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1. TEORETICKY UVOD

1.1 Hematopoéza

Hematopoéza je proces tvorby krvnych elementov z multipotentnych krvotvornych
kmenovych buniek — HSC (hematopoietic stem cells), ktory sa v dospelosti odohrava v
kostnej dreni. Avsak za patologickych podmienok, pocas réznych hematologickych poruch,
moze dochadzat’ k extramedularnej hematopoéze v slezine, peceni alebo lymfatickych
uzlinach (Orkin a Zon, 2002). Neddvne zistenia o funkénych HSC osidl'ujucich tkanivo plic
a tenkého Creva naznacuju, ze HSC aktivne cirkuluji v ramci celého tela a spochybniuju
konvenénu definiciu HSC rigidne pdsobiacich v tradi¢énych hematopoetickych organoch
(Lefrangais a kol., 2017; Fu a kol., 2019).

Nové poznatky o povrchovych markeroch a transkripénom profile jednotlivych bunkovych
Stadii zmenili pohl'ad aj na klasicky hierarchicky model hematopoézy, na vrchole ktorého
je umiestnena populacia HSC zahfnajica tzv. dlhodobé HSC — LT-HSC (long-term HSC) a
kratkodobé HSC — ST-HSC (short-term HSC) (Yang a kol., 2005). Kym LT-HSC st malou
populdciou dormantnych buniek s dlhodobou schopnostou sebaobnovy, ST-HSC s
kratkodobou rekonstitu¢nou kapacitou predstavuju hlavny zdroj hematopoézy. Ich priamym
potomstvom su multipotentné progenitory — MPP (multipotent progenitors), ktoré stracaju
schopnost’” sebaobnovy a diferencuji smerom k viacerym linidm cez niekolko Sstadii
oligopotentnych a bi-/unipotentnych progenitorov, ktoré nakoniec davaju vznik zrelym
hematopoetickym bunkdm (Cheng a kol., 2020) (Obr. 1). V sucasnej dobe je uvedeny model
hematopoézy nahradeny alternativnym modelom povazujucim HSC za heterogénnu
bunkovll populdciu zlozenu z viacerych ¢iastocne liniovo Specifikovanych subpopulacii
buniek. HSC st schopné obist’ niektoré prechodné Stadia diferenciacie a priamo vedu
k vzniku bi-/unipotentnych, pripadne zrelych buniek (Obr. 1) (Notta a kol., 2016). Preto
HSC nepredstavuji vrchol stuptiovito vetvenej hematopoézy, ale skor kontinuum buniek
podielajicich sa na hematopoéze flexibilnym a dynamickym sposobom (Yokota, 2019;
Velten a kol., 2017). Do tohto procesu je zahrnutd kooperécia nielen zndmych kl'icovych
cytokinov, rastovych a transkripénych faktorov, ale aj epigenetickych zmien a aktivity
r6znych miRNA (microRNA) molektl (Mann a kol., 2022). V neposlednom rade je dolezité
spomenut’ hypoxiu (Dausinas Ni a kol., 2022) v asocidcii s kompoziciou mikroprostredia
kostnej drene (Bonaud akol.,, 2021), ktoré sa rovnako podielaji na organizicii

hematopoetického systému.
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Obr. 1: Klasicky vs. alternativny model hematopoézy. Podl’a klasického modelu hematopoézy diferencidcia
HSC prebieha kaskadovito cez jednotlivé bunkové stupne a je schematicky zndzornena plnymi Sipkami.
Alternativny model znazorneny prerusovanou ciarou popisuje HSC ako heterogénnu populaciu zlozenu
zroznych frakcii Ciastocne liniovo Specifikovanych buniek schopnych priamej diferenciacie do zrelych
bunkovych foriem bez jednotlivych bifurkécii. Skratky: B (B cells) — B lymfocyty; Baso (basophils) — bazofily;
CLP (common lymphoid progenitor) — spolo¢ny lymfoidny progenitor; CMP (common myeloid progenitor) —
spolo¢ny myeloidny progenitor; DC (dendritic cells) — dendritické bunky; Eos (eosinophils) — eosinofily; Ery
(erythrocytes) — erytrocyty; GMP (granulocyte/monocyte progenitor) — progenitor pre granulocyty
a monocyty; HSC (hematopoietic stem cells) — hematopoetické kmenové bunky; MC (mast cells) — mastocyty;
MEP (megakaryocyte/erythroid progenitor) — progenitor pre megakaryocyty a erytrocyty; Mk/Pla
(megakaryocytes/platelets) — megakaryocyty atrombocyty; MLP (multilymphoid progenitor) —
multilymfoidny progenitor; MPP (multipotent progenitor) — multipotentny progenitor; M/M (monocytes/
macrophages) — monocyty a makrofagy; Neutr (neutrophils) — neutrofily; NK (natural killer cells) — natural
killer bunky; T (T cells) — T lymfocyty. (Prevzaté a upravené podl'a Antoniani a kol., 2017).

1.1.1 Ontogeneticky vyvoj hematopoézy

Pocas embryogenézy sa hematopoeticky systém vyvija vo fazach primitivnej a definitivnej
hematopoézy (Palis, 2014).

Kratko po gastrulacii, u mysi okolo embryonalneho dita — ED7,25 a u ¢loveka priblizne 19
dni po oplodnenti, sa v Zitkovom vagku formuju krvné ostrovéeky, kde sa produkuju prvotné
krvné prekurzory (Ferkowicz a kol., 2005). Prva vina hematopoézy je spojena hlavne
s tvorbou primitivnych erytrocytov — EryP, ktoré s charakteristické makrocytozou,
produkciou embryonalneho hemoglobinu — Hb a tym, Ze v nezrelej forme vstupuju do
cirkulécie, kde nasledne dochadza k terminalnej diferenciacii a vypudeniu jadra (Palis a kol.,
1999). V mensej miere vznikaju primitivhe megakaryocyty, ktoré maji v porovnani s

definitivnymi bunkami ini polyploidiu a velkost' (Tober akol., 2007). Naproti tomu,



primitivne formy makrofadgov tiez produkovanych v tomto obdobi st sotva odliSitel'né od
ich definitivnych bunkovych foriem (Palis a kol., 1999).

Neskor, spolo¢ne so vznikom krvného obehu, u mysi okolo EDS8,25 a u ¢loveka v rozmedzi
3. — 4. tyzdia embryondlneho vyvinu, je v druhej vine hematopoézy primitivna
hematopoéza nahradena definitivnou. V Zitkovom vacku vznikajii erytromyeloidné
progenitory — EMP, ktoré migruju do fetalnej pe¢ene — FL (fetal liver), odkial’ po dozreti
v podobe definitivnych erytrocytov, makrofagov a d’al§ich buniek myeloidnej linie vstupujt
do krvného obehu (McGrath akol., 2015). Okrem toho, pocas ED9,0 az ED9,5 su
produkované aj B a T lymfoidné progenitory (Yoshimoto a kol., 2011; Yoshimoto a kol.,
2012).

Tretia vina hematopoézy nastupuje u mysi zaciatkom ED10,5 au ¢loveka v 5. tyzdni
embryonalneho vyvinu tvorbou HSC hlavne v oblasti aorta-gonad-mesonefros — AGM
(Medvinsky a Dzierzak, 1996). Pritomnost HSC bola pozorovana aj v inych embryonélnych
$truktirach napr. vo viacerych artériach, ¢i zitkovom vagku alebo placente (de Bruijn a kol.,
2000; Lux akol., 2008; Gekas a kol., 2005). Nie je vSak zname, ¢i v tychto oblastiach
vznikaji de novo alebo sa sem dostavaju prostrednictvom cirkulacie. HSC totiz Standardne
opustaji AGM oblast’ a vstupuju do cirkulacie. Ich primérnym cielom kolonizacie je pecen,
kde podstupuji masivnu expanziu. Neskor opit’ migruju do kostnej drene a sleziny, kde
u mysi zotrvavaju az do dospelosti a nepretrzito prispievaji k hematopoéze. U Cloveka je

findlnym miestom hematopoézy vyhradne kostna dren (Palis, 2014).
1.2 Erytropoéza

1.2.1 Erytroidna diferenciacia a maturacia

Jednu vyvojovu vetvu hematopoézy tvori erytropoéza, ktora sa radi medzi najkritickejSie
procesy, nakol'ko erytrocyty su zivotne ddlezité pre ich schopnost’ prenasat’ kyslik. Miestom
erytropoézy su erytroblastické ostrovéeky nachadzajiice sa blizko osteoblastickej niky a
pozostavajuce z centralnych makrofagov, ktoré obklopuju niekol’ko desiatok dozrievajticich
erytroblastov. Hlavnou ulohou tychto makrofdgov je udrziavanie bunkovych interakcii
s erytroblastami, sekrécia faktorov/cytokinov a zaistovanie Zeleza pre hémovu syntézu,
ktoré su spolocne potrebné k spravnemu chodu diferenciacie a proliferacie erytroidnych
buniek. Okrem toho, vylu€ovanim rastovych faktorov akymi st napr. IGF-1 (insulin-like
growth factor) a BMP-4 (bone morphogenetic protein) sit makrofagy schopné stimulovat’

stresom indukovanu erytropoézu (Li a kol., 2021; Paulson a kol., 2020).



Prvé bunky Specifické pre erytroidnu liniu su skoré unipotentné progenitory — BFU-E (burst
forming unit-erythroid), z ktorych sa vyvijaju neskoré erytroidné progenitory — CFU-E
(colony forming unit-erythroid) (Obr. 2). Obe formy nezrelych progenitorov tvoria
heterogénnu populédciu buniek (Li a kol., 2019) schopnych penetrovat’ do periférnej krvi a
in vitro vytvarat’ kolonie v polotekutych médiach. CFU-E predstavuju prvé morfologicky
odliSiteI'né bunky erytroidnej linie a od terminalne diferencovaného erytrocytu ich delia
d’alSie Styri mitotické delenia, pocas ktorych vznika populacia prekurzorov: proerytroblast,
bazofilny erytroblast, polychromaticky a ortochromaticky erytroblast (Nandakumar
a kol., 2016) (Obr. 2). Prechod medzi jednotlivymi Stddiami nie je kaskadovity, ale v sulade
s alternativnym modelom hematopoézy postupny a plynuly (Huang akol., 2020).
Termindlna maturdcia erytroblastov je asociovand so a) znizovanim proliferativneho
potencialu; b) hemoglobinizaciou s ¢im stvisi zvySeny prijem iénov Zeleza a nadprodukcia
globinovych retazcov ateda nadobudnutie acidofilie cytoplazmy; c) produkciou
cytoskeletarnych, ¢i membranovych proteinov a antigénnych proteinov krvnych skupin d)
postupnym znizenim objemu cytoplazmy; e) kondenzaciou chromatinu s ¢im stvisi kone¢né
zniZenie génovej expresie (Dzierzak a Philipsen, 2013; Nandakumar a kol., 2016; Palis
a kol., 2014). V poslednej faze maturacie dochadza k enukleacii — vypudeniu jadra za vzniku
pyrenocytu a retikulocytu (Obr. 2). Pyrenocyt je prostrednictvom expozicie fosfatidylserinu
— PS (phosphatidylserine) pohlteny centradlnym makrofagom. Bezjadrovy retikulocyt (Obr.
2) sa vyplavuje do krvného obehu, kde sa v priebehu 24 — 48 hodin meni na erytrocyt.
Dozrievanie retikulocytu je charakterizované odstranenim reziduélnych organel procesom
autofagie alebo exocytdzy, znizenim objemu bunky a remodeldciou cytoskeletarnej siete
zodpovednej za nadobudnutie bikonkavneho tvaru $pecifického pre erytrocyt (Mei a kol.,

2021).
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Obr. 2: Diferencidcia a regulicia erytropoézy. Diferenciacia je zndzornena cez jednotlivé diferenciacné
kroky od hematopoetickej kmenovej bunky — HSC (hematopoietic stem cell) cez unipotetné progenitory BFU-
E (burst forming unit-erythroid), CFU-E (colony forming unit-erythroid) a prekuzory: proerytroblast — ProE
(proerythroblast), bazofilny erytroblast — BasoE (basophilic erythroblast), polychromaticky erytroblast —
PolyE (polychromatic erythroblast) a ortochromaticky erytroblast — OrthoE (orthochromatic erythroblast)
podstupujuci enukldciu za vzniku pyrenocytu a retikulocytu — Retic (reticulocyt), ktory dozrieva do podoby



zrelej Cervenej krvinky — RBC (red blood cells). Extracelularna regulacia uvedenymi cytokinmi, rastovymi
faktormi a hormonmi je zndzornena zelenou farbou. Intraceluldrna regulacia uvedenymi transkripénymi
faktormi je zndzornend oranzovou farbou.

1.2.2 Hemoglobin a prepinanie globinovej expresie

Hb je tetramér dvoch podjednotiek a globinového typu a dvoch podjednotiek B globinového
typu viazucich molekulu hému, ktory je tvoreny protoporfyrinom IX s centralnymi atdbmom
zeleza schopnym viazat'® kyslik. Globinové retazce su syntetizované chronologicky
v zavislosti od poradia, v akom st umiestnené¢ v a globinovej (HBZ, HBA2, HBAI) a3
globinovej rodine génov (HBE, HBG2, HBG1, HBD, HBB), ktor¢ sa nachddzajii na 'udskom
16. chromozome resp. 11. chromozéme (Sankaran a kol., 2010). U mysi je a-globinovy
klaster génov (Hba-x, Hba-1, Hba-2) lokalizovany na 11. chromozome a 3 globinovy klaster
génov (Hbb-y, Hbb-bhli, Hbb-b1, Hbb-b2) na 7. chromozéme (Blobel a kol., 2015). Expresia
a-globinovej rodiny je riadena pomocou vizby Specifickych transkripénych faktorov a tzv.
enhancerov na upstream sekvenciu HS-40 (DNase I hypersensitive site-40) (Higgs a kol.,
1990). Naopak, regulacnou oblast'ou B globinovej rodiny génov je lokus LCR (locus control
region) (Li a kol., 2002).

V priebehu ontogenézy je u l'udi syntetizovanych celkom 7 rdéznych typov hemoglobinov
(Tab. 1). Ich tvorba je sprevadzana dvomi vinami prepinania globinovej expresie tzv. globin
switching. Prva vlna zmeny hemoglobinovej produkcie nastdva prechodom z
embryonalnych Hb na fetdlny Hb a druha vlna zacina in utero a je ukonend postnatdlne,
ked’ zac¢inaju prevladat’ dve adultné formy Hb. Kym HbA; v dospelosti reprezentuje 98%
celkového Hb; tak HbA; je v cirkulécii zastupeny mensinovo (1 — 3%). HbF je podobne ako
HbA, detekovatel'ny v minimalnych mnozstvach (<1%), avSak za patologickych podmienok
mozu byt’ jeho hladiny zvySené (Dzierzak a Philipsen, 2013).

Tab. 1: Typy P'udskych hemoglobinov

Typ Pudského Hb  Niazov Hb a
zloZenie globinovych ret’azcov
Hb Gower 1 — (&2

Hb Gower 2 — a2 &2
Embryonalny Hb | Hb Portland I - & v2

Hb Portland 11 — { B2

Fetalny Hb Hb F —oz2y2

Hb A — 02 B2

Adultny Hb
Hb A2— 0202




Mysie primitivne erytrocyty exprimuju , Bhl a gy globiny, zatial’ o definitivne erytrocyty
exprimuju al, a2, fmaj a fmin globiny. Prechodna vina definitivnej erytropoézy v mysej
FL sa vyznacuje expresiou adultnych pB-globinov spolo¢ne s embryonalnym Bhl-globinom
(McGrath a Palis, 2008).

Prepinanie globinovej expresie je komplexny proces a zahffia viaceré regulacné
mechanizmy (Hariharan a kol., 2021). KI"ai€ovua ulohu v druhej vine prepinania globinove;j
expresie autlmeni produkcie HbF zohrdva transkripény faktor BCLI11A (B-cell
lymphoma/leukemia 11A), ktory priamo reprimuje promotorova oblast’ y-globinového génu

(Liu a kol., 2018).

1.2.3 Odstrafovanie erytrocytov

Zivotnost’ T'udskych ¢ervenych krviniek je priblizne 120 dni a mysich 45 dni (Wang a kol.,
2010). Odburavanie starntcich erytrocytov z cirkulécie je prirodzeny proces, ktory prebieha
prostrednictvom  erytrofagocytézy - EPC (erythrophagocytosis) makrofagmi
retikuloendotelového systému — RES v slezine, ale aj v kostnej dreni a v Kupfferovych
bunkach pecene (Knutson akol., 2003). Starnutie erytrocytov suvisi s a) ich zniZzenou
metabolickou a antioxidacnou aktivitou; b) mikrovezikulaciou (exocytéza nefunkénych
proteinov); c) znizenou mierou deformovatelnosti bunky (v dosledku destabilizéacie
membranovych proteinov); d) naruSenim i6novej homeostazy (strata vody a prijem Ca?")
(Lutz a Bogdanova, 2013). Tieto procesy vedu k zniZenej fluidite membrany, znizenej
expresii povrchového markera CD47 (inhibitor EPC), zvySenej expozicii membranového PS
a vizbe imunoglobulinov G — IgG a opsoninov, ¢im je sprostredkovand makrofdgova
eliminacia erytrocytov (Gottlieb akol., 2012). V makrofdgoch nasledne po pohlteni
erytrocytov vznikd fagolyzozom, kde dochddza k ich rozpadu, degradacii hemoglobinu
a uvolnovaniu zeleza z hému. Okrem toho, makrofag je schopny endozomalne spracovat’
zelezo prijaté z volne cirkulujuceho hému aj hemoglobinu (Nielsen a kol., 2010).

PredCasné odstrafiovanie erytrocytov oznacované pojmom eryptéza je indukované
osmotickym Sokom, oxidativnym stresom, intoxikaciou t'azkymi kovmi a je sprievodnym
javom niektorych ochoreni akymi su sepsa, maldria, deficit Zeleza, talasémia, MDS
(myelodysplasticky syndrom) ai. (Repsold a Joubert, 2018). Ide o aktivne regulovany
proces, ktory sa v mnohych aspektoch podobd na apoptdézu prebiehajucu v jadrovych

bunkach. Zakladnymi znakmi eryptozy st externalizacia PS a zmrStovanie bunky, ktoré su



spojené so zvySenou intracelularnou koncentraciou Ca?" a destabilizaciou i6novej
homeostazy (Foller a Lang., 2020).

Terminom neocytolyza oznacujeme selektivhu deStrukciu mladych erytrocytov
vytvorenych v hypoxickych podmienkach napr. vo vesmire (Rice a Alfrey, 2005) alebo
vo vyssich nadmorskych vyskach (Risso a kol., 2007) po navrate do prostredia s normélnou
hladinou kyslika. Tento proces je spojeny s nadmernou produkciou reaktivnych foriem
kyslika — ROS (reactive oxygen species) (Song a kol., 2015). K neocytolyze pravdepodobne
dochadza aj u novorodencov pri porode, kedy hypoxické prostredie strieda normoxia (Foller

a kol., 2008).

1.2.4 Molekulirna regulacia erytropoézy

Erytropoéza je prisne regulovany robustny dej, ktory za jednu sekundu vytvori az 2,4.10°
cervenych krviniek (Palis a kol., 2014).

Pozitivna regulicia erytropoézy prebicha na extracelularnej a intraceluldrnej Urovni.
Extracelularne faktory, ktoré ovplyviiuji determinaciu HSC smerom k erytroidne;j linii a
skortl erytropoézu su predovsetkym IL-3 (interleukin), IL-6, faktor stimulujuci koldnie
granulocytov a makrofagov — GM-CSF (granulocyte-macrophage colony-stimulating
factor) a trombopoetin — TPO. Nésledna diferenciacia erytroidnych buniek je riadena SCF
(stem cell factor) a predovSetkym EPO, ktory sa stdva primdrnou molekulou riadiacou
produkciu erytrocytov (Obr. 2) (Lodish a kol., 2010).

Pritomnost’ uvedenych cytokinov, rastovych faktorov ahorménov vedie k aktivacii
intracelularnych transkripénych faktorov. Kl'icovu ulohu pri tzv. lineage commitment,
teda Specifikécii smerom k erytroidnej linii a pri skorej erytropoéze zohrava GATA-2, ktory
sa cez proteinovy mostik zlozeny z heterodiméru LMO2/LDB1 (LIM domain only 2/LIM
domain binding 1) a E2A viaze s d'al§$im transkripénym faktorom SCL/TALI1 (stem cell
leukemia/T-cell acute leukemia) (Mead a kol., 2001). Expresia GATA-2 sa s progresiou
diferenciacie znizuje a nahradza ju expresia GATA-1 (Crispino a kol., 2005; Rodrigues
a kol., 2005), ktory sa vo vizbe s kofaktorom FOG-1 (friend of GATA protein 1) (Tsang a
kol, 1998) a d’al§imi transkripénymi faktormi EKLF (erythroid Kriippel-like factor) (Perkins
a kol., 1996) a NF-E2 (nuclear factor erythroid-2) (Shivdasani a Orkin, 1995) synergicky
podiela na termindlnej erytropoéze (Obr. 2). Rovnovaha génovej expresie je dalej
zabezpeCend histon remodelujicimi  komplexami, ktoré asociuji s uvedenymi

transkripnymi faktormi a reguluji ich aktivitu. Pocas erytropoézy napriklad dochédza



k dramatickému zniZeniu aktivity histondeacetylazy — HDAC (histone deacetylase), ktora sa
podiel’a na ,,rozvolneni“ chromatinu a je asociovana s inicidciou génovej expresie. To ma
za nasledok kompletnu aktivaciu GATA-1, TAL1 a KLF1 transkripénych faktorov. Naopak,
naviazanie korepresorov napr. EZH2 (enhancer of zeste 2), GFI1B (growth factor
independence 1b) ai. spdsobuje umlCanie tzv. silencing expresie niektorych génov
(Mochizuki-Kashio a kol., 2011; Vassen a kol., 2014). Jednym z nich je gén Spi-1 kodujuci
transkripény faktor PU.1 (putative oncogene Spi-1) (Dahl a kol., 2007; Kim a kol., 2020),
ktory pdsobi ako antagonista GATA-1 a zodpovedd hlavne za myeloidnu diferenciaciu
(Burda a kol., 2010).

Za G¢elom udrzania homeostazy, musi byt’ erytropoéza regulovana aj negativne, pricom
pravdepodobne az 60% proerytroblastov podstupuje apoptézu. Tento proces je
sprostredkovany napr. autokrinnou sekréciou FAS ligandu neskorymi erytroblastami, ¢o
nasledne vedie k aktivacii kaspaz u skorych erytroblastov exprimujtcich FAS receptor (De
Maria a kol. 1999). Negativny dopad na tvorbu cervenych krviniek mé aj vysSia hladina
faktorov imunitnej odpovede/zapalu akymi st napr. IFN-y (interferén-y), TNF-o (tumor
necrosis factor-a)), IL-6 alebo transformujuci rastovy faktor — TGF-B (transforming growth

factor-P) (Libregts a kol., 2011).

1.2.5 Erytropoetin a regulicia jeho produkcie

Erytropoetin je hlavnym hormoénom riadiacim proces erytropoézy. Ide o glykoprotein, ktory
zdiela Struktirnu homoldgiu s inymi horménmi a cytokinmi triedy I. Povodne sa
predpokladalo, ze EPO je pre liniova Specifikdciu HSC smerom k erytroidnej linii
nepodstatny (Lin a kol., 1996). Ukézalo sa vSak, ze EPO pdsobi uz na urovni MPP, u ktorych
podporuje indukciu erytroidného programu a meni tak ich klonalnu kompoziciu (Grover
a kol., 2014; Eisele a kol., 2022). Od stadia CFU-E sa potom stava pre erytropoézu absolutne
nevyhnutnym a riadi prezivanie/proliferaciu progenitorov a kinetiku maturacie prekurzorov
(Wu a kol., 1995).

Pocas fetalneho vyvinu je EPO produkovany hepatocytmi pecene (Dame a kol., 1998), po
narodeni st jeho primarnym zdrojom fibroblasty kortexu obli¢iek (Maxwell a kol., 1993).
Pecen si v§ak zachovava schopnost’ produkcie EPO aj v dospelosti a to pri stredne t'azkom
az tazkom deficite okyslicenia organizmu (Semenza a Wang, 1992). Okrem toho, expresia
EPO a jeho receptora bola zaznamenana v neurénoch hippocampu a v mozgovej kore, kde

pravdepodobne plni ochrannt funkciu pred mozgovou hypoxiou a ischémiou (Brand



a Hermfisse, 1997; Bernaudin a kol., 2000). Tento typ EPO vsak kvoli hematoencefalicke;j
bariére neovplyvituje hladiny cirkulujuceho EPO, takze jeho tuloha v erytropoéze je
vylic¢end. Okrem uvedené¢ho, EPO transkripty sa nasli aj v tkanivach sleziny, pluc,
semennikov alebo samotnych erytroidnych bunkach, ale tuloha EPO v tychto
organoch/bunkach ako aj jeho prispevok do celkovej hladiny EPO nie su zatial' dobre
prestudované (Weidemann a Johnson, 2009; Stopka a kol., 1998).

Expresia génu EPO je regulovana na transkripcnej urovni kyslikovym deficitom
prostrednictvom negativnej spétnovizbovej sluc¢ky, v ktorej kI'i€ovli ulohu zohrava
transkripény faktor HIF-2 patriaci do rodiny hypoxiou indukovatelnych faktorov — HIF
(hypoxia inducible factor) (Bunn, 2013).

HIF tvori heterodimér zlozeny z o podjednotky (HIFa) a z konStitu¢ne exprimovanej beta
podjednotky tieZ oznaCovanej ako ARNT (aryl hydrocarbon receptor nuclear translocator).
Kym podjednotky HIF-1a a HIF-2a st Struktirne aj funkéne podobné a su aktivatormi
transkripcie, tak podjednotka HIF-3a mé inhibi¢nu funkciu (Duan, 2016). Za normoxickych
podmienok je Zivotnost’ HIF-a podjednotky vel'mi kratka, cyklicky dochadza k jej produkcii
a naslednej degradacii. Labilita HIF-a je zabezpecend prolylhydroxylazou 2 — PHD2 (prolyl
hydroxylase domain), ktord vyuziva Zelezo ako kofaktor a a-ketoglutarat ako substrat pre
hydroxyldciu dvoch konzervovanych prolinovych zvyskov HIF-a podjednotky.
Hydroxylacia je dolezitym markerom potrebnym pre rozpoznanie proteinom VHL (von
Hippel Lindau), ktory s E3 ubikvitin-ligdzovou aktivitou spdsobuje ubikvitinaciu HIF-a
podjednotky, ¢o vedie k jej proteazomalnej degradacii (Obr. 3A) (Semenza a Wang 1992;
Warnecke a kol., 2004). Naopak, pocas hypoxie je HIF-a podjednotka stabilizovana vézbou
s ARNT podjednotkou, takto vytvara heterodimér, ktory prechadza do jadra a naviazanim sa
na HRE (hypoxia responsive element) promoétorové oblasti réznych génov stimuluje ich

expresiu (Obr. 3B).
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Obr. 3: Hypoxicka draha zndzornend pocas normoxickych podmienok (O2) a dostupnosti zeleza (Fe) (A),
kedy je podjednotka HIF-2a (hypoxia inducible factor) oznacena PHD2 (prolyl hydroxylase domain 2)
hydroxylazou arozpoznand VHL (von Hippel Lindau) E3 ubikvitin ligdzou, ktora sprostredkuva jej
proteazomalnu degradéciu; znizenych hladin kyslika a zeleza (B), kedy dochadza k naruseniu PHD2
hydroxylacnej schopnosti a stabilizacii HIF-2a, ktory v jadre spolu s podjednotkou ARNT (aryl hydrocarbon
receptor nuclear translocator) tvori aktivny transkripény faktor s multifaktoridlnym efektom regulujicim
expresiu roznych génov zapojenych do uvedenych procesov.

HIF-1 a HIF-2 transkripéné faktory vykazuji odlisnt tkanivovu Specifickost’ a Specifickost’
vo svojich transkripénych cieloch (Obr. 3B). Expresia génov, ktorych produkty zvysuju
lokalny prisun kyslika do tkaniv (napr. VEGF (vascular endothelial growth factor)) alebo
umoziuju adaptaciu bunkového metabolizmu na podmienky s nizkym obsahom kyslika
(napr. GLUT-1 (glucose trasporter-1)) je spusStand oboma transkripénymi faktormi. Ale
napriklad vdc¢Sina génov kodujucich glykolytické enzymy je vyhradne pod regulaciou HIF-
1 transkripéného faktora (Albadari a kol., 2019). Naopak HIF-2 transkripény faktor okrem
expresie EPO podporuje transkripciu génov zodpovednych za prijem a spracovanie Zeleza
potrebného pre erytropoézu (napr. nizsie diskutované gény kodujuce DMT1 (divalent metal
transporter 1), DCYTB (duodenal cytochrome B ferrireductase) a FPN (ferroportin)) (Mole,
2010; Shah a kol., 2014). Tymto sposobom dochadza k jednej trovni prepojenia hypoxicke;j

reakcie, erytropoézy a kontroly metabolizmu Zeleza.

1.2 EPOR/JAK2 signalizacia v erytroidnych bunkach

EPO je po endokrinnej sekrécii naviazany na erytropoetinovy receptor — EPOR lokalizovany
na povrchu erytroidnych progenitorov a prekurzorov. Najvyssia koncentracia EPOR bola

zaznamenand na povrchu CFU-E akjej postupnému znizovaniu dochadza spolo¢ne
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s vyssou uroviou diferenciacie. Fyziologické expresia EPOR podl'a najnovsich studii nie je
typickd len pre bunky erytroidnej linie, ale bola zaznamenand aj v inych neerytroidnych
krvnych elementoch (napr. HSC, MPP, megakaryocyty, makrofagy, B lymfocyty).
Ektopicka expresia EPOR mdze pri vysokych hladinach EPO reprogramovat’ aktkol'vek
hematopoeticku bunku smerom k erytroidnej linii (Zhang a kol., 2021).

EPO/EPOR signalizacia je pre erytropoézu esencialna, nakol'ko knock-out génu kodujiuceho
EPO alebo EPOR je u mysi letalny (Wu a kol., 1995). U l'udi st dedi¢né mutécie EPO alebo
EPOR pozorované u pacientov s erytrocytdézou (Lorenzo a kol., 2013; Zmajkovic a kol.,
2018; Kralovics a kol., 1997 a)) (kapitola 1.3.1).

EPOR patri do rodiny cytokinovych receptorov typu I, ktoré nemaju vlastni kindzovl
aktivitu, ale su zavislé od aktivity asociovanej kinazy; v pripade EPOR ide o Janusovu
kinazu JAK?2 (Janus kinase 2) (Ihle, 1995), ktora patri spolu s d’al$imi kinazami JAK1, JAK3
a TYK2 (Tyrosine kinase 2) do rodiny nereceptorovych tyrozinkindz. JAK2 protein je
rozdeleny do 7 konzervovanych domén — JH (JAK homology), ktoré vytvaraju 4 funkéne
odlisné domény. FERM (band 4.1, ezrin, radixin, moesin) doména (JHS — JH7) sa spolu
s SH2 doménou (src homology domain) (JH3 — JH4) podiel'a na nekovalentnej vézbe
k cytokinovému receptoru (Haan a kol., 2001). Pocas absencie ligandu je JAK2 aktivita
limitovana autofosforylaciou S523 a Y570 zvyskov v JH2 pseudokindzovej doméne. Vizba
EPO na EPOR spdsobuje jeho homodimerizaciu a nasledni konforma¢nii zmenu JAK?2,
ktord vytvara aktivaéntl sluc¢ku JH1 kindzove] domény zodpovednej za auto- a trans-
fosforylaciu tyrozinovych zvySkov (Y1007 a Y1008) nachadzajlcich sa v samotnej JH1
doméne (Saharinen akol.,, 2002) (Obr. 4). Aktivovana JAK2 vzapiti fosforyluje 8
tyrozinovych zvyskov receptora, ktoré sluzia ako vézbové miesta intracelularnych
adaptorovych proteinov obsahujucich SH2 doménu, akymi st hlavne proteiny STAT (signal
transducer and activator of transcription) (Socolovsky a kol., 1999; Grebien a kol., 2008).
Rodina transkripénych faktorov STAT pozostava zo 7 proteinov schopnych viazat’ sa na
cytokinové receptory. Proteiny STAT st pocas ich aktivacie fosforylované pomocou vizby
na receptor, okrem STATI, ktory sa viaze priamo na JAK2 (Kirito a kol., 2002). Po aktivacii
dochadza k ich dimerizacii a transportu do jadra, kde riadia expresiu niekol’kych génov (Obr.

4).
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Obr. 4: JAK?2 signalizacia vo vSeobecnosti spociva vo vizbe cytokinu s receptorom, po ktorej dochadza k
trans- a autofosforylacii prilahlych JAK2 (Janus kinase) kinaz. Aktivované JAK2 fosforyluju tyrozinové
zvysky receptora, ktoré poskytuju vdzobné miesta pre molekuly STAT (signal transducer and activator of
transcription). STAT molekuly sa po fosforylacii a dimerizécii prestvaju do jadra, kde ako transkripcné faktory
spustaju expresiu génov zabezpecujucich proliferaciu, diferencidciu a prezivanie hematopoetickych buniek.
Popri dominantnej JAK2/STAT signalnej drahe sa aktivuju tiez PI3K(phosphotidylinositol 3-kinase)/AKT a
RAS/MAPK (mitogen activated protein kinase) signalne drahy, ¢o je znazornené symbolom +. Aby
nedochadzalo k neziaducej bunkovej expanzii, musi byt JAK?2 signalizacia negativne regulovana molekulami
LNK (lymphocyte adaptor protein), SOCS (suppressors of cytokine signaling), PIAS (protein inhibitors of
STATs) alebo proteinovymi fosfatdzami, o je zndzornené symbolom -.

EPOR preferencne aktivuje proteiny STATS, ktoré podporuju expresiu antiapoptotickych
génov Bcl-XL (B-cell lymphoma-extra large) (Afreen a kol., 2020) a Mcl-1 (myeloid cell
leukemia 1) (Turnis a kol., 2021), ktoré spolocne prispievaji k prezivaniu erytroidnych
buniek. Medzi d’alie aktivované gény patria: /D! (inhibitor of DNA binding 1); TFRC
(transferrin receptor); TRIB3 (tribbles pseudokinase 3); a SPI2A4 (serine protease inhibitor
2A), ktorych produkty sa vuvedenom poradi podielaji na expanzii a prezivani
erytroblastov; prijme Zeleza; termindlnej diferencidcii erytroblastov; a antioxidac¢nej obrane
bunky (Bhoopalan a kol., 2020). Dalim zo STATS5 cielovych génov je ERFE (Fam132b)

koédujici hormoén erytroferdn, ktory sa podiel’a na systémovej regulacii metabolizmu zeleza
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asvojim pdsobenim zabezpeCuje dostatoCny prisun zeleza pre erytroidné bunky
syntetizujuce Hb (Kautz a kol., 2014); blizsie je jeho efekt popisany nizsie (kapitola 1.4.3).
Vizbou d’al§ich adaptorov na tyrozinové zvysky receptora sa aktivuju kanonické drahy PI3K
(phosphotidylinositol 3-kinase)/AKT a Ras/MAPK (mitogen activated protein kinase)
signalna dréha, ktoré¢ vzdjomne zaist'uju proliferaciu, diferenciaciu a prezivanie buniek (Obr.
4) (Jafari a kol., 2019; Kumkhaek a kol., 2013; Tothova a kol., 2021). Navyse, jednym
z hlavnych cielov PI3K/AKT signalizacie je transkripny faktor FOXO3 (forkhead box O-
3), ktory sa vyznamne podiel’a na erytroidnej diferenciacii a maturacii a hra doleziti ulohu
v regulacii hladiny ROS, odstranovani mitochondrii a enukleacii (Liang a kol., 2015;

Marinkovic a kol., 2008; Menon a kol., 2018).

Na fosforylované tyrozinové zvysky receptora sa v rovnakej miere ako pozitivne regulatory
viazu aj negativne regulatory zodpovedné za ukoncenie JAK2 signalizacie (Obr. 4). Ide
napr. o proteiny rodiny SOCS (suppressors of cytokine signaling), ku ktorych expresii
dochadza po cytokinovej stimulécii vd’aka negativnej spatnovézobnej slucke. Ich funkciou
je zamedzenie aktivacie STAT priamo naviazanim sa na receptor (Sasaki a kol., 2000) alebo
nepriamo vidzbou s JAK kindzou (Jegalian a Wu, 2002). Okrem toho, spolupracuju
s proteinmi rodiny Cullin na ubikvitindcii JAK?2 a jej néslednej degradécii (Rawlings a kol.,
2004). Proteinové fosfatdzy PTP (protein tyrosine phosphatase) sa viazu na JAK2 a
podielajii na jej defosforylacii (Bourdeau a kol., 2005; Baker a kol., 2007). Dalsim SH2
doménu obsahujiicim negativnym regulatorom je lymfocytarny adaptorovy protein — LNK
(kodovany génom SH2B3), ktory vdzbou s JAK2 oslabuje jej aktivitu (Tong a kol., 2005).
Medzi d’alSie sposoby utlmenia signalizdcie patri internalizacia a nasledna lyzozomadlna
degradacia receptora (Walrafen a kol., 2005) alebo inhibicia samotnych transkripénych
faktorov STAT prostrednictvom ¢lenov rodiny PIAS (protein inhibitors of STATs), ktoré
predchadzajii ich dimerizacii (Liu a kol., 1998) alebo spustaji sumoylaciu cielovych
transkripénych faktorov a brania tak celkovej génovej expresii (Palvimo, 2007). Nakoniec,
aj hydroxylacia EPOR sprostredkovand enzymom PHD3 vedie kjeho ubikvitinicii

a proteozomalnej degradacii (Heir a kol., 2016).

1.2.1 Neerytroidna aktivacia JAK?2 signalizacie

Okrem EPOR, JAK2 asociuje aj s trombopoetinovym receptorom — MPL a receptorom
viazucim faktor stimulujuci koldénie granulocytov — G-CSFR (granulocyte colony-

stimulating factor receptor) a ako odpoved’ na stimulaciu TPO alebo G-CSF (granulocyte
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colony-stimulating factor) iniciuje bunkovu proliferaciu a diferenciaciu prekurzorov na zrelé
trombocyty resp. neutrofilné granulocyty a makrofdgy. Na celkovii JAK2 signaliziciu
vplyva aj odlisnad aktivacia jednotlivych STAT molekal aich schopnost’ tvorit homo-
pripadne heterodiméry v zavislosti od typu asociovaného receptora (Hu a kol., 2021).
Navyse bolo uk4zané, ze JAK2 sa dostava do tesnej blizkosti s FAK (focal adhesion kinase)
a Src kindzami (Zhu akol., 1998; Ingley a Klinken, 2006), ¢o umoznuje ich krizova
fosforylaciu a aktivaciu. Prepojenie viacerych receptorov, adaptorov a signalnych drah
s JAK2 naznacuje, Ze tento enzym ma v hematopoéze centralne postavenie a narusenie jeho
aktivity napriklad v dosledku sporadickych ziskanych alebo dedi¢nych mutécii v samotne;
JAK2, ¢i MPL alebo G-CSFR vedie kabnormalnej JAK?2 signalizdcii a rozvoju
myeloproliferativnych neoplazii — MPN (myeloproliferative neoplasm) (kapitola 1.3.2).
Okrem toho, aj urcité v populacii rozsirené polymorfizmy proteinov zapojenych do JAK2
signalizacie moZu byt’ spojené s nachylnost'ou k rozvoju MPN alebo mdzu ako genetické

modifikatory ovplyvniovat ich fenotyp.

1.3 Poruchy hematopoézy spojené s narusenim JAK2 signalizacie

Zasadnd uloha JAK2 signalizacie v hematopoéze odzrkadl'uje skutocnost, Ze jej
dysregulécia je spojend s roznymi poruchami hematologického a imunitného systému, ktoré
modzu mat’ charakter bud’ autoimunitného ochorenia, imunodeficiencie, pripadne maligne;j
nadmernej tvorby krvnych elementov alebo naopak deficitu krvnych elementov a to
v zavislosti od typu mutacii. Tie sa mézu klasifikovat’ podl'a ich dopadu na funkciu proteinov
zahrnutych do JAK?2 signalizacie — gain-of-function alebo loss-of-function, pripadne podla
ich spdsobu vzniku — ziskané alebo dedi¢né. V nasledujtcich kapitolach dizerta¢nej prace
sa budem podrobnejSie venovat’ iba poruchdm hematopoézy s narusenou JAK?2

signalizaciou, ktoré priamo stvisia s predloZenou dizertacnou pracou.

1.3.1  Primarne erytrocytozy

Absolutna erytrocytoza je stav, pri ktorom je trvalo zvySené objemové percento ¢ervenych
krviniek v krvi, oznaCované ako hematokrit — Hct (hematocrit); u muzov je spojend s Het >
52% a u zien s Het > 48% u Zien po dobu najmenej 2 mesiacov. Pri diagnéze je nutné odlisit’
pravu erytrocytozu od relativnej, ktord je spdsobena skor znizenym objemom plazmy a je
dosledkom straty telesnych tekutin. Zakladna klasifikdcia erytrocytdéz spociva v ich

rozdeleni na primarne a sekundarne erytrocytozy, ktoré sa liSia v in vitro senzitivite
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erytroidnych progenitorov k EPO a v hladindch sérového EPO (Tab. 2). Prienikom tychto
dvoch skupin st erytrocytdzy so znakmi ako primarnych tak sekundéarnych erytrocytéz (Tab.

2) (Prchal, 2010).

