

Pomér a a B-globinovych fetézct v molekule hemoglobinu (Hb) je fyziologicky jedna
ku jedné. Nerovnovaha vzijemného poméru globinovych fetézci je charakteristicka pro
talasemie; o-talasemie se vyznacCuji redukovanou produkci a-globinovych fetézcii. Alfa-
talasemie jsou vétSinou zpiisobeny deleci funkénich a-globinovych gend, méné asto jsou a-
globinové geny inaktivovany bodovou mutaci. Haploidni lidsky genom ma dva a-globinové
geny (obr. 1A), to znamena, ze normalni diploidni genotyp je ao/oo. Normalni sada Ctyf
funk¢nich a-globinovych gent mize byt snizena o 1, 2, 3 nebo o vSechny 4 kopie genu a
z toho nasledné vyplyvaji rozdilné klinické projevy a zvySujici se zdvaznost onemocnéni (obr.
1B). Miru snizené produkce o-globinovych fetézci z lokusu vyjadfuje oznadeni o -talasemie
a a’-talasemie. U o'-talasemie je jen jeden ze dvou a-globinovych gent na chromozomu
deletovan (—o/ac) nebo inaktivovan bodovou mutaci (o""/ao, kde ND znaéi ,,nondeletional*;
diive a'/aa). U o’-talasemie jsou oba a-globinové geny na chromozomu inaktivovany deleci

nebo bodovou mutaci. Stupeit mikrocytézy, hypochromdzie a anemie zavisi na poctu



mutovanych a-globinovych genti a dobie koreluje s mirou redukce syntézy a-globinovych

fetézct (1).
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Obr. 1. Struktura a-globinového lokusu na chromozomu 16 a genotypové varianty delenich
a-talasemii. A) Rodina (klastr) a-globinovych genii lezi v lokusu v blizkosti telomery na
chromozomu 16. Klastr je dlouhy 29 kb a obsahuje embryondlni gen  a dva a-globinové
geny fetdlniho a dospé€lého typu a2 neboli HBA2 a al neboli HBAI (plné boxy), které jsou
usporadany na chromozomu ve sméru jejich exprese béhem ontogeneze. Exprese téchto gent
je fizena erytroidné-specifickou regulacni oblasti, ktera lezi 40 kb proti sméru exprese (-
globinového genu a nazyva se pozitivni regula¢ni oblast HS-40. Prazdné boxy znaci
nefunkéni kopie genli — pseudogeny. Alfa-globinovy lokus se nachazi v transkripéné-
permisivni chromatinové oblasti, to znamend, Ze se nachdzi v trvale oteviené chromatinové
doméné¢ a HS-40 oblast plisobi jako zesilova¢ globinové exprese. B) Nahote vlevo: normalni
diploidni genotyp. Nahofe vpravo: heterozygot pro o'-talasemii, tzv. némé (nebo tiché)
nosi¢stvi. V krevnim obraze a v poméru syntézy a : B globinovych fetézcli se prakticky

neprojevuje a prokazujeme je jen pii genetické analyze. Uprostied: u homozygotli pro o'



talasemii (nejéast&ji delece dvou gend, —a/—0)) nebo u heterozygoti pro a’-talasemii (- —/aa)
hovotfime o nosicstvi o-talasemie. Projevuje se mirnou mikrocytézou, zvySenym poctem
erytrocytl a nerovnovahou v syntéze globinovych fetézci. Dole vlevo: ztrata tii o-
globinovych genti (dvojiti heterozygoti pro o -talasemii a a’-talasemii, nejéastéji — — /—a),
vede k chorobé¢ HbH se stiedné té¢zkou chudokrevnosti a s produkci HbH (B4). Pfi inkubaci s
briliant-kresylovou modifi nachazime v erytrocytech precipitovany HbH. Dole vpravo:
chybéni &tyf a-globinovych gentl, tj. homozygotni stav pro o’-talasemii (— —/— —), neni
slucitelné s zivotem a vede ke vzniku hydrops fetalis nebo syndromu Hb Bart’s (y4). Rodi se
hydropicky zménéné dité s ascitem, velkymi jatry, erytroblastézou, retikulocytézou,
terCovitymi buitkami s pfevazujicim Hb Bart’s a malym podilem HbH a Hb Portland ({2y2).
Upraveno podle Divoky, 2013 (9).

Klinické formy o-talasemii

Nazev o-talasemie obecné zahrnuje vSechna onemocnéni s deficitem tvorby a-
globinovych fetézcl, které jsou soucésti tetrametru Hb molekuly. VSechny lidské Hb
molekuly jsou tetramery, sestavajici ze dvou riznych pari globinovych fetézci. Jeden par
globinovych fetézcli je produkovan geny a-globinového lokusu (ve fetalnim obdobi i
v dospélosti jsou to a2 neboli HBA2 a al neboli HBAI geny, jejichz kodujici sekvence jsou
identické). Druhy par fetézcl je produkovan geny B-globinového lokusu (ve fetalnim obdobi
jsou to y¢ neboli HBG2 a y* neboli HBGI geny, v dospélosti  neboli HBB gen). Snizena
produkce a-globinovych fetézcl vede ve fetalnim obdobi k nadbytku y-globinovych fetézcu,
které se formuji do y4 tetramerti, a vznikéd tak Hb Bart’s, v obdobi dospélosti k nadbytku 3-
globinovych fetézct, které se formuji do B4 tetramert za vzniku nestabilniho HbH.

Na zékladé fenotypu rozliSujeme u nosi¢stvi pro a-talasemii dva typy: tiché nosicstvi
s inaktivaci (vétSinou deleci) jednoho a-globinového genu (—o/aa), které se v krevnim obraze
témé&f neprojevuje a prokazat jej 1ze jen pomoci molekularné genetického vysetieni. Vyskyt
tohoto genotypu je v Ceské republice ¢asty. U druhého typu nazyvaného nosiéstvi a-talasemie
se jedna nejéast&ji o deleci dvou a-globinovych gent. Radime sem tedy bud’ homozygoty pro
o-talasemii (—o/—0)) nebo heterozygoty pro o’-talasemii (— —/aa) (viz obr. 1B). Nosiéstvi a-
talasemie se projevuje mirnou mikrocytarni anemii se zvySenym poctem erytrocytl. Vyskyt
téchto jedincti je v Ceské republice relativné vzacny.

HbH onemocnénim (n€kdy oznacovanym jako choroba HbH) trpi jedinci se ztratou tii

a-globinovych gent, v pfipadé dele¢ni formy o-talasemie se jednd o jedince s (— —/—a)



genotypem, jde tedy o slozené heterozygoty pro a'-talasemii a o’-talasemii. Tito nemocni
vétSinou produkuji méné nez 30 % normalni hladiny a-globinu, trpi stfedné tézkou anemii
(Hb mezi 80 — 100 g/l) s riznym zastoupenim HbH (0,8 — 40 %), maji splenomegalii (ktera
muze byt zdvazna). Samotny HbH ma vysokou afinitu ke kysliku a je nestabilni (10; obr. 1B).
Choroba HbH vyrazné neovliviiuje kvalitu Zivota; v Ceské republice se vyskytuje ojedinéle u
imigrantii resp. jejich potomki (viz dale). Hb Bart’s (y4) syndrom nebo Aydrops fetalis je stav
neslu¢itelny se Zivotem, jedna se o homozygotni stav pro a’-talasemii, tedy o chybéni viech
Ctyt a-globinovych genli (— —/— —). VétSinou se rodi novorozenci s hydropsem a ascitem,
velkymi jatry, erytroblastozou a retikulocytézou. Nejvice hemoglobinu v erytrocytech u
novorozencl s Hb Bart’s hydrops fetalis syndromem je tvofeno fyziologicky nefunkénimi
homotetramery y4 a f4. Maji také proménlivé mnozZstvi embryonalniho Hb Portland, coz je u
téchto déti jediny funkéni hemoglobin a jediny ptfenasSe¢ kysliku, ktery je drzi pti Zivoté do
narozeni (11).

Vzéacné jsou znamé piipady dlouhych deleci, které postihuji kromé a-globinovych
gentl také dalsi geny v jejich okoli. Toto onemocnéni je asociované s poruchami vyvoje
(zahrnujici také duSevni poruchy) a je oznacovano jako a-talasemie/syndrom mentdlni
retardace asociovany s chromozomem 16 (ATR-16 syndrom; 12). Byly popséany také ptipady
vzacné formy mentalni retardace spojené s a-talasemii, zptisobené abnormalitami ATRX genu
lezicim na chromosomu X (ATR-X syndrom). U téchto nemocnych je duSevni porucha vice
zavazna a dysmorfické zmény jsou napadné podobné mezi jednotlivymi pacienty. Gen ATRX
kéduje protein ze skupiny helikdz/ATPaz, ktery ovliviluje chromatinovou strukturu a
transkripci riznych genli, mezi nimi i a-globinovych gent. Mutace ATRX vedou ke
globalnimu potlaceni exprese téchto genii, mezi nimi i gent dilezitych pro normalni rozvoj
CNS. U nas (v CR nebo na Slovensku) jsme dosud ATR syndrom nediagnostikovali. Vzacné
jsou ziskané¢ formy o-talasemie, asociované s myelodysplastickym syndromem (syndrom
ATMDS). Ve vétsing pripadt je ATMDS syndrom asociovan se ziskanymi mutacemi v ATRX
genu (12).

Molekularni podstata a-talasemii

s+ .
Dele¢ni o -talasemie

Vzhledem k tomu, ze dva a-globinové geny v lokusu vznikly v evoluci duplikaci,
vyznacuje se tato oblast DNA nékolika homologiemi, které mohou vést k nerovhomérnym
reciprokym rekombinacim (interchromozomdlné, méné casto intrachromozomalng).

Vysledkem je vznik alel sjednim funkénim a-globinovym genem a alel s triplikacemi a-



globinovych gentt (13). Vznika tak velmi castd 3.7 kb dlouha a-talasemicka delece,
produkujici chromozom pouze s jednim funkénim a-genem (—a’”) (obr. 2) a a-triplikovana

anti3.7

alela (oo ) bez talasemického efektu. Stejné tak reciproka rekombinace v pribchu

mei6zy mezi homolognimi segmenty DNA zptisobuje b&Znou 4.2 kb dlouhou deleci (—a*?)

ati42 chromozom (13). Dalsi ptipady rekombinaci mezi takto vzniklymi

(obr. 2) a aoo
chromozomy (a, ao a aoo) pak mohou zplisobit kvadruplikaci a genii (cocao) nebo
kvintuplikaci (aaooce) a dalsi preskupeni (14). Na rozdil od deleci vedoucich k talasemickému
fenotypu se samotné zmnozeni a-globinovych genli u jinak zdravych jedinct klinicky
vétSinou neprojevuje. Problém ovSem nastdva u dvojitych heterozygoti pro alelu se
zmnozenymi o-globinovymi geny a [-talasemickou alelu - dochéazi tak ke zvySeni

nerovnovahy o a B fetézcl a ke zvyraznéni chudokrevnosti, coz bylo vzacné potvrzeno i u

nemocnych v CR (6, 15).