Tab.2.: Klasifikacia absolutnych erytrocytéz

skupina povod in vitro hladiny
erytrocytoéz erytrocytozy nazov/pricina hypersenzitivita EPO
ziskana | Polycytémia Vera + J
primarne (muticie JAK2 a i.) (EEC)
erytrocytozy | gedicna | Familidrna erytrocytoza typu 1 + J
(mutacie EPOR) (EEC)
hypoxémia asociovana s inou klinickou
patolégiou
ziskand | karboxyhemoglobinémia - 0

pobyt vo vysokych nadmorskych vyskach
autonémna produkcia EPO/

sekundér’ne exogénne podavanie EPO

erytrocytozy Familidrna erytrocytoza typu 5
(mutécie EPO) T

dedi¢nd | Familiarna erytrocytéza typu 6-7 R alebo

(mut.afzrle Hb) - neprimerane
Familiarna erytrocytoza typu 8 ,
(mutécie BPGM) normélne
Deficit cytochrom-b5-reduktazy
Familiarna erytrocytoza typu 2

sekundarne (mutacie VHL) 0

erytrocytézy | dedi€nd | Familiarna erytrocytoza typu 3 +/- alebo

so znakmi (mutacie EGLNI~PHD?2) :
primarnych Familiarna erytrocytéza typu 4 nepnm’erane
erytrocytéz (mutécie EPASI~HIF2a) normalne

Skratky: EEC (endogenous erythroid colonies) — erytroidné endogénne kolonie, JAK2 — Janusova kindza,
EPOR — erytropoetinovy receptor, EPO — erytropoetin, Hb — hemoglobin, BPGM — 2,3-bisfosfoglycerat
mutaza, VHL — von Hippel Lindau, EGLNI gén koédujuci PHD2 — prolylhydroxylaza 2, EPAS! (endothelial
PAS domain-containing protein 1) gén kodujuci HIF-2a (hypoxia inducible factor) — hypoxiou indukovany
transkripény faktor.

Molekularne defekty hematopoetick¢ého progenitora zodpovedné za vznik primarnej
erytrocytozy sposobuji bud’ neadekvatnu odpoved’ alebo Uplnt nezavislost’ erytroidného
progenitora od rastovych faktorov a jeho autonémnu nadprodukciu. Pacienti s primarnou
erytrocytdozou maji preto zvySenu in vitro senzitivitu progenitorov k EPO, dokonca v
niektorych pripadoch su pritomné endogénne erytroidné kolonie — EEC (endogenous
erythroid colonies) absolutne nezavislé od EPO (Tab.2). Dalsim diagnostickym markerom
rozvijajucim sa v dosledku kompenza¢ného efektu st znizené hladiny EPO, ktoré sa mdézu

pripadne nachadzat’ na dolnej irovni referenénych hodnét (Tab.2) (Prchal, 2010).
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Prikladom primarnej ziskanej erytrocytozy je Polycytémia vera — PV, ktora vzhl'adom na
svoj maligny charakter patri do siboru ochoreni MPN, ktor¢ su podrobnejSie popisané nizsie
(kapitola 1.3.2).

Primarne dedi¢né erytrocytézy su reprezentované primdrnou familiarnou vrodenou
polycytémiou — PFCP (primary familial and congenital polycythemia), ktord je menej Casta
ako PV. PFCP wvznikd vdosledku zarodo¢nych gain-of-function EPOR mutécii
s autozomalne dominantnou dedi¢nostou, no boli popisané aj pripady de novo EPOR
mutécii. Prevazne ide o nonsense mutécie lokalizované v exéne 8 alebo mutéacie posuvajice
Citaci ramec tzv. frame shift mutacie, ktoré vedu k vzniku stop kodénu (Juvonen a kol., 1991;
Chapelle a kol. 1993; Sokol a kol., 1995 Kralovics a Prchal, 2001; Petersen a kol., 2004;
Bento akol., 2013; Gross akol., 2014; Chauveau akol., 2016). Vysledkom mutacii
je skratenie receptora a strata jeho regulacnej domény, ktord je esencidlna pre vdzbu
negativnych regulatorov. Vplyvom tychto mutacii dochadza k dereguléacii JAK2 signalizacie
veducej k abnormadlnej transkripcii génov a naslednej nadprodukeii ¢ervenych krviniek. Na
vyslednom fenotype sa okrem toho podiela aj deregulacia PI3K signalizacie, ktora normélne
podporuje internalizdciu EPOR a jeho degradaciu. V doésledku EPOR muticii je preto
degradacia receptora oslabend, s ¢im suvisi jeho zvysena senzitivita k EPO (Sulahian a kol.,
2009). Funkeéné Studie vSak poukazujii na komplexnejSie pozadie patologie EPOR mutacii.
Jedna z nich popisuje mysi model s kompletne eliminovanou distdlnou doménou EpoR,
u ktorého je zachovana bazélna erytropoéza bez rozvoja erytrocytozy (Zang a kol., 2001).
mutacii, podl'a ktorého pre rozvoj erytrocytdzy nepostacuje len skratenie receptora, ale
vyzaduje sa prave pritomnost’ novej aminokyselinovej sekvencie generovanej frame shift
mutaciami. Novovzniknuty funkéne odlisny C-koniec receptora nadobtida novu funkciu,
ktora v dosledku stabilizacie a zotrvania EPOR na plazmatickej membrane zodpovedd za
hypersenzitivitu buniek k EPO (Pasquier a kol., 2018). Na rozdiel od uvedenych mutacii
existuje aj taky typ mutacie, ktory rovnako vedie k skrateniu receptora, ale nie je asociovany
s erytrocytozou. Ide o mutdciu postihujicu extracelulirnu doménu receptora, ktora
pravdepodobne kompromituje jeho vdzbu s EPO. Zvysené hladiny EPO pozorované u
nositelov tejto mutacie st pravdepodobne kompenzéaciou hyposenzitivity erytroidnych
progenitorov k EPO, ktora by pri jeho normalnych hladinach spdsobila anémiu (Oskarsson

a kol., 2018).
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Molekularna patofyzioldgia geneticky podmienenych erytrocytoz je pomerne heterogénna
a zahfia poruchy kl'i¢ovych vyssie popisanych signalnych drah regulujicich erytropoézu
(Tab.2). Vdaka molekularno-genetickym metédam bola odhalend vel'ka skupina kauzalnych
mutacii, aj napriek tomu je u znacnej Casti pacientov etioldgia nezndma a zarad’ujeme ich do
skupiny tzv. idiopatickych erytrocytéz — IE (Girodon a kol., 2017; Camps a kol. 2016).
Pribudajice studie vsak odhal'uji aj nekanonické varianty spomenutych génov (Tab. 2)
alebo varianty inych génov, ktoré mozu byt zodpovedné za rozvoj erytrocytdz. Prikladom
takychto mutacii asociovanych s IE st missense EPOR varianty (Sokol a kol., 1994; Le
Couedic a kol., 1996; Kralovics a kol., 1997 b); Chandrasekhar a kol., 2020), z ktorych
niektoré samostatne (Peroni a kol., 2018) alebo spolupdsobenim s inou kauzalnou mutaciou
(Rabadan Moraes a kol., 2022) vedil k miernej ale zna¢nej hyperaktivite JAK2 signalizacie,
nadmernej proliferdcii a diferenciacii erytroidnych buniek. Rovnako tak novoobjavené
intronické a zostrihové varianty génu kodujuceho VHL vedtce k hyperaktivacii HIF-2
(Lenglet a kol., 2018) alebo varianty v géne PIEZO1 kodujicom mechanosenzitivny kanal,
ktory sa aktivuje pri prechode erytrocytu krvnymi mikrokapilarami (Knight a kol. 2019;
Filser a kol. 2020), s popisované u pacientov povodne klasifikovanych ako IE. Dalsie
zriedkavé inaktivacné varianty génov koédujucich LNK (McMullin a Cario, 2016), IRP1
(iron regulatory protein 1) (Oskarsson a kol., 2020) a HFE (hemochromatosis protein)
(Biagetti a kol., 2018; Burlet a kol., 2019) su taktiez spojené so zvySenym Hct, ktory zrejme
nastdva z dovodu neadekvatnej inhibicie JAK2, hyperaktivacie HIF-2, ktory je pod
translacnou regulédciu IRP1 alebo z doévodu vysSej dostupnosti Zeleza pre nedostatocnu

stimuldciu hepcidinu proteinom HFE (kapitola 1.4.3).

1.3.2  Myeloproliferativne neoplazie

Myeloproliferativne neoplézie tvoria skupinu pribuznych klonalnych hematologickych
poruch s prekryvajicim sa fenotypom, st charakterizované nadprodukciou plne
diferencovanych myeloidnych buniek, ktora vytla€a produkciu ostatnych krvnych
elementov, preto priznaky MPN s dané ako nadbytkom, tak aj nedostatkom krvnych
buniek. Okrem toho, MPN maju s progresiou ochorenia tendenciu totdlneho rozvratu
krvotvorby a transformécie do sekundéarnej akutnej myeloidnej leukémie — sAML.

V hematopatoldgii v poslednych rokoch doslo k zna¢nému rozvoju poznatkov a pre potrebu
upravit klasifikdciu a doneddvna pouzivané¢ diagnostické kritérid vznikla najnovsia

klasifikdicia MPN podl'a Svetovej zdravotnickej organizacie — WHO (world health
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organisation) (Tab. 3). Medzi klasické MPN patri chronickd myeloidna leukémia — CML s
typickym Philadelphia chromozémom — Ph, ktory vznika recipro¢nou translokéciou t(9;22)
(Tab. 3). Ku klasickym, ale Ph-negativnym MPN, st zaradené¢ PV, esencidlna
trombocytémia — ET a primérna myelofibr6za — PMF (Tab. 3). Iné Ph-negativne MPN (Tab.

3) st zriedkavejsie a ich molekularna pri¢ina je Casto nejasna (Arber a kol., 2016).

Tab.3: Klasifikacia MPN. (Upravené podla Arber a kol., 2016)

Subkategéria MPN Jednotlivé entity MPN

Ph-pozitivne MPN Chronicka myeloidnd leukémia — CML

Polycytémia vera — PV

Ph-negativne MPN Primarna myelofibréza — PMF

Esencialna trombocytémia — ET

Chronicka neutrofilna leukémia — CNL

Iné Ph-negativne MPN | Inak neSpecifikovand Chronickd eosinofilné leukémia
Neklasifikovatelné MPN

Skratky: Ph — Philadelphia chromozém, MPN — meyloproliferativne neoplazie

Typickym znakom klasickych Ph-negativnych MPN je vo vicSine pripadov deregulacia
JAK?2 signalizacie v dosledku riadiacich tzv. driver mutécii, najCastejSie mutacii v géne
koédujacom JAK?2, MPL alebo kalretikulin — CALR (calreticulin). Ide o sporadické de novo
mutacie s vysokou mierou penetrancie. Ph-negativne MPN su heterogénnou skupinou
jednak po stranke klinického prejavu, tak aj po stranke histologickych, cytogenetickych
a molekuldrno-genetickych nélezov (Tefferi a Pardanani, 2015). Ukazuje sa, ze tato
fenotypova diverzita pochadza zo sucinnosti uvedenych driver mutacii s pridavnymi
mutaciami somatického alebo dedi¢ného pdovodu, ktoré st pomerne ¢asto popisované u
pacientov s MPN (Landgren a kol., 2008; Tashi a kol., 2017). NavySe za heterogenitou stoji
okrem genetickych Cinitel'ov spektrum negenetickych faktorov (O'Sullivan a Mead, 2019),
¢o odzrkadl'uje komplexnost' patobiologie klasickych Ph-negativnych MPN, ktora je
podrobnejsie popisand v predloZenom stthrnnom ¢lanku Nové poznatky v patofyziologii Ph-

negativnych myeloproliferativnych neoplazii (priloha 5).

Nové lieCebné stratégie Ph-negativnych MPN su zamerané na JAK signalizaciu a podla
cielovych molekul ich mozno klasifikovat’ do troch typov: a) protilatky voci cytokinom
alebo receptorom, b) JAK inhibitory a ¢) STAT inhibitory (Hu a kol., 2021); a st vyuzité
v pripade, Ze pacienti nereaguji na konvencnu liecbu. NajcastejSie sa odporuca liecba JAK
inhibitormi (Harrison akol., 2017), ktoré tvoria skupinu malych molektl s réznou
chemickou Strukturou schopnych inhibovat’ ATP (adenosine triphosphate)-vdzobné miesto
a branit’ vzniku aktivnej konformécie. Pocas liecby neSpecifickym JAK inhibitorom —

Ruxolitinibom dochadza k zmenSeniu sleziny, zlepSeniu krvného obrazu, ustupu
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symptomatoldgie a jeho priaznivy efekt sa potvrdil aj na zvySenom celkovom prezivani,
¢i znizenom riziku leukemickej transformacie (Grabek a kol., 2020). S postupom casu
hlavne z dovodu moznosti nadobudnutia rezistencie MPN klonu na poddvany inhibitor,
alebo pre jeho niektoré nepriaznivé Uc¢inky, boli vyvinuté lepSie tolerované inhibitory
dalsich generécii so selektivnou Specifickostou k jednotlivym JAK kindzam (Hu a kol.,

2021).

1.4 Prepojenie erytropoézy a metabolizmu Zeleza

Nakolko schopnost’ cervenych krviniek transportovat’ kyslik je zavisla od Zeleza
nachadzajiceho sa v molekule Hb, procesy metabolizmu Zeleza a erytropoézy s vzdjomne
prepojené na viacerych urovniach a su vzajomne regulované. Akakol'vek odchylka v
ich koordinacii moze viest k patologickym stavom ovplyviiujucim hladiny zeleza alebo
priebeh erytropoézy. Dostupnost’ Zeleza je limitujucim faktorom erytropoézy a jeho nutricny
nedostatok je najbeznejSou pri¢inou anémie. Na druhu stranu, Zelezo v nadmernom
mnozstve je pre bunku toxické. Schopnost' Zeleza prijimat/uvolnovat elektrony vo
Fentonovej reakcii, ktoré stivisi s produkciou ROS, vysvetluje, preco pri pretazeni Zelezom

dochadza k poskodeniu buniek (Hentze a kol., 2004).

1.4.1 Prijem, transport a recyklacia Zeleza

Denny prijem nutri¢né¢ho Zeleza je za fyziologickych podmienok relativne maly (priblizne 1
— 2 mg zeleza), pricom rovnaké mnozstvo sa obratom z tela vylucuje stratou krvi alebo
deskvamaciou epitelidlnych  buniek. Dalie drahy exkrécie Zeleza, okrem
deskvamadcie, krvacania, pripadne potenia (Collins a kol., 2008), zatial neboli popisané
(Bymne a kol., 2013). Zelezo pochadzajuce z potravy je vstrebavané v duodene prevazne
v jeho hémovej forme, avSak mechanizmy jeho prijmu zostavaji nejasné. Naopak u
anorganického zeleza vieme, Ze je transportované cez apikdlnu membranu enterocytov
pomocou transportéru DMT1 (Gunshin a kol., 2005), ¢omu predchddza redukcia
trojmocného Zeleza na dvojmocné za tcasti DCYTB (McKie, 2008). Nésledne sa Zelezo bud’
ukladé v enterocytoch v zdsobnom proteine — feritine alebo vstupuje do krvného obehu cez
bazolaterdlnu membranu prostrednictvom FPN (Abboud a Haile, 2000; Donovan a kol.,
2000). Zaroven dochadza k spitnej oxidécii zeleza na trojmocné za Ucasti hephaestinu
(Vulpe akol., 1999). Po vstupe do cirkuldcie sa Zelezo okamzite viaze na proteinovy

prenasac transferin — Tf, ktory okrem schopnosti transportu, znizuje riziko vzniku toxickych
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radikélov udrziavanim Zzeleza v rozpustnej forme (Gomme a kol., 2005). Pri pretazeni
organizmu zelezom (pri transferinovej saturacii — TSAT > 60%) sa zelezo akumuluje
v netransferinovej podobe ako NTBI (non-transferrin-bound-iron) alebo v bunkach, kde
vytvara tzv. labile iron pool — LIP s zivot ohrozujucim oxidativnym potencialom (Chen
a kol., 2021).

Najvacsim rezervodrom Zeleza v tele je pecen, ktora moze vo forme feritinu uchovavat’ az
1000 mg zeleza. (Carmona a kol., 2014). Pri zvySenych poziadavkach erytropoézy sa zelezo
z feritinu  mobilizuje pomocou tzv. feritinofagie. Ide o proces degradacie feritinu
v autolyzozémoch iniciovany proteinom NCOA4 (nuclear receptor coactivator 4), ktory
naviguje feritin smerom k lyzozémom (Mancias a kol., 2014), odkial’ sa po uvolneni do
cytoplazmy dostava cez kanal FPN do krvného obehu.

Aj ked’ uvedené mechanizmy prispievajui k celkovému prisunu zeleza pre erytropoézu, jej
najhlavnej§im zasobovatelom je recyklacia Zzeleza zo starntcich alebo poSkodenych
erytrocytov v procese erytrofagocytézy. Podobne ako pri feritinofagii, Zelezo sa
z fagolyzozému dostdva cez cytoplazmu do cirkuldcie cez FPN za sGcasnej oxidacie
ceruloplazminom (Vulpe a kol., 1999). Tymto spdsobom sa takmer kompletne pokryva
denny obrat Zeleza (20 — 25 mg) potrebného k tvorbe ervenych krviniek.

Cirkulujice zelezo, uvolnené z enterocytov duodena, hepatocytov alebo makrofagov je
prijimané erytroblastami cez transferinovy receptor 1 — TfR1 schopny vychytavat’ transferin
s naviazanym zelezom — holo-transferin. Tento komplex sa dostdva do bunky
prostrednictvom endozému, ktorého okyslenie umoznuje disociaciu zeleza z transferinu
(Fleming a kol., 1997). Nasledne, sa zelezo presiva bud priamo (tzv. kiss and run
transportom) (Hamdi a kol., 2016) alebo cez cytoplazmu do mitochondrii, kde je vyuzité
pri biosyntéze hému, ktory sa po prechode do cytoplazmy spéja s globinovymi retazcami a
vytvara tak molekuly Hb. Okrem TfR1, sa na povrchu erytroidnej bunky nachadza aj jeho
homolég TfR2, ktory asociuje s EPOR a predpoklada sa, Ze je rozhodujtci pre G¢inny
transport EPOR k bunkovému povrchu apre termindlnu diferencidciu erytroblastov
(Forejtnikova a kol., 2010; Nai a kol., 2014).

Navyse, pri znizenych koncentraciach Zeleza v organizme, TfR2 obmedzuje prechod EPOR
k membréne erytroblastov, tym zniZuje ich senzitivitu k EPO a v takychto nevyhovujtcich
podmienkach utlmuje erytropoézu (Khalil a kol., 2018). Nedostatok Zeleza mdze viest’ k
zniZeniu erytropoetickej aktivity aj na Grovni renalnej produkcie EPO; a to prostrednictvom
vizby IRPI1 na 5' regula¢nu oblast’ HIF-2a mRNA. Tym dochédza k inhibicii HIF-2a

transléacie, znizeniu produkcie EPO a v kone¢nom désledku utlmeniu erytropoézy. Popri
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tom, ako nizke hladiny Zeleza negativne ovplyviluju priebeh erytropoézy, mézu pre
zachovanie bazalnej erytropoézy aspon minimalne zvysit tok Zeleza potrebného pre
erytropoézu napr. PHD2/HIF2-a osou. Ako uz bolo uvedené, aktivita PHD2 je podmienena
nielen okysli¢enim, ale aj dostupnost'ou Zeleza (Obr. 3). Preto okrem hypoxie, aj lokéalne
znizené hladiny Zeleza v tenkom creve oslabuju PHD2 enzymatickt funkciu, ¢o vedie k
stabilizacii HIF-2 transkripéného faktora, ktory sptsta expresiu ciel'ovych génov kodujicich
DMTI1, DCYTB a FPN zvySujtcich import nutriéného Zeleza (Shah a kol., 2009). Okrem
toho, prijem Zeleza enterocytmi duodena sa moze pri jeho nedostatku zvysit' aj aktivitou
IRP1 molekul, ktoré vdzbou na 3' regula¢nu oblast’ stabilizuji DMT1 mRNA.

Hladiny Zeleza ovplyviiuji samotnu erytropoeticku aktivitu a vice versa. Dokazom su mysi,
u ktorych po podani EPO (Artuso a kol., 2019) alebo jeho zvysenou expresiou (Diaz a kol.,
2013) doslo k vyraznej mobilizacii cirkulujuceho zeleza. Princip, akym spoésobom EPO
stimulovana erytropoetickd aktivita vedie k vy$Siemu prisunu Zeleza nespociva v priamom
funkénom posobeni EPO, ale v aktivovanych erytropoetickych bunkach sekretujucich
hormo6n ERFE, ktory mechanizmom popisanym niZSie reguluje metabolizmus Zeleza (Kautz

a Nemeth, 2014; Kautz a kol., 2014).

1.4.2 Systémova regulacia metabolizmu Zeleza hepcidinom

Hepcidin, produkovany hepatocytmi a vylu€ovany obli¢kami, je hlavnym regulatorom
systémovej homeostazy zeleza. Riadi koncentraciu zeleza v plazme tak, Ze sa viaze na FPN
umiestneny hlavne na povrchu enterocytov, hepatocytov a makrofagov, spdsobuje jeho
ubikvitinaciu za Gcasti E3 ubikvitin ligdzy RNF17 (ring finger protein 17) (Ginzburg, 2019;
Jiang a kol., 2021), internalizaciu a degradaciu v lyzozémoch (Kautz a Nemeth, 2014). Tym
tlmi uvolfiovanie nutricného, zasobného a recyklovaného zeleza (Ganz a Nemeth, 2012)
(Obr. 5). Pri vyssich koncentraciach moze hepcidin priamo blokovat' export Zzeleza
uzatvorenim FPN. Tento mechanizmus zabezpecuje retenciu zeleza v bunkach, ktoré nemaju
endocytézovy aparat (napr. erytrocyty) alebo za podmienok, pri ktorych je endocytoza
spomalena (Aschemeyer a kol., 2018). Najnovsie sa ukazalo, Ze hepcidin sa preferencne
viaze len na FPN aktudlne transportujtci Zelezo, pricom ignoruje molekuly FPN umiestnené
na bunkich s nizkou transportnou aktivitou. Tymto mechanizmom sa pravdepodobne
predchadza trvalému odstraneniu FPN z povrchu bunky, ktoré by si pre obnovenie transportu

zeleza inak vyzadovalo opédtovnu biosyntézu FPN (Billesbelle a kol., 2020).
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Obr. 5: Regulacia metabolizmu Zeleza. Hepcidin produkovany hepatocytmi sa viaze na FPN (ferroportin),
ktory exportuje zelezo (Fe) z hepatocytov, enterocytov a makrofagov RES (retikuloendotelovy systém);
sposobuje jeho degradaciu a nasledné znizenie koncentracie zeleza v plazme. Fibroblasty kortexu obli¢iek
produkuji EPO (erytropoetin) ako odpoved’ na hypoxiu. EPO priamo stimuluje expanziu erytroblastov
v kostnej dreni a nepriamo sposobuje zvysSenie produkcie ERFE (erytroferon), ktory ma funkciu inhibitora
produkcie hepcidinu. Znizenim hepcidinu dochadza k stabilizacii FPN na bunkovom povrchu a k mobilizacii
zasobného, nutricného a recyklovaného zeleza zo senescentnych erytrocytov do plazmy, kde je zZelezo
naviazané na transferin za vzniku holotransferinu. Zvysenie cirkulujuceho Zeleza spojené so zvysenou TSAT
(transferinova saturacia) vedie k prijmu Zzeleza diferencujicimi erytroidnymi prekurzormi. Stimulatormi
produkcie hepcidinu st naopak zapalové procesy a zvysené hladiny cirkulujiiceho/zasobného Zeleza.

1.4.3 Regulacia produkcie hepcidinu

Ludsky gén kodujtci hepcidin (HAMP) je lokalizovany na 19. chromozdéme a koduje kratky
peptid zlozeny z 25 aminokyselin (Park a kol., 2001). Produkcia hepcidinu je regulovana na
jeho transkripénej urovni.

Pozitivna regulacia hepcidinu koreluje s vysokymi hladinami Zeleza (Obr. 5). Na bunkové
resp. organové pretazenie zelezom sa peceil adaptovala pomocou endogénnej sekrécie BMP
ligandov, ktoré v kontexte antioxidacnej obrany aktivuji BMP/SMAD (small and mothers
against decaplentaplegic protein) signalizdciu. BMP6 sa spolo¢ne s konStitutivne
exprimovanym BMP2 zodpovedajicim za bazalnu expresiu hepcidinu (Wang a kol., 2020)
viaze na Specifické BMP receptory (BMPR) a spusta fosforylaciu intracelularnych proteinov
SMADI1/5/8, ktoré ako komplex so SMAD4 prechadzaju do jadra a spustaju transkripciu
génu HAMP (Meynard a kol., 2009; Andriopoulos a kol., 2009) (Obr. 6A). Aktivacia BMPR
vyzaduje dvojstupniovi kontrolu v podobne pritomnosti a) funkéného HJV (hemojuvelin),
ktory sluzi ako koreceptor BMPR (Wang a kol., 2005) (Obr. 6A) a b) proteinov HFE a T{fR2,
ktoré sa podiel'aji na spravnom zostaveni BMPR/HJV komplexu (Obr. 6B). Na systémove;j
urovni, vysoké hladiny sérového Zeleza a zvySena hodnota TSAT tiez stimuluji produkciu

hepcidinu spolupracou medzi homologmi TfR1 a TfR2. Afinita TfR2 k holotransferinu je
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nizsia v porovnani s TfR1 a v rdmci metabolizmu Zeleza je jeho funkcia skor signaliza¢na.
Pri normélnych hladindch Zeleza TfR1 asociuje s HFE, ale pri zvySenej TSAT je TfR1
vytesneny jeho homolégom TfR2. Komplex HFE/TfR2 d’alej interaguje s HIV a spusta
BMP/SMAD drahu (Gao a kol., 2009) (Obr. 6B).

K zvySeniu hladiny hepcidinu dochadza aj v reakcii na zépal a infekciu (Obr. 5), ¢im je
zabezpecend ochrana organizmu hostitel’a pred patogénmi obmedzenim dostupnosti zeleza
potrebného pre ich rast. Na molekularnej urovni expresiu HAMP stimuluju zapalové
cytokiny IL-6 alebo aktivin-B (Lee a kol., 2006; Verga Falzacappa a kol., 2007; Canali a
kol., 2016). Kym aktivin-B podporuje expresiu hepcidinu cez BMP/SMAD signalizaciu, tak
IL-6 ju stimuluje najmid prostrednictvom JAK/STAT3 signalnej drdhy (Obr. 6C).
Pravdepodobne vSak funguje isté prepojenie oboch uvedenych drah. Dokazom toho su
SMAD4 knock-out mysi, ktoré vykazuju znizeni hepcidinovi odozvu po stimulacii
s cytokinom IL-6 (Wang a kol., 2005). Rovnako to potvrdzuju aj iné Studie, u ktorych bola
pri absencii BMP6, BMPR a HJV proteinov indukcia expresie hepcidinu na zapalovu
signalizaciu oslabena (Latour a kol., 2017; Fillebeen a kol., 2018). Okrem toho aj d’alSie
zapalové molekuly napr. lipopolysacharid (LPS), ¢i IL-1B mézu stimulovat’ expresiu
hepcidinu cez c-Jun N-terminal kindzovt (JNK) a/alebo NF-«B (nuclear factor kappa-light-
chain-enhancer of activated B cell) signalnu drahu (Kanamori a kol., 2017; Kanamori a kol.,
2018; Lee a kol., 2017). To naznacuje, ze regulédcia expresie hepcidinu je vel'mi komplexna

a zahfa interakciu roznych pozitivne a negativne pdsobiacich signalov.
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Obr. 6: Kontrola produkcie hepcidinu kédovaného génom HAMP spociva v jeho transkripénej regulécii.
Pozitivna regulacia BMP (bone morphogenetic proteins)/BMPR (bone morphogenetic proteins receptor)
/SMAD (small and mothers against decaplentaplegic protein) signdlnou drahou (A) vyzaduje pre jej
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plnohodnotnu aktivaciu zostavenie HIV (hemojuvelin) a HFE (hemochromatosis protein)/TfR2 (transferin
receptor 2) proteinového komplexu (B). Dal$im pozitivnym regulatorom HAMP expresie je IL-6 (interleukin-
6)/JAK (Janus kinase)/STAT3 (signal transducer and activator of transcription 3) signalizacia (C).
Pravdepodobna kooperacia tychto drah je naznacena preruSovanou ¢iarou. Matriptaza Stiepiaca HIV (D) spolu
s dominantnym efektom ERFE (E), ktory vychytava BMP ligandy, timi BMP/BMPR/SMAD signalizaciu
a negativne ovplyviiuje HAMP expresiu.

Pri nizkych hladinach Zeleza v cirkulacii membranova protedza matriptaza-2 Stiepi HIV a
posobi ako negativny regulator BMP/SMAD signalizacie a produkcie hepcidinu (Silvestri a
kol., 2008) (Obr. 6D). Rozhodujiicim a kritickym negativhym regulatorom hepcidinu je
erytroidny regulaény signél sprostredkovany horménom ERFE. Uloha ERFE pogas ustélene;
erytropoézy je zanedbatelna (Kautz a kol.,, 2014), ale pocas indukovanej/stresovej
erytropoézy erytroidné prekurzory prostrednictvom JAK2/STATS signélnej drahy zvySuju
produkciu ERFE, ktory sa vylucuje do obehu a pdsobi priamo na hepatocyty, kde dochadza
k zniZeniu transkripcie hepcidinu (Obr. 5). Mechanizmus pdsobenia ERFE pravdepodobne
spociva v naviazani a vychytdvani BMP6 a BMP2 ligandov, ¢im dochadza k Gtlmu aktivity
BMP/SMAD signélnej drdhy a produkcie hepcidinu (Arezes a kol., 2018; Wang a kol.,
2020) (Obr. 6E). Erytroidné regulacné signaly sa povazovali za hlavného regulatora
hepcidinu, pretoze dominuji nad signadlmi analyzujucimi stav cirkulujuceho/zasobného
zeleza. NajlepSie to dokumentujii patologické stavy, akymi su [-talasémia, vrodena
dyserytropoetickd anémia alebo MDS, pocas ktorych je neefektivna erytropoéza
sprevadzana pret'azenim zelezom siibezne s vel'mi nizkymi alebo takmer nedetekovatelnymi
hladinami hepcidinu (Papanikolaou a kol., 2005). Dalsie $tadie v$ak spochybiuju
jednozna¢nu poziciu ERFE ako dominantného faktora a poukazuji na dolezité postavenie
zapalu v regulacnej sieti hepcidinu. Napriklad ERFE knock-out mysi model ukézal, ze
anémia zapalového ochorenia ma zavaznejsi charakter ako u kontrolnych zvierat a je spojena
s vy$8imi hladinami hepcidinu (Kautz a kol., 2014). NavySe sa zd4, ze ERFE nie je schopny
potlacit’ zapalom stimulovanu produkciu hepcidinu. Anémia zapalu pocas aktivnej
tuberkuloznej infekcie indukuje prostrednictvom IL-6 vysoké hladiny hepcidinu potlacajuc
supresivny ucinok ERFE, ktory je produkovany erytroblastmi ako odpoved’ na anémiu a
EPO signalizaciu (Cercamondi a kol., 2021). Okrem toho sa ukazuje, Ze pohlavny hormoén
testosteron je tiez zapojeny do reguldcie hepcidinu. Podporuje sekréciu EPO a
erytropoetickil aktivitu, avSak EPO a erytropoéza nie si priamo zodpovedné za
testosteronom sprostredkovanti supresiu HAMP expresie (Bachman a kol., 2014). Boli
popisané mechanizmy spéjajuce testosteronom indukovani Egf (epidermal growth

factor)/EgfR (epidermal growth factor receptor) signalizéciu so supresiou hepcidinu, no ich
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priebeh in vivo nie je eSte znamy (Latour a kol., 2014). Inhibicia hepcidinu zavislad od
rastového faktora moze vysvetlit' jeho nizku produkciu v obdobi rastu a vyvoja mladych

my$i, pocas ktorého st zvySené poziadavky na Zelezo (Girelli a kol., 2009).

Regulécia hepcidinu u primarnych erytrocytdz je Ciasto¢ne popisand u PV s muticiami
JAK2 v exoéne 12, ktora je typickd izolovanou erytrocytdzou. Bolo ukédzané, Zze vysSia
expresia génov kodujucich TfR1 a ERFE je sprevadzana s niz§imi sérovymi hladinami
hepcidinu, naznacujic také zmeny v metabolizme Zeleza, ktoré zvySuji dostupnost’ zeleza
pre akcelerovanu produkciu erytrocytov (Grisouard a kol., 2016). Podobne, znizené hladiny
hepcidinu a/alebo zndmky deficitu Zeleza boli popisané u pacientov so sekundarnou (Ang
a kol., 2002; Gordeuk a kol., 2011; Sable a kol., 2012) a idiopatickou (Pavic a kol., 2003)
erytrocytozou. AvSak udedi¢nych primérnych erytrocytéz mechanizmus regulacie
metabolizmu Zeleza v spojeni s nadmernou erytropoetickou aktivitou nebol doposial’

Studovany.
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2. CIELE DIZERTACNEJ PRACE

PredloZena praca je zamerana na molekularnu a patofyziologicku charakterizaciu vybranych
hematologickych portich na roéznych biologickych modeloch a primarnych vzorkéch

pacientov.

Specifické ciele tejto prace su:

2.1 Analyza doésledkov gain-of-function EPOR muticie na erytropoézu a

metabolizmus Zeleza na mySom modeli.

2.2 Stidium vybranych hereditirnych J4K2 muticii

2.3 Kritické zhodnotenie literatiry tykajucej sa novych poznatkov

patofyziologie Ph-negativnych MPN

26



3. METODICKE POSTUPY

Tato Cast’ obsahuje podrobny popis metod tykajicich sa mojej experimentalnej prace, ktoré
som vykonavala sama aktoré boli realizované na Ustave biologie Lékaiské fakulty

Univerzity Palackého v Olomouci — LF UPOL.
3.1 Postupy s pouzitim PFCP mysieho modelu

3.1.1 PFCP mysi model

Inbredny kmen mys$i C57BL/6 bol pouzity na vytvorenie geneticky modifikovanych knock-
in mys$i s 'udskym gain-of-function EPOR (zdmena ¢.1278C>G; podl'a databazy LOVD,
www.lovd.nl) (Divoky a kol., 2001). Heterozygotné knock-in potomstvo bolo krizené za
vzniku vSetkych experimentdlnych mysi t.j.: homozygotné mtHEPOR/mtHEPOR,
heterozygotné mtHEPOR/mEpoR ako aj kontrolné mEpoR/mEpoR mysi. Mysi boli chované
a udrziavané v Centre pro praci s laboratornimi zvitaty LF UPOL podl'a predpisov Vyboru
pro ochranu zvifat pouzivanych pro védecké ucely. Samce mysi boli odstavené po 4

tyzdnoch, udrzovali sa na Standardnej strave a boli utratené v uvedenych ¢asovych bodoch.

3.1.2 Genotypizacia PFCP mySiecho modelu

Na genotypizaciu bola pouzita DNA izolovand z vendznej krvi retro-orbitalnej dutiny
odoberana do skiimavky s obsahom K;EDTA. DNA bola izolovanad pomocou kitu DNeasy
Blood & Tissue Kit (QIAGEN) podl'a pokynov vyrobcu. Genotypizacia bola realizovana
pomocou PCR analyzy, ktorej vystupom bolo odliSenie jedincov nestcich mysi EpoR alebo
Pudsky EPOR. PCR reakcia bola realizovand s pouzitim kitu HotStarTaq Master Mix Kit
(QIAGEN) podrla pokynov vyrobcu v MJ Mini Thermal Cycler (Bio-Rad), jej podmienky a

sekvencie primerov st uvedené nizSie. Vysledné PCR produkty boli analyzované gélovou

elektroforézou.
Krok Teplota Dizka
Uvodna denaturicia 95°C 15 min.
Denaturacia 33 opakovani 95°C 10 sek.
Anelacia 33 opakovani 60°C 30 sek.
Polymerizacia 33 opakovani 72°C 30 sek.
Zaverefna polymerizacia 72°C 2 min.
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EPOR sekvencia dizka dizka mygieho

primer 53¢ Pudského produktu  produktu
mouse forward GGAGTTCCCTTGACCTTAGCG

human forward ACTGGGATTATAGTGCTGGTGTAAA 331bp 348 bp
human/mouse reverse GATGCCAGGCCAGATCTTC

3.1.3 Stanovenie expozicie fosfatidylserinu

Expozicia fosfatidylserinu na membrane erytrocytov bola stanovend pomocou
AnnexinV/FITC (BD Bioscence) podl'a protokolu vyrobcu. Po inkubécii sa erytrocyty
premyli 1 x Annexin Binding Buffer a farbili s Annexin V pocas 15 minuat v tme pri izbove;j
teplote. Intenzita fluorescencie erytrocytov sa merala pomocou FACS Calibur (BD

Bioscience, Franklin Lakes, NJ, USA) na FL1.

3.1.4 Stanovenie parametrov Zeleza a detekcia Zeleza v tkanive

Mysie sérum bolo ziskané po centrifugacii (2000 ot./min., 20 min. pri 4°C) koagulovane;j
krvi odobratej po punkcii srdca. Saturdcia transferinu bola vypocitand na zdklade hodnot
hladin Zeleza a vdzbovej kapacity Zeleza nameranych pomocou analyzatora Cobas 8000
(Roche/Hitachi) z mySieho séra. Hodnoty boli namerané na Odd¢leni klinické biochemie FN
Olomouc.

Koncentracia nehémového zeleza v peeni, slezine, obli¢kach a srdci bola merand pomocou
chromogénnej kolorimetrickej analyzy podla Horvathova akol. (2012). Pédtdesiat mg
tkaniva bolo narezanych a rozpustenych v 0,5 ml roztoku kyseliny trichloéroctovej (Sigma-
Aldrich) a kyseliny chlorovodikovej (LachNer) pocas 24 hodin pri 65°C v laboratornej
trepacke. Pit'desiat pl extraktu bolo pridanych k 1,5 ml chromogénu [octan sodny (Sigma-
Aldrich), bathofenantrolin a kyselina thioglykolovéa (Erba Lachema) v deionizovanej vode].
Po 15 minutach bola merana absorbancia roztoku pri 540 nm pomocou NanoQuant infinite
M200 (TECAN). Ako Standardné krivka bola pouzita zvysujuca koncentrécia (0; 2,5; 5; 10;
25; 50 pg/ml) vodného roztoku hexohydratu siranu Zeleznato-amoénneho (Sigma-Aldrich).
Deparafinované tkanivové rezy boli zafarbené Perlsovou pruskou modrou Specificky
viazucou nehémové Fe** Zelezo podla Horvathova akol. (2012). Z rezov tkaniva bol
odstraneny parafin pomocou zostupnej alkoholovej rady. Preparaty boli premyté
v destilovanej vode avlozené do roztoku ferokyanidu draselného (2%) a kyseliny

chlorovodikovej (2%) v pomere 1:1 pocas 40 min. Preparaty boli premyté v destilovane;j
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vode a dofarbené Jadrovou Cerveniou po€as 7 min. Preparaty boli odvodnené vzostupnou
alkoholovou radou, nasledne bol zmontovany trvaly preparat. Sklicka boli analyzované

svetelnym mikroskopom Olympus BX 51 (Olympus, Hamburg, Nemecko).

3.1.5 1Izolacia RNA z tkaniva

RNA z buniek mysej kostnej drene bola izolovana s pouzitim ¢inidla TRIreagent (Sigma-
Aldrich). Na 1 ml TRIreagentu bolo pridanych 200 pl vychladeného chloroformu. Po 3
minttach inkubdécie pri izbovej teplote sa zmes centrifugovala pri 12 000 ot./min. pocas 15
minut pri 4°C. Hornd vodna faza (obsahujica RNA) sa opatrne preniesla do novej
skimavky; do ktorej bolo pridanych 500 ul vychladeného izopropylalkoholu, RNA bola
precipitovana v tejto zmesi pocas 10 minat pri izbovej teplote. Nasledne bola vzorka
centrifugovand pri 12 000 ot./min. pocas 10 mintt pri 4°C. Supernatant bol odstraneny
a pelet bol premyty 1 ml vychladeného 75% etanolu (zriedené¢ho vo vode oSetrenej s
¢inidlom DEPC; Sigma Aldrich). Po 5 minutach centrifugacie pri 7500 ot./min. pri 4°C bol
pelet vysuseny, rozsuspendovany v 15 — 25 pul vody oSetrenej DEPC a rozpusteny v
termobloku pri 65°C pocas 10 minut.

Na izolaciu RNA z mysSich sleziny a pecene boli pouzité QIAshredder a RNeasy Mini Kit
(QIAGEN) podrla pokynov vyrobcu. RNA bola rozpustend v 15 — 30 pl vody (bez RNazy).

3.1.6 Stanovenie hladin hepcidinu, ferritinu, EPO

Sérové hladiny Hepcidinu, Ferritinu a EPO sa kvantifikovali pomocou ELISA kitov:
Hepcidin-Murine Compete ELISA (Intrinsic LifeSciences), ab157713 Ferritin (FTL) Mouse
ELISA kit (Abcam), Mouse Erythropoietin Quantikine ELISA Kit (R&D Systems) podla
pokynov vyrobcu. Patricné absorbancie boli stanovené na spektrofotometeri Infinite 200

NanoQuant, (Tecan).