Deleéni o’-talasemie

V soucasné dobé¢ je znamo asi 50 typt deleci HBA lokusu, které¢ bud’ kompletné nebo
casteCné deletuji oba a-globinové geny s naslednym zastavenim syntézy a-globinovych

v

fetdzct in vivo (13). Nejeast&jsi jsou delece — —V"° rozifena mezi populacemi ve Stiedomofi
a — — yyskytujici se prevaznd v jihovychodni Asii (1; obr 2). Homozygoti pro tento typ
deleci trpi Hb Bart’s hydrops fetalis syndromem. SloZeni heterozygoti pro tento typ delece a
delece pro a'-talasemii, kterd zpiisobi chybéni jednoho a-globinového genu, maji HbH
onemocnéni. Tyto zatim zminéné typy deleci postihuji pouze HBA lokus a vyskytuji se i v CR
(viz nize). Jiné delece postihuji i jiné pfiléhajici geny, coz nemusi mit vyrazny vliv na
zhorSeni fenotypu. Nékteré zndmé delece odstraiuji 1 (-gen soucasné s a-geny, a i kdyz
heterozygoti vykazuji normalni vyvoj, u homozygoti je nepravdépodobné pieziti obdobi
casn¢ho stadia gravidity vzhledem k tomu, Ze ani embryonalni ({;y,) a ani fetalni (o,Yy2)
hemoglobiny nemohou byt syntetizovany (13). Tyto typy deleci byly zjistény i v Ceské
populaci (viz nize).

Vzacné delece vedouci k o’-talasemii odebiraji regulaéni oblast HS-40, ktera se
nachdzi 40 kb 5’ od (-globinového genu (obr. 1A), pfiCemz zanechéavaji a-globinové geny
intaktni. HS-40 je esencidlni pro a-globinovou expresi, delece této oblasti vede k uplné ztraté
exprese a-globinovych gent v poloze cis. Fenotyp je tedy shodny jako u vzacnych deleci

celého HBA lokusu. Tyto delece se sporadicky vyskytuji v riznych populacich (10), vzacné i

u ¢eskych rodin (viz nize, obr. 2, tab. 1).



Vznik o-talasemie zpusobené zastavenim transkripce neaktivnim chromatinem u
polské rodiny Zijici v Ceské republice byl popsan jako novy mechanizmus vzniku tohoto
onemocnéni (16). Delece dlouhd 18 kb zahrnuje al gen a pftilehlou 3’oblast a zplsobi
utlumeni exprese 02 globinového genu v poloze cis. Diky deleci se do lokusu piemisti
represivni chromatin, ktery zastavi a2 transkripci (7, 8). Heterozygoti pro tuto mutaci trpi
mirnou hypochromni mikrocytdrni anemii, maji snizeny pomér syntézy o/f globinovych

fetézcl a HbH inkluze v erytrocytech.
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Obr. 2. Schematické znazornéni deleci HBA lokusu zjisténych v Ceské republice u Eeskych
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ED delece celého lokusu a roizng dlouhé delece regulaéni
oblasti HS-40 jsou u nas popsany poprvé v tomto sdéleni. Vysvétleni genti a pseudogenti
v lokusu viz obr. 1A. HVR znaci tzv. hypervariabilni oblasti v HBA lokusu. Vertikalni Sipky
nad lokusem znaci polohy MLPA prob pouzitych pro mapovani deleci (viz Diagnoza a

diagnostické metody).

Nedeledni formy a-talasemie (o)

Alfa-talasemie jsou Castéji zplisobeny genovymi delecemi, bodové mutace
(jednonukleotidové zamény) vedouci k a-talasemii jsou vzacnéjsi (10, 13). Alfa-globinové
geny mutované v kanonickych sekvencich HBAI a HBA2 ovlivilgjicich o-globinovou
genovou expresi se oznacuji jako (o> nebo diive a'); bodova talasemickd mutace miiZe

postihnout 02 (¢ a) nebo al (ao’") globinovy gen. Vétsina téchto mutaci ovliviiuje Gipravu



(pfepis a post-transkripéni zpracovani) mRNA, mRNA translaci nebo a-globinovou stabilitu.
Bodové mutace mohou vést k &aste¢nému (o) nebo Gplnému (a”) utlumeni genové exprese,
resp. produkce funkénich a-globinovych fetézcl. Je zndmo nékolik desitek bodovych mutaci
zpisobujicich a-talasemii; mnohé z nich jsou bézné i ve Stfedomoii a na Blizkém vychod¢ a
lze je tedy oCekavat i Ceské a slovenské populaci. Aktualizovany seznam téchto mutaci je
dostupny v databazi HbVar, http://globin.cse.psu.edu/hbvar. Neékteré bodové mutace
v termina¢nim kodonu vedou k prodlouzenym Hb variantam s talasemickym fenotypem, jako
napf. Hb Constant Spring, nejbéznéj$i nedelecni o-talasemickd mutace casta zvlasté v
n¢kterych oblastech jihovychodni Asie. Jiné mutace zplisobuji vysoce nestabilni a-globinové
varianty, napi. Hb Adana (10). Neddvno byla popsana odchylka jednoho nukleotidu
v negenové oblasti globinového klastru, kterd vede k novému molekuldrnimu mechanizmu
vzniku o-talasemie (17). Jednd se o zdménu v sekvenci regula¢niho jednonukleotidového
polymorfizmu (SNP, “Single Nucleotide Polymorphism”), kterou se vytvaii novy
transkripcné aktivni promotor v normaln¢ transkripéné neaktivni oblasti y(1. Tato abnormalni

transkrip¢ni aktivace interferuje a zeslabuje expresi a-globinovych geni.

Diagno6za a diagnostické metody

Inicialni laboratorni testovani by mélo zahrnovat kompletni krevni obraz s popisem
cervenych krvinek, bioanalytické testy zahrnujici méfeni hladiny HbA,, HbF a elektroforézu
Hb. Diive bylo pro potvrzeni o-talasemie nezbytné méfeni poméru syntézy o/p globinovych
fetézcl radioaktivné znaCenym leucinem; redukovany pomér na méné nez ~0.8 svéd¢il pro a-
talasemii (18). V soucasné dobé¢ prevazuji molekularni analyzy, které potvrdi podezieni na a-
talasemii. Elektroforéza Hb slouzi k separaci abnormalnich hemoglobinovych frakci, je
dalezita mimo jiné pro detekci Hb variant s a-talasemickym fenotypem. Precipitovany HbH je
v erytrocytech prokazovan inkubaci s brilliant-kresylovou modii (obr. 3A).

Molekulédrni analyza

Molekularni diagnostice napomaha etnicky ptivod vysetiovanych jedincii; rozdilné spektrum
a-talasemickych mutaci byva nalézano v rozdilnych populacich. Diive byla vétSina
pteskupeni HBA genl v ramci HBA lokusu charakterizovana pomoci Southern blotu (obr.
3B). V soucasné dobé¢ existuji rychlé skriningové metody pro detekci deleci a jinych zmén
v HBA lokusu.

Pro detekci sedmi nejcastéjsich a-talasemickych deleci bylo vytvofeno multiplexni PCR (19;
obr. 3C). Tato metoda se pouziva pro uréeni dvou nejéastéjsich a'-talasemickych deleci (—

3.7 42 « 0 P , . . . MED SEA X:iu
a'; —a ) adalSich 5 a -talasemickych deleci, mezi nimi — - a — —"". Nov¢j$i MLPA



(Multiplex Ligation-dependent Probe Amplification) je zalozena na ligaci vice pari préb
(obvykle dlouhych), které hybridizuji napti¢ k analyzované oblasti. Nasleduje semi-
kvantitativni amplifikace s pouZitim univerzalnich tag PCR primert a poté fragmentaéni

analyza (obr. 3D). Tato metoda je hodnotnou alternativou k Southern blotu a doplitkovou k

multiplexni PCR pfi zjistovani jak zndmych tak neznamych deleci zptisobujicich a-talasemii
(20).
V ptipad€ podezieni na bodovou mutaci (nedelecni mutaci) se rutinné pouziva sekvenovani

HBAI a HBA2 gen.
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Obr. 3. Diagnostika a-talasemickych deleci.
A) Precipitovany HbH lze v erytrocytech prokazat inkubaci s brilliant-kresylovou modfi, po

obarveni jsou patrné inkluze tvotfené shlukem volnych B-globinovych fetézct v erytrocytu.

Vewr

B) Vysledek Southern blot analyzy prokazujici dvé nejéasté&jsi o -talasemické delece (—a’’;

o*?) a triplikaci o-globinovych gen.
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C) Vysledek multiplexniho PCR v agarézovém gelu prokazujici dvé nejcast&jsi o'-

i 3. 42 0 . . MED
talasemické delece (—o’’; —a*?) a a’-talasemickou deleci — —"P.



D) Vysledek MLPA prokazujici deleci regulaéni oblasti HS-40 a o'-talasemickou deleci —a’”,
které u slozeného heterozygota vedou k chorobé HbH. Dalsi informace k dané technologii a
zpisobu analyzy vysledki jsou dostupné na www.mlpa.com, produkt SALSA MLPA P140
HBA probemix.

Diferencialni diagnostika

V nékterych piipadech maji nosi¢i o'-talasemie normalni hematologické vysledky,
specialng nosi¢i —a’’ delece a nosi¢i nedele¢nich mutaci v al genu. Né&kteii jedinci mohou
mit normocytdzu nebo hrani¢ni hypochromazii bez anemie. Tato skuteCnost miize byt zjisténa
pouze ndhodné pfi rutinni molekuldrni analyze pro zachyt hemoglobinopatii.
Prilezitostn€, specidlné¢ v zemich, kde je talasemie vzacna, mohou byt nosi¢i a-talasemie
nespravné oznaceni za pacienty s anemii z nedostatku Zeleza, zvlasté pokud neni status zeleza
u pacienta spravné¢ zhodnocen. Vzdy je nutna molekularni analyza, zvIasté u tichého nosiéstvi
nebo nosicstvi a-talasemie k potvrzeni diagndzy, protoze 1 nosici a-talasemické alely mtizou

vykazovat vys$i riziko pfetizeni organizmu zelezem (21).

Vyskyt a-talasemii v Ceské republice — piehled literarnich udaji

Alfa-talasemie byly povazovany v Ceské republice za velmi vzacné; jen nékolik
ptipadt bylo charakterizovano na molekularni Grovni tradi¢ni metodou Southernova pfenosu
a hybridizace (3, 4). Kromé —o’’ delece zji§téné u nékolika jedinct byl u jedné rodiny
polského pivodu Zijici v CR popsan jiz zminény novy typ unikatni delece 18 kb DNA
postihujici al gen a prilehlou 3'-oblast, ktera vedla pirekvapivé k utlumeni exprese o2
globinového genu v poloze cis, tj. k fenotypu, ktery je asociovan s a-tal-1 genotypem (16).
Bylo zjisténo, Ze 18 kb delece piemistila do klastru represivni chromatin, ktery spolu s
protismyslnymi transkripty ptilehlého genu (gen, jenz je pfepisovan proti sméru exprese o-
globinovych gentl) zastavi a2 transkripci (7, 8). Vzacné byly také detekovany triplikace a-
globinovych genil (3, 4), nékdy vedouci ke zhorSeni klinického projevu B-talasemie (22).

Diagnostika a-talasemii v Ceské republice — nové vysledky
V pribehu poslednich 10 let doslo k vyznamnému rozsiteni spektra a-talasemickych

mutaci i poétu molekuldrng-geneticky diagnostikovanych jedinci v CR. Ke zpiesnéni



diagnostiky pfispélo vyuziti novych molekuldarné-genetickych pristupit — multiplexni PCR a
MLPA pro diagnostiku delenich forem o-talasemii a sekvenacni analyzy HBA genl pro
nedele¢ni formy a-talasemii. V souboru 82 rodin (98 ¢lentl) s podezienim na a-talasemii jsme
odhalili u 78 rodin (92 jedincti) rtizné delece v rdmci HBA lokusu; 45 rodin (53 jedinct) bylo
ceskych, bez ptredktl z malarickych oblasti nejméné ve tfech generacich rodu, ostatni byli
cizinci Zijici v CR (tab. 1). U dvou jinych &eskych rodin (4 jedinct) jsme odhalili multiplikaci
a-globinovych gend (tab. 1) a u dalSich dvou imigranti jsme odhalili nedele¢ni o-
talasemickou mutaci. VétSina diagnostikovanych jedincd méla mirnou mikrocytarni
hypochromni anemii, s normalnimi hladinami HbA, a HbF, se standardni elektroforézou Hb a
mirn¢ zvySenym poctem erytrocytl. Pro moznou ptitomnost a-talasemické alely sveédcil
rodinny vyskyt fenotypu, v pfipadé rodin cizincl 1 etnicky pivod. Ve vétSin¢ piipadl se
jednalo o tiché nosi¢stvi nebo nosicstvi a-talasemie, s béznymi typy deleci jednoho nebo dvou
a-globinovych gend, které¢ jsou zndmé ze Stiedozemi nebo zjihovychodni Asie (obr. 2).
Rozséahlé delece celého HBA lokusu, véetné regulacni oblasti HS-40, byly detekovany u 6
¢eskych rodin (11 ¢lent) s klinickymi projevy odpovidajicimi nosi¢stvi a-talasemie (jednalo
se vesmes o heterozygoty, tab. 1). U 4 rodin (z nich 3 ¢eského plivodu) jsme detekovali riizné
dlouhé delece regulaéni oblasti HS-40, ale s intaktnimi o-globinovymi geny (viz obr. 2),
s fenotypem odpovidajicim ztraté dvou a-globinovych genl (nosi¢stvi a-talasemie) u 5
jedincl,, a u 1 pacientky jedné rodiny s klinickymi projevy odpovidajicimi ztraté tii o-
globinovych genl (choroba HbH). Molekularni analyzou této pacientky s italskymi predky
jsme zjistili, Ze fenotyp HbH onemocnéni je u ni zplsoben inaktivaci dvou a-globinovych
geni zminénou deleci HS-40 na jednom chromozomu v kombinaci s deleci jednoho a-
globinového genu (—o’”) na druhém chromozomu. Stejn& zavazny fenotyp, tj. chorobu HbH,
jsme detekovali u imigranta ze severni Afriky, u kterého byl pfi¢inny genotyp kombinaci

dvou castych deleci ze Sttedozemi (—a*?/— MEP) (tab. 1).



Tab. 1. Prehled dele¢nich forem a-talasemii a multiplikaci a-globinovych gend zjisténych
v pribéhu poslednich 10 let v Ceské republice. Je uveden celkovy poéet rodin a jedinctl, za
lomitkem pocet ceskych rodin a pocet ¢Elentt téchto rodin zcelkového poctu

diagnostikovanych rodin/jedincii.

TYPY DELECI POCET RODIN POCET CLENU
—a>7 {z toho homozygot(} 456/30 51/34{11/6)
_ _SEA 172/1 193/1

delece celého HBA lokusu 6/6 11/11

delece HS-40 4/3 6/4
kombinace delece HS-40/—a37 1k 1k

kombinace —a*Z/— —MED 1° 1°

delece a2/al {blize nespecifikovana} |3/3 3/3

duplikace celého HBA lokusu 1/1 1/1

kvadruilikace HBA2 ienu 1/1 3/34

%) 15 z t&chto rodin (16 &lent) bylo prokazatelné asijského piavodu; °) pacient s italskymi piedky; ©)

ey

imigrant ze severni Afriky Zijici v CR; %) u viech ¢&lent rodiny byla kvadruplikace HBA2 genu
asociovana s p’-talasemickou mutaci, coz vedlo k fenotypu talasemie intermedia u té&chto nemocnych

(6).

Nedele¢ni formy o-talasemie jsme zatim diagnostikovali jen u dvou imigranti Zijicich v CR, u
obou se jednalo o mutaci HBA2:¢.95+2 95+6delTGAGG, oznacovanou také jako a-thal-2 (-

5nt) (23), ktera se bézn¢ vyskytuje ve Stredomofti.

Zavér

Prvni systematickd molekuldrné-geneticki analyza o-talasemii v CR provedena na
selektovaném souboru 82 rodin (98 jedincti) odhalila novymi diagnostickymi pfistupy 92
jedinct ze 78 rodin s delecemi v ramci HBA lokusu; 45 rodin (53 jedincii) bylo prokazatelné
c¢eského pavodu. Dalsi 2 ceské rodiny (4 clenové) méli v genotypu multiplikaci a-
globinovych gent a u dalSich dvou imigrantli byla odhalena nedelec¢ni a-talasemicka mutace.
U vétsiny diagnostikovanych jedincti s o-talasemii minor (37 cizinc/35 Cechil), byly

nalezeny delece a u 2 cizinci bodové mutace a-globinovych genti bézné v malarickych



oblastech. Vzacné jsme odhalili rozsahlé delece celého HBA lokusu nebo delece regulacni
oblasti lokusu HS-40, ale s intaktnimi a-globinovymi geny; tyto typy deleci byly castéji
zjistény u ceskych rodin nez u imigrantli. Podobné typy deleci jsou velmi sporadicky
detekovany v riznych populacich, véetné ptivodnich obyvatel zapadni a severni Evropy. U 3
geskych rodin nebylo mozné deleci HBA klastru blize specifikovat. Prioritné byl v CR
charakterizovan geneticky podklad dvou pacientli s onemocnénim HbH, prvni mél italské
predky, druhy byl imigrant z Afriky. Heterogenita o-talasemii je v CR ziejmé daleko vétsi nez
se dosud soudilo. Navic, o-talasemické alely budou se stupiiujici se migraci v CR postupné
pribyvat, a s tim bude stoupat i nutnost jejich presné diagnostiky zalozené na molekularné-

genetickych analyzach.

Podil autori na rukopisu

DM - napsani rukopisu, provadéni analyz, interpretace vysledkd, piiprava finalni verze

rukopisu

PM — provadéni analyz, revize rukopisu

PD — 1é¢ba pacienti, ptipominkovani rukopisu
OM - analyzy pacientskych vzorki

LA — analyzy pacientskych vzorka

IK — 1é¢ba pacientt, ptipominkovani rukopisu
CJ — 16¢ba pacienttl, pripominkovéni rukopisu

DV — ptiprava finalni verze rukopisu, interpretace vysledkt

Seznam pouzitych zkratek

Hb hemoglobin
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Characterization of iron metabolism and erythropoiesis in erythrocyte
membrane defects and thalassemia traits

Lucie Sulovska®*, Dusan Holub®*, Zuzana Zidova‘, Martina Divoka®, Marian Hajduch®, Vladimir Mihal?, Jana Vrbkova®,
Monika Horvathova‘, Dagmar Pospisilova®

Background and Aims. Erythropoiesis is closely related to iron metabolism in a balanced homeostasis. Analyses of
diverse erythroid and iron metabolism disorders have shown that disrupted erythropoiesis negatively affects iron
homeostasis and vice versa. The aim of this study was to characterize the relationship between erythropoietic activity
and iron homeostasis in pediatric patients with erythrocyte membrane defects and thalassemia traits.

Methods. Selected markers of erythropoietic activity (erythropoietin, soluble transferrin receptor - sTfR and growth
differentiation factor 15) and iron status parameters (serum iron, ferritin and hepcidin) were evaluated in pediatric
patients with erythrocyte membrane defects and thalassemia traits.

Results. The patients with erythrocyte membrane defects and thalassemia traits had altered iron homeostasis due
to disturbed erythropoiesis. In comparison with healthy controls, they had a normal to low hepcidin/ferritin ratio and
concomitantly elevated sTfR.

Conclusion. The findings suggest that pediatric patients with erythrocyte membrane defects and thalassemia traits
are more susceptible to iron overload than the general population and that the (hepcidin/ferritin)/sTfR ratio can be

used to monitor any worsening of the disease.

Key words: hepcidin, erythropoietic activity, erythrocyte membrane defects, thalassemia trait
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INTRODUCTION

Anemia, one of the most common pathological con-
ditions of childhood, can adversely affect development
owing to inappropriate oxygen supply to developing or-
gans and tissues. The most frequent cause is nutritional
iron deficiency known as iron deficiency anemia (IDA)
which results in hypochromic and microcytic red blood
cells. IDA however must be distinguished from inherited
microcytic anemias, especially p-thalassemia, which is
characterized by imbalanced production of globin chains.
Anemia can also be associated with excessive destruction
of red blood cells (hemolysis); the most common causes
of inherited hemolytic anemia in the Czech population
are erythrocyte membrane defects, predominantly heredi-
tary spherocytosis.

Thalassemia

Thalassemias are a heterogeneous group of inherited
disorders characterized by reduced or absent synthesis of
one or several globin chains which are a part of the hemo-
globin (Hb) molecule'. Under physiological conditions,
the ratio of o- and non-o-globin chains (i.e. predominantly
B-globins in adults) in red blood cells is balanced (1:1).