3.1.7 Kvantitativna real time PCR

Celkovda RNA izolovana ztkaniv bola oSetrend pomocou DNazy DNA-free DNase |
(Ambion). Koncentracia RNA bola merana na spektofotometri Infinite 200 NanoQuant
(Tecan) a 1 pg RNA bol reverzne transkribovany pomocou supravy SuperScript® VILO ™
cDNA Synthesis Kit (Invitrogen) podl'a pokynov vyrobcu. Komplementarna cDNA bola
kvantifikovana na Light Cycler 480 (Roche Applied Science) pomocou FastStart TagMan
Probe Master (Roche Applied Science; gény 116, Epo, Actb), LightCycler 480 SYBR Green
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I Master (gény Hamp, Bmp6, Actb) alebo s vyuzitim analyzy TagMan® Gene Expression
(gény Fam232b, GypA, Actb). Primery pre gény 116 a bActin boli navrhnuté pomcou Assay
Design Centrum for systémy UPL (Roche Applied Science). Primery pre gény Hamp, Bmp6
a bActin boli skonStruované podl'a Horvathova a kol. (2012). Primery pre gény Fam132b,
GypA abActin boli skonStruované podl'a Grisouard a kol. (2016). Expresia Specifickych
génov stanovena pomocou kvantitativnej — qPCR (quantitative PCR) bola normalizovana

proti housekeeping génu pre beta-aktin alebo proti erytroidne-Specifickému génu pre

glykoforin A a k stanovenym hladindm mRNA u kontrolnych mysi mEpoR.

Mechanizmus

Proby/

kvantifikacie

Sekvencie primerov 5°- 3’

Fam132b TaqMan Gene | Mm00557748 ml
Expression Master Mix
Gypa TagMan Gene | Mm00494848 m1
Expression Master Mix
Epo TagMan Gene | Mm01202755 ml
Expression Master Mix
Actb TagMan Gene | Mm00607939 sl
Expression Master Mix
Hamp LightCycler 480 SYBR | F: CCTGAGCAGCACCACCTATCT
Green [ Master R: TCAGGATGTGGCTCTAGGCTATGT
Bmp6 LightCycler 480 SYBR | F: AACAGCTTGCAAGAAGCATGAG
Green [ Master R: TGGACCAAGGTCTGTACAATGG
Actb LightCycler 480 SYBR | F: TCAACACCCCAGCCATGTA
Green [ Master R: GTGGTACGACCAGAGGCATAC
116 FastStart TagMan Probe | F: GATGGATGCTACCAAACTGGAT
probe #6(cat. no. 04685032001) Master R: CCAGGTAGCTATGGTACTCCAGA
bActb FastStart TagMan Probe | F: AAGGCCAACCGTGAAAAGAT
probe #56 (cat. no. 04688538001) Master R: GTGGTACGACCAGAGGCATAC

3.1.8 Analyza erytroidnej diferenciacie a maturacie pomocou prietokove;j

cytometrie

Analyza erytroidnej diferencidcie a maturdcie bola realizovana podl'a Horvathova a kol.
2012 a Socolovsky akol. 1999. Bunky kostnej drene a sleziny sa izolovali pomocou
prefiltrovania cez MASH filter, potom boli centrifugované (1800 ot./min, 5 min. pri 4°C),
nasledne boli premyté s 0,5 % BSA v PBS a centrifugované (1800 ot./min, 5 min. pri 4°C).
Nasledne sa bunky spoloc¢ne farbili v s 0,1 % BSA v PBS s FITC-konjugovanymi CD71 a
Ter119 protilatkami konjugovanymi s fykoerytrinom (BD Biosciences) pocas 1 hodiny
v tme na l'ade. Nasledovala séria dvoch premyti s 0,1 % BSA v PBS (2000 ot./min, 5 min.
pri 4°C). Intenzita fluorescencie sa merala pomocou FACS Calibur (BD Bioscience,

Franklin Lakes, NJ, USA).

30



3.1.9 Meranie hladiny reaktivnych foriem kyslika

Hladiny ROS v mySom sére boli stanovené pomocou kitu OxiSelect In Vitro ROS/RNS
Assay podl'a pokynov vyrobcu. Intenzita fluorescencie sa merala v FACS Calibur (BD

Bioscience, Franklin Lakes, NJ, USA).

3.1.10 PreZivanie erytrocytov

Prezivanie erytrocytov bolo realizované podl'a Akel a kol. (2007). Erytrocyty sa izolovali z
celkovej krvi, potom boli centrifugované (2000 ot./min, 10 min.), nasledne boli premyté
s IxPBS a spoc¢itané. Celkovy pocet erytrocytov 2x10° bol inkubovany s 10 uM CFSE
(karboxyfluorescein diacetat sukcinimidylester; Molecular Probes, Invitrogen) v PBS po
dobu 30 minut pri 37°C v tme. Nasledovala séria dvoch premyti 1% FBS v PBS (predhriaty
na 37°C) a centrifugécii pri 2000 ot./min. 5 minut. Vysledny pelet bol rozsuspendovany v
100 pl 0,9% NaCl (predhriaty na 37°C). Fluorescen¢ne oznacené erytrocyty sa injikovali do
chvostovych Zil recipientnych mysi. Intenzita fluorescencie erytrocytov sa merala pomocou
FACS Calibur (BD Bioscience, Franklin Lakes, NJ, USA) na FL1 z krvi odoberanej z
chvostovej zily (zriedenej v pomere 1:1300 s PBS) vo vybranych casovych intervaloch
nasledujucich po injekcii (2 hodiny, 24 hodin, 2 dni, 7, 14, 21, 28 a 35 dni). Percento CFSE-
pozitivnych erytrocytov stanovené po dvoch hodinach od injekcie fluorescencne oznacenych

erytrocytov bolo povazované za 100%.
3.2 Postupy s pouzitim bunkového modelu

3.2.1 KonsStrukcia vektora a mutagenéza

Podla instrukcii vyrobcu bol pouzity kit QuickChange II XL pre cieleni mutagenézu
(Agilent Technologies) s pouzitim PfuUltra DNA polymerdzy (Agilent Technologies) na
vytvorenie JAK2 ¢.1849G>T (JAK2 V617F), JAK2 ¢.2538G>C (JAK2 E846D) a JAK2
c.3188G>A (JAK2 R1063H) a JAK2 c.1849G>T.3188G>A (JAK2 V617F R1063H)
I'udskej ORF cDNA JAK2, ktora bola nasledne klonovana do pCMV6-AC-IRES-GFP-Puro
cicavCieho expresného vektora (OriGene). Produkt mutagenézy PCR bol Stiepeny Dpnl
(Agilent Technologies) a transformovany do ultrakompetentnych buniek XL10-Gold
(Agilent Technologies) alebo SIG10 5-alpha (Sigma-Aldrich) podla protokolu vyrobcov.
Bakteridlne kolonie sa preniesli do 3ml bakterialneho kvapalného média (LB Broth, Sigma-

Aldrich) obsahujuceho 50pug/ml ampicilinu (Sigma-Aldrich) a nechali sa rast’ 8 az 12 hodin
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pri 37°C v laboratdrnej trepacke Lab Companion SI-600 (GMI). Plazmidovd DNA bola
izolovand pomocou kitu QIAGEN® Plasmid Minii (QIAGEN). Plazmidovd DNA sa najskor
overila Stiepenim pomocou nasledujucich restrikénych enzymov: EcoRV, Xbal, EcoRlI,
BamHI, BsiWI a Nael (New England Biolabs). Uplna sekvencia JAK2 finalnych klonov
bola overena sekvenovanim firmou SEQme. Kit QTAGEN® Plasmid Maxi (QIAGEN) bol
pouzity na izolaciu vé¢sieho mnozstva plazmidu. Tri mutantné plazmidy pCMV6-AC-IRES-
GFP-Puro JAK2 E846D, pCMV6-AC-IRES-GFP-Puro JAK2 R1063H, pCMV6-AC-
IRES-GFP-Puro JAK2 V617F, dvojity mutant pCMV6-AC-IRES-GFP-
Puro JAK2 V617F R1063H aplazmid s JAK2 WT boli pouzité na elektroporaciu do
Ba/F3 buniek.

Primery pouZité na mutagenézu

JAK2 V617F sense 5‘-agcatttggttttaaattatggagtatgtttctgtggagacgaga-3*
JAK2 V617F antisense 5‘-tctcgtctccacagaaacatactccataatttaaaaccaaatget-3°
JAK2 E846D sense 5‘-cgggatcctacacagtttgaagacagacatttgaaatttc-3 ¢
JAK2 E846D antisense 5‘-gaaatttcaaatgtctgtcttcaaactgtgtaggatceeg-3°
JAK?2 R1063H sense 5‘-tttgtcattgccaatcatatgcataaattcegetggtgg-3¢
JAK2 R1063H antisense 5‘-ccaccagcggaatttatgcatatgattggcaatgacaaa-3°

3.2.2 Transfekcia plazmidovej DNA do buniek Ba/F3

Na transfekciu plazmidovej DNA do buniek bunkovej linie Ba/F3 bola zvolena metoda
elektroporacie. Bunkova linia Ba/F3 je mySia pro-B bunkova linia zavisla od IL-3,
exprimujuca EPOR wt a bola darom od Roberta Kralovicsa (CeMM, Vieden, Raktsko)
(D'Andrea a kol., 1991). Bunky Ba/F3-EPOR boli kultivované v médiu IMDM (Life
Technologies) obsahujuicom 10% FBS (Life Technologies) a 1U/ml EPO (Janssen
Pharmaceuticals) alebo 2 ng/ml IL-3 (Prospec).

Na transfekciu bolo pouzité celkové mnozstvo 5x10° buniek Ba/F3-EPOR. Dvadsat’ ug
plazmidovej] DNA: pCMV6-AC-IRES-GFP-Puro JAK2E846D, pCMV6-AC-IRES-GFP-
Puro JAK2R1063H, pCMV6-AC-IRES-GFP-Puro JAK2V617F, pPCMV6-AC-IRES-GFP-
Puro JAK2 V617F R1063H, pCMV6-AC-IRES-GFP-Puro JAK2WT bolo
elektroporovanych do buniek Ba/F3-EPOR pri podmienkach 420V a 250uF pomocou
sterilnej elektroporacnej kyvety v Gene-Pulser (obidve od Bio-Rad). Stabilné transfektanty

boli selektované s 1 pg/ml puromycinu (Life Technologies) pocas 2 tyzdnov.
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3.2.3 Test senzitivity k inhibitorom

Test senzitivity k JAK?2 inhibitorom bol vykonavany pomocou kolorimetrického MTT testu
podl'a Koledova a kol. (2010). Stabilne transfekované bunky Ba/F3-EPOR rastuce v IMDM
s 10% FBS a 2 ng/ml IL-3 boli trikrat premyté s PBS a nanesené na 96-jamkov¢ kultivacné
dosticky v koncentracii 4x10* buniek/ml v troch opakovaniach so zniZujicimi
koncentraciami inhibitora — Ruxolitinib (Jakavi, Novartis)/AZ-960 (Santa Cruz
Biotechnology) (1; 0,5; 0,25; 0,1; 0,05; 0,01; 0,001; 0 uM). Taktiez boli pripravené tri
kontrolné¢ jamky Ccistétho média bez buniek, ktoré sluzili ako tzv. blank pri merani
absorbancie. Bunky boli kultivované pocas 72 hodin a nasledne bol vykonany MTT test
pridanim MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-difenyltetrazolium bromid; Sigma-
Aldrich) s vyslednou koncentraciou 0,5 mg/ml. Bunky boli kultivované d’alSie 2,5 hodiny.
Po centrifugacii dosticky (1500 ot./min) bolo odsaté médium a bolo pridanych 200 ul 10%
dodecylsulfatu sodného (SDS, Sigma-Aldrich), dosticka bola inkubovana v tme na orbitalne;j
trepacke min. 8 hodin. Nésledne bola od¢itana absorbancia pri 570 nm v spektrofotometri
Infinite 200 NanoQuant (Tecan). Hodnota IC50 bola definovana ako koncentracia inhibitora

potrebna na inhibiciu bunkového rastu o 50%.

3.2.4 Imunoblot

Stabilne transfekované bunky Ba/F3-EPOR rastice v IMDM s 10% FBS a 2 ng/ml IL-3,
boli $tyrikrat premyté s PBS a nasledne boli v koncentracii 5x10° buniek/ml kultivované bez
akéhokol'vek rastového faktora po dobu 12 hodin. Potom boli kultivované s rozdielnou
koncentraciou EPO (0; 0,1; 1) poc¢as 15 min. Bunky boli centrifugované pri 1700 ot./3min.
a ich pelet bol rozpusteny v RIPA lyza¢nom pufri (Sigma-Aldrich) so zmesou protedzovych
a fosfatdzovych inhibitorov (Sigma-Aldrich). Sedemdesiat pg vzorky proteinu bolo
denaturovanych pocas 5 minut, boli prenesené na nitrocelulézovii membranu pomocou
Semi-Dry Transfer Cell Trans-Blot SD (Bio-Rad) pocas 1 h blotovania pri 20 V. Membrana
bola blokované pocas 1 h v 5% mlieku v PBST (PBS s 0,1% Tween 20, Sigma-Aldrich). Na
detekciu proteinu boli pouzité nasledujuce primarne protilatky (Cell Signaling) zriedené v
5% mlieku v PBS: fosfo-Jak2 (Y1007/1008, 1:250), Jak2 (1:500), fosfo-Stat5 (Y694, 1:250),
Stat5 (1:500), fosfo-Statl (Y701, 1:250), Statl (1:500), a tubulin (1:1000). Vézba protilatky
bol realizovana cez noc pri 4°C. Po 3 premytiach v PBST bola membréana inkubovanad s
kréli¢ou alebo mySou sekundarnou protilatkou (Sigma-Aldrich, 1:1000) po dobu 1,5 hodin

pri izbovej teplote. Proteiny boli vizualizované chemiluminiscenénym spdsobom pomocou
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substratu SuperSignal® West Dura Extended Duration (Thermo Fisher Scientific), Nasledne
bol vyvoldvany pomocou fixacného roztoku (AGFA, G354) s vyvojky (AGFA, G150)
svetlocitlivy film, ktory bol analyzovany denzitometrickou kvantifikdciou pomocou

programu ImageJ.
3.3 Postupy s pouzitim Pudskych vzoriek

3.3.1 Vzorky pacientov

Vsetky vzorky pacientov boli ziskané¢ s informovanym suhlasom schvalenym Etickou
komisiou LF UPOL a Fakultnej nemocnice — FN Olomouc. Informovany suhlas bol ziskany
podl'a Helsinskej deklaracie. Vzorky periférnej krvi boli zbierané do skiimaviek s obsahom

EDTA alebo heparinu a nésledne boli pouzité na separaciu krviniek a/alebo izolaciu DNA.

3.3.2 Izolacia DNA z periférnej krvi

Izol4cia gendémovej DNA zo vzorky periférnej krvi bola realizovand pomocou kitu Gentra
Puregene (Qiagen) podl'a odporacani vyrobcu s niektorymi modifikdciami: studeny 1x
lyzaény pufor (150 mM NH4CI, 10 mM NH4 HCO3, 1 mM Na2 EDTA; vsetky ¢inidla boli
od spolo¢nosti Sigma-Aldrich) bol zmieSany so vzorkou celej krvi v 50 ml skimavke a
inkubovany na l'ade poc¢as 30 — 40 minut za ob¢asného premieSania obratenim skimavky.
Vzorka bola nasledne centrifugovana 10 minut pri 2000 otackach/minuta pri 4°C a pelet bol
resuspendovany v d’al§ich 15 ml studeného lyza¢ného pufra a znova centrifugovany. Pelet
bielych krviniek bol resuspendovany v 600 ul roztoku Cell Lysis Solution (roztok supravy),
preneseny do 1,5 ml skimavky Eppendorf a inkubovany pri teplote 37°C pocas 20 minut.
Vzorka bola udrziavana pri izbovej teplote pocas 2 dni. Nasledna izoldcia DNA bola
realizovana podla protokolu vyrobcu s pouzitim &inidiel kitu Gentra Puregene. Cistota a
koncentracia DNA sa stanovila spektrofotometrickym meranim absorbancie (pri 260 nm a

280 nm) pomocou spektrofotometru Infinite 200 NanoQuant (Tecan).

3.3.3 Skrining mutacie J4K2 R1063H pomocou T-ARMS PCR

Specificka PCR (polymerase chain reaction) — T-ARMS PCR (tetra-primer amplification
refractory mutation system PCR) je jednoduchd a ekonomickd metdda na genotypizaciu
jednonukleotidovych zdmen. Pomocou Primer1 (Collins a Ke, 2012) bola vytvorena Stvorica

primerov, ktoré sa pouzili na skrining mutacie JAK2 ¢.3188G>A (p.R1063H) u pacientov
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s myeloidnou neopladziou a kontrol. Reakcia bola realizovand s pouzitim kitu HotStarTaq
Master Mix Kit (QIAGEN) podla odporucania vyrobcu. Podmienky PCR, sekvencie
primerov a ich kone¢na koncentracia v reakcii st uvedené niz$ie (tuénym je zvyrazneny
mismatch apodcCiarknutie zvyraziuje zamenu G>A). Vysledné PCR produkty boli

analyzované gélovou elektroforézou.

Krok Teplota Dizka
Uvodna denaturicia 95°C 15 min.
Denaturacia 30 opakovani 95°C 10 sek.
Anelacia 30 opakovani 60°C 30 sek.
Polymerizacia 30 opakovani 72°C 30 sek.
Zaverefna polymerizacia 72°C 5 min.

JAK2 sekvencia Vysledna  dizka dizka dizka

R1063H 5¢- 3¢ konc. vonkajSiecho  produktu  produktu

primer produktu s alelou G s alelou A
(WT) (MUT)

outer

forward TTGTGTTGAGTTTATTACAGCTATGGA

outer 0.4puM

reverse AAATGAACACTAAGGGCCATCTT

i 542 bp 341 bp 254 bp

forward AAAGTGGGTTTGTTTTAGGAATTTATTCG

inner 0.2uM

reverse CCTTGTTTGTCATTGCCAATCAGAT

3.3.4 Stanovenie cis/trans konfiguracie mutacii JAK2 V617F a R1063H

Vzorka RNA pacientov bola izolovana naSim spolupracujucim laboratériom, nasledne bola
reverzne transkribovand pomocou supravy SuperScript® VILO ™ c¢DNA Synthesis Kit
(Invitrogen) podla pokynov vyrobcu. Pomocou semi-nested PCR s pouZzitim nizSie
uvedenych primerov bol amplifikovany PCR produkt zahfiajiici exény 14 — 24 génu JAK?2,
ktory bol nasledne purifikovany pomocou NucleoSpin® Gel and PCR Clean-up
(MACHEREY-NAGEL) a klonovany do pGEM-T easy vektora (Promega) podl'a pokynov
vyrobcu. Izolé4cia plazmidovej DNA z kolonii obsahujucich plazmid a sekvenovanie PCR

inzertu boli realizované spoluautormi.

Primery pouZité pri semi-nested PCR
1. Kolo forward

5-ACGGTCAACTGCATGAAACA -3¢

1. Kolo reverse 5°‘-AGGAGGGGCGTTGATTTACA -3¢

2. Kolo reverse 5°-ATCTCATCTGGGCATCCATC -3¢
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3.4 Statistické analyzy

Vsetky udaje su predstavené ako priemer najmenej troch nezéavislych experimentov, +
oznacuje stredna chybu priemeru. Pri analyze koreldcie medzi Hamp a Erfe mRNA
expresiou bola pouzita Pearsonova korelacna analyza. Na vypocet polCasu prezivania
erytrocytov bola vyuzitd exponencidlna regresnd rovnica. Statistické analyzy boli
realizované v programe Microsoft Excel (Microsoft) alebo Prism6 (GraphPad), testovacimi
Statistickymi hypotézami boli Studentov t-test, Welchov t-test a Chi-kvadrat test. Hodnoty
P mensie ako 0,05 boli povazované za $tatisticky vyznamné: oznacenie */# pre P <0,05,

**/#H pre P <0,01 a ***/### pre P <0,001.
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4. KOMENTAR K PREDLOZENEMU SUBORU PUBLIKACII

Moja dizertacna praca je pisana ako komentar k zbierke publikovanych ¢lankov. V tejto
kapitole uvadzam S$tyri povodné vyskumné prace (publikované jedenkrdt v American
Journal of Hematology, jedenkrat Journal of Molecular Medicine a dvakrat v Blood Journal)

a zérovei jeden suhrnny ¢lanok (publikovany v Transfuze a Hematologie Dnes).
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1299.

Kapralova K, Horvathova M, Pecquet C, Fialova Kucerova J, Pospisilova D, Leroy E,
Kralova B, Milosevic Feenstra JD, Schischlik F, Kralovics R, Constantinescu SN, Divoky
V. Cooperation of germ line JAK2 mutations E846D and R1063H in hereditary
erythrocytosis with megakaryocytic atypia. Blood. 2016;128(10):1418-23.

Mambet C, Babosova O, Defour JP, Leroy E, Necula L, Stanca O, Tatic A, Berbec N, Coriu
D, Belickova M, Kralova B, Lanikova L, Vesela J, Pecquet C, Saussoy P, Havelange V,
Diaconu CC, Divoky V, Constantinescu SN. Cooccurring JAK2 V617F and R1063H
mutations increase JAK?2 signaling and neutrophilia in myeloproliferative neoplasms. Blood.

2018;132(25):2695-2699.
Suhrnny ¢lanok:

B. Kralova; K. HlusSickova Kapralova; V. Divoky; M. Horvathova. Nové poznatky v
patofyzioldgii Ph-negativnych myeloproliferativnych neoplazii. Transfuze Hematol. Dnes.

2021,27(3): 208-217.
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4.1 Analyza doésledkov gain-of-function EPOR muticie na erytropoézu a

metabolizmus Zeleza na mySom modeli.

Mutécie veduce k skrateniu cytoplazmatickej domény I'udského EPOR vedu k zosilneniu
JAK2 signalizacie a k dominantne dedicnej erytrocytdze oznacovanej ako PFCP. V §tadii
Divoky a kol. (2001) bol nahradeny mysi Epor gén (mEpoR) 'udskym wild-type EPOR
génom (WtHEPOR) ajeho mutovanou verziou (c.1278C>G) (mtHEPOR), ktora vedie k
skrateniu receptora po prvom tyrozinovom zvysku v jeho intracelularnej doméne. Mysi
heterozygotné pre mutovant alelu — mtHEPOR/mEpoR resp. mtHEPOR/WtHEPOR
mimikovali l'udské ochorenie PFCP. Fenotyp erytrocytodzy sa u nich prejavil najskor 3 az 6
tyzdiiov po narodeni zvySenim poctu Cervenych krviniek, Het a in vitro hypersenzitivou
erytroidnych progenitorov k EPO. Homozygotné mutantné mysi — mtHEPOR/mtHEPOR
vykazovali v porovnani s heterozygotmi t'azsi stupeil erytrocytdzy, ktoré ale bola zluc€itel'na
so zivotom. Naopak, myS$i swild-type Tudskym EPOR génom, homozygotné
(WtHEPOR/WtHEPOR) ako aj heterozygotné (wtHEPOR/mEpoR), boli v porovnani
s mEpoR/mEpoR kontrolami anemické (Divoky a kol., 2001).

4.1.1 Stadium primitivnej erytropoézy a ranej definitivnej erytropoézy u mysi

s gain-of-function EPOR mutaciou

Ciel'om predloZeného ¢lanku bolo a) vysvetlenie rozdielnych fenotypov zaznamenanych u
mtHEPOR a wtHEPOR mys$i, b) analyza Casovej osi rozvoja erytrocytozy u mtHEPOR mys$i
a anémie u wtHEPOR mysi. Pre urcené analyzy boli pouzité jedince s homozygotnym wild-
type HEPOR génom (WtHEPORWtHEPOR, oznacené ako wtH) ahomozygotnym
mutantnym HEPOR génom (mtHEPOR/mtHEPOR, oznacené ako mtH). Kontrolnou

skupinou boli my$i nestice mysi EpoR gén (mEpoR/mEpoR, oznacené ako M).

Analyzy realizované spoluautormi ukazuju, ze pocas strednej aZ neskorej gestacie mtH
mySi maji zvySené hladiny Hcet v porovnani s kontrolami. Naopak, wtH mysi, podobne
ako dospeli jedinci, st zna¢nu Cast’ tohto obdobia anemické. Predpokladdme, ze anemicky
fenotyp wtH mys$i moze byt zapri€ineny nizSou Uroviou signalizdcie I'udského EPOR v
porovnani s mySim EpoR. Paralelne s tym d’alSie experimenty potvrdzuji, Ze kym skrateny
T'udsky EPOR spdsobuje po stimulacii s EPO zvyseni a predizenu fosforylaciu Stat5 vo FL
bunkdch mtH mysi, tak u wtH mysi je fosforyldcia Stat5 takmer nedetekovatelna.

V rovnakom obdobi embryonalneho vyvinu umtH myS$i zaznamendvame zmnozenu
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populéciu primitivnych nezrelych erytroidnych buniek v porovnani s wtH a kontrolnymi
my$ami. Daliie vysledky, ktoré popisuju pomalsiu mieru enukleicie a diferenciacie
erytroidnych progenitorov a oneskorenie prepinania globinovej expresie umtH mysi

naznacujt, ze u mtH mysi je prediZené obdobie primitivnej erytropoézy.

Kratko po narodeni Het vSetkych analyzovanych mysi kles4, pricom najrapidnejsi pokles
zaznamenavame prave u polycytemickych mtH mysi; najmensi rozdiel Het u wtH mysi.
V tomto obdobi maji anemické wtH mysi signifikantne vysSiu perinatdlnu produkciu Epo
v porovnani s mtH a kontrolnymi mySami (Obr. 7A, B, C); a vyznamne vyssie hladiny Epo
u tychto mysi pretrvavaju az do dospelosti (Obr. 7D, E). Naopak, mtH mySi zniZenim
produkcie Epo si uz v perinatdlnom obdobi (Obr. 7A, B, C) v désledku erytrocytdzy zacinaju
budovat’ kompenzaény efekt, ktory sa v dospelosti prehlbuje signifikantne zniZenou
produkciu Epo (Obr. 7D, E). To naznacuje, ze regulacia tvorby Epo je adekvitna
k rozdielom Hct.
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Obr. 7: Produkcia EPO v perinatialnom obdobi a v dospelosti. Hladiny EPO analyzované ELISA testom
zo séra (A) a relatinou expresiou v peceni (B) a oblickach (C) u kontrolnych EpoR - M, mtHEPOR/mtHEPOR
- mtH a wtHEPOR/WtHEPOR mysi - wtH mysi starych 7 dni (postnatal day — PD7). Hladiny EPO analyzované
ELISA testom zo séra (D) arelativnou expresiou v oblickach (E) kontrolnych EpoR — M,
mtHEPOR/mtHEPOR — mtH a wtHEPOR/wtHEPOR — wtH dospelych mysi *P <.05, **P <.01, ***P <0.001
vs. mEpoR (M) (Prevzaté a upravené z Divoky a kol., 2016)

Dalsie rozdiely medzi fenotypmi §tudovanych zvierat st spojené s roznymi hladinami PS
exponovaného na extracelularnu stranu erytrocytov. V prenatdlnom obdobi (Obr. 8A) aj v
dospelosti (Obr. 8D) je expozicia PS u mysi vSetkych genotypov porovnatel'na. Avsak v den

narodenia — PDO (postnatal day 0) a tyzdenn po ilom — PD7 (postnatal day 7) st hladiny
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exponovaného PS vyznamne nizsie u wtH mysi v porovnani s hladinami exponovaného PS
u kontrol a aj mtH mysi (Obr. 8B, C), ¢o naznacuje zvysené vychytavanie mtH a kontrolnych

erytrocytov makrofdgmi RES v porovnani s erytrocytmi wtH mysi.
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Obr. 8: Expozicia membranového PS v prenatilnom a perinatilnom obdobi a v dospelosti. Schopnost’
Annexinu V viazat' sa na exponovany PS (phosphatidylserine) bola analyzovand pomocou prietokovej
cytometrie z izolovanych erytrocytov embryi v embryonalny dent 18,5 — ED 18,5 (embryonic day 18,5) a mysi
v postnatalny deit 0 a7 — PDO, PD7 (posnatal day 0, 7) a v dospelosti. Origindlny histogram merani je
zobrazeny vpravo vedla grafu. *P <.05, **P <.01 vs. mEpoR (M) (Prevzaté a upravené z Divoky a kol., 2016)

U wtH mysi, ktoré podstupuji len mierne perinatdlne zmeny Hct predpokladdme, ze vyrazne
vyssie hladiny Epo, obzvlast’ v tomto obdobi, mézu mat’ protektivny ucinok na destrukciu
erytrocytov (Risso akol., 2014). Nakol'ko pri pdérode jedinec prechddza z hypoxického
prostredia do prostredia s vy$$im atmosférickym obsahom kyslika, domnievame sa, ze za
perinatalny pokles Het a docasnu korekciu erytrocytézy u mtH mySi mdze byt zodpovedna

neocytolyza.

Touto pracou (priloha 1), na ktorej som sa priamo podiel’ala analyzou hladin exponovaného
PS a produkcie Epo, demonstrujeme, ze mySi s gain-of-function EPOR (mtH) maja a)
fetalnu erytrocytézu spojenui s prediZzenou primitivnou erytropoézou a oneskorenym
prechodom primitivnej na definitivnu erytropoézu; b) do¢asni korekciu erytrocytézy
v perinatalnom obdobi, ktora sa znovu objavuje v postnatalnom obdobi; c¢) nizke
hladiny Epo pretrvavajice od narodenia aZ do dospelosti. Naopak, wtH mysi st a) od
fetalneho obdobia anemické; b) od narodenia maju stabilne vysSie hladiny Epo; c)
v perinatdlnom obdobi unich nedochadza k takym dramatickym zmendm Hct, aké st

popisan¢ u mtH mysi.
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4.1.2 Stadium vztahu erytropoézy a metabolizmu Zeleza u mysi s gain-of-

Junction EPOR mutaciou

Koregulacia erytropoézy a metabolizmu Zeleza je pomerne dobre popisana u chorobnych
stavov charakteristickych neefektivnou erytropoézou akymi st napr. P-talasémie,
kongenitalne dyserytropoetické anémie, alebo MDS, u ktorych dochddza v dosledku nizkych
hladin hepcidinu k pretazeniu zZelezom. Naopak, u pacientov s réznymi typmi erytrocytoz je
dostupnych relativne malo $tadii. Je zndme, Ze u pacientov s Cuvasskou erytrocytézou
(spésobenou VHL mutaciou; Ang a kol., 2002) alebo PV (Ginzburg a kol., 2018) st znizené
koncentracie cirkulujiceho hepcidinu sucasne pozorované s nedostatkom zeleza. Mélo sa
vSak vie o metabolizme Zeleza pri vrodenej chronickej erytrocytoze s nizkymi hladinami

EPO, akou je PFCP.

Ciel'om predlozeného ¢lanku bolo $tudium zmien metabolizmu Zeleza v spojeni so zmenami
erytronu v roznych vyvinovych Stadiach vyssie popisaného PFCP mysSieho modelu. V praci
boli pouzit¢ mySi s mutovanym ludskym FEPOR génom v homozygotnom
(mtHEPOR/mtHEPOR) a heterozygotnom (mtHEPOR/mEpoR) stave, ktoré¢ sa liSia
intenzitou erytrocytozy (Divoky a kol., 2001), spolo¢ne s kontrolnymi jedincami s mySim
mEpoR génom (mEpoR/mEpoR). Analyzy boli realizované v réznych vyvinovych
obdobiach: prenatdlne v embryonélny den — ED17,5, postnatalne 7. defi po narodeni — PD7
a u dospelych jedincov starych ~2.5 mesiaca (oznacenych ako ,,young“), ~6.5 mesiaca
(,,mature adult*) a ~16 mesiacov (,,0ld). Jedna sa o nosny projekt mojej dizertacnej prace.

Experimenty realizované spoluautormi st explicitne uvedené.
Erytropoéza so znakmi nedostatku Zeleza u mtHEPOR mysi kratko po narodeni

Najskor sme hodnotili vyvoj erytrocytézy u mtHEPOR mysi v priebehu postnatalneho
obdobia, od narodenia po vek 16 mesiacov. Aj napriek ¢iastocnej korekcii erytrocytdzy u
mtHEPOR mysi, ktoré nastava hned’ po narodeni (PD7), je Het signifikantne zvySeny ako
u heterozygotnych, tak aj homozygotnych mtHEPOR mysi v porovnani s mEpoR
kontrolnymi mySami. Hladiny Hct ostavajii permanentne zvysené vo vSetkych nasledujticich
analyzovanych S§tddiach (Obr. 9A). NajvysSie hladiny Hct, zistené u mtHEPOR
homozygotov, st sprevadzané¢ miernou splenomegaliou (Obr. 9B). Zaroven sme zistili, Ze
v priebehu starnutia zvierat vsetkych genotypov dochiddza k postupnému zniZovaniu

hladin Hct (Obr. 9A).
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Detailnd analyza parametrov ¢ervenych krviniek, konkrétne zniZzené hodnoty priemerného
korpuskularneho hemoglobinu — MCH (mean corpuscular hemoglobin) a stredne;j
koncentracie korpuskuldrneho hemoglobinu — MCHC (mean corpuscular hemoglobin
concentration) naznacuju obmedzeny prisun Zeleza pre erytropoézu u mtHEPOR
heterozygotov aj homozygotov v perinatilnom obdobi (PD7) (Obr. 9C), ale nie
u dospelych mysi (Obr. 9D). Nepritomnost’ mikrocytdzy v PD7 (Obr. 9C), typické pre deficit
zeleza, je umtHEPOR novorodencov pravdepodobne maskovand zvySenym podielom
makrocytickych ¢ervenych krviniek generovanych v prenatalnom obdobi (Lucarelli a kol.,
1964) v dosledku oneskoreného prechodu z primitivnej erytropoézy na erytropoézu
definitivnu, ktord sme predtym zaznamenali u mtHEPOR mysi (Divoky a kol., 2016).
Znizen¢ hladiny MCH, MCHC aMCV (mean corpuscular volume); anizocytdza
a retikulocytdza pozorované aj u stvortyzdiovych mtHEPOR heterozygotov a homozygotov
sa Ciasto¢ne alebo Uplne normalizuju u starsich jedincov (Obr. 9D). Tieto data naznacuju, ze

stav nedostatku Zeleza pre erytropoézu je u mtHEPOR mysi docasny.
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Obr. 9: Hematologické parametre a vel’kost’ sleziny. hladiny hematokritu — Het (Hematocrit) u mysi vo
veku: postnatalny deni 7 (PD7), ~2,5 mesiaca staré (young), ~6,5 mesiaca staré (mature adult) a ~16 mesiacov
staré (old) mysi. Pokles hladin Hct medzi mladymi a starymi zvieratami: 14 % u mtHEPOR mysi (P < 0,001),
12 % umEpoR/mtHEPOR mysi (P < 0,001) a9 % u mEpoR kontrol (P <0,01) (A). Hmotnost’ sleziny v pomere
k celkovej hmotnosti jedinca (B) u mladych, dospelych a starych mysi. (C a D) parametre cervenych krviniek;
stredny korpuskularny hemoglobin — MCH (mean corpuscular hemoglobin), stredna koncentracia
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korpuskularneho hemoglobinu — MCHC (mean corpuscular hemoglobin concentration) a stredny
korpuskularny objem — MCV (mean corpuscluar volume) v PD7 (C) a u mladych, dospelych a starych mysi
(D).**P <0.05, **P <0.01, ***P <0.001 vs. mEpoR; #P < 0.05 a ##P < 0.01, mtHEPOR vs. mtHEPOR/mEpoR
(Prevzaté a upravené z Kralova a kol., 2022)

Prechod od nedostatku Zeleza k zvySenému ukladaniu Zeleza u mtHEPOR mysi

S cielom korelovat’ uvedené zmeny erytropoézy so stavom zeleza, sme nasledne hodnotili
vybrané parametre zeleza. V Case prenatdlneho rozvoja erytrocytézy (ED17,5) (Divoky
a kol., 2016), pozorujeme silné potlacenie expresie Hamp mRNA vo FL u mtHEPOR
heterozygotnych aj homozygotnych mysi (Obr. 10A). Kratko po narodeni v PD7, je vyrazne
znizena expresia Hamp mRNA v pe€eni (Obr. 10B) potvrdend aj znizenymi hladinami
hepcidinu v sére (Obr. 10C). To je v stulade so znizenymi hladinami feritinu a znizenou
koncentraciou nehémového Zeleza v peceni — LIC (liver iron content) detekovanymi u
mutantnych mysi oboch genotypov (Obr. 10D, E). Obsah Zeleza v slezine — SIC (spleen iron
content) je porovnatelny medzi vSetkymi genotypmi (Obr. 10F), ¢o m6ze byt désledkom
intenzivnejsej destrukcie Cervenych krviniek u mtHEPOR novorodencov (Divoky a kol.,

2016).
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Obr. 10: Analyza hepcidinu, parametrov Zeleza pocas prenatilneho a perinatilneho obdobia. Expresia
Hamp mRNA v embryonalny den 17,5 (ED17.5, A) a postnatalny den 7 (PD7, B) bola stanovena pomocou
gPCR (expresia mRNA ciel'ového génu bola normalizovana k expresii génu pre b-aktin a vztiahnuta k expresii
cielového génu u kontrolnych mEpoR mysi). Hladiny hepcidinu (C) a feritinu (D) v PD7 boli merané pomocou
ELISA testu. Obsah Zeleza v PD7 v tkanive pecene (LIC, E) a sleziny (SIC, F) bol kvantifikovany
kolorimetrickym testom. *P < 0,05, **P < 0,01 vs. mEpoR. (Prevzaté a upravené z Kralova a kol., 2022)

V neskorSom postnatdlnom obdobi, predovsetkym u2,5 a 6,5 mesaénych mtHEPOR
homozygotnych mysi, je normélna az zvySend TSAT sprevddzand vysSimi hladinami

feritinu, LIC a SIC (Obr. 11A — F), spolo¢ne s miernou stimuldciou hepcidinu (Obr. 11G,
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H) azvySenou expresiou Bmp6 (Obr. 11I). Na rozdiel od mtHEPOR homozygotov,
maju mladé 2,5 mesaéné mtHEPOR heterozygotné mysi signifikantne znizené hladiny
sérového feritinu, LIC a Bmp6 transkriptov (Obr. 11B, C, I). Tieto parametre sa v neskorSom
veku upravuju a st porovnatelné s hodnotami mEpoR kontrol (Obr. 11A —1). Tieto vysledky
ukazujl, Ze so starnutim u oboch genotypov mtHEPOR mySi dochadza k postupnému
zvySovaniu parametrov metabolizmu Zeleza; ktoré kulminuju vo veku 6,5 mesiaca
najmi u mtHEPOR homozygotov, v dosledku coho tieto mysi vykazuju znamky

mierneho pret’aZenia Zelezom.
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Obr. 11: Analyza parametrov Zeleza pocas postnatilneho obdobia. Transferinova saturacia (TSAT, A) bola
stanovena z mysSieho séra rovnako ako hladiny feritinu (B), ktoré boli stanovené pomocou ELISA testu. Obsah
zeleza v tkanive pecene (C, E) a sleziny (D, F) bol kvantifikovany kolorimetrickym testom (C, D) a Perlsovym
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farbenim tkanivovych rezov (E, F). Expresia Hamp (G) bola stanovend pomocou qPCR (expresia mRNA
cielového génu bola normalizovand k expresii génu pre b-aktin a vztiahnutd k expresii cielového génu u
kontrolnych mEpoR mysi). Hladiny hepcidinu (H) boli merané pomocou ELISA testu. Expresia Bmp6 (I) bola
stanovena pomocou qPCR (expresia mRNA ciel'ového génu bola normalizovana k expresii génu pre b-aktin
a vztiahnutd k expresii cielového génu u kontrolnych mEpoR mysi). *P < 0.05, **P < 0.01 vs. mEpoR; #P <
0.05 mtHEPOR vs. mtHEPOR/mEpoR (Prevzaté a upravené z Kralova a kol., 2022)

Analyza pomeru medzi mRNA Hamp a Bmp6 (Obr. 12A), ako aj medzi mRNA Hamp a LIC
(Obr. 12B) ukazuje jeho znizenu hodnotu u mtHEPOR heterozygotov a homozygotov v
porovnani s mEpoR kontrolami v $tadiu PD7, ¢o indikuje neadekvatne potlacenie
produkcie hepcidinu vzhl'adom na stav Zeleza v organizme. V neskorSich Stadiach
postnatalneho Zivota sa tieto pomery normalizuji a st porovnate'né medzi vSetkymi
genotypmi. Tym dokazujeme, Ze hladiny hepcidinu u dospelych mtHEPOR mysi
odrazaju skuto¢ny stav Zeleza v organizme a zaroven vylucujeme, Ze by sa relativne
zniZena produkcia hepcidinu podiel’ala na akumulicii Zeleza.
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Obr. 12: Analyza expresie hepcidinu v porovnani s expresiou Bmp6 mRNA (A) a v pomere k LIC (B).
(Prevzaté a upravené z Kralova a kol., 2022)