A reduced amount of a- or f-globin chain produced by a
mutant allele is referred as o or B* thalassemia while a to-
tal absence of o- or B-globin chain production is called o’
or ° thalassemia. The pathophysiology and clinical symp-
toms of thalassemia are related to the extent of imbalance
between a- and B-globin chain synthesis. Heterozygous
carriers of a pB-thalassemia allele are usually asymptom-
atic, with hypochromic and microcytic erythrocytes, mild
anemia accompanied by compensatory increase in the
number of red blood cells (erytrocytosis) and slightly in-
creased erythropoiesis in bone marrow. This type of thal-
assemia is known as f-thalassemia minor or -thalassemia
trait and represents the most common cause of heredi-
tary microcytic anemia in the Czech Republic. More
profound imbalance in o- and B-globin chain synthesis
leads to f-thalassemia intermedia; patients exhibit mod-
erate anemia with signs of hemolysis, ineffective eryth-
ropoiesis and splenomegaly. Some patients may require
occasional transfusions. The incidence of f-thalassemia
intermedia in the Czech Republic is very low. The most
severe form of pB-thalassemia is B-thalassemia major. Hb
levels at diagnosis may be below 3.0 g/dL (normal range:
12.0 - 15.0 g/dL) and patients require regular transfusion
therapy'. To date, no cases of p-thalassemia major have
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been reported in the Czech population but sporadic cases
have been diagnosed in immigrants. The clinical picture of
o-thalassemia is dependent on the degree of reduction of
o-globin chain synthesis; i.e. on total number of mutated
o-globin genes. Four a-globin genes are present in the
normal diploid human genome. Individuals with deletion/
inactivation of one allele are asymptomatic and consid-
ered silent carriers; the incidence in the Czech Republic
may be relatively high. Individuals who inherit two mu-
tant alleles are usually clinically asymptomatic with mild
hypochromic microcytic anemia and slightly increased
red blood cell count. This condition, called o-thalassemia
minor or o-thalassemia trait, is relatively rare in the Czech
Republic (M. Divoka, unpublished data). Hemoglobin
H disease results from mutation affecting three a-globin
genes and presents with moderate to severe anemia.
Sporadic cases may be found in the Czech population.
The inactivation of all four a-globin genes is lethal and
leads to hydrops fetalis and fetal death?.

Erythrocyte membrane defects

Hereditary defects of erythrocyte membrane proteins
manifest as clinically and genetically heterogeneous dis-
orders. The result is large numbers of abnormally shaped
erythrocytes, i.e. spherical (for hereditary spherocytosis
- HS) or elliptical (for hereditary elliptocytosis - HE)
rather than the normal biconcave disk shape®. These ab-
normal erythrocytes have a shorter than average life-span
for normal red blood cells and die prematurely. This leads
to a compensatory increase in reticulocyte count which
is more pronounced in HS than HE. The patient may be
asymptomatic or present with varying degree of hemo-
Iytic anemia, increased serum bilirubin and splenomegaly.
Transfusion therapy for the most severe cases of HS and
HE may lead to iron overload which can cause severe
health problems?.

Hepcidin and iron metabolism

Erythropoiesis and iron metabolism reciprocate in the
coordinated supply of iron and globin synthesis, essential
for normal red blood cell production. Analyses of diverse
erythroid and iron metabolism disorders have shown that
disrupted erythropoiesis negatively affects iron homeosta-
sis and vice versa.

Iron (Fe) is vital for a number of metabolic processes,
most importantly, oxygen transport as a part of the Hb
molecule. However, because of its potential toxicity, iron
levels must be strictly regulated. Hepcidin, the key mol-
ecule regulating plasma iron levels, is produced by hepa-
tocytes*. Hepcidin binds to an iron exporter, ferroportin
expressed in the cytoplasmic membrane. This induces
ferroportin internalization and degradation, resulting in
blocking iron release from sites of iron absorption (duo-
denal enterocytes), iron recycling (macrophages) and iron
storage (hepatocytes). Hepcidin synthesis is stimulated in
response to increased iron stores and inflammation. It is
attenuated in response to iron deficiency and accelerated
erythropoiesis due to anemia, ineffective erythropoiesis
and hypoxia®. The molecules that induce hepcidin syn-
thesis in response to increased iron levels and inflamma-

tion are relatively well- defined**. On the other hand, the
identity of negative regulators of hepcidin is still elusive.
Growth differentiation factor 15 (GDF15) was proposed
as a candidate molecule in the suppression of hepcidin
production in patients with p-thalassemia®. Later analyses
showed that GDF15 was elevated in disease states associ-
ated with ineffective erythropoiesis’. More recent data
indicate the existence of other negative erythroid regula-
tors of hepcidin synthesis®. It is accepted that these signals
are released by erythroid precursors in bone marrow® and
override the signals of iron stores’.

Imbalances in iron metabolism (including hepcidin
levels) and their interconnection with defective erythro-
poiesis have been widely studied in p-thalassemia (inter-
media and major) (ref.!?), congenital dyserythropoietic
anemia'!, pyruvate kinase deficiency'? and Diamond-
Blackfan anemia®. In this study, we investigated the re-
lationship between iron metabolism and erythropoietic
activity in pediatric patients with erythrocyte membrane
defects and thalassemia traits.

MATERIALS AND METHODS

Characterization of the cohort

The cohort consisted of 20 patients with erythro-
cyte membrane defect (18 with HS and 2 with HE) (age
range 2-18 years), 13 with thalassemia minor: 10 with
the p-thalassemia trait and 3 with the o-thalassemia trait
(age range 3-17 years) and 1 patient with thalassemia
major (TM) (age 7 years), an immigrant from Moldova.
Thalassemia carriers did not require any treatment. The
patient with TM was on regular transfusion therapy (1
transfusion unit every three weeks). A control group
included 47 children examined prior to planned minor
surgery (inguinal or umbilical hernia, plastic surgery).
The study and informed consent as per the Declaration
of Helsinki were approved by the Ethics Committee of
Palacky University Hospital, Olomouc, Czech Republic.
None of the subjects had signs of an inflammatory pro-
cess at the time of examination as documented by normal
C-reactive protein (CRP) levels (not shown).

Hematological and biochemical analysis

Blood was taken during routinely performed venous
puncture; for the TM patient a pre-transfusion sample was
collected. Blood counts and erythrocyte characteristics
were examined on Sysmex XE-500 analyzer (Sysmex) for
all subjects included in the study. Biochemical serum pa-
rameters of iron metabolism and inflammation: serum
iron (Fe), ferritin, transferrin saturation (TSAT), soluble
transferrin receptor (sTfR) and CRP levels were deter-
mined using standard methods; for the control group,
samples from 10 to 13 children were analyzed. The se-
rum erythropoietin (EPO) concentration was measured
by a solid-phase chemiluminescent immunochemical re-
action!. Laboratory reference values are given for EPO
instead of direct control group measurements.

The diagnosis of HS and HE was made on the basis of
elevated bilirubin levels (mean 29 umol/L, patients range
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8-70 umol/L, normal range 5-21 umol/L), positive re-
sults of cryohemolysis test and blood smear assessment.
Thalassemias were diagnosed on the basis of hemoglobin
electrophoresis and globin gene Sanger sequencing®.

Hepcidin analysis

The serum hepcidin levels were measured by reverse-
phase liquid chromatography using the UltiMate 3000
Nano LC System (Thermo Fisher Scientific, Sunnyvale,
CA, USA) coupled to the QTRAP 5500 mass spectrom-
eter (AB SCIEX, Framingham, MA, USA) as we previ-
ously described'?. Hepcidin was determined for 47 healthy
controls, 12 thalassemia carriers and 20 patients with
erythrocyte membrane defect.

GDF15 measurements

The serum levels of growth differentiation factor 15
(GDF15) were quantified according to the manufacturer’s
instructions using the Human GDF15 Quantikine ELISA
Kit (R&D Systems, Inc., Minneapolis, MN, USA). GDF15
measurements were performed on 9 thalassemia carriers
and 11 patients with erythrocyte membrane defect.

Statistical analysis

ANOVA and Dunnett’s test for normally distributed
variables or non-parametric Kruskal-Wallis test with mul-
tiple comparisons were used for the statistical evaluation.
All statistical analyses were done using the STATISTICA,
(StatSoft, Inc., software version 12). The significance level
was set at 5% for all analyses.

RESULTS

Hematological data and erythropoietic activity

We first analyzed the hematological data. Carriers of
o- thalassemia were evaluated together with B-thalassemia
carriers due to similarities in clinical picture. They showed
mild to severe anemia with a compensatory increase in
RBC counts (Table 1). Hemoglobin (Hb), mean corpus-
cular volume (MCV), mean corpuscular hemoglobin
(MCH) and mean corpuscular hemoglobin concentration
(MCHC) were significantly lower compared to healthy
controls. In the erythrocyte membrane defect group, the
anemia was milder, with significantly reduced RBC count

Table 1. Hematological parameters.

Controls Thalassemia carriers Erythrocyte Thalassemia major
membrane defects

RBC (10?/L) 4.78 £ 0.60 5.557 £ 0.315 4.23"+0.71 2.97

Hb (g/dL) 13.0+ 1.3 10.6™" £ 1.1 120+ 1.9 8.2

MCV (fL) 82.56 + 6.87 5917 +£5.68 79.1 +£5.73 79.8

MCH (pg) 28.29 £2.62 19.23" £ 2.27 2845+ 1.86 27.6

MCHC (g/dL) 34.32+£1.22 32.46" £ 1.21 36.09" +0.87 34.6

Ret (ratio) 0.010 £ 0.003 0.012 £ 0.004 0.066™" £ 0.045 0.012

Values are shown as means = SD; single values are given for the patient with thalassemia major. RBC, red blood cells count; Hb, hemoglobin;
MCYV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration, Ret, reticulocytes
count. Statistical significance relative to control group: *P value<0.05; **P value<0.01; ***P value<0.001.

Table 2. Parameters of erythropoietic activity.

Thalassemia Erythrocyte Thalassemia
Controls . .
carriers membrane defects major
sTfR (mg/L) 3.7+0.74 6.89 £5.02 9.58" +4.89 19
EPO (IU/L) [4.3-29]* 18.0 £ 22.67 34.04 £+ 30.45 > 4000
GDF 15 (pg/mL) 205 +27 653 £ 545 387 + 131 8316.7

Values are shown as means + SD; single values are given for the patient with thalassemia major. sTfR, soluble transferrin receptor; EPO, erythro-
poietin; GDF 15, growth differentiation factor 15; + reference range. Statistical significance relative to control group: **P value<0.01.

Table 3. Iron status parameters.

Thalassemia Erythrocyte Thalassemia
Controls . .

carriers membrane defects major
%TSAT 33.07 £ 14.09 30.9 £ 10.86 29.05 +£10.22 59.9
Serum Fe (uM/L) 20.87 + 8.37 16.75 £ 5.57 15.04 + 4.57 22
Ferritin (ug/L) 34.62 +20.1 40.23 + 39.15 99.54™ + 45.52 2872
Hepcidin (ng/mL) 25.86 £ 26.46 14.73 + 14.27 15.34 £ 16.56 56.2
Hepcidin/ferritin 0.658 £ 0.564 0.341 £ 0.149 0.177" £ 0.173 0.02
(hepcidin/ferritin)/sTfR 0.184 £ 0.189 0.072 £ 0.050 0.023"" + 0.021 0.001

Values are shown as means + SD; single values are given for the patient with thalassemia major. TSAT, transferrin saturation; Fe, iron; sTfR,
soluble transferrin receptor. Statistical significance relative to control group: **P value<0.01, ***P value<0.001.
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Fig. 1. Elevated markers of erythropoietic activity. (A) sTfR was increased in both patients’ groups when compared to the controls
(n=9), but only in patients with erythrocyte membrane defect (Memb_def; n=14) the difference reached statistical significance;
thalassemia carriers (TC, n=13). (B) The elevation of GDF15 in comparison to the controls was significant for TC (n=9), but not
for Memb_def (n=11). sTfR, soluble transferrin receptor; GDF15, growth differentiation factor 15. The graphs show individual
values (triangles), 25-75% range with median (box and horizontal line, respectively) and the non-outlier range (the highest and
the lowest whiskers, respectively).
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Fig. 2. Differentiation of patients based on the plot of hepcidin/
ferritin ratio against sTfR'. Patients with erythrocyte membrane
defect (Memb_def, n=13), thalassemia carriers (TC, n=12) and
thalassemia major (TM, n=1) dislocate from healthy controls

(n=9).

and moderate changes in RBC characteristics (Table 1)
with the exception of MCHC, which was significantly
increased. In addition, compensatory reticulocytosis in
response to chronic hemolysis was observed in the major-
ity of patients with erythrocyte membrane defect causing
the number of reticulocytes to be significantly different
from the control group (Table 1).

We next examined the markers of erythropoietic activ-
ity, i.e. serum erythropoietin (EPO) and soluble transfer-
rin receptor (sTfR). EPO was elevated above the reference
range (4.3 - 29 IU/L) only in the group of erythrocyte
membrane defects (mean 34 IU/L, Table 2); in thalas-
semia carriers the mean value fell within the reference
range (mean 18.0 IU/L, Table 2). sTfR was also signifi-
cantly higher for patients with erythrocyte membrane
defect (mean 9.58 mg/L) than in healthy controls (3.7
mg/L, Table 2 and Fig. 1A). In the thalassemia carri-

ers' group mean sTfR (6.89 mg/L) was 1.9 times higher
than mean sTfR of the controls (Table 2 and Fig. 1A).
Although the difference was not statistically significant,
10 out of 13 thalassemia carriers had sTfR above the
mean control value (Fig. 1A). This indicates increased
erythropoietic activity in the bone marrow of thalassemia
carriers and patients with erythrocyte membrane defect.
To assess the degree of ineffective erythropoiesis!®", se-
rum growth differentiation factor 15 (GDF15) was mea-
sured using ELISA. The mean GDF15 level was increased
in both groups (thalassemia carriers, 653 pg/mL; eryth-
rocyte membrane defects, 387 pg/mL) compared to the
controls (205 pg/mL), but only in thalassemia carriers
did the difference reach statistical significance (Table 2
and Fig. 1B).

Our only patient with thalassemia major (TM), who
is a Moldovan immigrant living in the Czech Republic,
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presented with the most severe anemia (Hb of 8.2 g/dL),
reduced RBC number, elevated sTfR and EPO levels and
the highest GDF15 (Table 1 and 2).

Iron status and hepcidin

To assess any disturbance in iron homeostasis, se-
lected parameters of iron metabolism were evaluated. As
shown in Table 3, serum iron (sFe) and transferrin satura-
tion (TSAT) were comparable in all groups. Patients with
erythrocyte membrane defect had significantly increased
levels of serum ferritin (mean 99.54 ug/L; mean for con-
trols, 34.62 ug/L). Ferritin levels of thalassemia carriers
did not differ from healthy controls (Table 3). Hepcidin
levels were reduced in thalassemia carriers (mean 14.73
ng/mL) and erythrocyte membrane defects (mean 15.34
ng/mL) compared to controls (mean 25.86 ng/mL, Table
3), but this was not statistically significant. We therefore
calculated the hepcidin/ferritin ratio which represents
a measure of appropriate response of hepcidin to iron
stores. As shown in Table 3, this ratio was significantly
lower in the erythrocyte membrane defects group (0.177)
compared to healthy individuals (0.658). The reduc-
tion of hepcidin/ferritin ratio in thalassemia carriers (to
0.341) reached only borderline statistical significance;
even though it was twice as low as in the controls. This
indicates inappropriate suppression of hepcidin synthesis.

Along with the changes in hematological param-
eters, alterations in iron status in our TM patient was
consistent with the data published on large cohorts of
TM patients'®!®. She showed normal sFe, but significant
hyperferritinemia (ferritin level of 2872 ug/L, Table 3).
Her serum hepcidin was twice as high (56.2 ng/mL) as in
healthy controls (25.86 ng/mL). However, the hepcidin/
ferritin ratio, which was 0.02 (control hepcidin/ferritin
ratio is 0.658) indicated that hepcidin was disproportion-
ally low with respect to iron loading (Table 3).

Finally, we calculated the ratio of (hepcidin/ferritin)
to sTfR which combines the parameters of iron status
and erythropoietic activity. Recently, it has been suggested
that this formula distinguishes adult thalassemia carriers
from healthy controls and reflects the severity of the ane-
mia?®. As shown in Table 3, this ratio is reduced in both
thalassemia carrier group (0.072) and erythrocyte mem-
brane defects (0.023) compared to healthy individuals
(0.184) confirming disordered interaction between iron
metabolism and erythropoiesis. When sTfR is plotted
against the hepcidin/ferritin ratio, thalassemia carriers
and patients with erythrocyte membrane defect, tend to
diverge from controls (Fig. 2); showing slight to moder-
ate reduction in hepcidin/ferritin ratio and concomitant
increase in sTfR that is consistent with accelerated bone
marrow erythropoiesis. The TM patient had the lowest
(hepcidin/ferritin)/sTfR ratio (0.001) and can be found in
the upper right corner on the graph plotting sTfR against
hepcidin/ferritin with the lowest hepcidin/ferritin and
highest sTfR (Fig. 2). This result confirms increased
bone marrow erythropoiesis and inadequate suppression
of hepcidin to the degree of iron loading.

DISCUSSION

A number of congenital anemias are coupled with
disrupted iron balance and secondary iron overload. The
molecular pathophysiology involves suppression of hep-
cidin; the key molecule inhibiting iron absorption and
recycling?'. An important finding is that erythroid signals
dominate over iron store signals®. As a result, patients
with ineffective erythropoiesis and concomitantly in-
creased iron levels have inappropriately low hepcidin with
respect to iron loading which leads to the accumulation
of excessive iron in parenchymal tissues. These relatively
suppressed hepcidin levels, explain iron overload in pa-
tients with B-thalassemia intermedia that are transfusion
independent'®. On the other hand, the primary cause of
iron overload in B-thalassemia major is regular transfusion
therapy; hepcidin is higher than in p-thalassemia inter-
media due to the suppressive effect of transfusions on
ineffective erythropoiesis'®. Recently, it was shown that
carriers of - or a-thalassemia allele too, have altered iron
metabolism parameters and erythropoiesis despite the
absence of clinical symptoms2®22,

In this study, we analyzed for the first time, whether
and how disrupted erythropoiesis in erythrocyte mem-
brane defects, namely HS and HE, influences iron me-
tabolism. The anemia in these patients was hyperchromic
and milder than for thalassemia carriers. Due to chronic
hemolysis it was accompanied by increased reticulocyte
count. However, serum EPO was higher than in thalas-
semia carriers and together with significantly elevated
STfR, reflected increased erytropoietic activity in the bone
marrow. In addition, slightly increased levels of GDF15
indicated some degree of ineffective erythropoiesis’.

The evaluation of parameters of iron metabolism re-
vealed normal serum Fe, but significantly elevated ferritin
levels. As in thalassemia carriers, hepcidin and hepcidin/
ferritin ratio were reduced 1.7 and 3.7 times, respectively,
compared to the controls. The patients with erythrocyte
membrane defects also had a significantly lower (hep-
cidin/ferritin)/sTfR index than controls and dislocated
from them on the graph when sTfR was plotted against
hepcidin/ferritin. The erythrocyte membrane defects were
shifted more to the top right on the graph than thalas-
semia carriers indicating more pronounced disruption in
the erythropoiesis-hepcidin-iron stores axis. These results
also suggest that hepcidin synthesis is inappropriately at-
tenuated in patients with HS and HE. The direct signals
need to be identified because hepcidin inhibition by EPO
is indirect and requires active bone marrow erythropoi-
esis’22 and GDF15 is considered a marker of ineffec-
tive erythropoiesis rather than the main suppressor of
hepcidin'’. Very promising is the description of an ery-
throid regulator, named erythroferrone which stimulates
hepcidin synthesis in response to chronic bleeding and
EPO administration®. The human assay for erythrofer-
rone measurements which would enable us to determine
its levels under physiological and different pathological
conditions, including erythrocyte membrane defects, is
currently under development.
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We also showed that pediatric thalassemia carriers
have altered RBC parameters; raised RBC count and re-
duced Hb level, MCV, MCH and MCHC. Elevated sTfR
and GDF15 indicate increased but ineffective erythropoi-
esis in the bone marrow. Similar data were recently pub-
lished for schoolchildren with (-thalassemia trait from Sri
Lanka?? and also for adult thalassemia carriers?®. However,
the study on adult thalassemia carriers showed that the
B-thalassemia trait is associated with more profound
negative effects on erythropoiesis than the a-thalassemia
trait®*. We were unable to make such a comparison be-
cause of only three a-thalassemia carriers included in
our cohort. Although their parameters were comparable
with B-thalassemia carriers, it will be important to ana-
lyze larger numbers of children with o-thalassemia trait to
draw final conclusions. Alternatively, the clinical and lab-
oratory difference between a- and f-thalassemia carriers
may become more obvious over time. It is also likely that
the difference reflects the heterogeneity at the molecular
level; mutant alleles causing more profound imbalance in
globin production would be associated with more severe
alteration in erythropoiesis.

In the thalassemia carrier group, all individuals were
iron replete with sFe and ferritin indistinguishable from
healthy controls. However, they showed reduced hepcidin
levels and reduced hepcidin/ferritin ratio (both param-
eters approximately twice). These results are consistent
with the data obtained on pediatric p-thalassemia car-
riers from Sri Lanka??. On the other hand, Guimaraes
et al.?° found that only adult o-thalassemia carriers had
significantly decreased hepcidin, while hepcidin of adult
B-thalassemia carriers was insignificantly higher than in
controls. Again, we cannot draw any conclusions due to
the minimal number of a-thalassemia carriers we ana-
lyzed. The differences between f-thalassemia carriers may
again reflect differences between pediatric age and adult-
hood or may eventually be also influenced by variable se-
verity of the different f-thalassemia alleles. Nevertheless,
when the hepcidin/ferritin ratio was plotted against sTfR,
our thalassemia carriers dislocate from the control group
like the o- and B-thalassemia carriers in Guimaraes's
study?. This result is consistent with the altered eryth-
ropoiesis and iron homeostasis in the thalassemia trait.

The clinical picture of anemia and the hematological
and biochemical laboratory findings of our patient with
TM were in agreement with the published data on TM
subjects, including inappropriate suppression of hepcidin
with respect to the degree of iron overload'®. The low hep-
cidin/ferritin ratio and elevated sTfR and GDF15 reflect
increased ineffective erythropoiesis which signals higher
iron demand leading to increased iron absorption and
recycling. This is consistent with the finding that iron
overload in TM is a result of regular transfusion therapy
and disturbed hepcidin synthesis®.