Inverzny vzt’ah Erfe/hepcidin a akumulacia nezrelych erytroblastov su u mtHEPOR

mySi pozorované len v prenatialnom a perinatalnom obdobi

V sulade suz publikovanym zmnoZenim nezrelych erytroblastov u mtHEPOR
homozygotnych mysi v prenatilnom a perinatilnom obdobi (Divoky, 2016) a zndmou
negativnou reguldciou hepcidinu prostrednictvom ERFE, v ED17,5 a PD7 zaznamendvame
zvySenu expresiu Erfe mRNA v peceni a slezine umtHEPOR heterozygotov aj
homozygotov (Obr. 13A — B). V neskorSich $tadiach postnatalneho zivota su vSak Erfe
transkripty v kostnej dreni a slezine mtHEPOR mys$i zvySené len nepatrne (Obr. 13C — D).
Navyse, negativna korelacia medzi expresiou Hamp a Erfe je CiastoCne zachovana iba
umtHEPOR heterozygotov (Obr. 13E). Naopak, u mtHEPOR homozygotov je medzi
expresiami oboch génov zistend pozitivna korelacia (Obr. 13E). Napriek miernej

transkripénej stimulacii Erfe, si jeho hladiny v sére mtHEPOR my$i pod prahom detekcie
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ELISA testu s vynimkou troch mutantnych mtHEPOR mysi (jeden heterozygot a dvaja
homozygoti); hladina Erfe ukontrolnych mysi je takisto pod detekénym limitom
(experiment bol realizovany spoluautormi). Tymto ukazujeme, ze stupeii indukcie Erfe je
v postnatilnom obdobi Zivota mtHEPOR mysSi ovel’a niZ8i v porovnani s inymi modelmi
stimulovanej erytropoézy s nadmernou produkciou Erfe napr.: u B-talasémie intermedia
(myS$i Th3/+) (Garcia-Santos a kol,, 2018) alebo u kontrolnych mysi po podani EPO

(experiment bol realizovany spoluautormi).
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Obr. 13: Analyza Erfe expresie v Korelacii s Hamp expresiou. Erfe mRNA expresia stanovena pomocou
gPCR (expresia mRNA ciel'ového génu bola normalizovana k expresii génu pre b-aktin a vztiahnuta k expresii
cielového génu u kontrolnych mEpoR mysi) vo fetalnej peceni (FL — fetal liver) v ED 17,5 (A), postnatalne
v slezine v PD7 (B) a u mladych, dospelych a starych mysi v kostnej dreni (C) a slezine (D). Korelacna analyza
bola stanovena Pearsonovou koreldciou medzi postnatalnou Hamp/f-Actin mRNA expresiou v peceni a Erfe/-
Actin mRNA expresiou v kostnej dreni (vrchny rad) a v slezine (spodny rad) (E). *P <0.05, **P <0.01, ***P
<0.001 vs. mEpoR (Prevzaté a upravené z Kralova a kol., 2022)

KedZe hlavnym zdrojom Erfe su nezrelé erytroblasty, v néslednych analyzach sme sa
zamerali na hodnotenie erytroidnej diferencidcie. ZvySené percento erytroidnych buniek
exprimujucich Ter119 v kostnej dreni a v slezine (Obr. 14A, B) pozorujeme u mtHEPOR
heterozygotov aj homozygotov v porovnani s mEpoR kontrolami takmer vo vSetkych

vyvinovych stadiach. V kostnej dreni s vekom u vSetkych jedincov dochadza k poklesu
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Ter119 pozitivnych buniek, najméd u mtHEPOR homozygotnych mysi, konkrétne o 7,34 %
(u mEpoR mysi o 5,82 %, u mtHEPOR heterozygotnych mys$i o 6,37 %). Rozdelenie
erytroidnych buniek do jednotlivych diferencia¢nych $tadii sa vSak u mtHEPOR mysi
v porovnani s kontrolami  neliS§i, s vynimkou podielu nezrelych erytroblastov
(identifikovanych ako Terl119highCD71high) v kostnej dreni, ktory je vyrazne nizsi
u starych (vek 16 mesiacov) mtHEPOR homozygotnych mysi v porovnani s mladymi (vek
2,5 mesiaca) jedincami toho ist¢ho genotypu a tiez sjedincami ostatnych genotypov
rovnakého veku (Obr. 14A). Tieto vysledky ukazuji, Ze na rozdiel od prenatilneho
a perinatalneho obdobia nedochadza w mtHEPOR mys§i v neskorSom obdobi
postnatalneho Zivota k akumuldcii nezrelych erytroblastov, ale naopak dochadza

k predéasnému ttlmu erytropoézy.
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Obr. 14: Analyza erytroidnej diferenciacie stanovend pomocou prietokovej cytometrie, ktord hodnotila
percento buniek kostnej drene (A) a sleziny (B) exprimujucich markery CD71 a Ter119. Relativny pocet
buniek v oblastiach I az IV je vyjadreny ako percento vsetkych erytroidnych buniek. *P < 0.05, **P <0.01 vs.
mEpoR; #P < 0.05 mtHEPOR vs. mtHEPOR/mEpoR (Prevzaté a upravené z Kralova a kol., 2022)

S cielom zistit, ¢i za relativnym poklesom erytropoézy v neskorSom veku mtHEPOR mysi
stoji utlmenie EPOR/JAK?2 signalizacie sme normalizovali expresiu Erfe, priameho ciel’a
STATS, k Specifickému génu erytroidnych buniek glykoforinu A — Gypa. Tato normalizéacia
nam umoznila posudit’ mieru transkripcnej aktivacie Erfe v jednom erytroidnom prekurzore.
Porovnatelnd miera indukcie Erfe transkriptov v prenatdlnom, perinatalnom a
neskorSom postnatdlnom obdobi (Obr. 15A — C) nenaznacduje dramaticki zmenu
aktivacie EPOR/JAK2/STATS u mtHEPOR mySi v priebehu Zivota. Druhym nepriamym
ukazovatel'om aktivacie tejto drahy je hypersenzitivita erytroidnych progenitorov k EPO,
ktoré je charakteristickym znakom PFCP (Arcasoy a kol., 1999). Experimenty realizované
spoluautormi ukazuju, Ze tato hypersenzitivita je zachovana aj u starych m¢(HEPOR mysi a to
v podobnej miere ako bolo publikované u mladych mysi (Divoky a kol., 2001). Tieto tdaje
spolo¢ne ukazuju trvalu aktivaciu EPOR/JAK2/STATS signalnej kaskady u mtHEPOR
mySi. Pokles Hct pocas starnutia teda nie je zapriineny vyznamnymi modifikdciami
aktivacie tejto signalnej drahy. Rovnako, v priebehu postnatalneho vyvinu mtHEPOR mysi
nepozorujeme ani zmeny v expresii Epo alebo inych cielov hypoxickej signalnej drahy

(experimenty realizované spoluautormi).
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Obr. 15: Analyza Erfe expresie. Erfe nRNA expresia stanovena pomocou qPCR (expresia mRNA cielového
génu bola normalizovana k expresii génu pre GypA a vztiahnutd k expresii cielového génu u kontrolnych
mEpoR mysi) vo FL v ED 17,5 (A), postnatalne v slezine v PD7 (B) a u mladych, dospelych a starych mysi
v kostnej dreni (C). *P < 0.05, **P < 0.01, ***P < 0.001 vs. mEpoR; #P < 0.05 mtHEPOR vs.
mtHEPOR/mEpoR (Prevzaté a upravené z Kralova a kol., 2022)

48



Starnutie erytropoézy spojené s dominanciou myelopoézy je vyraznejsie u mtHEPOR
mySi

Kedze systémovy zapal posobi ako priamy induktor produkcie hepcidinu, v dalSich
experimentoch sme stanovovali sérové hladiny vybranych zépalovych cytokinov: IL-6, Tnf-
a, Ifn-y a Tgf-B 1. Tato analyza vSak neukazuje ziadne znamky systémového zapalu alebo
lokalnej indukcie transkripcie /L-6 v peceni (Obr. 16A). Avsak qPCR analyza (experiment
Ciastocne realizovany aj spoluautormi) zodpovedajucich génov koédujiacich zapalové
cytokiny odhaluje ich lokdlnu transkripénu stimuliciu v kostnej dreni mtHEPOR
homozygotov (Obr. 16B) spolo¢ne s badateI'nym trendom k zvysenej produkcii ROS (Obr.

16C), €o naznacuje progresivne, s vekom suvisiace, zmeny v mikroprostredi kostnej drene.
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Obr. 16: Hodnotenie transkripcnej urovne zapalovych génov a sérovych hladin ROS. /L-6 mRNA
expresia stanovend pomocou qPCR (expresia mRNA ciel'ového génu bola normalizovana k expresii génu pre
b-aktin a vztiahnuta k expresii cielového génu u kontrolnych mEpoR mysi) u mladych, dospelych a starych
mysi v peceni (A); IL-6 , Tnf-a, Ifn-y a Tgf-f I mRNA expresia stanovena pomocou qPCR (expresia mRNA
cielového génu bola normalizovand k expresii génu pre b-aktin a vztiahnutd k expresii cielového génu u
kontrolnych mEpoR mysi u mladych, dospelych a starych mysi v kostnej dreni (B); hladiny ROS boli merané
pomocou OxiSelect In Vitro ROS/RNS testu a kvantifikované stanovenim fluorescencie (C). *P < 0.05, **P
<0.01 vs. mEpoR (Prevzaté a upravené z Kralova a kol., 2022)
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Nakol’ko je zname, ze zapalové prostredie kostnej drene, na podklade parakrinného a/alebo
autokrinného signalingu, podporuje pred€asné starnutie hematopoézy typické dominanciou
myelopoézy a utlmom erytropoézy (Pang akol., 2011), rozhodli sme sa analyzovat
jednotlivé subpopuldcie HSC a primitivnych progenitorov kostnej drene prietokovou
cytometriou a zaroveil testom klondlnej proliferdcie zhodnotit zastipenie viac
diferencovanych $§tadii erytroidnych a myeloidnych progenitorov (prvy experiment bol
realizovany na zakazku avyhodnoteny spoluautormi ¢lanku — detaily st uvedené
v Supplement Kralova a kol., 2022; druhy experiment bol realizovany spoluautormi ¢lanku).
Tieto experimenty odhaluja: a) signifikantne zvySeny pocet erytroidnych koldnii
derivovanych z BFU-E a/alebo CFU-E progenitorov len u mladych mtHEPOR
heterozygotnych aj homozygotnych mys$i v porovnani s mEpoR kontrolnymi mySami; b)
signifikantny nérast celkového poctu kolonii derivovanych z neerytroidnych progenitorov
typu CFU-GM (granulocyte-macrophage colony-forming unit), CFU-G (granulocyte
colony-forming unit), a predovSetkym CFU-M (macrophage colony-forming unit) u starych
mtHEPOR heterozygotov aj homozygotov v porovnani s mEpoR kontrolami; c)
signifikantny narast po¢tu LSKs (Lin"Sca-1"c-Kit") kmenovych buniek u starych mtHEPOR
homozygotnych mysi v porovnani s mladymi jedincami; d) signifikantny nérast poctu
granulocytovo-monocytovych progenitorov — GMP (granulocyte-monocyte progenitor)
u starych mtHEPOR homozygotnych mys$i v porovnani s mladymi jedincami. Tieto vysledky
naznacuju, ze progresivne utlmenie erytropoetickej aktivity a indukcia myelopoézy st
v priebehu starnutia vyraznejSie u starych m¢HEPOR homozygotnych mySi v porovnani
s kontrolnymi mySami. V sulade s tymto vysledkom staré mtHEPOR homozygotné mysi, na
rozdiel od mladych jedincov, maji v kostnej dreni dominantni expresiu myeloidného

transkripéného faktora PU. 1.
ZnizZené prezivanie erytrocytov u mtHEPOR mysi

Okrem starnutia erytropoézy v kostnej dreni tiez pozorujeme skratené preZivanie
cirkulujuicich ¢ervenych krviniek u mtHEPOR homozygotnych mysi (Obr. 17), ktoré je
sprevadzané znizenou expresiou CD47 na ich povrchu (experiment realizovany
spoluautormi). CD47 inhibuje fagocytdzu erytrocytov makrofdgmi RES (Oldenborg a kol.,
2000). Tento vysledok naznacuje, Ze zvySené odstranovanie erytrocytov spolu so
znizenym dopytom po Zeleze erytropoézou v dosledku jej vekom podmienenému utlmeniu
moze vysvetlovat’ postupné zvySovanie zasob Zeleza v peceni a nasledné zvySenie expresie

Bmp6 a syntézy hepcidinu u mtHEPOR homozygotnych mysi (Obr. 11).
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Obr. 17: Hodnotenie prezivania erytrocytov. Fluorescencia cervenych krviniek znacenych s CFSE,
injikovanych do chvostovych zil mEpoR mysi sa sledovala po 2 hod. od aplikécie— den 0 (100%) a nasledne
po dobu 35 dni (vden 1, 2,7, 14, 21, 28 a 35). Hodnoty krivky prezivania boli vztiahnuté proti ditu 0 (A). Pre
kazdu analyzovanu mys sa urcila exponencidlna regresnd rovnica, ktord sa pouzila na vypocet polcasu
erytrocytov (B). *P < 0.05, **P < 0.01, ***P < 0.001 vs. mEpoR, # P < 0.05 mtHEPOR vs.
mtHEPOR/mEpoR.(Prevzaté a upravené z Kralova a kol., 2022)

Na zaver tejto Studie (priloha 2) mdézeme zhrnut', Ze erytrocytéoza u PFCP mysi, ako aj
expresia hepcidinu, Erfe ahladina zeleza podliehaji pocas ontogenézy dynamickym
zmenam. Pozorované zmeny metabolizmu Zeleza v prenatadlnom/perinatdlnom a
postnatalnom obdobi odrazaji dynamiku a silu protichodnych signalov, konkrétne
erytropoetickej aktivity a zasob Zeleza, regulujicich produkciu hepcidinu. Regulacia
expresie hepcidinu u mtHEPOR homozygotnych plodov a novorodencov je pod
vplyvom nadradeného faktora — erytropoézy, ktor¢ho dominancia je neskor potlacena a
hlavnym reguliatorom expresie hepcidinu sa v postnatilnom obdobi stavaji zvySené
zasoby Zeleza v peéeni. Dalej predpokladdme, Ze parakrinné zapalové signaly ovplyviiujiice
remodelaciu  kostnej drene spoloéne s celoZivotnou predizenou aktivaciou
EPOR/JAK2/STATS signalizacie vedu k progresivnemu poklesu erytroidnych progenitorov
a predcasnému starnutiu hematopoézy u mtHEPOR mySieho modelu. Rozdiely pozorované

medzi mtHEPOR heterozygotmi a homozygotmi naznafuju, ze zmeny stimuldcie

EPOR/JAK?2 signalizacie st zavislé od alelovej zat'aze resp. davky EPOR mutacie.

4.2 Stidium vybranych hereditarnych J4K2 muticii

Ustav biolégie LF UPOL je v spolupraci s Hemato-onkologickou — HOK a Detskou klinikou
FN Olomouc centrom pre diagnostiku a lieCbu pacientov s erytrocytdozou. V ramci
molekularnej diagnostiky sme u jedného pediatrického pacienta so zndmkami primarne;j
erytrocytozy nasli dve dedi¢né heterozygotné mutacie v géne kédujiucom JAK?2 — E846D
a R1063H. JAK2 dedi¢né mutacie boli uz predtym popisané u pacientov s MPN alebo s

hereditarnou trombocytézou v niektorych pripadoch pripominajicou MPN fenotyp
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(Lanikova a kol., 2016; Mead a kol., 2013; Marty a kol., 2014; Etheridge a kol., 2014; Rumi
a kol., 2014) a u pripadov s tzv. triple negativnou MPN (Milosevics Feenstra a kol., 2016),
ktora sa vyznacuje nepritomnost'ou ziadnej driver mutacie v JAK2, CALR alebo MPL.
N4jdené mutacie su lokalizované v kindzovej (R1063H) a pseudokindzovej (E846D)
doméne JAK2, preto sa predpokladal ich mozny funkény efekt na JAK2 kinazu. Funkéné
Studie identifikovanych variant boli nutné na potvrdenie ich kauzality. Za tymto ucelom bol
vytvoreny bunkovy model, na ktorého tvorbe som sa priamo podiel'ala a predovsetkym som
potom participovala na Studiu signalnej transdukcie JAK2, tak ako je uvedené v kapitole
4.2.1.

V ramci realizdcie tohto ciela som sa podielala aj na praci analyzujucej kooperaciu
somatickej JAK2 V617F mutacie so zarodo¢nou mutaciou JAK2 R1063H u pacientov s
MPN a na bunkovom modeli. Hlavnou népliiou mojej prace, tak ako je uvedené v kapitole
4.2.2, bolo vytvorenie bunkového modelu nesticeho obe mutacie a Studium jeho senzitivity
k JAK2 inhibitorom.

Sucastou tohto ciela su aj zatial’ nepublikované vysledky uvedené v kapitole 4.2.3, ktoré
predbezne hodnotia frekvenciu vyskytu R1063H mutacie v zdravej populécii a u pacientov

s myeloidnou neoplaziou.

4.2.1 Stidium kooperacie dediénych JAK2 E846D a R1063H mutacii

V tejto praci sme Studovali pacienta s erytrocytézou a abnormalnou megakaryopoézou
v kostnej dreni pripominajuc tak pripady PV s mutdciami exénu 12. Pri diagnostickej DNA
analyze jeho andsledne jeho rodinnych prislusnikov sme zistili, Ze proband je dvojity
heterozygot pre mutacie JAK2 E846D a R1063H a zdedil po jednej mutécii od kazdého
rodi¢a. Hladiny Hb a Hct rodicov spadali do referencnych hodnoét, ale in vitro test
erytropoetinovej senzitivity erytroidnych progenitorov u nich preukdzal mierne zvysSent
citlivost’ v porovnani s kontrolami, ktora vS§ak nebola tak vyrazna ako u pacienta. Za ucelom
analyzy funkéného efektu tychto muticii bol, s mojim priamym prispenim, vytvoreny
bunkovy model s pouzitim Ba/F3 bunkovej linie zavislej od IL-3 a exprimujticej ludsky
EPOR wt gén (Ba/F3-EPOR). Do tychto buniek sme elektroporaciou vniesli expresny vektor
nestuci l'udsky JAK2 wt gén (negativna kontrola) alebo jeho mutované verzie: JAK2 E846D,
JAK2 R1063H a JAK2 V617F (pozitivna kontrola).

Analyza signalnej transduk¢nej drahy JAK2, po 12 hodinovej starvacii buniek v médiu bez

IL-3 a néslednej stimuldcii roznymi koncentrdciami EPO ukazuje vyznamne zvySenu
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fosforylaciu STATS a STATI v bunkach exprimujucich JAK2 E846D a JAK2 R1063H
mutacie pri koncentrécii 0,1 U/mL EPO v porovnani s kontrolnymi bunkami nesticimi JAK2
wt. Bunky exprimujuce onkogénnu verziu JAK2 V617F vykazuju konstitutivnu aktivaciu
STATS a STATI (Obr. 18). Utinok mutacii E846D a R1063H m4 na JAK2 signalnu
drahu slabsi dopad v porovnani s u¢inkom mutacie V617F, o sa prejavuje len v miernej
aktivacii tejto drahy v podmienkach bez pritomnosti EPO, kym mutacia JAK2 E846D ma
v tychto podmienkach tendenciu preferen¢nej fosforylacie STATS molekul (Obr. 18B), tak
mutéacia JAK2 R1063H fosforylacie STAT1 molekul (Obr. 18C). Obe JAK2 mutacie maju
miernej$i efekt na prolifera¢ni kapacitu buniek v porovnani s onkogénnou mutaciou

V617F (experimenty realizované spoluautormi), ¢o je v stilade s ich hereditarnym prenosom.
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Obr. 18: Aktivita JAK2 signaliza¢nej drahy analyzovand pomocou immunoblotu. Stabilné transfektanty
Ba/F3-EPOR zavislé od IL-3 boli po docasnej absencii IL-3 stimulované indikovanymi koncentraciami EPO
pocas 15 mintt (A). Relativna kvantifikacia p-STATS (B) a p-STAT1 (C) bola vykonana softvérom ImagelJ.
Kazdy stipéek predstavuje pomer medzi mnozstvom fosforylovaného proteinu k celkovému mnoZstvu jeho
nefosforylovanej formy v pomere k vysledku vypocitanému pre koncentraciu 1,0 U/ml EPO. Vysledky su
uvedené ako priemer troch nezavislych experimentov. *P < 0.05, **P < 0.01 vs. JAK2 wt (Prevzaté
z Kapralova a kol., 2016)
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Diferencidlna signalizdcia JAK2 drahy spociva v kvalitativnych rozdieloch aktivity
proteinov STAT rodiny a v ramci skupiny MPN vedie k roznym klinickym fenotypovym
prejavom. Bolo preukazané, Zze ET progenitory s JAK2 V617F mutaciou vykazuja vyssiu
mieru fosforylacie STATI a STAT3 molekal, kym v PV progenitoroch boli prednostne
fosforylované molekuly STATS (Chen a kol., 2010). Preukdzand zvySena aktivita STATS a
STAT1 v bunkovom modeli s JAK2 E846D a R1063H substiticiami (Tab. 17) je preto
vsulade s erytrocytozou pacienta arovnako aj vysvetluje atypicki megakaryopoézu
v kostnej dreni. Dalsie analyzy realizované spoluautormi odhaluju, ze JAK2 E846D a
R1063H aktivuju transkripéni aktivitu STATS Specificky prostrednictvom EPOR
anie cez MPL ¢i G-CSFR. In silico analyzy ukazuji, ze kym mutacia JAK2 E846D
zodpoveda za predizenu aktivitu JAK2 signalizacie, JAK2 R1063H mutacia podporuje
aktivnu konforméciu JAK2 enzymu. Navyse, aktivita JAK2 E846D/R1063H signalnej drahy

je efektivne utlmend pouzitim JAK?2 inhibitorov, akymi st ruxolitinib a AZ-960.

Zaver tejto Stadie (priloha 3) je, Ze JAK2 E846D a R1063H su slabo aktivujice muticie,
ktorych vzajomna kooperacia je potrebna k indukcii polyklonidlnej erytrocytozy s

megakaryocytovou atypiou.

4.2.2 Stadium interakcie ziskanej JAK2 V617F a dedi¢nej JAK2 R1063H

mutacie

Frekvencia JAK2 R1063H variantu bola pri jeho identifikacii v stibore JAK2 V617F
pozitivnych PV pacientov vyssia ako je uvedend v databaze (Levine a kol., 2005). Preto nas
zaujimalo, ¢i variant JAK2 R1063H mé okrem kooperacie s JAK2 E846D mutéaciou funkéné
dosledky na JAK2 signalizaciu (Kapralova akol., 2016) aj v kooexistencii so silnou

onkogénnou JAK2 V617F mutaciou.

Najskor spoluautori predlozeného ¢lanku detegovali pritomnost’ JAK2 R1063H mutécie az
u 14 z 390 JAK2 V617F pozitivnych pacientov s MPN.

U tychto pacientov sme sa, aj s mojim parcidlnym prispetim, zamerali na charakterizaciu
genotypovej konstitiicie a konfiguracie JAK2 mutécii. Vysledky ddPCR (digital droplet
PCR) popisujt, Ze alelickd frekvencia JAK2 R1063H mutacie je vo vécSine pripadov blizka
50% naznatujuc, ze¢ JAK2 RI1063H muticia ma dediény charakter. Dalej sme
prostrednictvom sekvenovania subklonovanych RT-PCR (real time PCR) produktov
zahfnajucich exony 14 — 24 génu JAK? zistili, ze z 10 analyzovanych pacientov ma 6
pacientov konfigurdciu mutacii v pozicii cis alen 4 pacienti v pozicii trans. S pouzitim
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bunkového modelu bol spoluautormi hodnoteny funkény dopad oboch JAK2 mutacii v cis
aj trans konfigurécii. Tato analyza odhal'uje, Ze po stimulacii cytokinmi EPO, TPO a G-CSF
JAK?2 signalna draha vykazuje signifikantne vysSiu konStitutivnu aktivitu u dvojitych
mutantov v Konfiguricii cis v porovnani s bunkami exprimujicimi samostatne mutaciu
JAK2 V617F alebo bunkami nesticimi obe mutacie v trans konfiguracii.

Okrem toho, sme pomocou Ba/F3-EPOR bunkového modelu exprimujuceho JAK2 wt,
JAK2 V617F, JAK2 R1063H a JAK2 V617F/R1063H verzie testovali citlivost’” buniek
k dvom JAK2 inhibitorom — ruxolitinib a AZ-960. Ruxolitinib je silny a selektivny inhibitor
JAK1 a JAK2 kindz, schvaleny k liecbe MPN. Dalsi inhibitor AZ-960 je charakterizovany
ako selektivny ATP kompetitivny inhibitor Specificky k JAK2 kindze. Stabilne
transfekované bunky boli kultivované 72 hodin so znizujlicou sa koncentraciou inhibitorov.
Vysledky naznacuju, Ze bunky s JAK2 R1063H a JAK2 V617F/R1063H muticiami si
signifikantne citlivejSie k Ruxolitinibu ako bunky exprimujuce JAK2 wt (Obr. 19A), ¢o
modze mat’ terapeutické vyuzitie. Rozdiely citlivosti buniek k AZ-960 nie st Statisticky
vyznamné, ale podobne ako s pouzitim Ruxolitinibu, bunky s JAK R1063H mutaciou maju
tendenciu k zvySenej senzitivite (Obr. 19B). Déata s pouzitim AZ-960 inhibitora nie st
uvedené v predlozenom ¢lanku.
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Obr. 19: In vitro test senzitivity k inhibitorom. Hodnota IC50 bola definovana ako koncentracia inhibitora
potrebna na 50% inhibiciu bunkového rastu s pouzitim inhibitorov: Ruxolitinib (A) a AZ-960 (B). *P < 0.05,
**P <0.01 vs. JAK2 wt (prevzaté a upravené z Mambet a kol., 2018)

Na zaver tejto Stidie (priloha 4) moéZeme uviest, ze v subore 390 MPN JAK2 V617F
pozitivnych pacientov, je frekvencia pravdepodobne dedi¢nej JAK2 R1063H muticie
vy$Sia ako v beZnej populacii. Komutacia JAK2 V617F/R1063H vedie k a) zvySenej
viazbovej afinite JAK2 enzymu k G-CSFR; b) kumulativhemu zvySeniu aktivity JAK2

signalizacie; c) zvySenej senzitivite k inhibitoru Ruxolitinibu.
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4.2.3 Skrining JAK2 R1063H mutacie vzdravej populacii a u pacientov

s myeloidnymi neoplaziami

Technologicky pokrok v podobe celogendmového/celoexémového sekvenovania je spojeny
s prinosom velkého mnoZstva genetickych dat, no jednou z prekdzok ich klinicke;
implementécie je pritomnost’ vysokého poctu variantov neznameho vyznamu. Problémy pri
interpretacii klinickej relevancie variantov pramenia ztoho, ze a) véac¢Sina znich je
definovand ako velmi zriedkavé polymorfizmy; b) su zaznamenané zo Specifickych
populdcii tvorenych pacientmi s ur¢itym ochorenim alebo jedincami s rodinnou anamnézou
a preto tieto poznatky nie su reprezentativne. Varianty moézu vznikat’ de novo alebo maju
dedi¢ny charakter a vacSina poznatkov prave o tychto variantoch pochadza od jednotlivcov,
ktori uz maju uréity klinicky prejav. Dalsiu komplikiciu mozu predstavovat’ demografické
rozdiely v alelickych frekvencidch variantov a rovnako aj to, Ze niektoré varianty maja nizku
penetranciu alebo ich patologicky efekt sa prejavi az v kombindcii G¢inkov viacerych

variantov s nizkym az strednym rizikom penetrancie.

Variant JAK2 R1063H blizsie popisany v predchddzajucich kapitolach je oznacovany ako
polymorfizmus rs41316003. Ide o missense variant (c.3188G>A), ktory ma podl’a viacerych
programovacich néstrojov (Tab. 4) zohl'adniujticich konzervativne homologické sekvencie a
fyzikalno-chemické kompardcie negativny vplyv na Struktaru a funkciu 'udského JAK?2
proteinu. V stlade s tym st vysSie uvedené in silico a funkéné analyzy, ktoré ukazuju, Ze
tato mutacia ma bud’ synergickym (v kombindcii s dedicnou JAK2 E846D mutaciou) alebo
aditivhym (v kooperacii so ziskanou JAK2 V617F mutaciou) spésobom patologicky efekt

na JAK2 signalizéciu.

Tab. 4: Funkény dopad JAK2 R1063H na funkciu JAK?2 kinazy
Nastroj Funkény dopad

SIFT | Deleterious
PolyPhen | Possibly damaging
CADD | Likely benign

REVEL | Likely disease causing

MetalLR | Tolerated
Pozn.: pouzité data su uvedené z nasledujiiceho zdroja:
https://uswest.ensembl.org/Homo_sapiens/Variation/Mappings?db=core;r=9:5125843-
5126843:v=rs41316003;vdb=variation;vf=733418198

Polymorfizmus rs41316003 je pomerne zriedkavy a globalna alelicka frekvencia uvaddzana
v normalnej populdcii je podla databazy 1000 Genomes Project Phase 3 0,0018 (Tab. 5).
Vynimku tvoria populacie Estonska, Finska a Holandska, uktorych je frekvencia
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v porovnani s beznou populéciou z inych stadii viac ako dvojnasobna (Tab. 5). Naopak

v

suboru JAK2 V617F pozitivnych MPN pacientov s diagn6zou PV bol pdvodne JAK2
R1063H variant zaznamenany u 3 z 93 pacientov (Levine a kol., 2005), ¢o zodpoveda
alelickej frekvencii rovnej 0,01613. Podobna frekvencia (0,01795) bola zaznamenana aj vo
vys$Sie uvedenej Stadii (Mambet a kol., 2018), v ktorej bola potvrdena pritomnost’ tejto

mutécie u 14 z 390 JAK2 V617F pozitivnych MPN pacientov.

Tab. 5: JAK2 R1063H frekvencie podl'a roznych databaz

databaza MAF
1000 Genomes Project Phase 3 | 0,0018
1000 Genomes Project Phase 3 (European) | 0,00398
1000 Genomes Project Phase 3 (Finnish) | 0,00507
gnomAD 3.0 (Non-Finnish European) | 0,00657
gnomAD 3.0 (Finnish European) | 0,01077
NCBI ALFA (European) | 0,00584
NHLBI Exome Sequencing Project (European American) | 0,00558
TOPMED | 0,00382
UK10K | 0,00493
Estonian Biobank | 0,02033
GoNL | 0,01189
KorealK | 0,00055
Northern Sweden | 0,00662
Pozn.: pouzité data su uvedené z nasledujucich zdrojov:
https://www.ensembl.org/Homo sapiens/Variation/Population?db=core;r=9:5125843-
5126843:v=rs41316003:vdb=variation;:vi=733418198;
https://www.nlgenome.nl/menu/main/dataexplorer?entity=gonl chr9&hideselect=true&mod=data&filter=(P
OS=ge=5126341;POS=1e=5126343);
https://www.ncbi.nlm.nih.gov/snp/rs41316003#frequency tab
https://bravo.sph.umich.edu/freeze8/hg38/variant/snv/9-5126343-G-A
https://gnomad.broadinstitute.org/variant/9-5126343-G-A?dataset=gnomad 12 1

Nakolko je frekvencia variantu JAK2 R1063H podstatne vysSia v kohorte MPN pacientov
ako v beznej populécii, zaujimalo nas, ¢i frekvencia zavisi od demografickych rozdielov
alebo je jej pritomnost’ v korelacii s patolégiou myeloidnej linie. Preto sme analyzovali
distribiciu variantu v subore pacientov s AML a sSAML (vzorky poskytnut¢ HOK FN
Olomouc s laskavym zvolenim prof. MUDr. Tomésa Papajika, CSc. a doc. MUDr. Tomasa
Szotkowského, Ph.D.). Zo 78 pacientov s AML, 9 jednotlivci nesu JAK2 R1063H mutaciu
v heterozygotnom stave, tzn. frekvencia uvedenej alely sa rovna 0,05769 (Tab. 6). Pomocou
NGS (next generation sequencing) sa u tychto pacientov odhalila pritomnost’ somatickych
driver mutacii a inych mutécii (napr. v génoch kodujucich proteiny Ras, receptor c-kit,
izocitratdehydrogenazu — IDH2 (isocitratedehydogenase), nukleofosmin — NPM
(nucleophosmin) ai.), ktoré sa Casto nachadzaji u potvrdenych pripadov AML alebo

asociuju s preleukemickym stavom oznaCovanym ako klondlna hematopoéza s neurcitym
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potencidlom — CHIP (clonal hematopoiesis of indeterminate potential) (Stengel a kol.,
2021). Aj u pacientov so SAML sme zaznamenali porovnatelne vyss$iu alelickll frekvenciu
JAK2 R1063H (0,0417).

Dalej sme hodnotili lokalnu frekvenciu tohto variantu v kontrolnej populécii 283 darcov
kostnej drene (zo spadovej oblasti HOK FN Olomouc). Analyza odhalila 7 heterozygotnych
nositelov JAK2 R1063H mutacie (Tab. 6). Hodnota frekvencie (0,01237) v kontrolne;j
skupine je vysSia ako je uvedené v dostupnych databazach: 1000 Genomes Project Phase 3
(European) 0,00398 a gnomAD 3.0 (Non-Finnish European) 0,00657 (Tab. 5). Alelicka
frekvencia variantu v tejto skupine méze byt do istej miery skreslena a nadhodnotenad,
nakolko isti Cast’” darcov kostnej drene tvoria pribuzni pacientov s hematologickymi
malignitami. Dal§im dévodom méze byt’ celkovo vysiia frekvencia tohto variantu v eskej
populacii, podobne ako v estonskej, finskej, ¢i holandskej populacii (Tab. 5). Aj napriek
tomu, je frekvencia JAK2 R1063H muticie v skupine pacientov s AML v porovnani
s kontrolnym suborom priblizne 5x vys$ia, na rozdiel od skupiny CML (0,0198) a akutne;
lymfoidnej leukémie — ALL (0,015) pacientov (Tab. 6), u ktorych je frekvencia variantu
blizka frekvencii zaznamenanej u kontrol. Preto sme ako d’al$iu kontrolnu skupinu testovali
kohortu pacientov s hemoglobinopatiou (s potvrdenou/suspektnou talasémiou alebo
hemoglobinovym variantom). Z 270 pacientov nesie 6 pacientov JAK2 R1063H mutaciu
v heterozygotnom stave (z toho dvaja nositelia su strodenci s diagndzou alfa talasémia).

Frekvencia variantu v kohorte s hemoglobinopatiou je 0,01111 (Tab. 6).

Tab. 6: Alelické frekvencie JAK2 R1063H mutacie v ramci roznych kohort.
Diagnéza MAF

Kontroly | 0,0124

AML | 0,0577

sAML | 0,0417

CML | 0,0198

ALL | 0,0150
Hemoglobinopatie | 0,0111

Uvedené, zatial’ nepublikované data naznacuju zvySeny vyskyt JAK2 R1063H muticie v
¢eskej populicii a jej asociaciu s rozvojom/transformaciou do AML (odds ratio — OD =
4,95; 95% confidence interval — CI = 2,1 — 11,64; p = 6,02437E-05). V stcasnosti nase
pracovisko spolupracuje s d’al§imi centrami v CR na podrobnejiej populaénej analyze

mutacie JAK2 R1063H mutécie u kontrolnych skupin ako aj u myeloidnych malignit.
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Na zaklade uvedeného sa domnievame, ze frekvencia variantov JAK2 sa meni v zavislosti
od populécie a mdéze tym ovplyvilovat’ rozvoj nielen AML, ale aj inych hematologickych
ochoreni napr. MPN. Predpokladame, Ze pritomnost’ variantu moéZeme prirovnat’ k ur¢itému
premalignemu stavu (ako napr. CHIP). JAK2 R1063H mutacia moze predisponovat’ k zisku
inych kauzdlnych mutacii arozvoju myeloidnej malignity. Alebo mdze pdsobit’ ako
koonkogén v pritomnosti leukemického driver onkogénu, ktory vznikol bez ohladu na
pritomnost’ tohto variantu. Uvedené vzdjomne nevylucujuce sa hypotézy podporuje aj
pomerne vysoka frekvencia (8,3%) tohto variantu v nami Studovanej skupine pacientov s
diagnézou sAML. Podobne, aj v inej stadii z MD Anderson v USA (Benton a kol., 2019)
zahfnajucej 2154 MPN pacientov, sa potvrdil zvySeny vyskyt (15,3%) JAK2 variantov
v subpopulécii pacientov so SAML transformovanych z MPN. Pricom spomedzi 35
identifikovanych JAK2 variantov prave R1063H variant spolu s L393V a NI1108S
variantami patril medzi najCastejSie sa vyskytujuce a alelickd zat'az tychto variantov sa
podobne ako v nasej stadii (Mambet a kol., 2018) blizi k 50%, ¢o naznacuje, ze ide o dedicné
mutacie. Na zdklade uvedeného sa domnievame, ze subor dediénych samostatne sa
vyskytujucich slabo aktivujucich variantov predstavuje pre jedinca nizke riziko. Av§ak
kooperacia takychto dediénych mutacii moZe a) spolo¢ne so ziskanymi mutaciami
vytvorit’ alebo zosilnit’ onkogénnu aktivitu, a viest’ tak k rozvoju a progresii ochorenia;

b) prispievat’ k fenotypovej heterogenite ochorenia.

Uvedené experimentilne data si sucastou zatial’ pripravovanej publikacie, ktorej
d’alSie analyzy spocivaju v a) rozsireni kontrolnej rovnako exponovanej skupiny o vzorky
pochadzajuce aj z inych regionov CR a tiez inych krajin pre potvrdenie asociacie JAK2
R1063H mutacie s myeloidnou malignitou, pripadne lokalne zvySenej frekvencie JAK2
R1063H mutécie v Ceskej populécii; b) realizacie funkénych stadii priblizujacich vzt'ah tejto
mutacie aj s inymi onkogénmi. Nakol'ko kooperujici efekt onkomuticie JAK2 V617F
s mutaciou JAK2 R1063H bol uz popisany (Mambet a kol., 2018), je potrebné definovat’
vztah tejto mutacie s d’alsimi onkogénmi, ktorych pritomnost’ bola zaznamenana spolo¢ne s

JAK2 R1063H mutaciou.

4.3 Kiritické zhodnotenie literatiry tykajucej sa novych poznatkov

patofyziologie Ph-negativnhych MPN

Poslednou castou mojej dizertacnej prace je suhrnny ¢lanok (priloha 5), ktory popisuje

najnovsie poznatky komplexného pozadia biologie MPN. Okrem klasickej somaticke;j
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genetiky Ph-negativinych MPN, je v ¢lanku diskutovana aj otdzka genetickej predispozicie,
ktora pravdepodobne v sticinnosti s d’alS§imi aj negenetickymi ¢initePmi (napr. faktor
prostredia, zivotného Stylu, komorbidity alebo veku) ovplyviiuje riziko rozvoja

a/alebo urcuje fenotypovy smer Ph-negativnych MPN.
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5. SUHRN

Poruchy hematopoézy pripadne erytropoézy, vrodené aj ziskané, ovplyviluju zdsadnym
sposobom Struktaru a funkciu kostnej drene, ¢o sa mdze prejavit’ v zavaznych zmendch
poctu a aktivity krvnych elementov. Nakol'ko erytropoéza je uzko spétd s metabolizmom
zeleza, jej poruchy su spojené s narusenou homeostazou zeleza. Cielom mojej dizertacne;j
prace bolo Studovat’ a) vyvinové zmeny erytropoézy a ich prepojenie s metabolizmom Zeleza

u mySieho modelu PFCP; b) vplyv dedi¢nych J4K2 mutacii na krvotvorbu.

Na mySom modeli vrodenej primarnej erytrocytdzy sme analyzovali dopad gain-of-function
EPOR mutacie na prenatdlne, perinatilne a postnatilne Stddium erytropoézy
a metabolizmus zeleza. Ukdazali sme, ze 'udsky gain-of-function EPOR vedie k rozvoju
erytrocytdzy uz prenatdlne, potom nasleduje kratke perinatalne obdobie korekcie Hct, po
ktorom sa erytrocytdza opét’ vyvija v rozmedzi 3 — 6 tyzdilov Zivota. Oscilacia hladin Hct u
gain-of-function EPOR mutantnych mysi v perinatdlnom obdobi pravdepodobne
odzrkadl'uje zvySenu deStrukciu prenatalne vytvorenych Cervenych krviniek, ktora stvisi
s prechodom z hypoxického prostredia do prostredia normoxie. Prenatalne a perinatalne,
gain-of-function EPOR mysi maja zvysené transkripty Erfe, znizeny hepcidin a nedostatok
zeleza. Postnatalne sa hepcidin u tychto mysi zvysuje, ¢o je sprevadzané nizkou indukciou
Erfe a akumulédciou Zeleza, ku ktorému pravdepodobne prispieva Zelezo pochadzajice
z pred¢asne starnucich erytrocytov. Starnutim jedincov, najmi u gain-of-function EPOR
homozygotov, dochadza k poklesu erytropoézy, myeloidnej expanzii a lokalnemu zapalu
kostnej drene. ZniZeny dopyt po zeleze erytropoézou, v dosledku jej utlmu stvisiaceho s
vekom, méze rovnako prispievat’ k zvySenému ukladaniu zeleza u starych gain-of-function
EPOR mysi. Zaverom moézeme zhrnut, ze erytrocytéza u gain-of-function EPOR
mutantnych mys$i, ako aj expresia hepcidinu, erytroferénu a hladina zeleza podliehaju pocas
ontogenézy dynamickym zmenam; a Ze krvotvorba tychto myS$i vykazuje zndmky

predcasného starnutia.