CONCLUSIONS

Pediatric patients with erythrocyte membrane defect
and thalassemia carriers showed alterations in erythro-

poiesis and iron metabolism. The regulation of iron ho-
meostasis appeared to be more disbalanced in erythrocyte
membrane defects than in thalassemia carriers, but to a
lesser extent than in the TM subject. We propose that the
degree of alteration may reflect the severity of disease-
causing mutation. We confirmed the results of Guimaraes
et al.?%, that the (hepcidin/ferritin)/sTfR ratio distin-
guishes thalassemia carriers from healthy controls and
showed that it also differentiates patients with erythro-
cyte membrane defect. We propose that these individuals
may be more susceptible to iron overload than the general
population. As suggested for thalassemia carriers®, the
(hepcidin/ferritin)/sTfR ratio can be used to follow up
patients with erythrocyte membrane defects for evolution
of the disease with a focus on alterations in erythropoietic
activity and potential risk of iron overload. This ratio may
also eventually help to make treatment choices including
timing of splenectomy in patients with erythrocyte mem-
brane defect and excessive hemolysis.
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Background. Thalassaemia is a group of inherited disorders of haemo-
globins characterised by a significant decrease in the rate of synthesis of
one or more globin chains, which in beta thalassaemia will be the beta
chain. In adults the haemoglobin A2 (HbA2) comprises 2-3.5% of total
haemoglobin. In some patients the proportion of HbA2 is raised. This
is diagnostic for beta thalassaemia trait, but can also be seen in some
unstable haemoglobins. Mutations which cause decreased B-globin gene
expression are classified as either B+ (reduced level of B-globin synthe-
sis) or B0 (no B-globin synthesis). Aim In this study the HbA2 was quan-
tified using two different methods, capillary zone electrophoresis (CE)
and high-pressure liquid chromatography (HPLC). The results was cor-
related with the mutations found via B globin gene sequencing in order
to establish whether or not quantitation of HbA2 by either method can
be used to predict the B-globin mutation type (B+ or B0). Method The
CE, HPLC and P globin gene sequencing were used to evaluate a total
of 31 subjects with HbA2 > 3.5% (indicative of beta thalassemia trait).
Results The HbA2 results produced by CE were statistically significant-
ly lower than those obtained by HPLC when compared using a paired
t-test (p= <0.001). Three of the thirty one patients were found not to
have any common beta globin gene mutations, but were included as the
HPLC showed an HbA2 percentage of 3.6, 3.7 and 3.9 respectively. Out
of the 31 patients, 8 cases were diagnosed as having heterozygous B0
mutations including 4 patients with codons 41/42 (-TTCT) mutations,
2 patients with codons 8/9 (+G) mutations, 1 patient with a codon 15 (-
T) mutation and 1 patient with a codon 39 (CAG-TAG) mutation. Twen-
ty patients were found to be heterozygous for B+ mutations including
8 patients with IVS-1-5 (G-C) mutations, 6 patients with IVS-1-110 (G-
A) mutations, 3 patients with -29 (A-G) mutations, 2 patients with -88
(C-T) mutations and 1 patient with an IVS-I-6 (T-C) mutation. When
compared using the students t-test there was no difference between the
HbA2 results obtained using HPLC for the B+ and B0 mutations cohorts
(p=0.06). The same comparison performed using the HbA2 results
obtained using CE showed a statistically significant difference between
the B+ and PO mutation cohorts (p=0.02). The predictive values of the
measurement of HbA?2 in establishing whether a patient has a B+ or B0
mutation calculated using Receiver operating characteristic (ROC) curves
are 0.701 and 0.763 for HPLC and CE respectively. Summary/Conclusion.
From the results of this study the CE is more sensitive in distinguishing
between B+ and B0 mutations. Although this difference is relatively
modest it is suggestive of a trend which may be more profound if the
cohort was larger. The HbA2 level was significantly lower with the CE
analyser. No attempt was made to compare the different B+ and B0
mutations as the sample size was insufficient.
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MOLECULAR CHARACTERIZATION OF BETA-THALASSEMIA AND
HEMOGLOBIN VARIANTS IN THE CZECH AND SLOVAK POPULATIONS:
AN UPDATE

M Divoka,' M Partschova,” R Mojzikova,” L Piterkova,’

M Horvathova,” ] Cermak,” D Pospisilova,' K Indrak,' V Divoky”
1Faculty Hospital, Olomouc, Czech Republic

2Faculty of Medicine, Palacky University, Olomouc, Czech Republic
3lnstitute of Hematology and Blood Transfusion, Prague, Czech Republic

Background. B-thalassemia is considered to be a rare disorder in Mid-
dle Europe. Similarly to other non-malaria regions, the presence of B-tha-
lassemia in Middle Europe reflects the historical as well as recent immi-
gration and demographic changes that have influenced the genetic vari-
ability of the current populations living in this area. Aims. To assess the
frequency and spectrum of mutations on the B-globin gene in Czech and
Slovak patients with clinical symptoms of B-thalassemia or df-tha-
lassemia. The results of the initial part of this research were published
almost two decades ago (Indrak et al., Hum Genet 1992; 88: 399-404)
and the aim of this work was to update this original report. Patients and
Methods: Nearly 380 cases from seven hematological centers of Czech
and Slovak Republics were analyzed. Blood samples were available for
blood cell count measurements, hemoglobin (Hb) electrophoresis, chro-
matography and for genetic analyses. Results. Twenty-two B-thalassemia
mutations were identified in more than 260 heterozygotes from 152
unrelated families of Czech or Slovak descent. Most of the mutations
were of Mediterranean origin and accounted for 70% of patients. New-
ly discovered insertion of transposable element L1 into the B-globin
gene represents a novel etiology of B-thalassemia due to a silencing
effect of repressive chromatin associated with retrotransposon insertion
(Piterkova et al, Heamatologica 2011; 96(s2): 417-8, (EHA meeting
abstract)). The list of abnormal hemoglobins now contains 14 B-globin
variants, involving the rare high oxygen affinity Hb Olomouc associat-

626 | haematologica | 2011; 96(s2)

ed with familiar polycythemia and two unique Heinz body hemolytic
anemia variants (unstable Hb Hradec Kralove and Hb Hana). Conclu-
sions. In the Czech and Slovak populations, B-thalassemia appears to be
an uncommon disorder, which, however, must be considered as the pre-
vailing cause of congenital hypochromic microcytic anemia. All but four
studied patients were heterozygous carriers, manifesting thalassemia
minor, with rare exceptions of dominantly inherited B-thalassemia with
phenotype that ranged from severe thalassemia minor to thalassemia
intermedia. Three of the four homozygous or double-heterozygous B-
thalassemia patients were recent immigrants from malaria countries.
Genetic drift and migration in the past as well as recent immigration are
responsible for introduction of the Mediterranean alleles, while several
mutations, described in single families, originated locally.

Funding. Supported by grants NT11208 and NS510281-3/2009 (Ministry
of Health Czech Republic); MSM 6198959205 (Ministry of Education, Youth
and Sports) of the Czech Republic; student projects LF_2011_006 and
LF_2011_011 of the Palacky University.
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GLUCOSE-6-PHOSPHATE DEHYDROGENASE DEFICIENCY A SINGLE
INSTITUTION EXPERIENCE

K Palla, E Perraki
Chania General Hospital, Chania, Greece

Background. Glucose-6-phosphate dehydrogenase deficiency(G-6PD)
is an X-linked disorder affecting red cell metabolism. Its distribution
varies significantly among different geographic regions .In Greece where
this disease is endemic, an estimated 225.000 males and 92.000 females
are affected. The main clinical manifestations are acute hemolytic ane-
mia and jaundice triggered by infection or ingestion of fava beans or
oxidative drugs. Aims. To present data indicating the frequency of G6PD
deficiency in the population admitted to the hospital of Chania city
(Crete island) where there is extensive consumption of fresh or dried
fava beans and previously have been reported several cases of favism
Methods: During 13 -year period (1997-2010), tests for the quantitative
measurement of G-6PD activity by enzymatic colorimetric assay by a
commercial kit (Trinity biotech, Menarini) were conducted on 1397 sam-
ples.Any individual with an activity below 4,6(U/g Hb) and 146 (U/1012
RBC) was considered G-6PD deficient. Results: Of the 1397 (1030 males,
367 females) screened , 267 (147 males, 120 females) were children.
Among children 14/267 (5, 24%) were immigrants and 32/267
(11,98%)were found to have G-6PD deficiency. Complete enzyme defi-
ciency was shown in 19/267(7,11 %) males whereas 2/267 (0.74%) were
immigrants. Moderate enzyme deficiency was identified in 13/267 (4,
86%)females. 4/267 (1, 49%) children were admitted to hospital with
G6PD deficiency related acute hemolysis . The children with hemolysis
were males, (2/5 were immigrants), younger than 5 years old and have
consumed fava beans. Of the adults (220males, 910 females) 65/1130
(6,75% )were deficient in G6PD. Complete enzyme deficiency was
shown in 40/1130 (3,58%) males and 6/1130(0.53%) were females .
Moderate enzyme deficiency was identified in 19/1130 (1, 68%)
females. The overall incidence of the deficiency in screened population
(97/1397)was 6,94%. The rate among men was 59/1030 (5,73%) and
among females, 38/367 (10,35%), with the male to female ratio 1:2.
Conclusion: G6PD deficiency seems to affect more females than males.
As neonatal screening for GOPD is long established in Greece ,clinical
cases of favism are observed rarely. Acute hemolysis was found only in
young children. We believe that the screening with a comprehensive
education program should be performed for young children in order to
prevent the occurrence of hemolysis.
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THE ROLE OF REGULATORY T CELLS AND FOXP3 EXPRESSION IN
GREEK B-THALASSEMIA MAJOR PATIENTS

E Farmaki, M Economou, E Vlachaki, V Tzimouli, A Kondou, A
Taparkou, A Teli, V Perifanis, M Athanassiou-Metaxa

Aristotle University of Thessaloniki,'Hippokration' General Hospital, Thessa-
loniki, Greece

Background: The suppressive/immunomodulatory function of
CD4+CD25+FoxP3+ regulatory T (Treg) cells is crucial for the mainte-
nance of immune homeostasis. Although a large number of studies have
been performed on immune status of patients with B-thalassemia major,
including T and B-lymphocyte subpopulations, little information is avail-
able regarding the role of Treg cells in this patient group. Aim: The aim
of the present study was to determine B cells and T cells subpopulations,
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Background: Thalassemias are rare disorders in Middle Europe. However, as a result of
historical and recent migration, thalassemias became common cause of congenital anemia in the
Czech and Slovak populations. Abnormal hemoglobin variants and red-cell enzymopathies are

rare cause of congenital anemia in this region.

The aim of this work was to update the original reports of this research published almost two
decades ago (Indrak et al., Hum Genet 1992; 88:399-404, Xu et al., Blood 1995; 85:257-63,
Lenzner et al., Blood 1997; 89:1793-9). We assessed the frequency and spectrum of B-globin
gene mutations in the patients with clinical symptoms of B-thalassemia or §,f-thalassemia, the
x-globin gene status in the patients with clinical symptoms of «x-thalassemia, and we

characterized red cell enzymopathies on molecular level in the Czech and Slovak populations.

Patients and methods: Nearly 390 cases with clinical symptoms of thalassemia or hereditary
nonspherocytic hemolytic anemia from several centers of Czech and Slovak Republic were

analyzed. Hematological parameters, hemoglobin electrophoresis and enzyme activities were
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measured by standard procedures. Genomic DNA was used for PCR-sequencing analysis.

Results: We identified 22 B-thalassemia mutations in more than 260 heterozygotes; most of the
mutations were of Mediterranean origin. The newly discovered insertion of transposable
element L1 into the HBB gene represents a novel etiology of B-thalassemia due to a silencing
effect of repressive chromatin associated with retrotransposon insertion. The list of abnormal
hemoglobins now contains 14 f-globin variants, involving Heinz body hemolytic anemia variant
Hb Hana (B63(E7) His-Asn), phenotype of which was worsened by concomitant partial
glutathione reductase deficiency (Mojzikova et al., Blood Cells Mol Dis 2010; 45:219-22).

Several G6PD and PK variants were described in the Czech and Slovak populations; the G6PD
variants include G6PD Olomouc, G6PD Varnsdorf and G6PD Praha. Recently, we identified a new
frameshift mutation c. 1553delG (p. Arg518fs) at the homozygous state in exon 11 of the PKLR
gene of the pediatric patient who suffered from transfusion dependent hemolytic anemia with
Hb=9.4 g/dL, Ret=4.5%. His red cells PK activity was 4.52 IU/gHb (normal range 13-17 IU/gHb).
The mutation occurs in C domain of PK-R subunit containing the binding site for fructose-1,6-
bisphosphate. The patient's extremely elevated level of growth differentiation factor 15 (GDF15,
3577 pg/mL, healthy controls 231-345 pg/mL) could explain hereditary hemochromatosis and

signs of iron overload in this patient.

Conclusions: In the Czech and Slovak populations, hemoglobinopathies and red-cell
enzymopathies appear to be an uncommon disorder, which, however, must be considered as
the prevailing cause of congenital anemia. Most of the thalassemia patients were heterozygous,
manifesting thalassemia minor. Most of the hemoglobin variants were described in single
families, some of them originated locally. Among hemolytic anemias due to red-cell

enzymopathies is the most frequent PK deficiency.

This work was supported by grants NT11208, NS10281 (Ministry of Health Czech Republic),
MSM6198959205 (Ministry of Education, Youth and Sports) and student projects LF_2011_006
and LF_2011_011 of the Palacky University.

Disclosures: No relevant conflicts of interest to declare.
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/Metodika: Tradi¢né jsme pro analyzu HBA lokusu vyuZzivali technolc@

Southern blotu. Nové jsme zavedli alelové-specifickou PCR (ASO-PCR), ktera
umozni identifikaci 6ti nejbéznéjsich a-talasemickych mutaci (-a3.7, -a4.2,

-a20.5, --MED, --SEA, --FIL)(obr. 3). Relativné novou technologii molekularni
diagnostiky je MLPA (Multiplex Ligation-dependent Probe Amplification),
ktera je zaloZena na ligaci dvou sond a nasledujici amplifikaci (obr. 2). MLPA
slouzi k detekci zmén poctu kopii genovych sekvenci — od malych
(jednonukleotidovych) deleci az po rozsahlé delece celého lokusu, ale i
duplikaci a amplifikaci. Systém MLPA KIT P140_HBA (MRC-Holland) detekuje

4

/UVOd: Talasemie jsou nejcastéjsi pri¢inou vrozenych anémii spojen\’/ch\
s poruchami globinové syntézy. Na rozdil od B-talasemii, kde nachazime
prevazné bodové mutace, jsou a-talasemie zplsobené z 95 % delecemi
Usekl DNA HBA lokusu na 16. chromozomu (obr. 1). Na zdkladé
skriningovych testt jsme vybrali skupinu 81 pacientl s normalni hladinou
HbA, a HbF a zdroven s nalezem v KO, ktery spolu s dalimi vySetfenimi
podporoval diagndzu talasemie, a u kterych jiz dfive byla vyloué¢ena
B-talasemie. Vzorky nemocnych jsme vySetfili pomoci nové zavedenych
molekularné-genetickych metod (ASO-PCR, MLPA) na event. pfitomnost
a-talasemické delece. Vysledky vySetreni jsou pfedmétem tohoto sdéleni.

4. Fragmentaéni analyza

Vysledky
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Qény v poctu kopii u 24 riznych sekvenci v ramci HBA lokusu.

Obr.1 Obr2
A s 1. Denaturace a hybridizace Obr3
e e e =h — s —————-a3.7HOMO
c 5 [HS [— o -03.7 HETERO
—a S S
—a—{E=H —a a— 2 tigace 4.2
E F i . i - kontrolni amplifikace a2
—a ~-MED

Pacient & 2 — mu; Hb: 132 g/I; Ery: 6,29.10'%; Ht: 0,42; MCV: 66,1 fl.
Piavodni analyza Southern-blotovym mapovanim lokusu odhalila novou 18+ kb a-talasemickou

deleci zahrnujici HBA1 gen (Indrdk a kol., 1993). Vyrazna mikrocytéza a hypochromie byla
vysvétlena zastavenim transkripce HBA2 genu represivnim chromatinem, ktery se dostal diky
18+ kb deleci do blizkosti HBA2 genu (Barbour a kol, 2000).

MLPA potvrdila 18+ kb a-talasemickou deleci zahrnujici HBA1 gen, ale navic odhalila kratkou

Pacient €. 1 —muz deleci lokalizovanou mezi HBA2 a HBA1P geny, popsanou nedavno v turecké populaci (Onay
Hb: 129 g/| a kol., 2008, 2009). Tato kratka delece nemohla byt genetickym mapovéanim odhalena.
Ery: 6,14.1012
Ht: 0,44
MCV: 71,711 - Vi b
— S {rso | [eo Joa ]—{ou] a2 el o Hil-
Vysledek MLPA prokazujici deleci celého lokusu w37
/: (aa)Hs-40
Priikaz inkluzi HbH typy deleci pocet U
-a3.7 10
Pacient & 3 —7ena plivodem z Afriky. Hb: 83 g/I; Ery: 4,42.10'%; -a3.7 HOM 2
Ht: 0,28; MCV: 62,7 fl. Pomoci ASO a MLPA zjidténa delece tii a-globinovych Souhrn vysledkii: ~SEA 8
gen( vedouci k HbH onemocnéni. delece celého lokusu 3
delece HS-40 1
kombinace -a4.2/--MED 1

@r: \
Prvni systematicka analyza provedena na selektovaném souboru 81 nemocnych odhalila novymi diagnostickymi pfistupy 25 nemocnych s delecemi v ramci

a —globinového lokusu. V rdmci analyzovaného souboru prezentujeme:

vzécné detekovany.

pribyvat, a s tim bude stoupat i nutnost jejich pfesné diagnostiky.

Podé&kovani: LékaFim hematologickych pracoviét v Ceské republice a na Slovensku za poskytnuti pacientskych vzork( a za spolupraci.

Podporeno: IGA NT11208 a LF_2012_007.

= Prioritni popis tfi nemocnych s a-talasemii zplsobenou rozsahlou deleci celého HBA lokusu, véetné regulacni oblasti HS-40. Tyto typy deleci jsou jen velmi

=\ roce 1993 popsany pacient z CR s unikatni 18+ kb a-talasemickou deleci zahrnujici HBA1 gen, ale s fenotypem odpovidajicim nefunkénosti HBA1

i HBA2 md jesté dalsi, dfive nerozpoznanou kratkou deleci lokalizovanou mezi HBA2 a HBA1P geny, ktera byla nedavno popsana z Turecka. Jak miZe tato
kratkd delece (v cis nebo trans pozici) pfispivat k vyslednému fenotypu bude pfedmétem dal3ich funkénich studii.
=V CR prioritni genetickou analyzu pacienta s onemocnénim HbH. Jedna se o pacienta ptivodem z Afriky s genotypem -a4.2/--MED.

= Prioritni popis pacienta z CR s a-talasemii zplsobenou deleci regula¢ni oblasti lokusu HS-40, ale s intaktnimi a-globinovymi geny. HS-40 region je
nezbytny pro erytroidné-specifickou expresi gent a-globinového lokusu. Podobné typy deleci jsou velmi sporadicky detekovany v riznych populacich.
Heterogenita a-talasemii je v CR zfejmé daleko vétsi nei se dosud soudilo. Navic, a-talasemické alely budou se stupiiujici se migraci v €R postupné

/
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Metodika: Pro diagnostiku hemoglobinopatii v laboratofi pouZivime bioanalytické metody:
- stanoveni hladiny HbA, chromatograficky na koloné

- stanoveni hladiny HbF alkalickou denaturaci

- elektroforézu hemoglobinu

- testy stability hemoglobinu (Heinzova téliska — obr. 1, isopropanolovy test)

a molekuldrné biologické pristupy:

- alelové specificka PCR (ASO PCR)

- sekvenacni analyza

- MLPA (Multiplex Ligation —dependent Probe Amplification ; MRC-Holland)

Shrnuti vysledk( (2002- duben 2013)

Uvod: Hemoglobinopatie (talasemie, strukturni
hemoglobinové varianty) jsou nejrozsifenéjsi monogenni
dédicné nemoci na svété, ale ve stiedni Evropé je jejich vyskyt
vzacny. Presto jsme v poslednich letech v nasi laboratofi
diagnostikovali talasemické alely u téméf 300 rodin a
strukturni Hb varianty u 40ti rodin. Pfedmétem naseho
sdéleni je shrnuti vysledkii a popis nékterych ptipadl
vzacnych vrozenych anemii.

a-talasemie

" : P . ) Strukturni hemoglobinové varianty
Pro detekci deleci v a-globinovém lokusu jsme zavedli ASO-PCR a MLPA HBA,

tab. 2
&imz jsme nahradili dfive vyuzivanou technologii Southern blotu. V poslednich dvou Doposud jsme HbS 86 (Glu->Val) deoxy forma precipituje | normalni
letech jsme detekovali celkem 6 typl a-talasemickych deleci zobrazenych na schématu detekovali 15 HbE 826 (Glu->Lys) il i
HBA lokusu (obr. 2) u 30 neptibuznych rodin (tab. 1). Kromé béznych typt deleci jsme B-globinov{/?n HEC Bol{Ghul vl "°"“f"'f "'“"“‘V‘f“""“""'""'"w
zjistili i delece celého HBA lokusu nebo regula¢ni oblasti HS-40, které jsou popisovany hemoglobinovych Hiblknosses 82(Mla;> Sor) Bl [[normalnd ik ocyL23; tolasermlc miory
jen vzacné. U jedné pacientky plvodem z Afriky jsme detekovali onemocnéni HbH variant (tab. 2) u 40ti Ho Monroe Ll Sl
(fenotyp '114‘2/“MED). o . ' — Hb Lepore 8B-hybrid normélni mikrocytéza, talasemie minor
nepfibuznych rodin Hb Saint Louis B28 (Leu>Gln) | nestabilni, 1 Met-Hb HA, cyanéza
obr. 2 ceského a slovenského Hb K6ln B98 (Val->Met) | nestabilni mirnd HA
i il 1 UL ERu L L tab.1 - - ptvodu, kromé HbS, Hb Hand 863 (His>Asn) | nestabilni, 1 Met-Hb | HA u dcery, asymptom. matka-kufacka
E {1 = = - "P:;E;EC' il ktery' je vidy u imigra ntd Hb M-Saskatoon B63 (His>Tyr) nestabilni, Met-Hb familiarni cyanéza, methemoglobinémie
=" ~a3.7HOM 2 Afriky, véetné dvou Hb Sydney 867 (Val5Ala) | nestabilni WA
-L_- — c;ISéEhAe — homozygotti se Hb Santa Ana 88 (Leu>Pro) | nestabilni HA
i delece HS-40 SrpkOVitOU a nemii. Hb Nottingham B98 (Val->Met) nestabilni. &2k HA, transfize
Fi preney R kombinace -a4.2/-MED Hb Hradec Krélové | B115 (Ala->Asp) vysoce nestabilni. t&2kd HA, transfize, talasemie intermedia
=. = Hb Olomouc B86 (Ala->Asp) 4 0, afinita erytrocytéza
&/B-talasemické delece B-talasemie