V druhej Casti prace sme sa venovali otazke ulohe dedi¢nych JAK2 mutacii v signalizécii,
ktort tento enzym sprostredkuiva. Zistili sme, Ze dedi¢né varianty JAK2 E846D a R1063H
maju samostatne slaby dopad na aktivitu enzymu, aleich vzajomna sucinnost alebo
kooperéacia s inou mutaciou vedie k patologicky zvySenej intenzite JAK2 signalizécie.
Popisali sme tak fenotyp primdrnej erytrocytdzy s abnormdalnou megakaryopoézou
u zloZzeného JAK2 E846D/R1063H heterozygota, aj zosilnenie fenotypu MPN ucinkom

zarodo¢nej JAK2 R1063H mutéicie. Nase predbezné vysledky zaroven ukazuju vysSiu
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frekvenciu vyskytu zadrodo¢ného JAK2 R1063H variantu u pacientov s MPN a obzvlast’
s AML; tato alela by tak mohla predstavovat’ isté predispozi¢né riziko. NaSe zistenia su tak
v stilade v suc¢asnosti diskutovanou tlohou genetickej predispozicie v patofyziologii MPN.
V predlozenom sthrnnom ¢lanku sme sa zamerali na popis heterogenity klasickych Ph
negativnych MPN a zhodnotili sme aj donedavna podcenené postavenie dedi¢ného rizika v

ramci ich rozvoja a komplexnej patobiologie.
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SUMMARY

Disorders of hematopoiesis or erythropoiesis, inherited and acquired, fundamentally affect
the structure and function of the bone marrow, and can be manifested in severe changes in
the number and activity of blood elements. Since erythropoiesis is linked to iron metabolism,
its disorders are associated with disturbed iron homeostasis. My Ph.D. thesis aimed to study
a) the relationship between developmental changes in erythropoiesis and iron metabolism in

the PFCP mouse model; b) the impact of hereditary J4K2 mutations on hematopoiesis.

In a mouse model of congenital primary erythrocytosis, we analyzed the impact of gain-of-
function EPOR mutation of erythropoiesis and iron metabolism at prenatal, perinatal, and
postnatal stages. We have shown that human gain-of-function EPOR leads to the
development erythrocytosis prenatally, followed by a short period of perinatal Hct
correction, after which erythrocytosis develops again between 3 — 6 weeks of life. The
perinatal oscillation of Hct levels in the EPOR mutant mice probably reflects the increased
destruction of red blood cells created prenatally, which is related to the transition from a
hypoxic environment to normoxia. Prenatally and perinatally, EPOR mutant mice have
increased Erfe transcripts, reduced hepcidin, and iron deficiency. Postnatally, hepcidin
increases in these mice, accompanied by low Erfe induction and iron accumulation, likely
contributed by iron derived from prematurely senescent erythrocytes. With aging, the old,
especially EPOR mutant homozygotes exhibit a decline of erythropoiesis, myeloid
expansion, and local bone marrow inflammatory stress. Reduced iron demand for
erythropoiesis, due to its age-related attenuation, also is another contributing factor to
increased iron deposition in the aged EPOR mutant mice. We conclude, that erythrocytosis
as well as the expression of hepcidin, erythroferrone and iron levels undergo dynamic
changes during the ontogenesis of the £EPOR mutant mice which also exhibit features of

premature aging of hematopoiesis.

In the second part of the thesis, we addressed the question the role of hereditary JAK2
mutations in the signaling mediated by this kinase. We found that the inherited variants
JAK2 E846D and R1063H separately have a weak impact on kinase activity. However, their
interaction or cooperation with another mutation leads to a pathologically increased intensity
of JAK2 signaling. We described the phenotype of primary erythrocytosis with abnormal
megakaryopoiesis in a compound JAK2 E846D/R1063H heterozygote and the exacerbation
of the MPN phenotype by the germline JAK2 R1063H mutation. Simultaneously, our
preliminary results show a higher frequency of germline JAK2 R1063H variant in patients
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with MPN, and especially with AML. We propose that JAK2 R1063H may represent a
predisposing factor towards the development of myeloid malignancies, which is in
agreement with recently proposed genetic predisposition to be an important factor in the
pathophysiology of MPN. In the presented review article, we focused on the description of
the heterogeneity of classical Ph negative MPN and evaluated the role of hereditary risk in
the development and complex pathobiology of MPN.
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7. ZOZNAM SKRATIEK
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granulocyte colony-forming unit
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macrophage colony-forming unit
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common lymphoid progenitor

common myeloid progenitor

bone morphogenic protein

bone morphogenic protein receptor
duodenal cytochrome B ferrireductase
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divalent metal transporter 1
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epidermal growth factor

epidermal growth factor receptor
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interleukin
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c-Jun N-terminal kinase
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myeloproliferative leukemia virus oncogene
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nuclear receptor coactivator 4
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next generation sequencing
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Abstract

Mutations of the truncated cytoplasmic domain of human
erythropoietin receptor (EPOR) result in gain-of-function of
erythropoietin (EPO) signaling and a dominantly inherited
polycythemia, primary familial and congenital polycythemia
(PFCP). We interrogated the unexplained transient absence of
perinatal polycythemia observed in PFCP patients using an
animal model of PFCP to examine its erythropoiesis during
embryonic, perinatal, and early postnatal periods. In this mod-
el, we replaced the murine EpoR gene (mEpoR) with the wild-
type human EPOR (wtHEPOR) or mutant human EPOR gene
(mtHEPOR) and previously reported that the gain-of-function
mtHEPOR mice become polycythemic at 3~6 weeks of age,
but not at birth, similar to the phenotype of PFCP patients. In
contrast, WtHEPOR mice had sustained anemia. We report
that the mtHEPOR fetuses are polycythemic, but their poly-
cythemia is abrogated in the perinatal period and reappears
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again at 3 weeks after birth. mtHEPOR fetuses have a delayed
switch from primitive to definitive erythropoiesis, augmented
erythropoietin signaling, and prolonged Stat5 phosphorylation
while the wtHEPOR fetuses are anemic. Our study demon-
strates the in vivo effect of excessive EPO/EPOR signaling on
developmental erythropoiesis switch and describes that fetal
polycythemia in this PFCP model is followed by transient
correction of polycythemia in perinatal life associated with
low Epo levels and increased exposure of erythrocytes’
phosphatidylserine. We suggest that neocytolysis contributes
to the observed perinatal correction of polycythemia in
mtHEPOR newborns as embryos leaving the hypoxic uterus
are exposed to normoxia at birth.

Key message

*  Human gain-of-function EPOR (mtHEPOR) causes fetal
polycythemia in knock-in mice.

*  Wild-type human EPOR causes fetal anemia in knock-in
mouse model.

*  mtHEPOR mice have delayed switch from primitive to
definitive erythropoiesis.
Polycythemia of mtHEPOR mice is transiently corrected
in perinatal life.

*  mtHEPOR newborns have low Epo and increased expo-
sure of erythrocytes’ phosphatidylserine.

Keywords Human EPOR mutation - Fetal polycythemia -
Prolonged primitive erythropoiesis - Augmented Stat5
signaling - Neocytolysis

Introduction

Erythropoietin (EPO)/EPO receptor (EPOR) signaling plays a
central role in survival, proliferation, and differentiation of
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committed erythroid progenitors in definitive erythropoiesis.
Epo- and EpoR-null mutant mice die at ~E13.5 due to severe
anemia [1]. These loss-of-function mutations of Epo and
EpoR genes permit production of primitive erythroblasts dur-
ing E10~E11, albeit at low levels, but definitive fetal liver
(FL) erythropoiesis is blocked at the more differentiated eryth-
ropoiesis stage (CFU-E) [1]. The gain-of-function of EPOR
mutations resulting from truncation mutations of the cytoplas-
mic domain of EPOR are associated with primary familial and
congenital polycythemia (PFCP) characterized by augmented
EPO/EPOR signaling and hypersensitivity of erythroid pro-
genitors to EPO [2].

The yolk sac is the first site of erythropoiesis during mouse
and human ontogeny, followed by FL erythropoiesis in devel-
oping fetuses. In the mouse, the first blood cells arise in the
yolk sac around embryonic days (E)7~8. These are
unipotential progenitors giving rise to nucleated primitive
erythroblasts, which synthesize embryonic hemoglobins. Af-
ter E8, these primitive erythroblasts enter the circulation [3].
The definitive hematopoietic progenitor cells emerging before
E10 in the mouse embryo are also the products of the yolk sac
[3, 4]. Definitive hematopoiesis is then established in the FL
and produces enucleated erythrocytes from E11.5, when these
cells first enter the bloodstream. Definitive erythroid cells pre-
dominate in the circulation from E14 [4]. There is a temporal
overlap of the appearance of primitive and definitive erythro-
cytes in the circulation, as primitive erythroid cells undergo
progressive enucleation between E12.5 and E16.5 and form
mature primitive erythrocytes in the circulation [5]. Around
birth, the mouse spleen and bone marrow become the princi-
pal sites of adult erythropoiesis, producing definitive erythroid
cells; however, primitive erythrocytes circulate as late as
5 days after birth [5].

The switch from embryonic to adult erythropoiesis coin-
cides with the differential use of globin genes; in the mouse,
the 3-globin cluster is composed of four functional (3-globin
genes (¢y-, BHI1-, $1-, and (32-globins). The ¢y- and BHI1-
globins are expressed in the primitive erythroid lineage, and
the B1- and 32-globins are expressed in definitive erythroid
cells. A transient wave of early definitive erythroid lineage in
murine FL that originates from yolk sac-derived
erythromyeloid progenitors expresses adult (3-globins along
with embryonic BHI1-globin [4]. In contrast, in the human
[3-globin cluster, ¢ gene expression is followed by expression
ofy-globin genes in fetal life (Ay and Gvy), while adult 4- and
[3-globins are expressed after birth. The «-globin cluster is
characterized by the expression of the (-globin gene in prim-
itive erythropoiesis in both humans and mice, while fetal and
adult erythropoiesis is characterized by the expression of «1-
and o2-globin genes [5].

We have previously shown that an animal model of
PFCP—the mice having gain-of-function EPOR mutation
(mtHEPOR)—Dbecome polycythemic at 3~6 weeks of age,

@ Springer

but not at birth similar to the polycythemic phenotype of af-
fected humans, and that the mice with wild-type human EPOR
(WtHEPOR) are anemic [6]. Here, we report that PFCP mouse
embryos have fetal polycythemia associated with a de-
layed switch from embryonic to adult erythropoiesis.
This fetal polycythemia is transiently overcorrected in
the perinatal period and reappears again at 3 weeks of
postnatal life. The observed perinatal fall of hematocrit
in the mtHEPOR mice could be parallel to transient
anemia in normal human newborns associated with
neocytolysis; i.e., a selective destruction (hemolysis) of
young (hypoxia-made) erythrocytes [7].

Material and methods
Mice

The mice (WtHEPOR—homozygous wild-type human EPOR
knock-in, mtHEPOR—homozygous gain-of-function human
EPOR knock-in (substitution ¢.1278C>G; designation of the
mutation according to the LOVD database, www.lovd.nl), and
the murine EpoR (mEpoR)—wild-type mouse control) were
bred and maintained in an IACUC-approved CCM facility at
the University of Utah and in the Center for Laboratory Ani-
mals, Palacky University (PU), in accordance with the regu-
lations of PU Institutional Animal Care and Use Committee,
Olomouc, Czech Republic.

The wtHEPOR or mtHEPOR knock-in mice were
generated by gene targeting [6] and then backcrossed
onto the C57BL/6 strain at least 6 times. Thereafter,
the heterozygous knock-in offspring were intercrossed
to produce all experimental mice, i.e., the model homo-
zygous WtHEPOR and homozygous mtHEPOR as well
as the control mEpoR mice.

Hematocrit assessment and isolation of fetal liver cells
from fetuses

Mice aged 10 weeks or older were used for timed mating.
When the vaginal plug was detected, noon of that day was
considered E0.5. Fetuses were removed from the uterus at the
indicated time points. Fetal blood was immediately drawn
from carotid arteries by a Drummond 2 lambda microcap
(Fisher Scientific; Pittsburgh, PA) for hematocrit measure-
ment and by hand-drawn pipette for other analyses. Hemato-
crits were recorded with a hematocrit reader (International
Equipment Company; Needham Heights, MA). FLs were dis-
sected and dispersed by repeated pipetting in cold phosphate-
buffered saline (PBS). Red blood cells (RBCs) were lysed by
RBC lysis buffer (0.15 M NH4CI, 1 mM KHCOs;,
0.1 mM EDTA).


http://www.lovd.nl/
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Immunostaining and flow cytometry analysis of erythroid
progenitors and erythroblasts

Fetal liver cells (FLCs) or peripheral blood (PB) were stained
with phycoerythrin (PE)-conjugated anti-CD71 and fluoresce-
in isothiocyanate (FITC)-conjugated anti-TER119 (BD Bio-
sciences; San Diego, CA) antibodies as described [8], follow-
ed by 1 % formaldehyde fixation. The cells were analyzed by
flow cytometry on a Coulter Epics Profile instrument
(Beckman/Coulter; Miami, FL); five different regions were
analyzed based on the expression levels of CD71/TER119
[8]. Each region represented differentiation cell stage as pre-
viously described [8].

Real-time PCR analysis of globin genes

For details of quantifications including specific primer se-
quences, see Supplementary Material.

Assessment of enucleation

PB cells were washed twice with cold PBS, then stained with
10 uM DRAQS5 (Biostatus, Leicestershire, UK) for 15 min at
ambient temperature, followed by FACS analysis.

Stat5 phosphorylation analysis

Antibodies specific to phospho-Stat5 and total StatS were pur-
chased from Cell Signaling Technology (Beverly, MA) and
Santa Cruz Biotechnology, respectively. After 2 h of starva-
tion in RPMI with 10 % fetal calf serum (FCS), FLCs were
treated with recombinant human (rh) EPO (Amgen Co., Thou-
sand Oaks, CA), and cell lysates were prepared as described
[9]. Proteins were separated on 7.5 % SDS-PAGE and trans-
ferred to PVDF membranes (Bio-Rad; Hercules, CA).

Hypoxia treatment

Mice of all genotypes (8 to 12 weeks old) were placed in a
hypobaric chamber (BioSpherix, Lacona, NY) for 10 days at
12 % O,. Mice were then returned to ambient condition for
29 days, and hematocrits (using 10 pl of blood) were measured
at selected time points. The consecutive blood samplings did
not materially influence hematocrits (data not shown).

Quantification of Epo

The serum levels of Epo in neonatal (7 days old) and adult (8
to 12 weeks old) mice were quantified according to the man-
ufacturer’s instructions for the Mouse Erythropoietin
Quantikine ELISA Kit (R&D Systems). The expression of
Epo messenger RNA (mRNA) was determined in the liver
and kidney by quantitative real-time (qQRT)-PCR (see

Supplementary Material for details). The statistical signifi-
cance of relative expression changes in target mRNA levels
was analyzed using the REST© 2009 software [10].

Erythrocyte Annexin V binding

PB erythrocytes were labeled using Annexin V/FITC kit (BD
Biosciences) as described [11]. Fluorescence intensity was
measured by FACS Calibur (BD Biosciences).

Statistical analysis

Student’s test and ANOVA test were used for the statistical
analyses. Significant differences were assumed when P<0.05.
The software GraphPad Prism 4 (GraphPad Software Inc., San
Diego, CA) or Origin 6.1 (OriginLab Corporation, Northamp-
ton, MA) was used for the statistical calculations.

Results

Truncated human EPOR causes polycythemia,
while wild-type human EPOR causes anemia
at mid- to late-gestation mouse embryonic stages

Our previous studies demonstrated that polycythemia in the
mtHEPOR mice was not apparent until 3 to 6 weeks after birth
[6]; thus, the effect of the gain-of-function of EPOR mutation
in mtHEPOR fetuses was not clear. We examined wtHEPOR,
mtHEPOR, and mEpoR fetuses at various time points of
mouse development: E12.5, E14.5, E16.5, and E18.5, and
mice at the following postnatal (PN) time points: 0 day,
1 week, 2 weeks, 3 weeks, and 5 weeks. Unexpectedly, as
shown in Fig. 1 and similarly to what we reported in adult
mice [6, 12], mtHEPOR fetuses were polycythemic and
wtHEPOR were anemic from E12.5 to E16.5 as compared
to mEpoR fetuses. However, all genotypes had significantly
reduced hematocrits at perinatal time, mEpoR from E18.5 to
PN 2 weeks and mtHEPOR and wtHEPOR from PN 0 day to
PN 2 weeks. In wtHEPOR and mtHEPOR, the peaks of hemat-
ocrit levels were reached at E18.5 in contrast to E16.5 of
mEpoR. From 3 weeks of PN, hematocrits from mtHEPOR
(polycythemic) and wtHEPOR (anemic) were comparable to
those at the mid gestation. At these examined developmental
stages, there were no apparent size differences of the fetuses
and volumes of FLs among the studied genotypes (not shown).

wtHEPOR and mtHEPOR have a greater proportion
of immature circulating erythroid progenitors

than mEpoR

We hypothesized that polycythemia of mtHEPOR and anemia
of wtHEPOR in embryos could be influenced by an aberrant
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erythroid differentiation. Therefore, PB erythroid progenitors
were analyzed at various time points of mouse development
using two differentially regulated erythroid specific surface
markers, CD71 and TER119 by FACS [8]. The relative pro-
portion of the erythroid R2 region (proerythroblasts and early
basophilic erythroblasts) in mtHEPOR rapidly decreased
(51 % at E12.5 versus 14 % at E16.5), while wtHEPOR had
only a small reduction of this population until E16.5 (28 % at
E12.5 versus 21 % at E16.5) (Fig. 2). At E18.5, immature
erythroid cells (R2 region) from PB of all genotypes were
no longer detectable. At birth, all genotypes had circulated
erythroid cells of a comparable differentiation stage.

All genotypes had immature circulating erythroid progen-
itors and underwent their ongoing differentiation from E12.5
to PN 3 weeks (Fig. 2). However, PB from wtHEPOR and
mtHEPOR at late gestation and the perinatal period contained
significantly higher proportions of immature erythroid pro-
genitors compared to mEpoR until PN 3 weeks, suggesting
delayed ongoing differentiation. Erythroid FLCs had no sig-
nificant differences of their maturation pattern at any time
point (not shown).

PB of mid- to late-gestation mtHEPOR embryos contain
more primitive erythroid cells in circulation

Lux et al. showed that primitive and definitive hematopoietic
progenitor cells co-exist and emerge in the mouse embryo
before E10 [3]. Progressive maturation of immature primitive
erythroid cells occurs in the circulation, as evaluated by
changes of globin isotypes [5]. We postulated that the higher
proportion of circulating immature erythroid cells from
mtHEPOR embryos during mid- to late-gestation embryogen-
esis may be due to the presence of a greater proportion of

Fig.1 The mtHEPOR fetuses are
polycythemic and wtHEPOR
fetuses are anemic compared to

Fig.2 Peripheral blood (PB) from all genotypes contains early erythroid P>
cells while wtHEPOR and mtHEPOR mice have delayed maturation. PB
was obtained from all homozygous fetuses/neonatal pups at the indicated
time points, stained with CD71/TER119 antibodies and analyzed by
FACS. Each differentiation stage (R1~R5) was gated as previously
described [8]; R1 (CD71mid/TER119negative)-primitive progenitor cells
and proerythroblasts, R2 (CD71high/TER119negative)-proerythroblasts
and early basophilic erythroblasts, R3 (CD71high/TER119positive)-early
and late basophilic erythroblasts, R4 (CD71mid/TER119positive)-
chromatophilic and orthochromatophilic erythroblasts, and R5
(CD711ow/TER119positive)-late orthochromatophilic erythroblasts and
reticulocytes. Numbers are the averages of each differentiation stage in
mice derived from multiple litters. M, wtH, and mtH denote mEpoR,
wtHEPOR, and mtHEPOR genotypes, respectively. * indicates P <0.05

primitive erythroid cells. As shown in Fig. 3a, fetal PB from
mtHEPOR embryos had higher levels of embryonic globin
transcripts (¢y/BHI1 and () than mEpoR, while fetal PB from
wtHEPOR embryos had comparable levels of embryonic glo-
bin transcripts to mEpoR controls. We also evaluated the enu-
cleation status of fetal PB using a DNA dye, DRAQS. In
agreement with globin analysis, mtHEPOR fetuses from
E13.5 and E14.5 had higher proportion of nucleated erythro-
blasts than other genotypes (Fig. 3b). These data indicate that
the mtHEPOR mice have prolonged primitive erythropoiesis,
i.e., delayed switch from primitive to definitive erythropoiesis.

Stat5 phosphorylation is increased and sustained
upon EPO stimulation in mtHEPOR FLCs

To evaluate the EPO signal transduction, we tested the EPO
dose-response and kinetics of Stat5 phosphorylation in FLCs.
FLCs were obtained from all genotypes at E14.5 and E18.5,
starved for 2 h in RMPI+10 % FCS, and stimulated with

mEpoR fetuses at mid to late 70
gestation (E12.5~E16.5). These
phenotypes transiently disappear 60 -
around perinatal period and then
reappear at 3 weeks (wks) after — 504
birth. M, wtH, and mtH denote X
mEpoR, wtHEPOR, and -
mtHEPOR genotypes, E 404 .
respectively. * and ** denote 8 ‘|
P<0.05 and P<0.001 for E 30
mEpoR versus wtHEPOR, and o
mtHEPOR, respectively; PN I 5.
denotes postnatal. The mean and
standard error of hematocrit levels
from at least 10 embryos/neonatal 104
pups for each time point are
shown 0
\'J’o

@ Springer

.
. wiH
= mtH
. M
~ M . =
M (! n
*x n . . *x
=2l A
M n =
> 0@‘? @'&6 Q‘\bQ Q\QN '1«““? “f‘\‘? s“‘f’



J Mol Med

104

ight
VAR
;

FL2-He
10
i

10!
.

FL2Height
10
ul

10
FL1-Height

PB.027

10*

ight
g,
h

FL2-Hy
10
.

10°
h

Height
phe:

FL2-

soht

FL2-He
1
=

10!
i

T T

1 o
FL1-Height
PB.026

T
10

1(]3
'

ight
1 03
i

FL2-H

10

Swgm

10
"

FL2-Hy

o
L

1

100

T
10!

)

g
102
FL1-Height

< PB.041

0
L

1

FL2-Height
10°
.

10!

102
FL1-Height

CcD71

—

TER119

10*

10%
g

ight
107
h

FL2-H

10!
:

FL2-Hgight
1 05
.

10!
;

|00

10t

FL2-Height
10S 10°
" .

10!

10’
FL1-Height
PB.015

10*

FL2-Hgight
o P
g i

10!
]

I'v T - T
10! 102 10%
FL1-Height
PB.026

10® 10
;

ight
mS
.

FL2-H

10°
FL1-Heiaht
< PB.O13

2

FL2-Hgight
10
ol

10

102
FL1-Height

PB.035

10*

ight
GRS
b

FL2-H;
10°
sul

1 2

10f 10 10
FL1-Height

10t

ight
CAl

FL2-Hy

FLz-Hgigh
10
"

10!
§

FL2-Height
1 0S
i

10!
;

FL1-Height

PB.016

gioht

FL2-H
10
il

:
102

FL1-Height

PB.022

FL2-Hgight
10
L

T

10? 10
FL1-Height
PB.063

gioht

1

FL2-He

10!

10!

10%
FL1-Height

PB.020

10

10° 10t
L

FL2-Height
10°
G

-
10! 102
FL1-Height

E18.5

PN 1d

1 wk

3 wks

5 wks



J Mol Med

E13.5
1.0

*%

0.8 4

0.6 4

Ratio
Ratio

0.4

*%k

0.2

al/o2

p1

gy  BH1 B2 4

E15.5

0.8 1

0.6 1

Ratio
Ratio

0.4 1

0.24

*%

0.0

B1 B2 al/a2 ¢

Fig. 3 mtHEPOR fetuses have more embryonic globin transcripts than
the other two genotypes. a Peripheral blood (PB) was obtained from
carotid arteries of fetuses at indicated time points, and total RNA was
extracted using manufacture’s protocol. Embryonic and adult globin
transcripts were analyzed by real-time PCR using SYBR green dye with
primer sets as described in the Supplementary Material. M, wtH, and mtH

gy  BH1

recombinant human EPO (rthEPO) at ambient tempera-
ture. The results were identical for E14.5 and E18.5. As
shown in Fig. 4a, mtHEPOR FLCs at 0.01 U/ml of
EPO had detectable phosphorylation of Stat5, whereas
mEpoR FLCs had detectable phosphorylation of Stat5
only at 1 and 10 U/ml of EPO. The wtHEPOR FLCs
had only a barely detectable level of Stat5 phosphory-
lation at 10 U/ml of rthEPO (Fig. 4a). As shown in
Fig. 4b and Supplementary Fig. 1, phosphorylation of
StatS in mEpoR was seen after 15 min of stimulation
and almost disappeared after 60 min, whereas in
mtHEPOR FLCs, Stat5 was comparably phosphorylated
after 15 min of stimulation but only minor decline in
StatS phosphorylation was detected during the 120-min
observation time period.

mtHEPOR mice have greater decrease of hematocrit
upon normoxic return from hypoxia

We interrogated the observed fall of hematocrit in the
mtHEPOR neonates. Since mouse pups underwent significant
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denote mEpoR, wtHEPOR, and mtHEPOR genotypes, respectively. b PB
was obtained and stained by DRAQS dye. Nucleated and enucleated cells
in PB were analyzed by FACS. Average numbers were calculated from
multiple embryos (at least 10 for each genotype). M, wtH, and mtH
denote mEpoR, wtHEPOR, and mtHEPOR genotypes, respectively
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change of oxygen tension at delivery (from the uterus to
ambient atmosphere), we tested whether it may account
for the decrease in perinatal hematocrit levels (Fig. 1).
Mice exposed to hypoxia at hypobaric chamber for
10 days had their hematocrit level followed for 29 days
after returning to normoxia. As shown in Fig 5a, hyp-
oxia increased the hematocrit levels by a similar degree
in individual genotypes, i.e., mEpoR=60.0 (1.2 times);
wtHEPOR=53.9 (1.13 times); mtHEPOR=65.0 (1.12
times). However, upon normoxic return, the reduction
of hematocrits differ among individual genotypes. The
hematocrits reached the lowest levels between days 10
and 14 and decreased to mEpoR=45.2 (drop of
14.8 %), wtHEPOR=40.1 (drop of 13.8 %), and
mtHEPOR=48.1(drop of 16.9 %). The most pronounced
relative hematocrit drop was observed for mtHEPOR
mice and showed statistical significance compared to
wtHEPOR (P=0.0071) and mEpoR (P=0.0291) mice,
respectively. Thus, the mtHEPOR mice undergo greater
changes of hematocrit than other genotypes in response
to changes in oxygen tension.
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Fig. 3 (continued)

Neonatal and adult mice of individual mouse genotypes
differ in Epo production

We reasoned that possible differences in Epo concentrations
might reflect mtHEPOR and wtHEPOR perinatal phenotypes.
As Epo levels of mtHEPOR and wtHEPOR mice have not
been previously reported, we measured their Epo concentra-
tions. wtHEPOR newborns had higher Epo levels in relation
to those of mtHEPOR and their wild-type mEpoR counter-
parts (Fig. 5b). Serum Epo levels correlated with changes of
Epo mRNA expression in the liver and kidney as determined
by qRT-PCR (Fig. 5¢). We also assessed the serum Epo levels
and Epo mRNA expression in adult animals in normoxia and
during exposure to hypoxia. We observed that serum Epo
levels are highest in wtHEPOR mice and lowest in mtHEPOR
mice in both normoxic and hypoxic conditions (Supplemen-
tary Fig. 2A). The differences in serum Epo levels between the
individual genotypes were paralleled by differences in Epo
mRNA expression in the kidney; the highest was detected
for wtHEPOR mice and the lowest for mtHEPOR mice, again
in both normoxic and hypoxic conditions (Supplementary
Fig. 2B), suggesting that the regulation of Epo levels is appro-
priate and commensurate to differences of hematocrit.

0 100 200 300

E14.5d

mtHEPOR erythrocytes have increased surface exposure
of phosphatidylserine in perinatal period

We next measured the exposure of phosphatidylserine on the
erythrocytes’ membranes at E18.5, PN 0 day, PN 7 days and
in adult mice using Annexin V staining and flow cytometry.
The exposure of phosphatidylserines (determined by mean
fluorescence values) at E18.5 was comparable among the dif-
ferent genotypes (mean fluorescence around 0.8) (Fig. 6). In
contrast, there was a gradual increase in phosphatidylserine
exposure on the mtHEPOR erythrocytes after birth and, to a
lower extent, also on mEpoR erythrocytes between PN 0 and
PN 7. The maximum increase of surface exposure of
phosphatidylserines on erythrocytes was PN 7 (mean fluores-
cence of 6.5+2.8 and 6.2+ 1.7, respectively). This
corresponded to a maximal drop of hematocrit and lowest
Epo levels at PN 7 in polycythemic mtHEPOR, in contrast
to a milder reduction of hematocrit and slightly higher Epo
levels in non-polycythemic mEpoR mice. While there was a
trend to a higher level of surface exposure of
phosphatidylserines on the mtHEPOR erythrocytes compared
to mEpoR erythrocytes, it did not achieve statistical signifi-
cance. The anemic wtHEPOR’s erythrocytes had the lowest
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Fig. 4 EPO-induced Stat5 phosphorylation in mtHEPOR fetal liver
erythroid progenitors is augmented and sustained. FLCs were obtained
from mEpoR (M), wtHEPOR (wtH), and mtHEPOR (mtH) E14.5 fetuses
and starved for 2 h in RPMI+ 10 % FCS prior to stimulation with
recombinant human (th) EPO. The cell lysates (equivalent to 10° cells)
were immunoblotted with a phopho-Stat5 (P-Stat5) antibody, followed by
re-probing with antibodies specific for total Stat5 and GAPDH. a EPO

exposure of phosphatidylserines at all analyzed time points,
and the increase between PN 0 and PN 7 was only subtle
(from 0.7£0.1 to 1.3+0.3) consistent with the lowest reduc-
tion in perinatal hematocrit and highest Epo levels (Fig. 6).
The exposure of phosphatidylserines on erythrocytes’ mem-
branes then declined, and comparable levels were detected in
adult mice of all three genotypes (mean fluorescence around
0.6). Thus, the increased exposure of phosphatidylserines in
the perinatal period likely contributes to enhanced recognition
and destruction of mtHEPOR erythrocytes by reticuloendo-
thelial macrophages paralleling the dramatic drop of hemato-
crit in the neonatal period [13].

Discussion

We previously reported the PFCP phenotype of gain-of-
function EPOR gene (mtHEPOR) resulting from the EPOR
truncation and the loss of negative regulatory domain [2] and
showed that mtHEPOR mouse mimics human disease [6].
At 3-6 weeks after birth, both heterozygous
wtHEPOR/mtHEPOR and homozygous gain-of-function
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dose-response test of Stat5 activation. FLCs were stimulated with
indicated concentrations of EPO for 15 min. b Stat5 phosphorylation
kinetic study. Analysis of P-Stat5 in FLCs stimulated with 1 U/ml of
EPO for indicated periods of time. The relative quantification of P-Stat5
for mtHEPOR and mEpoR FLCs is presented graphically in Supplemen-
tary Fig. 1

mtHEPOR animals develop polycythemia while homozygous
wtHEPOR become anemic [6, 12]. The lack of perinatal
polycythemic phenotype in this mouse model eluded an
obvious explanation and suggested that polycythemia
may be only confined to adult hematopoiesis. However,
we now show that at the mid- and late-gestation stages
of erythropoiesis (E12.4~E16.5), mtHEPOR fetuses are
polycythemic while the wtHEPOR fetuses are anemic,
similar to what we observed in adult mice (Fig. I).
These phenotypes temporarily disappear during the peri-
natal period (E16.5~PN 2 weeks) and then reappear at
the adult stage (*PN 3 weeks).

To better understand how these phenotypes occur during
mid- to late-gestation (E12.5~E16.5) and in the perinatal and
neonatal periods, we analyzed distribution of maturation
stages of erythroid precursors, proportion of nucleated/
enucleated erythroid cells, and expression of globin genes in
fetuses and neonates. It has been previously demonstrated that
immature primitive erythroid cells enter the embryonic circu-
lation and progressively mature in the circulation during em-
bryogenesis [14]. It was also shown that EPO/EPOR signaling
promotes survival and delays maturation of primitive
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Fig. 5 Upon return from hypoxia

to normoxia, mtHEPOR mice
undergo greater changes of
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erythroblasts [15]. In agreement, our data show the presence
of immature erythroid cells in the circulation of mouse fetuses
as well as newborns until 3 weeks after birth; the mtHEPOR
mouse with augmented EPOR signaling has a larger propor-
tion of immature erythroblasts than wtHEPOR and mEpoR
mice, predominantly in the mid- and late-gestation period
(Fig. 2). Since most of the progeny of primitive erythropoiesis
in wild-type mouse disappear around E15.5 [14, 16], the cir-
culating immature erythroid cells from E15.5 and thereafter
were expected to be the progeny of definitive erythropoiesis.

The globin gene expression analysis suggested that this ap-
plies only to the mEpoR and wtHEPOR genotypes. Interest-
ingly, in the mtHEPOR mice, the observed delayed maturation
paralleled with delayed hemoglobin switching (Fig. 3). This
delayed switch from embryonic to fetal/adult globins could be
attributed to a slower clearance of primitive erythroid cells
from the circulation in mtHEPOR fetuses and/or to a delayed
“maturational” switch in the mtHEPOR primitive erythro-
blasts, as supported by data in Fig. 2. This conclusion is also
supported by assessment of the enucleation status of erythroid
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Fig. 6 mtHEPOR erythrocytes
show increased
phosphatidylserine exposure on
erythrocytes membrane. Annexin
V binding to exposed
phosphatidylserines on the
membrane of erythrocytes
isolated from embryos at day 18.5
(ED18.5), neonatal mice at
postnatal day 0 (PN 0) and 7 (PN
7), and adult mice (8—12 weeks
old) was determined by flow
cytometry. The mean intensity of
fluorescence gradually increased
for mtHEPOR mice (mtH, n=9
for PN 7, n=3 for E18.5, PN 0,
and adults) and mEpoR mice (M,
n=5forPN 7, n=3 for E18.5,
PN 0, and adults). The lowest
phosphatidylserine exposure was
detected for wtHEPOR mice;
with subtle changes in perinatal
period (WtH, n=4 for PN 7, n=3
for E18.5, PN 0, and adults). The
overlays of the original
histograms of representative
measurements are also shown
(right). The results are expressed
as the mean value £ SD.
***P<0.001, **P<0.01, ns not
significant

cells in PB using DRAQS. In aggregate, our results suggest
that at mid to late gestation, a significantly higher proportion
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of primitive erythroid cells was present in mtHEPOR mouse
PB compared to wtHEPOR and mEpoR embryos.



J Mol Med

EPO signaling has a unique role in primitive erythropoie-
sis. Primitive erythropoiesis in EpoR-deficient mouse and ze-
bra fish models is impaired, but not completely abolished [1,
17, 18]. The proliferative maturation of primitive erythroblasts
is highly dependent on EPO/EPOR-mediated signaling [15].
These combined results demonstrate that EPO signaling does
not fully affect primitive erythroid cell differentiation and for-
mation but plays a role in the proliferation of primitive ery-
throid progenitors and modulates primitive erythroblast mat-
uration which, in turn, influences the abundance of primitive
erythroid cells in embryonic circulation. Our data support the
following concept—gain-of-function EPOR mutation causes
enhanced EPO/EPOR signaling and results in delayed termi-
nal maturation of primitive erythroid cells.

We have previously investigated the effects of recombinant
mouse (rm) Epo on adult bone marrow-derived mtHEPOR
and wtHEPOR erythroid progenitors in vitro and showed that
while mtHEPOR BFU-Es were hypersensitive to rmEpo, the
wtHEPOR were hyposensitive to rmEpo in these culture con-
ditions [6]. Because these findings could be influenced by
interaction differences between mouse Epo with human
EPOR, we examined in this study of mtHEPOR and
wtHEPOR FLCs the effects of thEPO on EPOR signal trans-
duction pathway. The data shown here are consistent with our
previous studies. Here, we demonstrate augmented and
sustained activation of Stat5 in mtHEPOR FLCs and signifi-
cantly reduced Stat5 activation in wtHEPOR FLCs (Fig. 4a,
b). Collectively, these data are in agreement with the observed
polycythemia of mtHEPOR and yet not fully explained ane-
mia of wtHEPOR adult mice [6, 12] and fetuses (this study).
We show here that the Epo production in wtHEPOR neonatal
mice (day 7) was significantly elevated (Fig. 5b, c). These data
likely reflect weaker signaling downstream human EPOR
when compared to murine EpoR [19] leading to anemia and
chronic hypoxia resulting in increased Epo production in
wtHEPOR mice.

The causes of observed perinatal fall of hematocrit in the
mtHEPOR neonates could be associated with transient anemia
in normal human newborns [20]. We reported that
neocytolysis, a selective destruction (hemolysis) of young
(hypoxia-made) erythrocytes, first described in astronauts
[13] but also observed in people acclimatized to hypoxic high
altitude upon their return to normoxic sea levels [7, 21], can
account for the perinatal fall of hematocrit in mice [7]. We
propose that the same phenomenon contributes to the ob-
served perinatal correction of polycythemia in mtHEPOR
newborns as embryos leaving the hypoxic uterus are exposed
to normoxia at birth. We report here differential decrease of
hematocrits in perinatal period in studied genotypes but to a
greater degree in mtHEPOR mice (Fig. 1). We could then
demonstrate that hypoxic exposure of adult mice bearing these
three different genotypes when followed by rapid normoxic
change was also accompanied by similar changes of

hematocrits mimicking those we observed in the perinatal life
of these mice (Fig. 5a). We can only speculate that the rela-
tively moderate hematocrit decrease in the wtHEPOR neo-
nates could be a result of a protective effect of Epo on
neocytolytic process of young erythrocytes [21]—and we
show here that anemic wtHEPOR newborns have greatly in-
creased Epo levels (Fig. 5b). In contrast, mtHEPOR mice have
low Epo levels and exhibit greater decrease of hematocrit
following their birth. Increased phosphatidylserine exposure
on the membrane of mtHEPOR erythrocytes (Fig. 6) in the
perinatal period is congruent with accelerated destruction of
these cells by macrophages [22, 23], thus contributing to the
fall of hematocrit in these neonatal mice. However, because
the hematocrit in perinatal period is significantly lower in
mEpoR mice compared to mtHEPOR mice notwithstanding
a comparable degree of phosphatidylserine exposure on their
RBCs, it is likely that other biochemical features besides
phosphatidylserine exposure are involved in the clear-
ance of hypoxia-born RBCs [24].

In conclusion, we demonstrate that the human gain-of-
function EPOR causes fetal polycythemia associated with
prolonged primitive erythropoiesis and delayed switch from
primitive to definitive erythropoiesis and transient lack of
polycythemia in perinatal life. In addition, we demonstrate
that wtHEPOR embryos are anemic, and that this anemia is
a consequence of decreased STATS activation in wtHEPOR
FLCs. A transient correction of polycythemia in mtHEPOR
newborns may result from neocytolysis.
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Supplementary Material

Real-time PCR analysis of globin genes

PB was washed with cold PBS once and then lysed by Trizol (Molecular Research Center
Inc; Cincinnati, OH). Total RNA was isolated and cDNA was synthesized using SuperScript
II kit (Invitrogen; Carlsbad, CA). Expression of embryonic and adult globin genes was
measured by real-time PCR (qRT-PCR) using SYBR green dye. Specific primer sets for each
globin gene and for control 18S rRNA gene were as follows:

ey 5'-CTC TAG CTG TCC AGC AAT CCT G-3' and 5'-GCT TTC AAG GAA CAG TCC
AGT ATT C-3%

BH1 5'-AGT TTG GAA ACC TCT CTT CTG CCC TG-3' and 5-TGT TCT TAA CCC CCA
AGC CCAAG-3'

B1 5-GCT CTT GCC TGT GAA CAA TG -3"and 5'-GTC AGA AGA CAG ATT TTC AAA
TG-3’;

B2 5'-GCC CCT TTT CTG CTATTG TCT A-3' and 5'-GAT AAA AGC TAG ATG CCC AAA
GG-3’;

al/a2 5'-TGC TCT CTG GGG AAG ACA AAA G-3'and 5'-GGC TTC AGC TCC ATATTC
AGC AC-3%

€ 5'-CCG CCA CGA CCC CCA TGA CC-3" and 5'-AAA GAC CTG AGG GAG GGT TCA
AT-3";

18S 5-TTG ACG GAA GGG CAC CAC CAG-3' and 5'-GCA CCA CCA CCC ACG GAA

TCG-3".

Real-time PCR analysis of Epo transcripts
Total RNA from liver and kidney was isolated using RNeasy Mini Kit (QIAGEN, Valencia,
CA) and reverse-transcribed by SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen),

according to manufacturer's instructions. Transcript levels of Epo were measured by qRT-



PCR using Epo specific Tagman probe, Mm01202755 ml. The data were normalized to the
expression of beta-actin (Actb; 4352341E) and to mRNA levels of wild-type mouse control

(mEpoR).
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Supplementary Figure 1. Relative quantification of Stat5 phosphorylation for
MtHEPOR (mtH) and mEpoR (M) FLCs. The relative quantification of gel bands from
immunoblot analyses shown on Figure 4B was performed by Image] software
(http://imagej.nih.gov/ij/). Each bar represents the ratio of the density of phosphorylated Stat5
(p-Stat5) to the density of loading control (GAPDH, top graph or total Stat5, bottom graph)

and is presented as fold change against the 15 min time-point.
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Supplementary Figure 2. The trends in the differences in the Epo levels between
individual genotypes are consistent in normoxia and hypoxia. A) Serum Epo levels are
highest in wtHEPOR (wtH) mice and lowest in mtHEPOR (mtH) mice in both normoxic and
hypoxic conditions. Epo level increase in wtHEPOR mice compared to control mEpOR mice
(M) is higher in hypoxic conditions (10x) than in normoxia (5x). On the other hand the
reduction in serum Epo in mtHEPOR mice compared to mEpoR mice (M) is greater in
normoxia (2.6-times) than in hypoxia (1.7-times). B) The differences in serum Epo levels
were paralleled by differences in Ep0 mRNA expression in the kidney; the highest in wtH
mice and the lowest in mtH mice in both normoxic and hypoxic conditions. The results were
normalized to the expression of beta-actin and to mRNA levels of wild-type mouse control
(M) using REST©O 2009 software. M mice, n = 6 for normoxia and hypoxia; mtH mice, n =3
for normoxia and n = 7 for hypoxia; wtH mice, n = 4 for normoxia and n = 6 for hypoxia.
***P<0.001, **P<0.01, *P<0.05.

Note: the analyses were separately performed using mice housed in two different institutions



- Olomouc, Czech Republic (the “normoxia” measurements, left panels of the figure) and in
SLC, USA (the “hypoxia” measurements, right panels). Because the measured parameters
could be influenced by the differences in the altitude of the two laboratories (Olomouc 230 m
versus SLC 1300 m elevation above sea level), the graphs compare serum Epo levels and Epo

mRNA expression between individual genotypes in normoxia and hypoxia separately.
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1 | INTRODUCTION

Iron is essential for erythropoiesis and its levels are controlled by the
iron-regulatory hormone hepcidin.® Hepcidin (encoded by HAMP
gene) expression is regulated by a complex interplay of signals, pre-

dominantly by inflammation, iron status, hypoxia, and erythropoietic

Lucie Sochorcova® | Jihyun Song® | OndrejJahodal® |

Josef T. Prchal> | Vladimir Divoky' @ |

Abstract

Iron availability for erythropoiesis is controlled by the iron-regulatory hormone
hepcidin. Increased erythropoiesis negatively regulates hepcidin synthesis by eryth-
roferrone (ERFE), a hormone produced by erythroid precursors in response to
erythropoietin (EPO). The mechanisms coordinating erythropoietic activity with iron
homeostasis in erythrocytosis with low EPO are not well defined as exemplified by
dominantly inherited (heterozygous) gain-of-function mutation of human EPO recep-
tor (mtHEPOR) with low EPO characterized by postnatal erythrocytosis. We previ-
ously created a mouse model of this mtHEPOR that develops fetal erythrocytosis
with a transient perinatal amelioration of erythrocytosis and its reappearance at 3-
6 weeks of age. Prenatally and perinatally, mtHEPOR heterozygous and homozygous
mice (differing in erythrocytosis severity) had increased Erfe transcripts, reduced hep-
cidin, and iron deficiency. Epo was transiently normal in the prenatal life; then
decreased at postnatal day 7, and remained reduced in adulthood. Postnatally, hepci-
din increased in mtHEPOR heterozygotes and homozygotes, accompanied by low
Erfe induction and iron accumulation. With aging, the old, especially mtHEPOR homo-
zygotes had a decline of erythropoiesis, myeloid expansion, and local bone marrow
inflammatory stress. In addition, mtHEPOR erythrocytes had a reduced lifespan.
This, together with reduced iron demand for erythropoiesis, due to its age-related
attenuation, likely contributes to increased iron deposition in the aged mtHEPOR
mice. In conclusion, the erythroid drive-mediated inhibition of hepcidin production in
mtHEPOR mice in the prenatal/perinatal period is postnatally abrogated by increasing
iron stores promoting hepcidin synthesis. The differences observed in studied
characteristics between mtHEPOR heterozygotes and homozygotes suggest dose-

dependent alterations of downstream EPOR stimulation.

drive.r™ Increased erythropoietic activity negatively regulates hepci-
din synthesis by erythroferrone (ERFE), a hormone produced by ery-
throid precursors in response to erythropoietin (EPO).* A tight control
of iron balance is essential to sustain iron demand and avoid iron defi-
ciency or iron overload. Augmented erythropoiesis whether produc-

tive or ineffective, via EPO-induced ERFE expression, attenuates

Am J Hematol. 2022;1-14.
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hepcidin production to increase iron availability for hemoglobin synthe-
sis.* In disease states characterized by ineffective erythropoiesis such as
thalassemia, dyserythropoietic congenital anemias, and myelodysplastic
syndrome, the erythropoiesis is hyperproliferative and the affected ane-
mic subjects develop secondary iron overload caused by inappropriately
suppressed hepcidin, resulting from excessive accumulation of immature
erythroblasts and exaggerated ERFE production.>® The transgenic mice
with graded erythroid overexpression of Erfe develop dose-dependent
iron overload and relative hepcidin deficiency.”

The co-regulation of erythropoiesis and iron metabolism as exem-
plified by ERFE is less clear in congenital diseases characterized by
chronically elevated effective erythropoiesis.® Decreased circulating
hepcidin concentrations and iron deficiency were reported among
individuals with Chuvash polycythemia,” the congenital erythrocytosis
characterized by augmented hypoxia-induced transcription factors
(HIFs) due to a hypomorphic mutation of negative HIFs regulator von
Hippel Lindau gene (VHLR?°°W) 10 Similarly, erythrocytic mice overex-
pressing human EPO (named Tgé)'! displayed iron deficiency and
hepcidin suppression.}? Patients with polycythemia vera (PV), an
acquired erythrocytosis with constitutively active JAK21® and subnor-
mal EPO levels,**%> have slightly elevated ERFE and normal/
insufficiently suppressed hepcidin given the degree of expanded
erythropoiesis and iron deficiency.*®

However, little is known about iron metabolism in congenital ery-
throcytosis characterized by low EPO levels; originally named primary
familial and congenital polycythemia (PFCP)®* which is due to het-
erozygous gain-of-function EPO receptor (EPOR) mutations. These
EPOR mutations have typically truncated the cytoplasmic part of
EPOR with loss of its negative regulatory domain leading to aug-
mented EPOR-JAK2-STATS5 signaling, resulting in excessive prolifera-
tion, survival, and differentiation of erythroid progenitors.8”-2°

We previously created a mouse model of PFCP bearing the gain-
of-function erythrocytosis-causing human EPOR gene mutation
(mtHEPOR). We generated not only the heterozygous mouse model
analogous to human disease but also the homozygous mice.?%?2 We
have shown that mtHEPOR embryos develop erythrocytosis around
embryonic day (ED)17.5, followed by transient amelioration of ery-
throcytosis in perinatal life and its reappearance at 3-6 weeks of
age.?? Similarly, erythrocytosis is absent in patients with PFCP in the
perinatal period and develops within a few weeks of neonatal life.®
The mtHEPOR homozygous mice have even greater erythrocytosis
than their heterozygous counterparts.?*22

Here, we investigated how the developmental and age-related
changes of erythron in mtHEPOR heterozygotes and homozygotes are

interconnected with changes in iron homeostasis.

2 | MATERIALS AND METHODS

21 | Animals

The gain-of-function human EPOR knock-in mice (substitution
c.1278C > G; designation of the mutation according to LOVD

database, www.lovd.nl) were produced on a C57BL/6 back-
ground.?! Detailed information about mouse breeding and
assessment of hematological and iron status parameters,?® and
detection of megakaryocytes®® can be found in supplemental
Methods. All analyses were performed according to the regula-
tions of Palacky University (PU) Institutional Animal Care and

Use Committee.

2.2 | Real-time PCR analysis
Quantitative reverse transcriptase-polymerase chain reaction (q-PCR)
was performed as described in supplemental Methods. Relative gene

expression was normalized against g-Actin.

2.3 | Enzyme-linked immunosorbent assay (ELISA)
Commercially available ELISA kits, specified in supplemental
Methods, were used for the measurements of serum levels of
hepcidin, ferritin, erythroferrone, Epo, and selected inflammatory

cytokines.

24 | Flow cytometry

Bone marrow (BM) and spleen cells were isolated and co-stained with
FITC-conjugated CD71 and phycoerythrin-conjugated Ter119 anti-
bodies (BD Biosciences).?>?°> The surface expression of CD47 on red
blood cells (RBCs) was determined using FITC-conjugated anti-mouse
CD47 antibody (BD Biosciences).?® The intensity of fluorescence was
measured by FC500 (Beckman-Coulter). Multi-parameter flow cyto-
metry analysis of hematopoietic stem and progenitor cell (HSPC)
populations was performed as a custom service, as specified in sup-

plemental Methods.

2.5 | Hematopoietic colony assay

Freshly isolated BM cells were plated in methylcellulose media
(StemCell Technologies) according to the manufacturer's instructions
as we previously described?™?” and further specified in supplemental
Methods. Colonies were scored by standard morphologic criteria

under an inverted microscope (Olympus).

2.6 | RBClifespan

Red blood cells were isolated from total blood and stained in vitro
with carboxyfluorescein diacetate succinimidyl ester (CFSE, Thermo-
Fisher Scientific).2%2° CFSE labeled RBCs were injected into the tail
veins of control mice expressing mouse EpoR (mEpoR) and their fluo-

rescence was tracked for 35 days using FC500.


http://www.lovd.nl
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2.7 | Human subjects

The Ethics Committee of PU Hospital approved the collection and
analysis of human subjects' samples according to an informed consent
obtained as per the Declaration of Helsinki. Hematocrit (Hct) was
measured using a Sysmex XE-500 analyzer (Sysmex Corp). Iron
parameters were determined with standard biochemical methods.
Hepcidin and ERFE serum concentrations were measured with com-
mercial ELISA kits according to the manufacturers' instructions (DRG
Instruments GmbH and Intrinsic LifeSciences, respectively); serum

EPO was measured by radioimmunoassay.°

2.8 | Statistics

All data are presented as mean + standard error of the mean (SEM).
An unpaired t-test with Welch's correction or linear regression analy-
sis was used to determine the statistical significance of the results and
calculated by GraphPad Prism 8 Software (GraphPad Software Inc.).
Correlation analyses were performed using the same software. p<.05

were considered statistically significant.

3 | RESULTS
3.1 | Iron-restricted erythropoiesis in mtHEPOR
mice shortly after birth

We first evaluated the evolution of erythrocytosis in mtHEPOR mice
at different postnatal ages: at postnatal day (PD)7, ~2.5 months
(referred to as young mice), ~6.5 months (mature adult), and
~16 months (old). Despite partial amelioration of erythrocytosis in
mtHEPOR mice, we previously reported at PD7,22 Hct was signifi-
cantly increased in both mtHEPOR heterozygotes and homozygotes
compared to mEpoR controls and remained elevated at all subsequent
analyzed stages (Figure 1A). The highest Hct levels, detected in mtHE-
POR homozygotes, were accompanied by mild splenomegaly
(Figure 1B). A progressive reduction in Hct levels was observed with
aging in animals of all genotypes (Figure 1A). RBC count and hemoglo-
bin were also consistently higher in mtHEPOR heterozygotes and
homozygotes than in mEpoR littermates; both parameters decline with
postnatal aging (Figure S1A).

RBC indices, mean corpuscular hemoglobin (MCH), and mean cor-
puscular hemoglobin concentration (MCHC), indicated limited iron
supply for erythropoiesis in both mtHEPOR heterozygotes and homo-
zygotes in the perinatal period (Figure 1C) but not in mature adult and
old mice (Figure 1D). The absence of microcytosis at PD7 (Figure 1C),
typical for iron deficiency states, was likely masked in mtHEPOR het-
erozygous and homozygous neonates by an increased proportion of
macrocytic RBCs generated in the prenatal period,! as a result of
delayed switch from primitive to definitive erythropoiesis we previ-
ously reported in mtHEPOR mice.?? Reduced RBC indices, anisocyto-

sis, and reticulocytosis observed in four-weeks-old mtHEPOR

e WiLey L ¢

heterozygotes and homozygotes (Figure S1B-D) partially or completely
normalized in their older counterparts (Figure 1D,E), including normali-
zation of red cell distribution width (RDW, Figure 1F). This indicated
the existence of a transient iron deficiency not sufficient for productive
erythropoiesis in an early life.

Consistently with the finding that low iron potentiates the com-
mitment of megakaryocytic (Mk)-erythroid progenitors (MEP) toward
the Mk Iineage,32 platelet (PLT) counts were elevated in both mtHE-
POR heterozygotes and homozygotes compared to mEpoR controls at
PD7 (Figure 1G). On the other hand, low PLT observed in mtHEPOR
homozygotes later in life (Figure 1G) resembled the human phenotype
wherein affected patients had slightly decreased PLT counts likely
due to a marked increase in RBC and total blood volumes, suggesting

that their normal PLT mass was diluted by increased blood volume.®1#

3.2 | Developmental transition from iron
deficiency to increased tissue iron deposition in
mtHEPOR mice

To correlate the temporal changes in RBC indices with iron status,
selected iron parameters were assessed. At the time of prenatal devel-
opment of erythrocytosis at ED17.5%? strong downregulation of
Hamp mRNA expression was observed in both heterozygous and
homozygous mtHEPOR fetal livers (FL, Figure 2A). At PD7, signifi-
cantly decreased Hamp mRNA expression was also found in the liver
(Figure 2B) along with decreased serum hepcidin levels (Figure 2C).
This was consistent with lower ferritin levels, reduced non-heme liver
iron concentration (LIC), and diminished expression of the iron-store
regulator of hepcidin, Bmpé? in these mice (Figure 2D-F). The mea-
surements of serum iron concentration and transferrin saturation
(TSAT) were precluded at ED17.5 and PD7 due to a limited volume of
samples. The activation of Bmp/Smad pathway, responsible for iron-
induced hepcidin production, was partly blunted in both heterozygous
and homozygous mtHEPOR newborns, as documented by diminished
expression of two Bmp/Smad target genes,’ Smad7 and Id1
(Figure S2A). Thus, available iron status data, together with reduced
RBC indices (MCH and MCHC), as a whole support the conclusion
about transient iron deficiency. Spleen iron content (SIC) was compa-
rable between mice of all genotypes at PD7 (Figure 2G), but this
may be influenced by reported accelerated destruction of RBCs in
mtHEPOR neonates compared to mEpoR littermates.??

Normal to increased TSAT, ferritin levels, LIC, and SIC were
detected in mtHEPOR homozygotes at later postnatal age (Figure 2H-
K, Figure S2B,C). This was accompanied by the induction of hepcidin
(Figure 2L,M) and upregulation of hepatic Bmpé transcripts, primarily
in the mature adult and old mtHEPOR homozygotes (Figure 2N).
Young mtHEPOR heterozygotes had slightly diminished iron stores
(Figure 21-N), but all analyzed iron status parameters, including hepci-
din, became comparable to mEpoR controls with aging. The increase in
hepatic Smad7 and Id1 expression reflected postnatal restoration of
Bmp/Smad pathway activation (Figure S2D) in both mtHEPOR hetero-
zygotes and homozygotes.
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FIGURE 1 Evaluation of hematological parameters and spleen size in mice of all studied genotypes. (A) Hematocrit (Hct) levels in mice of
different postnatal ages: postnatal day 7 (PD7), ~2.5 months old (young), ~6.5 months old (mature adult), and ~ 16 months old (old) mice. The
decline in Hct levels between young and old animals: 14% in mtHEPOR mice (p < .001), 12% in mEpoR/mtHEPOR mice (p < .001), and 9% in
mEpoR controls (p < .01). (B) Spleen weight index (the ratio of spleen weight to gross bodyweight) in young, mature adult, and old mice. (C and D)
RBC indices; mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), and mean corpuscular volume (MCV) at
PD7 (C) and in young, mature adult, and old mice (D). (E) Percentage of reticulocytes (Retics) in young, mature adult, and old mice. (F) Red cell
distribution width (RDW) in young, mature adult, and old mice. (G) Platelet (PLT) counts at PD7 and in young, mature adult, and old mice. All
parameters were measured in at least 5 mice per each group and genotype at all indicated time points. Values indicate mean + SEM; *p < .05,

**p < .01, ***p < .001 versus mEpoR; *p < .05 and #p < .01, mtHEPOR versus mEpoR/mtHEPOR calculated by unpaired t-test with Welch's
correction
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Importantly, the ratio between Hamp mRNA and Bmpé mRNA
(Figure 20) as well as between Hamp mRNA and LIC (Figure 2P) was
lower in mtHEPOR heterozygotes and homozygotes than in mEpoR con-
trols only at PD7 and indicated inappropriate hepcidin suppression at this
stage. At later stages of postnatal life, normal ratios of Hamp mRNA to
Bmpé mRNA (Figure 20) and Hamp mRNA to LIC (Figure 2P) excluded

the contribution of relatively decreased hepcidin to iron loading.

3.3 | Inverse relationship between ERFE and
hepcidin in mtHEPOR mice at embryonic and perinatal
periods but not in postnatal life

In agreement with the known inhibition of hepcidin by ERFE,* relative
hepatic and splenic Erfe mRNA expression was stimulated in both
mtHEPOR heterozygotes and homozygotes at ED17.5 and PD7
(Figure 3A,B). This corresponded to a significantly higher proportion
of immature erythroid progenitors in fetal hepatic and perinatal periph-
eral blood circulation, which we previously reported in mtHEPOR
homozygotes.??

Erfe transcripts were only modestly increased in the BM and
spleen of both mtHEPOR heterozygotes and homozygotes at later
stages of postnatal life (Figures 3C,D). Moreover, a negative correla-
tion between Hamp and Erfe expression was only partly retained in
mtHEPOR heterozygotes, but not in mtHEPOR homozygotes, wherein
a positive correlation was detected (Figure S3A). Despite transcrip-
tional Erfe stimulation, serum Erfe levels were below the ELISA detec-
tion threshold in all but three analyzed mtHEPOR mice (one
heterozygote and two homozygotes) (Figure S3B), as were in all
mEpoR control samples. This showed that the degree of Erfe induction
in mtHEPOR mice is much lower compared to previously reported Erfe
up-regulation in a mouse model of p-thalassemia intermedia (Th3/*

mice)?” or in control mice after EPO administration®® (Figure S3B,C).

3.4 | Modest expression of ERFE and absence of
excessive accumulation of immature erythroblasts in
the postnatal mtHEPOR BM and spleen

The assessment of erythroid differentiation and maturation® revealed

an increased percentage of BM erythroid cells expressing Ter119 in

young and mature adult mtHEPOR heterozygotes and homozygotes
compared to mEpoR controls (Figure 3E) and their progressive
decline with age (old vs. young mice: mEpoR by 5.82%; mtHEPOR
heterozygotes by 6.37%, and mtHEPOR homozygotes by 7.34%).
No major differences in the distribution of BM erythroid cells into
individual maturation stages were detected in young and mature adult
mice. However, the percentage of immature Ter119M&"cD71"e" BM
erythroblasts (region 12> Figure 3E) was lower in old mtHEPOR
homozygotes in comparison to their young counterparts and also
to the age-matched mEpoR controls and mtHEPOR heterozygotes.
Analyses of splenic erythropoiesis showed higher percentage of total
Terl119-positive cells in young and mature adult mtHEPOR heterozy-
gotes and homozygotes than in controls, normal maturation pattern,
and no decline with age (Figure S4). These data showed an absence of
excessive accumulation of immature erythroblasts (known to drive

substantial overproduction of ERFE)>¢

in mtHEPOR mice during later
postnatal life and also indicated aging-related relative suppression of
BM erythropoiesis in mtHEPOR homozygotes.

We questioned whether a possible attenuation of the EPOR
signaling cascade during aging contributes to a relative decrease of
BM erythropoiesis in mtHEPOR mice. We, therefore, tested
whether the hypersensitive EPO dose-response phenotype of ery-
throid progenitors,®® we previously published in young mtHEPOR

homozygotes,??

is maintained in aged mtHEPOR animals. Analysis
of erythroid progenitors' responses to various EPO doses in serum-
containing cultures from old mice revealed EPO hypersensitivity of
mtHEPOR colony forming unit-erythroid (CFU-E) and burst forming
unit-erythroid (BFU-E) progenitors (Figure 3F), identical to that
published for three-months-old animals.?* Therefore, the EPO
hypersensitivity phenotype, caused by EPO-induced EPOR signal-
ing overactivation,®* is preserved in BM erythroid progenitors dur-
ing the aging of mtHEPOR animals. In addition, normalization of Erfe
expression (a direct Stat5 target) to an erythroid marker glyco-
phorin A (Gypa), revealed that Erfe mRNA expression is increased in
individual erythroid precursors in mtHEPOR heterozygotes and
homozygotes compared to control mice and that the degree of
induction is comparable at all analyzed stages, that is, ED17.5, PD7,
young, mature adult, and old mice (Figure S5). Additional analyses
comparing Stat5 activation in young versus aged erythroid progeni-
tors, such as immunohistochemical staining of Stat5 phosphoryla-

tion and analysis of other downstream targets were not conclusive.

FIGURE 2 Assessment of hepcidin, iron status parameters, and tissue iron content during prenatal, perinatal, and postnatal period. (A-G)
Parameters analyzed during prenatal and perinatal period: Hepatic hepcidin (Hamp) mRNA expression at embryonic day (ED)17.5 (A) and
postnatal day 7 (PD7) (B); serum hepcidin (C) and ferritin (D) levels at PD7; liver iron content (LIC) (E), hepatic Bmpé mRNA expression (F), and
spleen iron content (SIC) (G) at PD7. (H-N) Parameters analyzed during postnatal life (in young, mature adult, and old mice): Transferrin saturation
(TSAT) (H), serum ferritin levels (I), LIC (J), SIC (K), hepatic Hamp mRNA expression (L), serum hepcidin (M), and hepatic Bmpé mRNA expression
(N). (O and P) Hamp mRNA expression relative to Bmpé mRNA expression (O) and the ratio of Hamp mRNA to LIC (P) at different stages of
ontogenesis. In Panels A, B, and F, the target gene mRNA expression determined by g-PCR was normalized to b-Actin and to the mRNA
expression levels of the mEpoR controls. Serum levels of hepcidin (C and M) and ferritin (D and 1) were measured by ELISA. LIC (E and J) and SIC
(G and K) were quantified by colorimetric assay. In Panels L and N, the target gene expression analyzed by g-PCR and normalized to b-Actin, is
presented as fold change relative to young mEpoR control group. Values indicate mean + SEM. *p < .05, **p < .01 versus mEpoR by unpaired t-test

with Welch's correction; n 2 3 mice per analysis and genotype
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FIGURE 3 Analysis of erythroferrone (Erfe) expression, bone marrow (BM) erythropoietic activity, sensitivity of erythroid progenitors to
erythropoietin (EPO), and Epo production. (A-D) Erfe mRNA expression (normalized to b-Actin) measured in the liver at embryonic day (ED)17.5
(A\), in the spleen at postnatal day 7 (PD7, B), and in the BM (C) and spleen (D) of young, mature adult, and old mice by g-PCR. In panels C and D,
the expression is presented as fold change relative to young mEpoR control samples. (E) Flow cytometry analysis of CD71 and Ter119
expression on BM cells in young, mature adult, and old mice of mEpoR, mEpoR/mtHEPOR, and mtHEPOR genotype. The relative number of

cells in regions | to IV,?° is expressed as a percentage of all viable erythroid cells. (F) EPO dose-response curves of colony forming-unit erythroid
(CFU-E) and burst forming-unit erythroid (BFU-E) progenitors; plots of the number of erythroid colonies as a percent maximum versus the
concentration of recombinant human (rh) EPO. Each point indicates mean + SEM of three independent experiments (performed each in
duplicates), n = 3 mice per each genotype. (G-1) Assessment of Epo production. Hepatic Epo mRNA expression (normalized to b-Actin) at ED17.5
(G) and Epo levels (pg/mL) in the serum at PD7 (H) and in young mice (l) were determined by g-PCR and ELISA, respectively. Values indicate
mean + SEM; *p < .05, **p < .01, versus age-matched mEpoR controls; *p < .05 mtHEPOR versus mEpoR/mtHEPOR calculated by unpaired t-test
with Welch's correction; n = 3 mice per group and genotype at all indicated time points
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FIGURE 4 Evaluation of inflammatory cytokines, hematopoietic colony assay, assessment of hematopoietic stem and progenitor cell (HSPC)

populations, and Gatal and PU.1 expression in the bone marrow (BM) during postnatal life. (A) mRNA expression of genes encoding
proinflammatory cytokines. IL-6, Inf-y, T3f-f1, and Tnf-a expression were assessed by g-PCR in the BM of mEpoR/mtHEPOR and mtHEPOR mice

compared to mEpoR controls at indicated stages of ontogenesis. Expression of all target genes was normalized to b-Actin and is presented as fold
change relative to young mEpoR control group. (B) Hematopoietic colony assay of BM cells isolated from young (left columns) and old (right
columns) mEpoR/mtHEPOR and mtHEPOR mice compared to mEpoR controls. The colonies were evaluated and counted on day 2: Colony forming
unit (CFU)- Erythroid (CFU-E) or on day 12: CFU-granulocyte, erythroid, macrophage, megakaryocyte (CFU-GEMM), burst forming unit-erythroid
(BFU-E), and non-erythroid colonies, designated as CFU-GM/M/G and comprising CFU-granulocyte, macrophage (CFU-GM), CFU-Macrophage
(CFU-M), and CFU-Granulocyte (CFU-G) under an inverted microscope (CKX41, Olympus). (C) Flow cytometry analysis of selected BM HSPC
subpopulations in young and old mEpoR and mtHEPOR mice. % of total viable Lin~ cells is shown per each population; LSK: Lin~Sca-1"c-Kit"
cells; LK: Lin c-Kit™ cell; LT-LSK: Long term-LSK cells (CD150"CD48 CD34~ LSK cells); GMP: Granulocyte and macrophage progenitors
(CD34"FcRg™ LK cells), MEP: Megakaryocyte and erythroid progenitors (CD34 FcRg™ LK cells). (D) Gatal and PU.1 BM mRNA expression
(normalized to b-Actin) assessed in young and old mice of mEpoR/mtHEPOR and mtHEPOR genotype and age-matched mEpoR controls. The
expression of PU.1 and Gatal mRNA is presented as fold change relative to young mEpoR controls. Values in all panels indicate mean + SEM.

*p < .05, **p < .01, ***p < .001 determined by unpaired t-test with Welch's correction; n = 3 each group and genotype

Since EPO is the primary driver of erythropoiesis and ERFE
5

Nevertheless, the presented data suggest there is no dramatic mod-
ification of EPOR/Stat5 activation in mtHEPOR animals during

aging.

production,*°> we measured its expression during ontogenesis in our

model. Epo expression was prenatally normal in both mtHEPOR



KRALOVA ET AL.

heterozygotes and homozygotes (Figure 3G), decreased at PD7
(Figure 3H), and remained low in early and late adulthood (Figure 3l
and Figure S6A), in agreement with our previously published data??
and in accordance with the aforementioned hypersensitive EPO
dose-response phenotype of BM progenitors demonstrated in
young?? as well as old mtHEPOR animals. This indicates no clear-cut
positive correlation of Epo with Erfe or stimulated erythropoiesis in
mtHEPOR mice. Changes in Epo expression in mtHEPOR mice during
ontogenesis, not seen in control mice, did not seem to be significantly
modulated by differences in hypoxia signaling because of unaltered
expression of several other target genes of HIFs (Figure S6B-D).
In agreement, we previously reported unaltered expression of HIF
target genes in EPOR-mutated patients.®> The only exception, signifi-
cantly increased Slc2al transcripts (encoding glucose transporter
1-Glut1) in ED17.5 FL of mtHEPOR heterozygotes and homozygotes
(Figure S6B), likely reflects increased glucose uptake and meta-

bolisms®¢ during the period of the highest erythroid expansion.

3.5 | Progressive augmentation of inflammatory
cytokines and age-related myeloid dominance in the
BM of mtHEPOR homozygotes

In order to evaluate the possible contribution of inflammation to the
regulation of hepcidin production®? in mtHEPOR mice, serum levels of
selected inflammatory cytokines: IL-6, tumor necrosis factor-a (Tnf-a),
interferon-y (Ifn-y), and transforming growth factor-p (Tgf-p1) were
measured. No indications for systemic inflammation or local IL-6
mRNA induction in the liver were observed in mtHEPOR heterozy-
gotes and homozygotes (Figure S7A,B). However, g-PCR analysis of
corresponding inflammatory genes revealed their local stimulation
mainly in the BM of mtHEPOR homozygotes (Figure 4A), together
with moderate, but detectable trend toward increased ROS produc-
tion (Figure S7C), suggesting progressive aging-related alterations in
their BM microenvironment. These data indicate activation of inflam-
matory signaling mechanisms in aged mtHEPOR mice, known to pro-
mote BM remodeling, premature aging, and myelopoiesis in a
paracrine or an autocrine fashion.3” 40

We, therefore, evaluated the numbers of individual hematopoietic
progenitors in the BM of young and old animals by clonogenic assays.
While the numbers of colonies derived from a multilineage colony
forming unit — granulocyte, erythroid, macrophage, megakaryocyte
(CFU-GEMM) progenitor did not differ, significantly increased num-
bers of BFU-E-derived and/or CFU-E-derived colonies were found in
both young heterozygous and homozygous mtHEPOR mice, compared
to mEpoR controls (Figure 4B). In old mtHEPOR heterozygotes and
homozygotes, however, we observed significant increase in the total
number of non-erythroid colonies derived from granulocyte and/or
macrophage progenitor cells compared to mEpoR controls (Figure 4B).
This was predominantly due to the elevation of CFU-macrophage
(CFU-M) and less so of CFU-granulocyte, macrophage (CFU-GM)
colonies (Figure S8A), and suggested myeloid lineage bias of

hematopoiesis.>®4!
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Subsequent flow cytometry of subpopulations of hematopoietic
stem cells (HSCs) and primitive progenitors from mtHEPOR homozy-
gotes and mEpoR controls revealed a significant increase in the num-
bers of lineage (Lin) Sca-1"c-Kit" (LSK) stem cells in old mtHEPOR
homozygotes compared to young counterparts, while this increase
was less prominent in mEpoR controls (Figure 4C). From the major
subsets within Lin~c-Kit" (LK) cells in mtHEPOR homozygotes,
(GMPs)  were

increased in old animals compared to young animals (Figure 4C). Since

granulocyte-monocyte  progenitors significantly
megakaryocyte-erythroid progenitors (MEPs) dominated the GMPs in
young mtHEPOR mice (Figure 4C), the myeloid expansion in old mtHE-
POR homozygotes reflects the restoration of myelopoiesis, attenuated
in young mtHEPOR counterparts, when compared to controls, indicat-
ing a progressive reduction of erythropoietic drive and augmentation
of myelopoiesis during aging in mtHEPOR mice; to a far greater extent
than in control mice. In agreement, relatively increased transcripts of
the myeloid master regulator PU.1 and decreased transcripts of ery-
throid regulator Gata1*? can be seen in the BM of old mtHEPOR het-
erozygotes and homozygotes, but not in mEpoR controls (Figure 4D).
It is known that pro-inflammatory cytokines and elevated megakaryo-
cytes in BM microenvironment are drivers of excessive myelopoiesis
in aged hematopoiesis.®® Indeed, in addition to the aforementioned
local inflammation, a significant induction in the number of BM mega-
karyocytes (~1.4-times) between young and old mice was observed in
mtHEPOR homozygotes (Figure S8B,C).

3.6 | Impaired survival of mtHEPOR RBCs

The recycling of iron through erythrophagocytosis by macrophages is
a major contributor to systemic iron homeostasis.*> We previously
showed that the dramatic decrease of Hct in mtHEPOR homozygotes
at PD7 was paralleled by induced exposure of phosphatidylserine
(PS) on the membrane of mtHEPOR homozygous RBCs,?2 which likely
contributed to their enhanced recognition and destruction by reticulo-
endothelial macrophages.** Because PS exposure was comparable in
mtHEPOR homozygotes and mEpoR controls during adult life,?? we
analyzed the surface expression of CD47, also known as “don't eat
me” signal, another marker priming RBCs for clearance.*> The CD47
surface expression was reduced on young mtHEPOR heterozygous
and more significantly homozygous RBCs compared to mEpoR RBCs
(Figure S9A). In addition, the in vivo lifespan of mtHEPOR homozygous
RBCs was reduced to almost half compared to mEpoR controls
(Figure S9B) and less so in mtHEPOR heterozygotes. These data indi-
cate that induced RBC recycling in mtHEPOR mice may contribute to

increased iron deposition.

3.7 | Undetectable ERFE in PFCP patients

To investigate whether the results from the mouse model reflect char-
acteristics of human disease, we measured hematological and iron sta-
tus parameters of four PFCP, EPOR-mutant patients (Table S1). Two
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of them were available for ERFE and hepcidin levels assessment
(Table S1 and Figure S10). In parallel, patients with congenital erythro-
cytosis caused by augmented hypoxia signaling due to a gain-of-
function mutation of HIF 2-alpha (encoded by EPAS1 gene)®® were
evaluated. Hereditary hemolytic anemias with ineffective erythropoie-
sis (pyruvate kinase deficiency or hereditary spherocytosis)*®4”
served as positive controls for elevated ERFE and low/inappropriately
normal hepcidin (Figure S10). All pediatric patients with both types of
erythrocytoses had elevated Hct and normal RBC indices (MCV,
MCH, and MCHC), serum iron and ferritin levels, and reduced TSAT
(Table S1). While slightly elevated ERFE and undetectable hepcidin
levels were observed in EPASI1-mutant patients, EPOR-mutant
patients had normal hepcidin and ERFE levels below the detection
threshold (Table S1 and Figure S10). Thus, EPOR-mutant patients with
moderate iron deficiency and normal hepcidin levels resemble young

mtHEPOR murine heterozygotes.

4 | DISCUSSION

In this study, we evaluated developmentally-related changes in eryth-
ropoietic activity and iron metabolism in a mouse model of congenital
erythrocytosis with human gain-of-function EPOR.?%?? We observed
that in the prenatal/perinatal period mtHEPOR heterozygotes and
homozygotes presented with significantly down-regulated hepcidin,
up-regulated Erfe, and iron deficient erythropoiesis (Figures 1C, 2A-F,
and 3AB). This corresponded to significantly higher proportions of
immature erythroid progenitors in the fetal hepatic circulation and
neonatal peripheral blood?? and reflected an inverse correlation
between Erfe and hepcidin®® and high iron demand by EPOR
mutation-directed augmented erythropoiesis® at these stages. In con-
trast, normal to elevated iron parameters and hepcidin levels were
seen in young, mature adult, and old mtHEPOR homozygous mice
(Figure 2H-N). Though young mtHEPOR heterozygotes had slightly
reduced iron stores, adult and old mice with this genotype were iron-
replete with physiological hepcidin levels (Figure 2H-N). Mild Erfe
induction (Figure S3B) was consistent with the absence of excessive
accumulation of immature erythroblasts®® in the BM or spleen of
mtHEPOR heterozygotes and homozygotes during adult life (Figure 3E
and Figure S4). These changes in iron metabolism in the prenatal/
perinatal stage and postnatal life likely reflect the dynamics and
strength of opposed signals, that is, erythropoietic drive and iron
stores, regulating hepcidin production.*® A dominant factor affecting
hepcidin expression in mtHEPOR fetuses/newborns, the erythropoi-
etic drive, is later overridden by hepatic iron accumulation
(Figure 20,P).

Low Epo levels in mtHEPOR mice (Figure 3l and Figure S6A), as a
physiological response to erythroid progenitors' Epo hypersensitiv-
ity?? (Figure 3F), were only observed after birth. During the prenatal
development, Epo production in mtHEPOR mice was normal
(Figure 3G). We suggest that this could be related to the proposed
role of EPO in non-erythroid tissue/organ development.*’ Since het-

erodimeric EPOR complexes, found in non-erythroid cells,>® require

higher concentrations of EPO for signaling than homodimeric
EPOR,*1*? the attenuation of EPO synthesis might be blunted during
the prenatal life of mtHEPOR mice. Also, fetal hypoxia and augmented
glucose metabolism, indicated by significantly increased Glutl tran-
scripts in mtHEPOR FL (Figure SéB), likely linked to increased energy
expenditure associated with the erythroid lineage expansion at murine
FL stage,® was reported to require high EPO.>3

We next interrogated the changes in erythron and progenitor cell
populations during the aging of mtHEPOR mice. We observed a pro-
gressive decline in the percentage of Ter119-positive BM cells and
immature Ter119"&"CD71Me" erythroblasts in mtHEPOR heterozy-
gotes and homozygotes with age (Figure 3E). Concomitantly, suppres-
sion of early and late erythroid progenitors' numbers and induction of
non-erythroid progenitors were detected (Figure 4B) and paralleled by
the upregulation of PU.1 expression (Figure 4D). Assessment of
HSPCs revealed a higher increase of LSK cells in aged mtHEPOR mice
than in mEpoR mice (Figure 4C), hematopoietic progenitor cell type
known to increase during aging.>* Significant increase in GMPs
(Figure 4C) in aged mtHEPOR animals was consistent with progressive
myeloid cell expansion during aging. This, together with significant
induction in the number of BM megakaryocytes in old mtHEPOR
homozygotes (Figure S8B,C), represents signs of premature hemato-
poietic aging.>® These effects are likely due to a combination of cell-
autonomous as well as microenvironmental regulations. Our earlier
transplantation studies using mtHEPOR mice suggested BM progeni-
tor cell-intrinsic, EPOR-driven regulation of megakaryopoiesis.>® The
megakaryocytes may then contribute to hematopoietic aging through

K2V617F

secretion of pro-inflammatory cytokines, as do JA -positive PV

megakaryocytes.>®

In agreement, age-related induction of pro-
inflammatory cytokine mRNA expression was observed in the BM of
mainly mtHEPOR homozygotes (Figure 4A), suggesting alterations in
the BM microenvironment.284%54%¢ |ncreased levels of IL-6, TGF-B,
TNF-a, and/or INF-y are known to suppress erythropoiesis.>”¢°
Overall, these data suggest progressive attenuation of BM erythroid
drive in mtHEPOR homozygotes and, to a lesser extent, also in mtHE-
POR heterozygotes when compared to mEpoR controls, further sup-
ported by a more profound decline in Hct levels between young and
old animals of both mtHEPOR heterozygotes and homozygotes com-
pared to mEpoR controls (Figure 1A).

The above-mentioned observations have raised the question of a
possible attenuation of the EPOR signaling cascade in our model dur-
ing aging. Nevertheless, our data do not favor such mechanism, since
prolonged EPO-induced Jak2 and Stat5 activation appears to be main-
tained in mtHEPOR BM erythroid progenitors during aging, as demon-
strated by the preserved EPO-hypersensitivity dose-response
phenotype (Figure 3F) and comparable extent of Erfe induction
(a Stat5 target) in individual erythroid precursors during all studied
stages of postnatal development (Figure S5). Other subtle in vivo
modifications of signaling downstream mutant EPOR during aging,
e.g., in MAPK and Akt kinase pathways, cannot be excluded but have
not been analyzed. Another intriguing possibility is that the erythroid
expression of transferrin receptor 2 (TfR2) could be altered in our
mtHEPOR model over time which could eventually affect the
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presentation of EPOR/TfR2 complexes®® at the cell membrane.
Indeed, dynamic changes in TfR2 mRNA expression in the erythroid
cells were observed in mtHEPOR mice during ontogenesis (data not
shown), suggesting that TfR2 may modulate EPOR surface presenta-
tion in our model. However, with respect to the complex and different
regulation of the presentation of truncated EPOR on the cell mem-
brane compared to murine EpoR,®? together with the fact that also
Epo-dependent EpoR internalization is impaired for truncated
EPOR,®® only a comprehensive genetic study involving breeding of
mtHEPOR mice with the BM-specific TfR2 knock-out mice would help
to address this question.