Zjistili jsme 3 deleéni typy 8/B-talasemie (obr. 3). Vedle relativné ¢astych — Sicilské 6/B-talasemie
a Hb Lepore jsme v roce 2012 identifikovali i vzacnou Makedonskou &/B-talasemickou deleci

u pacienta pGvodem ze Stfedomofi. Prezentujeme zde jeho hematologickd data (tab. 3),

vysledek PCR (obr. 4) a MLPA analyzy (obr. 5) potvrzujici kombinaci dvou deletovanych tseki DNA
ohranicujicich inverzi u Makedonské &/B-tal.

Za poslednich vice nez 10 let jsme detekovali
B-talasemickou mutaci u 195 nepfibuznych rodin
(341 heterozygot) ¢eského nebo slovenského
plvodu. Vétsinou se jednalo o B-talasemii minor,
vyjimecné o B-talasemii intermedia. Ve dvou
pripadech jsme potvrdili B-talasemii major

o la:b?g/n 135 obrS: (dvojity heterozygot, imigranti z Afriky). Bylo
= o M 2 ;’;:::’D‘;{:: Z:j . detekovano celkem 24 typ( B-talasemickych
MoV(f) | 686 i mutaci (tab. 4). U jedné rodiny byla popséna
[T MCH (pg) 211 d inzerce L1 retrotranspozonu do P-globinového
e il genu jako nova etiologie vzniku B-talasemie z
— HOF () z mutant Vysledek MLPA prokazuj

lakedonskou deleci

ELFOHb | standardni utlumeni exprese hypermetylaci DNA a
deacetylaci chromatinu v oblasti B-globin-L1

promotoru (Lanikova et al, zaslano k publikaci).

Kombinace HbS s a-talasemii u éesko-africké rodiny Hemoglobin Monroe
Prezentujeme vysledky vysSetieni u ¢esko-africké rodiny, kdy otec African je nosic alely Hemoglobin Monroe byl pivodné popsan
pro HbS, stejné tak jeho dvé déti (potvrzena pfitomnost HbS chromatograficky i jako vysoce nestabilni varianta s
elektroforeticky (obr 6), molekularné geneticky pomoci sekvenaéni analyzy; tab. 5). elektroforeticky nedetekovatelnym
Soucasné bylo detekovdno na molekularni Grovni pomoci ASO-PCR (obr. 7) a MLPA mutantnim hemoglobinem (obr. 8).
u otce a jeho dcery tiché nosicstvi a-talasemie, konkrét eterozygotni delece -a3.7. Nedavno Agarwal a Prchal (Haematologica,
2007) ukazali, ze nesmyslna mutace ve
30. kodonu B-globinového genu je predevsim
DlT:zc 511:;‘ Df;:A talasemicka, vedouci k vyrazné redukci
546 535 528 transkriptu. Tomu odpovidaji i krevni obrazy
0,49 046 041 nasich nemocnych, zvyseny HbA, (tab. 6) a

89,4 86,5 77,3 nepfitomnost Heinzovych télisek.
27,8 27,7 24,2

47 48 49 A tab. 6 obr. 8
04 02 03 b (g/1) 124

35 36 31 ERY (10'%/1) 6,77 l
B6(Glu-val)  B6(Glu-val)  B6 (Glu-Val) Hematokrit | 0,39

-03.7 negativni -03.7 MV (fl) 57,5 - '
MCH (pg) 18,3 '
HbA, (%) 46 HbA
ELFOHb | standardn

tab. 4 TYPY MUTACH POCET RODIN
V511 (G-A)
1V5-1-110 (G-A)
39 (cT)
WV5-11-1(G-A)
1VS-11-745 (C-G)
€D 38/39(-€)
1VS-1-6 (T-C)
€D 121 (6-T)
D8 (-A8)
D 82/83 (-6)
VS5 (G-C)
pozice -87 (C-T)
€D 112 (T-A)
€D 7/8 (+G)
44nt deletion
€D5(-CT)
CD6(-A)

D a1/42 (-TTCT)
17 (AT)
pozice 86 (C-A)
CD71/72 (+A)
Poly A (A-G)
pozice -87 (C-G)

Na gelu u pacienta patrn4 pouze
frakee HbA (standardni spektrum)

syn otec dcera
wt heterozygot

L1 inzerce retrotranspozonu

Z&avér: Hemoglobinopatie jsou nej¢astéjsi pticinou vrozené anemie v CR a na Slovensku. Se stupriujici se migraci bude jejich vyskyt postupné pribyvat a s tim bude stoupat i nutnost jejich presné
diagnostiky (véetné prenatdlni).

Podékovani: Lékaiim hematologickych pracovist v Ceské republice a na Slovensku za poskytnuti pacientskych vzorkd a za spolupraci.
Podporeno: IGA NT11208, IGA NT13587, LF_2013_004 a LF_2013_010




Heterogenita a-talasemickych deleci v ¢eské populaci: potvrzeni tlohy oblasti HS-40

v regulaci exprese a-globinovych genu
M. Divoka?, D. PospiSilova3, A. Lapc&ikoval, M. Kolaékoval, M. Orviskal, J. Lipert!, A. Novosadova?, V.
Divoky?, K. Indrak?!

1) Hemato-onkologicka klinika FN a LF UP Olomouc
2)  Ustav biologie LF UP Olomouc
3) Détska klinika FN a LF Olomouc @ mm

Metodika: Pro analyzu deleci HBA lokusu jsme vzorky vySetfili pomoci technologie molekuldrni
diagnostiky - MLPA (Multiplex Ligation-dependent Probe Amplification), ktera je zalozena na ligaci dvou
sond a nasledujici amplifikaci. MLPA slouZi k detekci zmén poctu kopii genovych sekvenci — od malych
(jednonukleotidovych) deleci aZ po rozsahlé delece celého lokusu, ale i duplikaci a amplifikaci. Systém
MLPA KIT P140_HBA (MRC-Holland) detekuje zmény v poctu kopii u 24 riznych sekvenci v ramci HBA
lokusu.

0Obr2

A B Soubor pacienti:
—a a— el S KN oWl \Vy3etiili - jsme celkem 116 rodin (137 &lend)
—a o« — —a PR s podezienim na o-talasemii (pacienti s normalni
c hladinou HbA, a HbF a zdroven s nalezem v krevnim

obraze, ktery spolu s dalsimi vy$etfenimi podporoval

D
'_°‘ m diagndzu talasemie, a u kterych byla jiz dfive

— o ——{ deece —a Ll vyloucena B-talasemie). MLPA analyza odhalila u 50
E E rodin (55 nemocnych) rdzné delece v rdmci HBA
H P, - H P i lokusu. Ve vétsiné du se jednalo o bézné typy

—a— (e
Vysledky

Obr.4: Schematické znazornéni delece celého HBA lokusu, véetné regulaéni oblasti HS-40.
Delece oblasti HS-40 byla detekovana i &
iner R

u 7 rodin (11 ¢lend) s klinickymi projevy
odpovidajicimi ztraté dvou a-globinovych m m ? m 2 o« m -
genu (nosicstvi a-talasemie); u 1 rodiny IHWR
s klinickymi projevy odpovidajicimi ztraté tii Y 74
a-globinovych gent (choroba HbH);
(obr. 3A, 3B, 3C). Molekularni analyzou
nemocnych jsme zjistili, Ze u 3 rodin (6 ¢lent)
se jednalo o rozsahlé delece celého HBA
lokusu, véetné HS-40 (obr. 4). U 4 rodin (5
€lenti) jsme detekovali rGzné dlouhé delece s
regulaéni oblasti HS-40, ale s intaktnimi m ? m 2 o m I+
a-globinovymi geny (obr. 5A, 5B). IHVR

/AR

Obr.5A: Schematické znézornéni delece regulacni oblasti HS-40 zahrnujici oblast POLR3K v ramci HBA lokusu

HbH onemocnéni

Pacient ka — 7ena (pfedkové pochdzi z Italie). Hb: 87 g/I; Ery: 4,96.10'2;

Ht: 0,29; MCV: 59,3 fl.; hladina HbA,: 1,3 %; hladina HbF: 0,5 %;

ELFO Hb: standardni spektrum (HbH nelze detekovat elektroforeticky); Obr.5B: Schematické znazornéni kratké delece samotné regulaéni oblasti HS-40 v ramci HBA lokusu
Heinzova téliska: pozitivni, prokazany inkluze HbH. inter {HVR

Pomoci MLPA ny dvé riizné delece vedouci k inaktivaci tfi a-globinovych m m 2 m
genl a zpUsobujici HbH onemocnéni (delece HS-40 na jednom chromozomu,

na druhém chromozomu delece —a3.7).

Obr. 3A: Vysledek MLPA prokazujici
deleci H-40 a —a3.7 v lokusu HBA.

inter ZHVR

B 3B

FHVR

inter T HVR

ey - Bty gy 3B Hi-

THWR

Zavér:

V nasem souboru 116 rodin s podezienim na a-talasemii jsme potvrdili deleci regulaéni oblasti HS-40 u 7 rodin (11 &lend).

Fenotyp odpovidajici nosi¢stvi pro a’-talasemickou deleci byl u viech 11 nemocnych stejny, nezavisle na tom, byly-li souasti delece i oba a-globinové geny; jde tedy o
potvrzeni kli¢ové dlohy HS-40 v regulaci exprese a-globinovych gend .

Mimoftadny je pfipad détské pacientky s HbH onemocnénim zpUsobenym inaktivaci dvou a-globinovych genti deleci HS-40 na jednom chromozomu v kombinaci s deleci
jednoho a-globinového genu na druhém chromozomu.

Nase studie p je na ceka I i | ickych mutaci v ¢eské
na - lyzach

Podékovani: Lékaitim hematologickych pracovist v Ceské republice a na Slovensku za poskytnuti pacientskych vzorki a za spolupraci.
Podpoteno: IGA_LF_2014_001; IGA MZ CR NT13587-4.

iana pravné a véasné di iky tohoto
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