Instead, our data suggest that mtHEPOR HSCs in the late adult
BM may have an increased proliferative history, contributing to the
relative exhaustion of progenitors with erythroid lineage-priming pro-
gram in the aged marrow. In this regard, we have previously documen-
ted®* a higher proportion of LSKs (FIt3~ Rh123"°% subset of
cKit*Scal™ cells) to total BM cells in mtHEPOR mice than in knock-in
mice expressing wild-type human EPOR gene (WtHEPOR) that has
hypoactive EPOR signaling.2%> In addition, a reduced reconstitution
capacity of mtHEPOR HSCs compared to wtHEPOR HSCs was
observed.®*¢® In the current study, we revealed a significant increase
in the numbers of LSKs (i.e., Lin~Sca-1"c-Kit™) in old mtHEPOR homo-
zygotes compared to young counterparts, while this increase was less
prominent in aged mEpoR controls. These data collectively suggest
that life-lasting prolonged activation of EPOR-Jak2-Stat5 signaling
promotes the proliferation of LSKs. Increased HSCs activation then
presumably results in their increased proliferative history and aging
that potentially leads to increased myeloid bias.®” This could be due
to a non-cell-autonomous effect of mild local BM inflammation
(Figure 4A) and moderate, but detectable increase in ROS production
(Figure S7C). This likely leads to paracrine signaling between HSCs
and other cell types in the mtHEPOR BM, facilitating HSC entry into
the cell cycle.®® In addition, cell-autonomous proliferative stimuli
could also play a role, as suggested by recent studies demonstrating
physiological EpoR expression in a subset of HSCs and their immedi-
ate progeny.®’

In addition to age-related decline of BM erythropoiesis, we also
observed a reduced lifespan of mtHEPOR RBCs (Figure S9B) accompa-
nied by diminished surface expression of CD47 (Figure S9A), which
inhibits phagocytosis of erythrocytes by macrophages of the reticulo-
endothelial system.*> Diminished surface expression of CD47, related
to enhanced erythrophagocytosis, was previously reported in other
erythrocytic mouse models including Tgé transgenic mice overexpres-
sing Epo?® and in JAK2V4Y”F PV mouse model.”® We, therefore, pro-
pose that the enhanced clearance of RBCs together with reduced iron
demand for erythropoiesis due to its age-related decline in the BM
causes elevation in liver iron stores and consequent increase in Bmpé
expression and hepcidin synthesis (Figure 21,J,L-N).22

We show here that in contrast to so far analyzed other mouse

models of erythrocytoses,'>7%72

mtHEPOR mice neither present with
postnatal iron deficiency nor with hepcidin suppression (Figure 2H-N).
The absence of expansion of immature erythroblasts in the BM and

spleen of mtHEPOR mice (Figure 3E and Figure S4) is another
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distinguishing characteristic. The discrepant phenotypic manifesta-
tions between erythrocytoses with high EPO levels and our model
likely result from differences in the cell-autonomous and non-cell-
autonomous consequences of signaling present in erythrocytosis dis-
orders having high EPO compared to low EPO, which is characteristic
of truncated gain-of-function EPOR of affected PFCP individuals as
well as observed in this mouse model. Studies using BM chimeras gen-
erated from Tgé EPO transgenics”® or mtHEPOR mice>® and C57BL/6
mice as donors to C57BL/6 recipients revealed dissimilarities between
erythropoiesis driven by BM HSPCs after exposure to excessive EPO
versus those bearing gain-of-function EPOR. Besides the cell-intrinsic
mechanisms responsible for transient (Tgé) versus sustained (mtHE-
POR) differentiation potential of BM HSPCs toward erythroid lineage,
chronic exposure to EPO”2 versus prolonged EPOR signaling due to
EPOR gain-of-function,®* may have different impacts on BM niche. In
this regard, EPOR expression in non-erythroid tissues, including eryth-
roblastic island macrophages, adipocytes, or osteoblasts’*”> should
be taken into consideration. Moreover, a comparison of two mouse
models of PV, with either V617F- or exon 12-mutant JAK2, showed
that changes in iron metabolism (including Erfe and hepcidin) were
more pronounced in exon 12-mutant mice relative to V617F-mutant
mice.”? This fits with more prominent erythrocytosis observed in
JAK2 exon 12 compared with JAK2V"F-mutant mice, hypothetically
related to exon 12-mutant JAK2 favoring interaction with EPOR.”®
This further indicates that qualitative differences in disordered EPOR/
JAK2 signaling variously modulate iron metabolism and/or erythropoi-
esis itself. Moreover, the differences in the severity of phenotype
between mtHEPOR heterozygotes and homozygotes observed in our
study suggest dose-dependent alterations related to different degrees
of downstream EPOR stimulation. Additional factors, absent in mtHE-
POR mice, including systemic inflammation®”” (Figure S7A) and/or
HIF-mediated mechanisms3>78 (Figure S6B-D), may further impact
iron homeostasis and erythroid drive in PV and erythrocytoses with
augmented hypoxia signaling.

The absence of augmented hypoxia signaling and systemic inflam-
mation may also prevent clonal evolution and malignant transforma-
tion of hematopoiesis with gain-of-function EPOR mutation. PFCP
patients are known to carry polyclonal hematopoiesis®* and do not
seem to accumulate additional somatic mutations known in PV,”%°
although a predisposing potential of one of the activating EPOR germ-
line variants (EPORP4%%%) for myeloproliferative neoplasms has
recently been documented.®! The above-mentioned changes associ-
ated with mtHEPOR BM microenvironment are mild and do not neces-
sarily represent permanent challenges that would contribute to an
increased incidence of hematological malignancies in PFCP. Some of
the observed changes we describe in mtHEPOR homozygous mice
may not apply to individuals affected by PFCP as these patients are
always heterozygotes 2% Nevertheless, a comprehensive understand-
ing of the predisposing potential of activating EPOR germline variants
for malignant transformation will require long-term monitoring of the
patients and further studies.

We conclude that the erythrocytic phenotype, as well as hepcidin,
Erfe, and Epo expression undergoes dynamic changes during
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ontogenesis in a mouse model of congenital erythrocytosis bearing
human gain-of-function EPOR. We propose that even in the absence
of systemic inflammation, albeit with possible paracrine inflammatory
signals, known to affect BM remodeling and hematopoietic aging, life-
lasting prolonged activation of EPOR-Jak2-Stat5 signaling promoted a
progressive decrease of committed erythroid progenitors and resulted
in an age-related decline of accelerated erythropoiesis in mtHEPOR
mice. Overall, our data demonstrate that in mtHEPOR mice with aug-
mented effective erythropoiesis, hepcidin production is to a greater
extent regulated by liver iron content which in turn reflects iron con-
sumption by erythroid cells. Consistently with the mouse model,
patients' analyses supported that ERFE is not the main regulator of
hepcidin in pediatric/young adult EPOR-mutated erythrocytosis with
low EPO levels (Table S1 and Figure S10).
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Supplemental Methods
Housing and breeding of mice

Heterozygous males and females were intercrossed to produce experimental mice of all studied
genotypes (mEpoR/mtHEPOR and mtHEPOR mutants and mEpoR controls). Male mice were
weaned at 4 weeks, maintained on a standard diet (iron content 176 mg/kg, Ssniff), and sacrificed
at indicated time-points. Mice were bred and maintained in the pathogen-free barrier facility of
the Center for Laboratory Animals, Palacky University or of the Institute of Molecular Genetics of
the Academy of Sciences and Charles University (BIOCEV) in Vestec, Czech Republic.

Assessment of hematological parameters, spleen size, and detection of megakaryocytes

Hematological parameters were determined using Hematology Analyzer MEK-6550 (Nihon
Kohden). Blood smears were stained by standard procedure using May Grunwald-Giemsa (MGG)
stain for assessment of red blood cell (RBC) morphology or new methylene blue (Merck) for
detection of reticulocytes. Spleen weight index was calculated as the ratio of spleen weight to
gross bodyweight. Periodic acid-Schiff (PAS) method was used to detect megakaryocytes in the
BM,! the slides were counterstained with hematoxylin. The slides were analyzed by light
microscopy.

Iron status parameters

Tissue non-heme iron concentration was measured by modified colorimetric assay.? Briefly, 50
mg of tissue samples were cut and digested in 0,5mL acid solution for 24 hours at 65°C. The extract
was added to 1.5 mL of chromogen and the solution absorbance was measured at 540nm after
15 min using NanoQuant infinite M200 (TECAN). A standard curve was plotted using ammonium
iron (Il) sulfate hexahydrate diluted - chromogen solution in increasing concentrations.

Transferrin saturation was calculated based on the values of serum iron levels and unsaturated
iron binding capacity measured by Modular Analytics SWA Evo (Roche, Hitachi) using the
commercial kits from Roche (#1876996 and #2146398) (F. Hoffmann-La Roche Ltd).

Deparaffinized tissue sections were stained with the Perls” Prussian blue stain for non-heme iron
and counterstained with nuclear fast red.?

RNA isolation and real-time PCR analysis



RNA from liver or spleen tissue and flushed bone marrow (BM) cells was extracted using
QlAshredder and Rneasy Mini Kit (Qiagen) or using TRl Reagent (Merck), respectively. One ug of
RNA was reverse transcribed with SuperScript VILO Master Mix (ThermoFisher Scientific) or
Transcriptor First Strand cDNA Synthesis Kit (Roche) where the RNA was pretreated with TURBO
DNA-free Kit (ThermoFisher Scientific). g-PCR was performed using TagMan Gene Expression
Master Mix (Applied Biosystems), LightCycler 480 Probes Master Mix or LightCycler 480 SYBR
Green | Master (both from Roche) depending on used primers and/or probes as specified bellow.
Relative gene expression was normalized against housekeeping gene [-Actin and calculated in
LightCycler 480 Software (Roche) using advanced relative quantification method. The primers
and/or probes used for reactions are specified bellow.

The list of TagMan® Gene Expression probes:

Epo - Mm01202755_m1; Erfe (Fam132b) - MmO00557748_m1; Id1 - Mm00775963_g1; Smad7 -
MmO00484742_m1; Ifn-gamma - Mm01168134_m1; PU.1 - MmO00488140 _m1l, Gatal -
MmO01352636; Cited2 - Mm00516121_m1; Hk1 - Mm00439344_m1; Ldha - Mm01612132_g1;
Pgkl - MmO00435617_m1; Serpinel - Mm00435858 m1; Slc2al - Mm00441480_m1; Vegfa -
Mm00437306_m1; Gypa - Mm00494848_m1; and S-Actin -Mm00607939_s1.

The list of UPL probes and primers:

IL-6: probe #6 (cat. no. 04685032001)
F: 5" GATGGATGCTACCAAACTGGAT 3’
R: 5" CCAGGTAGCTATGGTACTCCAGA 3

Tnf-alpha: probe #49 (cat. no. 04688104001)
F: 5-TGC CTATGT CTCAGCCTCTTC- 3’
R: 5- GAG GCCATT TGG GAACTTCT -3’

[ Actin: probe #56 (cat. no. 04688538001)
F: 5" AAGGCCAACCGTGAAAAGAT 3’
R: 5" GTGGTACGACCAGAGGCATAC 3’

The list of primers for SYBR Green:

Hamp (Hepc1) F: 5" CCTGAGCAGCACCACCTATCT 3’
R: 5" TCAGGATGTGGCTCTAGGCTATGT 3’

Bmp6 F: 5" AACAGCTTGCAAGAAGCATGAG 3’
R: 5" TGGACCAAGGTCTGTACAATGG 3’

Tgf-betal F: 5" TCGACAACAAAATAGAGCAAGC 3’



R: 5" CTTTGATCTGCTCCTTCAGAACT 3’

[-Actin F: 5" TCAACACCCCAGCCATGTA 3’
R: 5" GTGGTACGACCAGAGGCATAC 3’

Enzyme-linked immunosorbent assay (ELISA)

Serum hepcidin and ferritin levels were quantified using the Hepcidin-Murine Compete ELISA
(Intrinsic LifeSciences) and Ferritin (FTL) Mouse Elisa kit (Abcam), respectively according to the
manufacturer’s instructions. Mouse cytokine array (micro-elisa quantification) for determination
of serum concentrations of IL-6, tumor necrosis factor-a (Tnf-a), and interferon-y (Ifn-y) was
performed as a custom service by RayBiotech. Transforming growth factor-B (TGF-B) was
measured using TGF beta-1 Mouse ELISA Kit (Thermo Fisher Scientific) as per manufacturer’s
instructions. The serum levels of Epo in neonatal (7 days old) and young adult (8 to 12 weeks old)
mice were quantified according to the manufacturer’s instructions for the Mouse Erythropoietin
Quantikine ELISA Kit (R&D Systems).

Flow cytometry analysis of hematopoietic stem and progenitor cells

Multi-parameter flow cytometry analysis of hematopoietic stem and progenitor cell (HSPC)
populations was performed as a custom service by the Czech Centre for Phenogenomics
(BIOCEV/IMG). The EasySep™ Mouse Hematopoietic Cell Isolation Kit was used to isolate stem
and progenitor cells from single-cell suspension of BM cells by negative selection with
biotinylated antibodies directed against CD5, CD11b, CD19, CD45R/B220, Ly6G/C(Gr-1), TER119,
7-4 and streptavidin-coated magnetic particles (RapidSpheres™). The following primary
conjugated antibodies and stains were used for subsequent staining:

Antigen Fluorochrome Manufacturer

Lineage Cocktail:

CD3, Ly-6G/Ly-6C, CD11b, | PB BioLegend
CD45R/B220, TER-119

CD48 BV510 BioLegend

CD34 FITC Thermo Fisher Scientific
Sca-1 PerCP-Cy5.5 BioLegend

CD135 PE Thermo Fisher Scientific
CD150 PE-Cy7 BioLegend

c-kit APC BioLegend

FcRg APC-Cy7 BioLegend

viability Hoechst 33258 Sigma-Aldrich

The results were analyzed by BD LSRFortessa SORP (BD Bioscences).
Hematopoietic colony assay and EPO sensitivity testing



M3334 media and 1x10° BM cells were used for the detection of colony forming unit-erythroid
(CFU-E) colonies as we described.® M3534 media, with the addition of 1 U of recombinant human
EPO (rh, Janssen Pharmaceuticals) per mL of media and 5x10* BM cells were used for the
detection of colonies derived from colony forming unit (CFU) - granulocyte, erythroid,
macrophage, megakaryocyte (CFU-GEMM) progenitor, burst forming unit-erythroid (BFU-E)
progenitor and additional types of non-erythroid progenitors: CFU-granulocyte, macrophage
(CFU-GM), CFU-granulocyte (CFU-G), and CFU-macrophage (CFU-M). In parallel experiments, rh
EPO (Janssen Pharmaceuticals) dose—responses of BM-derived cells were tested. MethoCult
medium M3236 with addition of 20% (vol/vol) fetal bovine serum (Thermo Fisher Scientific) and
M3534 medium, both supplemented with appropriate doses of rh EPO, were used for CFU-E and
BFU-E sensitivity assay, respectively. The cells were incubated at 37°C, 5% CO; and 21% O,. CFU-
E colonies were scored by standard morphologic criteria on day 3; CFU-GEMM, BFU-E, and non-
erythroid colonies at day 10, under an inverted microscope (Olympus).

Reactive oxygen species (ROS) measurements

ROS levels in murine serum were determined using OxiSelect /n Vitro ROS/RNS Assay kit (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Fluorescence was measured on a
FACS Calibur (BD Bioscience).
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Table S1. Selected hematological and biochemical data of patients with EPAS1- and EPOR-

mutated erythrocytosis

EPAS1 — mutant
patients
EPAS1 EPAS1
mut#l mut#2
Sex/age (yr) M/1.5 E/5
RBC Normal
parameters Range
2-12 yr
[0.35-0.40] 0.54 +
HCT Adults 0.52 0.02
[0.35-0.44]
2-6yr
MCV [72-87]
+
(fL) 6-12 yr 72.6 89.1+2.3
[76-90]
2-6yr
MCH [23.1-29.6]
23. 1.7+£0.7
(pg) 6-12 yr 39 |3 0
[27-33] I | % |
2-12 yr
MCHC [32-37]
(/L) Adults 329 |356+0.1
[27-31]
Iron Status
2-12 yr
sFe [8.95-21.5]
[14.5-26]
2-12 yr
Ferritin [6-140]
+
(ng/mL) Female 29.5 27.6+3.9
[20-150]
TSAT (%) [21-48] 13.0 13+14
EPO
3.5-17.0 . _
[u/L] [ ] 7.3 10.4
Hepcidin
[1.75-4.57] X -
[ng/mL]
ERFE
[0.0-0.5] 3.29 2.56
[ng/mL]




Values indicate means + SDs; mut: mutant; yr: years; M: male; F: female; red blood cells (RBCs);
HCT: hematocrit; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC:
mean corpuscular hemoglobin concentration; sFe: serum iron; TSAT: transferrin saturation; EPO:
erythropoietin; ERFE: erythroferrone; NA: not available; x below detection limit.
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Figure S1. Evaluation of red blood cell (RBC) count and hemoglobin (Hb) levels during perinatal
and postnatal period (A) and assessment of red blood cell indices, blood smears, and
reticulocytes in four-weeks-old mice (4w) (B-D). RBC and Hb levels in mice of different postnatal
age: postnatal day 7 (PD7), ~2.5 months old (young), ~6.5 months old (mature adult), and ~16
months old (old) mice (A). Mean corpuscular volume (MCV), mean corpuscular hemoglobin
(MCH), and mean corpuscular hemoglobin concentration (MCHC) (B). Blood smears stained with
May-Grinwald—Giemsa stain for assessment of red blood cell morphology (C). The slides were
analyzed with an Olympus BX51 light microscope (Olympus); original magnification x1000 (1.4 NA
objective), scale bars 20 uM. Digital images were acquired with an Olympus DP70 camera driven
by DP controller software (provided by Olympus). Images were cropped, assembled, and labeled
using Adobe Photoshop software (Adobe Systems). Percentage of reticulocytes (Retics) (D).
Values indicate mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001 vs. mEpoR; #P < 0.05 and #P <
0.01, mtHEPOR vs. mEpoR/mtHEPOR calculated by with Welch’s correction.



Figure S2
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Figure S2. Expression of bone morphogenic protein (Bmp) target genes (A, D) and tissue iron
content (B, C). Hepatic mRNA expression of Smad7 and I/d1 at postnatal day 7 (A, PD7) and during
postnatal life (D) was analyzed by g-PCR; S-Actin mRNA expression was used for target gene
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expression normalization. In Panel D the expression is presented as fold change relative to young
mEpoR controls. Error bars indicate mean + SEM; *P < 0.05 vs. mEpoR by unpaired t-test with
Welch’s correction; n = 4 mice per group and genotype. Tissue iron content was visualized by
Perls' staining (blue stain for iron) of liver (B) and spleen (C) tissue sections. The slides were
analyzed using an Olympus BX51 light microscope (Olympus); for liver: original magnification x200
(NA 0.5 objective), scale bars 200 uM; for spleen original magnification x100 (NA 0.3 objective),
scale bars 200 uM. Digital images were acquired with an Olympus DP70 camera driven by DP
controller software (Olympus). Images were cropped, assembled, and labeled using Adobe
Photoshop software (Adobe Systems).
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Figure S3
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Figure S3. Correlation between erythroferrone (Erfe) and hepcidin (Hamp) expression (A),
quantification of Erfe in the serum (B), and Erfe mRNA expression in control mice treated with
erythropoietin (EPO, C). Correlation analysis (A) was performed between hepatic Hamp/f-Actin
mRNA and Erfe/[-Actin mRNA expression in the BM (left panel) and spleen (right panel) of mEpoR,
mEpoR/mtHEPOR, and mtHEPOR mice during postnatal life using Pearson correlation coefficient.
Serum erythroferrone levels (B) in samples showing values greater than 0 ng/mL:i.e., control mice
treated with i.v. EPO?! (n = 3), one young mEpoR/mtHEPOR heterozygote and one young and one
mature adult mtHEPOR homozygote. The assay included mEpoR controls (n = 16),
mEpoR/mtHEPOR (n = 12) and mtHEPOR mice (n = 12) of different postnatal age (young, mature
adult or old). Erfe mRNA expression in the bone marrow and spleen of EPO-treated control mice
(C) was analyzed by g-PCR. Relative Erfe mRNA expression (normalized to f-Actin) is presented as
fold change to non-treated mEpoR control group. Error bars indicate mean + SEM; n > 3 per each
group. ***P < 0.001 vs. non-treated controls calculated by Student’s t-test.
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Figure S4
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Figure S4. Distribution of maturation stages of erythroid precursors in the spleen during
postnatal life. CD71 and Ter119 expression on spleen cells in young, mature adult, and old mice
of mEpoR, mEpoR/mtHEPOR, mtHEPOR genotype was quantified by flow cytometry analysis (n >
3 per each group and genotype). Cells were divided into the regions based on the level of Ter119
and CD71 expression according to Socolovsky et al.* *P < 0.05, **P < 0.01 vs. mEpoR by unpaired

t-test with Welch’s correction.
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Figure S5
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Figure S5. Quantification of erythroferrone (Erfe) mRNA expression per individual erythroid cell.
Erfe mRNA expression analyzed by g-PCR at different stages of ontogenesis was normalized to
glycophorin A (Gypa) expression. The expression at embryonic day (ED)17.5 and postnatal day 7
(PD7) is presented as fold change relative to mEpoR controls; for later postnatal stages relative to
young mEpoR controls. Error bars indicate mean + SEM; n > 3 per each group. *P < 0.05, **P <
0.01, ***P < 0.001 calculated by Student’s t-test.
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Figure S6. Erythropoietin (Epo, A) and hypoxia inducible transcription factors (HIFs) target genes
(B — D) expression. Relative mRNA expression of Epo (A) in the kidney during different stages of
postnatal life was normalized to f-Actin and is presented as a fold change relative to young mEpoR
controls expression. The expression of selected Hif1, Hif2, and Hif1/2 target genes in fetal liver at
ED17.5 (B), neonatal spleen at PD7 (C), and kidney of young, mature adult and old mice (D) was
normalized to fActin and to the expression of age-matched mEpoR controls (Panels B and C);
normalized target gene expression during different stages of postnatal life (Panel D) is presented
as fold change relative to young mEpoR controls. NA — not available. Error bars indicate mean +
SEM; n > 3 per each group and genotype; **P < 0.01, ***P < 0.001 vs. mEpoR calculated by
unpaired t-test with Welch’s correction.
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Figure S7
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Figure S7. Evaluation of inflammatory cytokines in murine serum (A), IL-6 mRNA expression in
the liver (B), and serum reactive oxygen species (ROS) levels (C). Mouse cytokine array for
determination of serum concentrations of IL-6, Tnf-a, and Ifn-y was performed as a custom
service by RayBiotech; TGF-3 was measured using ELISA (A). Serum samples of young, mature
adult, and old mice of mEpoR, mEpoR/mtHEPOR, and mtHEPOR genotype were evaluated.
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Individual values are presented in a dot plot depicting mean with error bars showing standard
deviations (SDs). NA — not available. Hepatic /L-6 mRNA expression (B), normalized to f-Actin, was
analyzed by g-PCR; the expression is presented as fold change relative to young mEpoR control
group (n = 2 mice per group and genotype). ROS levels (C) were measured in serum samples of
young, mature adult, and old mice of mEpoR, mEpoR/mtHEPOR, and mtHEPOR genotype. Values
in Panels B and C indicate mean + SEM; **P < 0.01 vs. mEpoR by unpaired t-test with Welch’s
correction. No statistically significant differences were detected for data presented in Panels A
and B.
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Figure S8
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Figure S8. Assessment of non-erythroid bone marrow-derived colonies (A) and detection of
megakaryocytes in the bone marrow (B-C). CFU-G, CFU-GM, and CFU-M colonies (A) were
enumerated in methylcellulose cultures of bone marrow cells isolated from old mice under an
inverted microscope (CKX41, Olympus); (n = 3 each group and genotype). Periodic acid-Schiff
(PAS) method was used to stain megakaryocytes, marked with an asterisk (B), in the bone marrow
of young, mature adult, and old mEpoR/mtHEPOR, mtHEPOR, and mEpoR control mice (n =4 each
group and genotype); the slides were counterstained with hematoxylin. The slides were analyzed
with an Olympus BX51 light microscope (Olympus); original magnification x200 (0.5 NA objective),
scale bars 200 uM. Digital images were acquired with an Olympus DP70 camera driven by DP

18



controller software (provided by Olympus). Images were cropped, assembled, and labeled using
Adobe Photoshop software (Adobe Systems). The absolute number of megakaryocytes, detected
per 20X (low-power) field (LPF) (C). Values indicate mean + SEM. *P < 0.05, **P < 0.01, ***P <
0.001; ##p < 0.001 young vs. old mtHEPOR; both by unpaired t-test with Welch’s correction.
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Figure S9
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Figure S9. CD47 red blood cell (RBC) surface expression (A) and RBC half-life (B). CD47 expression
on the surface of RBCs isolated from young mEpoR, mEpoR/mtHEPOR, and mtHEPOR mice
measured by flow cytometry using FITC-labeled anti-CD47 antibody; a representative histogram
is shown on the right side (A). RBC half-life. The fluorescence of CFSE-labeled RBCs, injected into
the tail veins of mEpoR mice (day 0, set 100%), was tracked for 35 days (at day 1, 2, 7, 14, 21, 28,
and 35) and the values were plotted against the day of sampling. For each mouse analyzed, an
exponential regression equation was determined and used to calculate the RBC half-life
presented in the graph (B). Values indicate mean £ SEM. *P < 0.05, ***P < 0.001 vs. mEpoR by
unpaired t-test with Welch’s correction; n > 3 per each genotype.
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Figure S10
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Figure S10. Hepcidin and erythroferrone (ERFE) serum levels in human subjects. Controls (n=5):
age-matched to EPASI-mutant (EPAS1 mut, n=2) and EPOR-mutant (EPOR mut, n=2) patients (see
Table S1); PKD/HS (n=4): patients with pyruvate kinase deficiency or hereditary spherocytosis.
Blue triangles denote PKD/HS patients affected by iron overload; *(red asterisks): denote that
hepcidin levels in both EPAS1 mut patients as well as ERFE levels in both EPOR mut patients and
three out of five controls were below the detection limit.
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Key Points

* Cells expressing JAK2 E846D
or R1063H exhibit pathologic
STATS5 activation in the
specific context of EPOR.

» Cooperation of germ line
JAK2 mutations E846D and
R1063H defines a JAK2-
signaling threshold for
induction of erythrocytosis.

The role of somatic JAK2mutations in clonal myeloproliferative neoplasms (MPNs) is well
established. Recently, germ line JAK2 mutations were associated with polyclonal
hereditary thrombocytosis and triple-negative MPNs. We studied a patient who inherited
2 heterozygous JAK2 mutations, E846D from the mother and R1063H from the father, and
exhibited erythrocytosis and megakaryocytic atypia but normal platelet number. Culture
of erythroid progenitors from the patient and his parents revealed hypersensitivity to
erythropoietin (EPO). Using cellular models, we show that both E846D and R1063H
variants lead to constitutive signaling (albeit much weaker than JAK2 V617F), and both
weakly hyperactivate JAK2/STAT5 signaling only in the specific context of the EPO
receptor (EPOR). JAK2 E846D exhibited slightly stronger effects than JAK2 R1063H and
caused prolonged EPO-induced phosphorylation of JAK2/STAT5 via EPOR. We propose
that JAK2 E846D predominantly contributes to erythrocytosis, but is not sufficient for the
full pathological phenotype to develop. JAK2 R1063H, with very weak effect on JAK2/

STATS signaling, is necessary to augment JAK2 activity caused by E846D above a threshold level leading to erythrocytosis with
megakaryocyte abnormalities. Both mutations were detected in the germ line of rare polycythemia vera, as well as certain leukemia

patients, suggesting that they might predispose to hematological malignancy. (Blood. 2016;128(10):1418-1423)

Introduction

Somatic JAK2 mutations are the most common disease-causing event
in patients with myeloproliferative neoplasms (MPNs). In the majority
of MPN patients, an acquired gain-of-function V617F JAK2 mutation
leads to constitutive activation of the JAK?2 kinase and subsequently
to excessive activation of JAK/STAT signaling.'™* Recently, germ
line JAK2 mutations (different from V617F substitution) have been
described in cases with familial MPNs exhibiting hereditary polyclonal
thrombocytosis”” and triple-negative MPNs.® All of these inherited
JAK?2 mutations, localized in the kinase and pseudokinase domain
of JAK?2, signal through the thrombopoietin receptor (MPL) rather
than the erythropoietin (EPO) receptor (EPOR), explaining the phe-
notype of the polyclonal disease. It is proposed that differential
signaling of STATs leads to different clinical phenotypes associated
with different activating JAK2 mutations: essential thrombocythemia
and hereditary thrombocytosis being promoted by MPL/STAT1 sig-
naling; STATS activation resulting in excessive erythroid proliferation
and polycythemia vera (PV).>?

Here, we studied a patient who inherited 2 JAK2 mutations and
presented with erythrocytosis and abnormal megakaryopoiesis in the

bone marrow (BM), partially resembling PV cases with JAK2 exon 12
mutations.'® Thus, in contrast to previously studied germ line JAK?2
mutations, which were all heterozygous, here mutations on both JAK?2
alleles are present. We show that both of these mutations are activating
in the context of EPOR, but with different characteristics. Functional
analyses of the 2 germ line JAK2 mutations suggested the threshold of
JAK?2 activity necessary for induction of erythrocytosis.

Study design

Descriptions of assays and tests performed on patient’s samples can be found in
supplemental Materials and methods (available on the Blood Web site).

Ba/F3-EPOR ' JAK2 stable transfectants or y-2A cells were used in viability
and proliferation assays, analyses of JAK2 signal transduction, and dual-
luciferase assays for STAT transcriptional activities. Retrovirally transduced
mouse BM cells were used for in vitro colony assay. Analysis of x-ray crys-
tallography data was performed using PyMOL software. For detailed descrip-
tions of individual procedures, see supplemental Materials and methods.
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A
Hematological data and clinical characteristics of the whole family.
Patient Mother Father Brother
(Normal values)  (Normal values) (Normal values) (Normal values)
Age at diagnosis (years) 15 44 47 24
Sex male female male male
Red blood cell count 5.6+0.2 5.0 5.1 5.0
(x10%2/L) (4.5-5.3) (3.8-4.9) (4.3-5.7) (4.3-5.7)
. 17.2+0.5 14.9 16.2 15.6
Hemoglobin level (g/dL)
(13.0-16.0) (12.0-16.0) (13.0-18.0) (13.0-18.0)
49+ 1.0 45 47 43
Hematocrit (%)
(37.0-49.0) (37.0-47.0) (42.0-52.0) (42.0-52.0)
32.1
ND ND ND
Red cell mass (mL/kg) (24.0—32.0)
Ervihropoietin (IU/L 89+1.8 8.7 47 17.0
rythropoietin (IU/L) (4.3-29.0) (4.3-29.0) (4.3-29.0) (4.3-29.0)
. . Plethora,
Clinical signs None None None
splenomegaly

100

75

-0- healthy controls

BFU-E growth (% to maximum)

v T . 50 -8~ PV controls
¥ . -&- patient
;(g r{y% -+ mother
‘\r.‘i."s‘“‘“ #’14" 25 father
. - -8~ brother
q
0 ‘l T T T T
0 0.03 0.06 0.12 0.5 1.0
EPO [U/mL]
EPO Patient Mother Father PV
[U/mL] P value P value P value P value
0.0 NS NS NS .00002
0.03 .00847 .03445 NS .03115
0.06 .01636 .03039 NS .00698
0.12 .00103 .00496 .011 .00424
0.5 NS NS NS NS

Figure 1. Hematological parameters, clinical data, BM evaluation, and in vitro sensitivity assay of erythroid progenitors to EPO. (A) Hematological and clinical
analysis of the propositus and his family members revealed erythrocytosis, plethora, and palpable spleen (splenic length of 12 cm based on ultrasound measurement) in the
patient. ND, not done. (B) Patient's BM aspirate (May-Grinwald-Giemsa staining, top) and BM biopsy (glycophorin C staining specific for erythroid lineage, brown color,
bottom) showed hypercellularity, erythroid hyperplasia, normal granulopoiesis, and abnormal megakaryopoiesis (for details, see supplemental Figure 1). The images were
visualized with an Olympus BX41 light microscope (Hamburg, Germany) and acquired with an Olympus DP73 camera driven by CellSens Entry software. Images were
labeled using Adobe Photoshop software (Adobe Systems, San Jose, CA). Top: magnification, X 100; scale bar, 100 pm. Bottom: magnification, xX200; scale bar, 200 um. (C)
The EPO dose-response curves derived from the patient, patient’s brother, patient’s parents, normal controls, and PV patients. The growth of BFU-E colonies at the indicated
concentrations of EPO was expressed as a percentage of maximal EPO stimulation (represented by EPO concentration of 1 U/mL). Erythroid progenitors from the patient (red
curve) were hypersensitive to EPO; there was a relatively higher number of BFU-E colonies in comparison with healthy controls (black curve) in low EPO concentrations. The
in vitro growth of the erythroid progenitors of both of the patient’s parents (blue and green curve, respectively) also showed slightly increased sensitivity to EPO when
compared with normal controls (black curve). The progenitors of the patient’s brother (purple curve) showed normal growth. Two PV patients, positive for the V617F mutation
(brown curve), were used as positive controls for hypersensitivity and formation of EPO-independent colonies (EECs). The table below the graph shows statistical evaluation
of the BFU-E colony number at individual concentrations with respect to normal controls. P values were calculated using Origin 6.1 software (OriginLab Corporation,
Norhampton, MA, USA). *P < .05; **P < .01. NS, not significant.
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Results and discussion

Case presentation, EPO hypersensitivity of erythroid
progenitors, and mutational analyses

The diagnosis of polycythemia in a 15-year-old boy was based on the
hematological and clinical data summarized in Figure 1A. The patient had
increased hemoglobin/hematocrit level, higher red blood cell count,
plethora, palpable spleen, and normal EPO level. Although the white
blood cell differential and platelet count were normal (supplemental
Table 1), the BM aspirate and BM biopsy showed hypercellularity,
erythroid hyperplasia, and atypical, enlarged, and immature megakaryo-
cytes, likely resulting from the stimulation of the megakaryocytic lineage
(Figure 1B; supplemental Figure 1). The iron status parameters were
normal (supplemental Table 2). The in vitro colony assay revealed
hypersensitivity of the patient’s burst-forming unit-erythroid (BFU-E)
progenitors to EPO (Figure 1C), a feature characteristic for primary
polycythemia states.'> Both parents and the patient’s brother were
clinically normal, with normal EPO levels and hematological (Figure 1A)
and iron status parameters, with the exception of elevated ferritin in the
father and brother likely due to infection (supplemental Table 2).
Nevertheless, the sensitivity of BFU-E progenitors to EPO was
significantly increased in the mother and slightly also in the father
compared with healthy controls and the patient’s brother (Figure 1C). In
addition, the colony assay revealed significantly increased numbers of
circulating BFU-E progenitors in the patient and his parents compared
with healthy controls (supplemental Figure 2A). These results suggested
the hereditary nature of the propositus’s erythrocytosis. No somatic
mutations or chromosomal aberrations were uncovered by either whole-
exome sequencing or microarray analysis (supplemental Table 3i-ii),
suggesting that the hematopoiesis was likely polyclonal. Targeted
mutational screening (see supplemental Materials and methods) and
search for germ line variants using whole-exome sequencing revealed a
E846D substitution in JAK?2 in a heterozygous state in the propositus
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and his mother and JAK2 R1063H in the propositus and his father
(supplemental Results; supplemental Figure 2B); both variants were
reported as polymorphisms with very low frequencies (supplemental
Table 4). Subsequent screening of a cohort of 99 subjects (including
healthy controls, MPN patients, and pediatric patients with essential
thrombocythemia or hereditary erythrocytosis) detected JAK2 E846D
substitution in 1 CALR */V617F " MPN patient and JAK2 R1063H in 1
V617F* PV patient (supplemental Table 5) and in 1 triple-negative
MPN patient (J.D.M.F. and R.K., unpublished data, August 29, 2015).
The E846D substitution was previously reported in normal-
karyotype acute myeloid leukemia'® and the JEG-3 cancer cell
line'*; R1063H was reported in 3 JAK2 V617F" PV patients,” as
well as in acute myeloid leukemia'® and B-cell acute lymphoblastic
leukemia cases.'> Altogether, these data suggest a much higher
frequency of these 2 variants in MPN patients than in normal individuals.

JAK2 E846D and R1063H promote survival at low EPO
concentrations by increasing EPO-induced phosphorylation
of STAT5

Because the germ line JAK2 mutations emerged as the main disease-
causing event in our patient, we created a cellular model: Ba/F3-EPOR
cells expressing JAK2_E846D and JAK2_R1063H. Ba/F3-EPOR
cells transfected with the wild-type human JAK2 (JAK2_wt) and
VO617F JAK2 were used as a negative and positive control, res-
pectively.'® As expected, the JAK2_V617F transfectants exhibited sur-
vival advantage and supported constitutive proliferation in EPO-free or
EPO-limiting conditions*!” (supplemental Figure 3A; Figure 2A).
The viability of JAK2_E846D and JAK2_R1063H transfectants in
EPO-free medium was comparable to the JAK2_wt transfectants
(supplemental Figure 3A); neither these transfectants expressing
individual JAK2 genetic variants nor double transfectants with both
E846D and R1063H (not shown) became growth factor independent.
Nevertheless, JAK2_E846D—expressing cells showed significantly
increased proliferation in EPO-limiting conditions compared with

Figure 2. Proliferation assay in cytokine-limiting conditions, immunoblot analysis of JAK2 signal transduction, luciferase assay, and colony assay of retrovirally
transduced BM cells. (A) MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) test in Ba/F3-EPOR-IL-3—dependent cells stably transfected with different
JAK2 vectors. The percentage of proliferating cells was calculated as the percentage of the maximal cell growth observed at EPO concentration of 1.0 U/mL. The
transfectants were starved for 12 hours in IL-3—free media and then incubated for 48 hours in the media with different EPO concentration. Results are shown as the
mean *+ standard deviation (SD) (n = at least 4 tests performed in triplicates). The table below the graph shows statistical evaluation of the growth of individual Ba/F3
transfectants at tested EPO concentrations compared with cell-expressing JAK2 wt. P values were calculated using Origin 6.1 software (OriginLab Corporation). (B)
JAK2 downstream signaling in stable Ba/F3-EPOR-IL-3—dependent transfectants. The cells were starved in IL-3—free media for 12 hours and then stimulated with
indicated concentrations of EPO for 15 minutes. JAK2_V617F-expressing cells served as a positive control and showed constitutive activation of STAT5 (i-ii).
Immunoblot and subsequent densitometry analysis revealed that JAK2_E846D transfectants and also R1063H-expressing cells showed increase in STAT5 activation
(i-ii). Each bar represents the ratio of the density of phosphorylated STAT5 (p-STAT5) to the density of normalized total JAK2 and is presented as fold change against the
ratio calculated for 1.0 U/mL EPO. For detailed information on JAK2 normalization, see supplemental Materials and methods. Activation of JAK2 and its targets was
determined by antibodies recognizing specific phosphorylation sites (as detailed in supplemental Materials and methods); tubulin antibody was used as a loading control.
(C) STATS transcriptional activity in JAK2-deficient y-2A cells transfected with various JAK2 complementary DNAs (cDNAs) in the presence of EPOR, MPL, and G-CSF
receptor (G-CSFR). The heterozygous configuration was mimicked by cotransfection of JAK2 wt cDNA with JAK2 V617F, JAK2 E846D, or JAK2 R1063H. Four hours
after transfection, the cells were stimulated with different concentrations of EPO (i) or stimulated with 10 ng/mL thrombopoietin (i) or 10 ng/mL G-CSF (iii) and luminescence was
detected in cell lysates 24 hours (ji-iii) or 48 hours (i) after transfection using a PerkinEImer Victor X Light analyzer. (i) STAT5 transcriptional activity downstream of JAK2 E846D and
R1063H was significantly increased in both EPO-free and EPO-limiting condition in comparison with JAK2 wt in the presence of EPOR; the double mutants expressing both JAK2
E846D and R1063H mutants showed increased STAT5 transcriptional activity over the single mutants in low EPO concentration. (ii-iii) Only JAK2 V617F significantly increased
STATS transcriptional activity in the presence of MPL and G-CSFR. STAT5 transcriptional activity of JAK2 E846D and JAK2 R1063H cells was comparable to wt cells. The panels
show the average of 3 independent experiment + standard error of the mean (SEM). *P < .05, **P < .01, ***P < .001 using the 2-tailed Student t test. rlu, relative light unit. (D) In vitro
colony growth of transduced murine BM. Murine BM cells were infected with retroviruses coding for murine JAK2 wt, V617F, E846D, or R1063H for single mutant configuration and
with E846D and R1063H retroviral particles for double mutant configuration. Infected murine BM cells were then plated on methylicellulose media in the absence of EPO (i) or in the
presence of 0.1 U/mL EPO (ji). After 2 and 7 days, the plates were evaluated for the formation of CFU-E and BFU-E, respectively. The BM cells infected with the virus containing the
empty pMEGIX vector were used as a control. JAK2_E846D and JAK2_E846D/R1063H BM cells have significantly higher numbers of CFU-E and BFU-E colonies in both EPO-free
and low EPO conditions when compared with JAK2_wt cells. Cells with JAK2_R1063H mutation had significantly increased CFU-E, but not BFU-E colony formation. The highest
number of erythroid colonies was detected in the sample derived from JAK2_V617F positive control. Congruent results were obtained by determination of the replating capacity of
primary human cells naturally harboring the JAK2 E846D and R1063H mutations (supplemental Figure 6). The panels show the average of 3 independent experiments. The BFU-E
and CFU-E colony numbers are expressed as the number of colonies per transduced cells and are normalized to wt values = SD. P values were calculated using Origin 6.1 software.
*P < .05, **P < .01, **P < .001. (E) Immunoblot analysis of prolonged activity of EB46D-mutant JAK2 kinase. The JAK2 transfectants were after IL-3 starvation stimulated with 20 U/mL
EPO for 15 minutes and then incubated in base Iscove modified Dulbecco medium (IMDM) with no additives for indicated periods of time. JAK2_E846D—expressing cells showed
prolonged activation of STAT5 and EKR1/2 similarly to JAK2_V617F transfectants as predicted by in silico modeling (supplemental Figure 7).
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JAK2_wt (Figure 2A). Improved proliferation for JAK2 _R1063H
transfectants was observed only in 0.1 U/mL EPO concentration
(Figure 2A). These results suggested that E846D and R1063H
substitutions have a weaker effect on the survival and proliferation
capacity of cells than the oncogenic V617F mutation, which is
consistent with their germ line transmission and with nonclonal
hematopoiesis observed in the JAK2 E846D " mother (described in
supplemental Materials and methods). This also showed a stronger
effect of E846D substitution on improved proliferation in EPO-
limiting conditions compared with R1063H.

We then focused on JAK2 downstream signal transduction
pathways. Upon interleukin-3 (IL-3) starvation and short incubation in
IL-3—free EPO-containing medium, JAK2_E846D-and JAK2_R1063H-
expressing cells showed increased STATS phosphorylation (Figure 2B).
Weak activation of STAT1 was also observed for both mutants
(supplemental Figure 3B).

JAK2 E846D and R1063H activate STATS5 transcriptional activity
specifically through EPOR

Next, we tested the effect of our JAK2 mutants on STAT transcriptional
activity by dual-reporter luciferase assay in JAK2-deficient y-2A
cells.'® Figure 2Ci shows that JAK2 E846D and R 1063H significantly
increased STATS transcriptional activity in EPO-free and low EPO
conditions in the presence of EPOR when compared with cells ex-
pressing JAK2 wt. In EPO-limiting conditions, the coexpression of
these 2 JAK2 mutants further improved STATS transcriptional activity
compared with cells expressing a single JAK2 mutant (E846D or
R1063H). No effect of JAK2 E846D and R1063H was observed on
basal STATS activation via MPL or the granulocyte colony-stimulating
factor (G-CSF) receptor (Figure 2Cii-iii) or on the activation of other
STAT members (supplemental Figure 4). This was in agreement with
increased STATS phosphorylation in the patient’s BM detected by
immunohistochemical analysis of STATS (supplemental Figure 5) and
is consistent with the erythroid phenotype in our patient.

JAK2 E846D-transduced murine BM cells show increased
capacity for CFU-E and BFU-E formation whereas JAK2 R1063H
increases only CFU-E formation

To assess the effect of JAK2 mutants on primary cells, BM cells from
C57BL/6 mice were retrovirally transduced with murine JAK2
expression vectors and used for in vitro colony assay. The cells
expressing the E846D mutant formed significantly increased numbers
of colony forming unit-erythroid (CFU-E) and BFU-E, when
compared with cells with JAK2 wt in EPO-free or EPO-limiting
conditions (Figure 2D). The observation that the R1063H mutant
induced CFU-E rather than BFU-E colony growth (see also primary
father’s progenitors in supplemental Figure 6) is reminiscent of the
weak activation of EPOR by the anemic strain of the Friend virus
complex gp55 envelope protein (gp55-A), which also specifically
supported CFU-E formation.'®* For the EPO-free condition, the co-
occurrence of the 2 mutations was slightly more effective in colony growth
than the single mutants alone (Figure 2D). This assay indicated that JAK2
E846D and R1063H mutations facilitate hypersensitive response of
erythroid progenitors from the patient or patient’s parents to EPO.

In silico analysis predicted increased activity of JAK2
R1063H-mutant kinase and prolonged activation of JAK2
E846D—mutant kinase after cytokine stimulation

In silico modeling using the x-ray structures of the inactive and
active JH1 domain of JAK2?"? suggested that the R1063H mutation
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would be presumed to facilitate the active conformation of JHI,
whereas the JAK2 E846D mutant would show slower return to the
ground state after cytokine stimulation (supplemental Figure 7). The
effect of E846D substitution was confirmed by immunoblots analysis
in which IL-3-starved JAK2_E846D transfectants showed prolonged
activation of STATS and extracellular signal-regulated kinase 1/2
(ERK1/2) compared with JAK2_wt after high-dose EPO stimulation
and subsequent EPO withdrawal (Figure 2E) resembling signaling
downstream EPOR gain-of-function mutants.”> The prolonged STATS
and ERK1/2 activation downstream JAK2 E846D can be effectively
reduced by JAK2 inhibitors, ruxolitinib or AZ-960, but not by wortmannin,
a phosphoinositide-3-kinase inhibitor (supplemental Figure 8).

In summary, we establish that E§46D and R1063H are weakly
activating mutations and conclude that the cooperation of these
activating JAK2 mutations causes a polyclonal hereditary eryth-
rocytosis with megakaryocytic atypia, clinically resembling JAK2
exon 12—positive PV.
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Cooperation of germline JAK2 mutations E846D and R1063H in hereditary
erythrocytosis with megakaryocytic atypia

Supplemental Materials and Methods, Results, Tables, Figures and References for
Kapralova et al.

Supplemental Material and Methods
Patient and sample processing

All human samples were obtained with informed consent and approval from the Ethics
Committee of Palacky University Hospital, Olomouc, Czech Republic. Genomic DNA
isolated from whole peripheral blood, granulocytes and T-lymphocytes (isolated using Pan T
cell kit, Miltenyi Biotec, Bergisch Gladbach, Germany) was used for targeted sequence
analysis and whole exome sequencing. Isolated peripheral blood mononuclear cells were used
for in vitro sensitivity assay to EPO. Bone marrow samples were used for
immunohistochemical detection of STATS phosphorylation. The serum EPO concentrations
were measured by radioimmunoassay (RIA).* Red cell mass (RCM) in mL/kg was calculated
using **Cr RCM in mL and body weight.

Mutational screening
1. Targeted mutational screening

Genomic DNA was isolated from peripheral blood by the phenol-chloroform method.
All amplicons were sequenced on ABI Prism 310 Genetic Analyzer using BigDye Terminator
v1.1 Cycle Sequencing kit (Life Technologies, Carlsbad, CA) according to the manufacturer’s
protocol. List of screened genes (with the respective exons and intron-exon boundaries
analyzed through sequencing of genomic DNA) is provided below. The presence of JAK2
V617F mutation in peripheral blood genomic DNA was excluded using highly sensitive
allelic discrimination real-time assay.® The presence of CALR exon 9 insertions/deletions was

excluded using fragmentation analysis assay as recently described.”

Genes screened:

EPOR exons 7 and 8°
VHL complete coding sequence and exon-intron boundaries* (exon 1)°
PHD2 (EGLN1) complete coding sequence and exon-intron boundaries*



HIF2A (EPAS1)  exons 9* and 12

HIF1A exons 9 and 12*
LNK (SH2B3) exon 6*
JAK2 exons 12-19 and exon-intron boundaries*

*: primer sequences and reaction conditions available upon request
Reference sequences: EPOR (NM_000121.3), VHL (NM_000551.3), EGLN1 (NM_022051.2),
EPAS1 (NM_001430.4), HIF1A (NM_001530.3), JAK2 (NM_004972.3), SH2B3 (NM_005475.2)

2. Whole exome sequencing, data analysis and validation of hits

DNA libraries were generated from genomic DNA isolated from granulocytes and T-
lymphocytes of the patient and genomic DNA isolated from the whole blood of the patient’s
father using the Nextera Rapid Capture Exome kit (Illumina, San Diego, CA) according to the
manufacturer’s instructions. Due to low sample quality the DNA library could not be
generated from the genomic DNA sample of the patient’s mother. The 100-bp paired-end
sequencing was performed on the Illumina HiSeq 2000 platform, using Illumina v3 reagents.
Base calls provided by the Illumina Realtime Analysis software were converted into BAM
format using Illumina2bam and demultiplexed using BamIndexDecoder. The next generation
sequencing reads for each demultiplexed aliquot were aligned with the BWA MEM
algorithm® to the b37 reference sequence supplied with the Genome Analysis Toolkit
(GATK).® B37 is a derivative of the GRCh37 reference sequence'® optimized for variant
calling by the 1000 Genomes project'* and includes a human decoy sequence and a copy of
the Epstein Barr Virus sequence. PCR duplicates were removed by MarkDuplicates (Picard
tools 1.118). Reads suggesting insertion or deletion events were realigned before base quality
score recalibration. Collection of alignment summary metrics (Picard tools 1.118) concluded
aliquot-level processing. Sample-level processing included merging of refined aliquot
alignments, before performing another round of duplicate reads marking, insertion or deletion
realignment and collection of alignment summary metrics. Raw variants were characterized
with the GATK Haplotype Caller on the individual sample level. On a cohort level, raw
variant calls of several samples were merged into a larger cohort, which was then genotyped
before recalibration of variant quality scores for SNPs and INDELs. All procedures followed
the best practices published by the GATK developers.'? The resulting, variant calling format
files were annotated with functional consequence predictions using Annovar version
2015March22 and custom scripts. The variants annotated as common (>1%) in the doSNP142



database were removed, as well as variant falling within non-coding regions and synonymous
polymorphisms, leaving only exonic and/or splicing mutations. We further removed all
variants with low quality scores (VQSLOD<O0), variants present in > 3/67 non-disease control
samples, variants annotated as common (>1%) in 1000 Genomes version 20140ct, Exome
Variant Server versions ESP5400 and ESP6500 databases, and variants covered with <10
reads.

To detect the presence of potential somatic mutations, following all the above
mentioned filtering steps, the variants present in the control tissue of the patient were removed
from the list of variants detected in the granulocytes of the patient. To account for potential
contamination of control tissue with the tumor tissue we allowed all hits with variant
frequency of up to 10% in the control tissue to pass the filtering. This analysis revealed a list
of 15 potentially somatic mutations. To validate these hits, PCR primers were designed and
Sanger sequencing was performed as previously described,” using the BigDye Terminator
v3.1 Cycle Sequencing kit (Life Technologies). The sequencing products were analyzed on
the 3130xI Genomic Analyzer (Applied Biosystems) and Sequencher Software 4.9 (Gene
Codes) was used for sequence analysis. The primers designed for validation of WES data can
be provided upon request.

The efficiency of exome enrichment protocols was assessed as previously described.™
Microarray analysis

The DNA sample from granulocytes of the patient was processed according to the
manufacturer’s instructions and hybridized to Genome-Wide Human SNP 6.0 arrays
(Affymetrix). The Genotyping Console version 3.0.2 software (Affymetrix) was used for data

analysis.

Transcriptional clonality assay

Patient’s mother, who was a carrier of JAK2 E846D mutation, was genotyped for five
single nucleotide polymorphisms in genes previously shown to be a subject to X chromosome
inactivation (BTK dbSNP: rs1135363, FHL1 dbSNP: rs9018, G6PD dbSNP: rs2230037, IDS
dbSNP: rs1141608 and MPP1 dbSNP: rs1126762)'* and was found informative only for the
FHL1 G/A polymorphism. Transcriptional clonality assay involving FHL1 rs9018 was

performed using allele-specific LNA-spiked primers, with sequences described previously
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and adapted probe sequence (5' FAM-AGCACTGCAGGAACATCTGAGGGGGCT-BBQ
3".1> Assays were performed on LightCycler 480 using LightCycler 480 Probe Master (both
Roche Applied Science, Mannheim, Germany) with recommended conditions and were
validated prior to quantification.

White blood cell fraction total RNA from patient’s mother was Dnase-treated by
TURBO DNA-free (Life Technologies) and reverse-transcribed by Transcriptor First Strand
cDNA Synthesis Kit (Roche Applied Science). A pair of quantitative allele-specific PCRs
(one for each SNP variant) were performed on DNA (representing the 50:50 ratio) as well as
on cDNA (representing the actively transcribed allele) samples and relative quantities were
calculated using relative standard curve method, which compensates for different efficiencies
of each primer pair. No DNA contamination of RNA sample was detected in the RT-control.
The G:A quantity ratio of DNA sample was set to 1 and used to normalize the G:A quantity
ratio of cDNA sample.

Screening of the cohort of erythrocytosis patients, MPN patients and controls

Tetra-primer amplification-refractory mutation system (ARMS) PCR was developed
using modified Primerl output.®® for screening of JAK2 ¢.2538G>C (E846D) and JAK2
€.3188G>A (p.R1063H) mutations in 27 control samples, 17 patients with congenital
erythrocytosis, 10 children with ET and 45 MPN patients. Reaction was performed using
HotStarTaqg Master Mix Kit (QIAGEN, Venlo, Netherlands) as recommended by
manufacturer. For detection of E846D mutation: initial denaturation 95°C/15 minutes, then 32
cycles of: 95°C/10 seconds, 60°C/30 seconds, 70°C/30 seconds, with final elongation at
70°C/5 minutes; for R1063H mutation: initial denaturation 95°C/15 minutes, then 30 cycles
of: 95°C/10 seconds, 56°C/30 seconds, 72°C/30 seconds, final elongation at 70°C/5 minutes.
Sequences of primers and their final concentration in reaction are listed below; in bold is the
mutation site on inner primers, a mismatch 2 bp from mutation site is depicted in lowercase.
For detection of E846D mutation: size of the outer primer product is 497 bp, sizes of mutated
and wild-type sequences are 340 and 211 bp, respectively. For detection of R1063H mutation:
size of the outer primer product is 542 bp, sizes of mutated and wild-type sequences are 254
and 341 bp, respectively.



Name Sequence Final conc.
E846D

Outer F S—TTATCCTTTGCAAAGTCTCTCTTGAAGG-3' 0.2uM
Outer R S-TTAACACAGCATTTCTCCAACATCTGAC-3' 0.2uM
Inner F (wt) 5-ACCGGGATCCTACACAGTTTGAACAG-3' 0.4uM

Inner R (mut) 5-CAAGTTGCTGTAGAAATTTCAAATGTgTG-3' 0.4pM

Name Sequence Final conc.
R1063H

Outer F S5-TTGTGTTGAGTTTATTACAGCTATGGA-3' 0.2uM
Outer R 5-AAATGAACACTAAGGGCCATCTT-3 0.2uM
Inner F (wt) 5-AAAGTGGGTTTGTTTTAGGAATTTATICG-3' 0.4uM
Inner R (mut) 5-CCTTGTTTGTCATTGCCAATCAQAT-3' 0.4uM

In vitro sensitivity assay of erythroid progenitors to EPO

Isolated peripheral blood mononuclear cells (2.3 x 10°) were plated in duplicate in the
methylcellulose media (H4531, StemCell Technologies, Vancouver, Canada) with addition of
increasing concentrations of EPO (Janssen Pharmaceuticals, Beerse, Belgium): from 0.03 to
1.0 U per mL of media. Cell cultures were maintained in humidified atmosphere at 5% CO,
and 21% O, at 37°C for 14 days. Erythroid burst-forming unit (BFU-E) colonies were scored
by standard morphologic criteria using an inverted microscope (Olympus IX 71, Olympus,

Hamburg, Germany).

Genotyping of erythroid colonies for JAK2 E846D

Modified nested ARMS PCR protocol (see above) was used to genotype single
erythroid colonies derived from the patient (JAK2 E846D/R1063H) and his mother (JAK2
E846D) growing in low EPO concentration (0.03 or 0.06 U/mL). DNA from colonies was
precipitated from 100 pL RLT buffer (QIAGEN) with 20 pg/mL linear polyacrylamide
carrier (Life Technologies) and used directly in PCR. For the first round of nested PCR only
outer primer pair was used for 34 cycles (reaction conditions as above), with final
concentration of both primers 0.5 uM and 0.5 ng/uL BSA. Samples positive in the first round
were diluted 100x times and used for 30 cycles of tetra-primer ARMS with the same protocol
as described above.

Immunohistochemistry on bone marrow samples

Immunohistochemical staining was performed on 3-5-um-thick slides as previously
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described*” with the primary mouse anti-glycophorin C antibody (1:3000, DAKO, Denmark)
or primary rabbit anti-phospho-STATS5 antibody (Y694, 1:50, Cell Signaling, Danvers, MA)
and an EnVision+ Dual Link detection System (HRP and DAB+ as a visualization
chromogen; both DAKO). The slides were analyzed with an Olympus BX 51 light

microscope (Olympus, Hamburg, Germany).

Vector construction and mutagenesis

QuickChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA)
was used according to manufacturer instructions to create JAK2 ¢.1849G>T (JAK2_V617F),
JAK2 ¢.2538G>C (JAK2_E846D) and JAK2 c.3188G>A (JAK2_R1063H) mutants on a
human JAK2 ORF cDNA cloned in pCMV6-Entry plasmid vector (OriGene, Rockville, MD,
cat. no. RC520503; JAK2 sequence accession NM_004972.2). The two mutant and the wild
type JAK2 ORFs were then shuttled by restriction-ligation according to manufacturer
instructions to bicistronic pCMV6-AC-IRES-GFP-Puro mammalian expression vector
(OriGene, cat. no. PS100059) with C-terminal fusion of Myc-DKK tag. Full-length JAK2
sequences of final clones were verified by sequencing. The same kit and primers were used to

create pPMEGIX human and murine JAK2 mutants.®

Mutagenesis primers for JAK2

Human

JAK2 V617F sense: 5'-agcatttggttttaaattatggagtatgtttctgtggagacgaga—3'
JAK2 V617F antisense: 5'-tctcgtctccacagaaacatactccataatttaaaaccaaatgct—3'
JAK?2 E846D sense: 5'-cgggatcctacacagtttgaagacagacatttgaaatttc—3'

JAK?2 E846D antisense: 5'-gaaatttcaaatgtctgtcttcaaactgtgtaggatcccg—3'
JAK2 R1063H sense: 5'-tttgtcattgccaatcatatgcataaattccgetggtgg-3'

JAK2 R1063H antisense: 5'-ccaccagcggaatttatgcatatgattggcaatgacaaa-3'

Mouse

Jak2 E846D sense: 5'-aaacttcaagtgtctgtcttcaaactgtgtagggtcc—3'

Jak2 E846D antisense: 5'-ggaccctacacagtttgaagacagacacttgaagttt—3'

Jak2 R1063H sense: 5'-cttgtttatcattgccaatcatatgcataaattccacgggtggact-3'
Jak2 R1063H antisense: 5'-agtccacccgtggaatttatgcatatgattggcaatgataaacaag-3



Ba/F3 cells, electroporation and selection of stable transfectants

Ba/F3-EPOR cells™® were cultured in IMDM medium containing 10% fetal bovine
serum (FBS) (both from Life Technologies) and 1 U/mL of EPO (Janssen Pharmaceuticals,
Beerse, Belgium). A total number of 5 x 10° cells were collected for each electroporation.
Twenty pg of plasmid DNA: JAK2 E846D (pCMV6-AC-IRES-GFP-PuroJAK2E846D),
JAK2_R1063H (pCMV6-AC-IRES-GFP-PuroJAK2R1063H), JAK2_V617F (pCMV6-AC-
IRES-GFP-PuroJAK2V617F), JAK2_wt (CMV6-AC-IRES-GFP-PuroJAK2wt) and empty
vector (0DCMV6-AC-IRES-GFP-Puro) were electroporated under conditions of 420 V and 250
uF using a Gene-Pulser (Bio-Rad, Hercules, CA). Stable transfectants were selected with 2.5
pg/ml puromycin (Life Technologies) for 2 weeks. Individual transfectants expressed similar

levels of GFP as determined by flow cytometry (not shown).

Viability and Proliferation Assay

Stably transfected Ba/F3-EPOR cells were washed four times with PBS and plated at a
density 1 x 10° cells/mL for viability and 0.4 x 10° cells/well on 96-well plate for proliferation
assay. The cells were cultured for 4 days in the absence of EPO or 2 days in descending EPO
concentrations in IMDM medium containing 10% FBS. The viability of cells was determined
by the exclusion of Trypan blue (0.4% Trypan blue; Sigma-Aldrich, St. Louis, MO). MTT
(Thiazolyl Blue Tetrazolium Bromide) proliferation assay was performed according to
manufacturer's instructions (Sigma-Aldrich) as we previously described.?’ Experiments were
done in triplicate. Cell growth is expressed in percentages relative to the proliferation of cells
in the media with the highest EPO dose (1 U/mL).

Immunoblotting

For the in vitro signal transduction assay stably transfected Ba/F3-EPOR cells were
incubated in IMDM with 10% FBS and 2 ng/mL of interleukin-3 (IL-3, ProSpec-Tany
TechnoGene Ltd., Rehovot, Israel). Cells were starved of IL-3 for 12 hours; thereafter various
concentrations of EPO were added for 15 minutes. Alternatively, after 1L-3 starvation the
cells were stimulated with 20 U/mL EPO for 15 min and then incubated in base IMDM with
no additives for 30, 60 and 120 minutes. For evaluation of the effect of JAK2 inhibitors, the
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cells were incubated in plane IMDM with 1 puM concentration of AZ-960 (Santa Cruz
Biotechnology), Ruxolitinib (Jakavi, Novartis, Basel, Switzerland) and Wortmannin (Sigma-
Aldrich), or DMSO as a vehicle control. Cells were lysed in 1% NP40 lysis buffer with 100
uM Na orthovanadate, 100 uM PMSF and cocktail of protease inhibitors (all from Sigma-
Aldrich). The following primary antibodies (all from Cell Signaling, Danvers, MA) were
used: phospho-Stat5 (Y694), Stat5, phospho-JAK2 (Y1007/1008), JAK2, phospho-Statl
(Y701), Statl, phospho-Stat3 (Y705), Stat3, phospho-p44/42 MAPK (Erk1/2, T202/Y204),
and p44/42 MAPK (Erk1/2).

Densitometry quantification

The relative quantification of gel bands from immunoblot analyses was performed by
ImageJ software (http://imagej.nih.gov/ij/). The levels of JAK2 were first normalized to
tubulin and then to JAK2 level detected for the wild type JAK2 transfectants at condition
without EPO stimulation. STAT5 activation was calculated as the ratio of phosphorylated
STATS to the normalized JAK2 level.

Dual luciferase assays for STAT transcriptional activities

The STAT transcriptional activities were measured in JAK2-deficient y-2A
fibrosarcoma cells®* by dual luciferase assay (Promega, Madison, WI) with either the Spi-Luc
STATS5 reporter® or pGRR5 STAT1, STAT3 and STATS5 reporter.”® The cells were
transduced with JAK2 cDNA cloned into pMEGIX retroviral vector.® The cDNA of murine
Jak2 wt, Jak2 V617F, Jak2 E846D or Jak2 R1063H was used for experiments with EPO and
TPO receptor and the cDNA of human JAK2 variants for G-CSF receptor. The luciferase

assay was performed as previously published.'®

Retroviral mouse bone marrow reconstitution

Viral particles containing murine Jak2 wt, V617F, E846D or R1063H cDNAs (cloned
in pMEGIX retroviral vector) were produced in the 293 EBNA cells. Nucleated bone marrow
cells from C57BL/6 mice were collected 4 days after 5-fluorouracil treatment, infected 2-



times with the viral particles and the transduction efficiency was determined by flow
cytometry analysis for GFP expression. Because of comparable efficiency (around 75%, not
shown) unsorted bone marrow cells (10° BM cells) were used for in vitro colony assay
according to manufacturer's instructions (M3534, StemCell Technologies). To simulate
double JAK2 mutant configuration presenting in the patient, the murine bone marrow was

infected with two different retroviruses containing either E846D or R1063H in ration 1:1.
Modeling based on crystal structures

Molecular graphics were prepared using PyMOL (DeLano Scientific, San Carlos, CA)
to compare the X-ray crystal structures of the JAK2 kinase domain (JH1) in the inactive state
(PDB: 3UGC)? and in the active state (PDB: 2B7A).*



Supplemental Results
Targeted mutational screening results

Targeted mutational screening was performed using genomic DNA isolated from
whole peripheral blood of all family members. Two germline variants were identified in the
patient: the JAK2 E846D mutation inherited from the mother and the PHD2 Q157H mutation
inherited from the father (Figure S1B). The PHD2 Q157H variant has been classified as SNP
(rs61750991) in several recent publications with the frequency around 2-3 % in normal
population;?®?’ its frequency in the 1000 Genomes database is higher than 1%. This
classification is supported by the fact that the Q157 amino acid is neither conserved between

species nor within the PHD protein family (PHD1 and 3).%
WES and microarray analysis results

WES was performed on the DNA samples isolated from the granulocytes and T-cells
of the patient and they were considered as tumor and control tissue, respectively. In addition
WES was applied to the DNA sample isolated from the whole blood of patient’s father. The
mean number of 208,642,476 unique reads per sample was obtained, which resulted in the
mean coverage of 191x across all target regions (Table S3i). Using WES we identified 15
potentially somatic mutations in the patient, however after validation with Sanger sequencing
they were all shown to be either false positives or germline variants (Table S3ii). The
microarray analysis did not reveal the presence of any acquired chromosomal aberration in the
granulocyte DNA sample from the patient. Using the microarray and WES technologies we
could not find evidence of somatic mutagenesis in the patient, suggesting that the
hematopoiesis was likely polyclonal. The analysis of the germline variants in the patient and
subsequent validation using Sanger sequencing revealed the presence of JAK2 E846D
inherited from the mother, and JAK2 R1063H inherited from the father. The JAK2 E846D
was not annotated in the 1000 Genomes database, while for the JAK2 R1063H variant the
presence was detected in 0.18% of subjects reported in the 1000 Genomes database (Table
S4). In addition we identified an EPO G84R mutation and a TET2 P174H variant in the
patient, both inherited from the father. The EPO G84R mutation was also present in the
patient’s healthy brother. The TET2 variant was reported with 0.1% frequency in the subjects

included in the 1000 Genomes database.
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Transcriptional clonality assay results

The results (the mean of duplicate determinations) showed that the G:A ratio in
patient’s mother cONA was 63:37, which means her white blood cell fraction is not clonal,

assuming the cut-off for clonality as ratio of > 75:25.2%%
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Table S1. Blood differential of the patient

x10%/L %
(Normal values) (Normal values)
White blood cells count 69+ 1.4 -
(4.0-10.0)
Lymphocytes 1.75+0.23 257+5.5
(1.4-3.4) (20.5-51.5)
Monocytes 0.69 £0.11 11.1£1.5
(0-0.59) (1.7-9.3)
Neutrophils 5.02+1.32 61.1+6.9
(1.4-6.5) (42.2-75.2)
Eosinophils 0.1 £0.06 1.6 0.8
(0-0.7) (0-4.0)
Basophils 0.04 £0.01 06+03
(0-0.2) (0-4.0)
Platelet count 306+24.3 -
(150-400)

Table S2. Iron status parameters

Patient Mother Father Brother
(Normal
(Normal values)  (Normal values) (Normal values)
values)
18.1 11.0 13.3 15.7
Fe (umol/L) (7.2-29) (6.6-28) (7.2-29) (7.2 - 29)
Total iron-binding 42.8 47.5 38.6 31.6
capacity (umol/L) (22.3-61.7) (24.2-70.1) (22.3-61.7) (22.3-61.7)
Forrits " 190.2 64.1 863.7* 328.2*
erritin (ug/L) (22— 275) (5 204) (22 - 275) (22— 275)
Transferrin saturation 42 23 34 49
(%) (21-48) (21-48) (21-48) (21-48)

* The most likely cause of elevated ferritin levels was an infection disease as increased
number of neutrophils was concomitantly detected.
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Table S3i: Whole exome sequencing statistics

TARGET %PFUQ| MEAN % ZERO % TARGET COVERAGE MINIMUM

SA'Y';"E Sg‘é\fg'ﬁf TERRITORY PFRUE’\A'%JE READS | TARGET CVG
(bp) ALIGNED| COVERAGE |TARGETS| 2x | 10x | 20x | 30x | 40x | 50x | 100x
Granulocytes | 37317472 | 199134945 | 91.78 191.8 0.08 | 99.55|98.54 | 96.77 | 94.65 | 92.32 | 89.84 | 75.33

Patient

T cells 37317472 | 251233076 | 92.37 213.9 0.05 |99.70 | 99.22 | 98.55 | 97.62 | 96.35 | 94.75 | 82.31
P?;‘t;r:rs Whole blood | 37317472 | 175559407 | 91.88 169.2 0.07 99.54 | 98.38 | 96.33 | 93.86 | 91.15 | 88.22 | 70.86
Mean 37317472 | 208642476 | 92.01 191.7 0.07 | 99.60 | 98.71 | 97.22 | 95.38 | 93.27 | 90.93 | 76.17

PF UNIQUE READS - the number of reads that pass the vendor’s filter and are not
marked as duplicates; UQ - unique; % ZERO CVG TARGETS - percentage of targets with
coverage <2xX.

Table S3ii: Outcome of the Sanger sequencing validation of hits detected as somatic by

whole exome sequencing

. Variant Variant
Amino frequency in frequency in the  Validation
Gene Chromosome Position acid q Y q ’y
change the granulocyte T-cells’ DNA outcome
DNA sample sample
PCDHAS5 5 140202859 E500G 14% not detected false positive
SRRM1 1 24978928 D243E 21% not detected false positive
DHX38 16 72143360 E1143G 14% not detected false positive
HIPK4 19 40885573 L591P 18% not detected false positive
LMOD1 1 201915330 V47L 50% 1.15% germline
RPGRIP1 14 21790154 P585S 48% 9.46% germline
FAM161A 2 62066986 Q385E 50% 9.45% germline
DXO 6 31938188 R294C 52% 8.24% germline
VWDE 7 12397130 P1096A 41% 8.33% germline
CCDC141 2 179914649 P7L 48% 0.79% germline
ESPL1 12 53687113 T2073M 44% 8.28% germline
1L25 14 23845076 R158H 42% 9.09% germline
ZNF891 12 133698377 M43T 43% 6.99% germline
ASTN1 1 176853477 T10751 44% 8.33% germline
KCP 7 128518682 UNKNOWN 48% 9.09% germline
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Table S4: JAK2 variants frequencies

E846D R1063H
CHROMOSOME 9 9
POSITION 5081828 5126343
SNP ID rs150221602 rs41316003
REFERENCE ALLELE G G
ALTERNATIVE ALLELE C A
X1000g2014oct_all - 0.18 %
X1000g2014oct_eur - 0.40 %
esp6500siv2_all 0.05 % 0.43 %
ESP6500: African_American G: 0.999773 (4405) G: 0.998 (4398)
Allele frequency (count) C: 0.000226963 (1) A: 0.002 (8)
ESP6500:European_American G: 0.999 (8595) G: 0.994 (8550)
Allele frequency (count) C: 0.001 (5) A: 0.006 (48)
NHLBI-ESP:ESP_Cohort_Populations G: 0.999 (4547) G: 0.996 (4518)
Allele frequency (count) C: 0.001 (3) A: 0.004 (16)
CLINSEQ_SNP:CSAgilent G: 0.999 (1322) G: 0.996 (1306)
Allele frequency (count) C: 0.001 (1) A: 0.004 (5)
EVA_EXAC:ExAc_Aggregated_Populations | G: 0.999531 (121355) G: 0.996 (120875)
Allele frequency (count) C: 0.000469476 (57) A: 0.004 (525)

NHLBI-ESP:ESP_Cohort_Populations - Data derived from population cohorts participating
in the NHLBI Exome Sequencing Project; CLINSEQ_SNP:CSAgilent - Population of 662
participants of European descent from the Clinseq project;
EVA_EXAC:ExAc_Aggregated_Populations - Populations and size represented in the EXAC
data are aggregated from multiple studies listed in exac.broadinstitute.org/faq;
X1000g2014oct_eur - European population frequency from 1000 GENOMES database;
X1000g2014oct_all - general population frequency from 1000 GENOMES database;
esp6500siv2_all - general population frequency from ESP6500 database. Data source:

Ensemble genome browser.
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Table S5: Screening of the cohort of patients with different etiology

Diagnosis Total number Number of QAKZ Number of JA.KZ
E846D positive R1063H positive

Healthy controls n=27 n=0 n=0

MPN — JAK?2 V617F+ n=15 n=1* n=1

MPN — CALR mutation+ n=231 n=1* n=0

Pediatric ET n=10 n=0 n=0

Pediatric congenital n=17 n=0 n=0

erythrocytosis

JAK2 mutation analysis was performed either by targeted sequencing or nested ARMS
PCR. MPN - myeloproliferative neoplasm, CALR - calreticulin, ET - essential
thrombocytemia, *denotes the same MPN patient with both JAK2 V617F and CALR
mutations

Table S6: Genotyping of erythroid colonies for JAK2 E846D mutation
Total number Number of JAK2 E846D

n = 0 homozygous

Patient’s BFU-Es n =100 n = 100 heterozygous

n =0 homozygous

Mother’s BFU-Es n=30 n = 30 heterozygous

The genotype of hypersensitive BFU-E colonies, grown in media with EPO
concentration of 0.03 or 0.06 U/mL, was performed using nested ARMS PCR as described
above.
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Figure S1

Figure S1. Bone marrow aspirate. Patient's BM aspirate (May Grunwald/Giemsa staining)

revealed mild megakaryocytic hyperplasia with polymorphic megakaryocytes of varying cell

16



size and nuclear lobation, with frequent immature large hypolobulated megakaryocytes. An
asynchronous maturation of the nucleus and the cytoplasm with a defect in platelet budding
was also noted. Most of the megakaryocytes had hypo- or hyper-lobulated nucleus. Mature
megakaryocytes with normally lobulated nucleus and abundant pink cytoplasm diffusely
filled with red granules were rarely observed. The megakaryocyte in Panel Bvi has mature
cytoplasm, but hypo-lobulated nucleus (the budding can also be seen). The images were
visualized with an Olympus BX41 light microscope (Olympus, Hamburg, Germany) and
acquired with an Olympus DP73 camera driven by CellSens Entry software. Images were
labeled using Adobe Photoshop software (Adobe Systems, San Jose, CA). Pictures Panel A:

magnification 400x%, scale bar 20 um and Panel B, magnification 1000%, scale bar 10 um.

17



Figure S2
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Figure S2. Growth of BFU-E colonies in 1U/mL of EPO, family pedigree. A. Mononuclear
cells (MNC) from the patient, his parents, three V617F-positive PV patients and three healthy
controls were plated in media containing 1.0 U/mL EPO and counted for the BFU-E colonies.
As expected, we observed the highest number of BFU-E colonies per 2.3x10° viable MNC
plated for the PV samples (58.8+3.2)® and the lowest number of BFU-E colonies for the
controls (22.4+1.7); the difference was statistically significant. The number of BFU-E
colonies for the patient (52.5+5.1) and his parents’ samples reached almost the same value as
for the PV samples (mother: 51.443.1; father: 43.7+6.0), suggesting an increase in the number
of circulating progenitors in all three family members. The experiment was repeated two
times with the use of patient’s and his parents” MNCs isolated from the peripheral blood on
two different dates +£SD; *** for P < 0.001. B. Family pedigree shows the presence of JAK2
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€.2538G>C (p.E846D) germline mutation in the patient and his mother and the presence of
JAK2 ¢.3188G>A (p.R1063H), PHD2 c.471G>C (p.Q157H), TET? ¢.521C>A (p.P174H),
EPO ¢c.250G>C (p.G84R) germline mutations in the patient and his father. Patient’s brother

inherited only the EPO G84R mutation.
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Figure S3
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Figure S3. Viability assay of JAK2 E846D and JAK2 R1063H Ba/F3 transfectants,
immunoblot analysis of JAK2 downstream signaling. A. The percentage of viable Ba/F3-
EPOR cells in the absence of EPO was determined at indicated time-points by the exclusion
of the Trypan blue from the cells. JAK2 E846D and R1063H do not support growth of stable
transfectants in cytokine-free media. Only JAK2_V617F transfectants were able to became
EPO-independent. Results are shown as the mean +SD (n = 3). Bi. The stable Ba/F3-EPOR-
IL-3-dependent transfectants were after [IL3 starvation stimulated with indicated
concentrations of EPO for 15 minutes. Immunoblot and subsequent densitometry analysis
revealed that JAK2_E846D and JAK2_ R1063H transfectants showed increase in STAT1
activation (Bi and Bii). Only cells expressing JAK2_V617F increased activation of STAT3
and ERK1/2. Bii. The relative quantification of gel bands from immunoblot analyses was
performed by ImageJ software (http://imagej.nih.gov/ij/). Each bar represents the ratio of the
density of phosphorylated Statl (p-Statl) to the density of loading control (total Statl) and is
presented as fold change against the ratio calculated for 1.0 U/mL of EPO. Results are shown

as the mean of two independent experiments +SD.
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Figure S4
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Figure S4. Luciferase assay for STAT1, STAT3 and STAT5 activity with MPL. A, B, C.
Luciferase assays were performed in JAK2-deficient y-2A cells which were transfected using
Lipofectamine (Life Technologies) with various JAK2 cDNAs in the presence of MPL. To
mimic heterozygous configuration, JAK2 wt cDNA was co-transfected with JAK2 V617F,
JAK2 E846D or JAK2 R1063H. Four hours after transfection, the cells were put into
cytokine-free media and luminescence was detected in cell lysates 48 hours after transfection
using a Perkin-Elmer Victor X Light analyzer (Perkin-Elmer). Only JAK2 V617F
significantly increased STAT1, STAT3 and STATS transcriptional activity in the presence of
MPL. STATs transcriptional activity of JAK2 E846D and JAK2 R1063H cells were
comparable to wt cells in the context of MPL. Rlu means relative light unit. The panels show
the average of 3 independent experiment £SEM; * for P < 0.05, ** for P < 0.01, *** for P <
0.001 using the 2-tailed Student t-test.
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Figure S5

Figure S5. Immunohistochemistry for STAT5 phosphorylation in patient’s BM. Specific
immunohistochemical staining of BM aspirate confirmed increased phosphorylation of
STATS5 (brown nuclear staining) in the JAK2 E846D/R1063H-positive patient's erythroblasts.
The slides were analyzed together with samples from JAK2 V617F-positive PV and primary
myelofibrosis (PMF) patients (positive controls) and sample from a healthy control. The
insets show one cell in detail. The cells of erythroid lineage (mostly polychromatophilic
erythroblast), grouped into the clusters and identified according to their morphology, are
depicted with black arrows. Red arrows indicate cells of granulocytic lineage with the absence
of STAT5 phosphorylation. Immunohistochemical slides were analyzed with an Olympus
BX51 light microscope (Olympus), magnification 1000x. Digital images were acquired with
an Olympus DP50 camera driven by DP controller software (provided by Olympus). Images
were cropped, assembled, and labeled using Adobe Photoshop software (Adobe Systems).

Scale bar is 20 pm.
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Figure S6.
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Figure S6. Replating capacity of the primary cells with JAK2 mutations. MNC cells (2.3 x
10°) were initially plated in the methylcellulose media with 1.0 U/mL EPO. The initial plates
yielded comparable number of BFU-E colonies in the primary culture for the patient and his
parents (Figure S1). BFU-E colonies (day 12) were harvested and 5x10° cells were seeded in
media with low EPO concentration (0.12 U/mL). In secondary EPO-limited cultures we
detected: A) significantly higher number of CFU-E colonies for the PV samples (JAK2
V617F) and samples of the patient (JAK2 E846D/R1063H), his mother (JAK2 E846D) and
father (JAK2 R1063H); B) BFU-E colony number was significantly increased for the PV
samples (JAK2 V617F) and samples of the patient (JAK2 E846D/R1063H) and his mother
(JAK2 E846D). Number of BFU-E colonies derived from JAK2 R1063H sample of patient’s
father was comparable to number of JAK2 wt BFU-Es. The panels show the average of 2

independent experiments £SD. P values were calculated using the Origin 6.1 software
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(OriginLab Corporation, Norhampton, MA); * for P < 0.05, ** for P < 0.01). No
homozygotization of the JAK2 E846D mutation was detected for the EPO-hypersensitive
BFU-E colonies (see Table S6).
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Figure S7
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Figure S7. In silico modeling of JAK2 E846D and JAK2 R1063H and localization of JAK2
germline mutations. A. In the active conformation of JAK2 kinase domain (main picture,
green; PDBZZB7A),25 E846 forms a salt bridge with K926 located within the 3 sheet 5 in the
N-terminal domain. In the inactive conformation of the kinase domain (square on the upper
left, blue cartoon; BDB: 3UGC),?* E846 is rotated out and in that orientation it cannot form a
salt bridge with K926. The E846-K926 salt bridge appears to maintain the  sheet 5 in a
position exclusively required for the active conformation. Substitution of a E846 by the
shorter negatively charged aspartate (D) would predict to promote a tighter salt bridge that
would reinforce the active conformation of JH1 (square on the upper right). Indeed, this salt
bridge would be more difficult to break when returning to the ground inactive state, and thus
activation would be prolonged. R1063 is lying in the so-called “JAK specific insertion”
comprising the additional a-helix (aH) (yellow) within the kinase domain.** This motif, only
present in JAKs family, is likely involved in intramolecular regulation of JAK2 since its
deletion was shown to abolish autophosphorylation in JAK2.3* R1063 forms a salt bridge with
E1060 in the inactive state of JH1 only (square on the bottom left). This salt bridge is
predicted to be broken by the R1063H mutation, consistent with the active conformation
(main picture) that does not possess this interaction. Such mutation would be presumed to
facilitate the active conformation of JH1 (square on the bottom right). B. E846D and R1063H
mutations are localized in the JAK2 kinase domain (JH1) close to the positions of germline

JAK2 mutations associated with hereditary thrombocytosis.
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Figure S8
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Figure S8. JAK2 inhibitors mitigate the prolonged activation of JAK2 E846D. Stable
Ba/F3-EPOR transfectants were starved for IL-3 for 12 hours, then stimulated with 20 U/mL

EPO for 15 min and subsequently incubated in IMDM with 1 puM concentration of
Ruxolitinib, AZ-960 (A) or Wortmannin (B) for 60 min. DMSO as vehicle was used in
negative controls. Both JAK2 inhibitors, Ruxolitinib and AZ-960, reduced the prolonged
activation of STAT5 and ERK1/2 in JAK2_E846D cells, as well as in V617F cells. The PI3K
inhibitor, Wortmannin, does not reduce the STAT5 prolonged activation of JAK2_E846D and
JAK2 V617F cells and was used as a control to JAK2 inhibitors.
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TO THE EDITOR:

Cooccurring JAK2 V617F and R1063H mutations increase
JAK2 signaling and neutrophilia in myeloproliferative
neoplasms

Cristina Mambet,"** Olga Babosova,** Jean-Philippe Defour,%* Emilie Leroy,'? Laura Necula,® Oana Stanca,®’ Aurelia Tatic,”#
Nicoleta Berbec,*” Daniel Coriu,”® Monika Belickova,” Barbora Kralova,'® Lucie Lanikova,* Jitka Vesela,” Christian Pecquet,’2 Pascale Saussoy,®
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and Bone Marrow Transplantation, Fundeni Clinical Institute, Bucharest, Romania; °Institute of Hematology and Blood Transfusion, Prague, Czech Republic;
°Department of Biology, Faculty of Medicine and Dentistry, Palacky University, Olomouc, Czech Republic; and "'Service of Hematology, Cliniques Universitaires
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Although the concept of somatic driver mutations in myelo-
proliferative neoplasms (MPNs) represented by polycythemia
vera (PV), essential thrombocythemia (ET), and primary myelo-
fibrosis is well established, - the contribution of germline or co-
occurring JAK2 variants to a particular MPN phenotype is less
well understood.*® Recently, 2 germline JAK2 mutations, E846D
and R1063H, were described in a case of hereditary eryth-
rocytosis®; the same JAK2 R1063H variant was initially reported
in 3 of 93 PV patients who were JAK2 V617F*.7

In this study, we assessed the presence of JAK2V617F and JAK2
R1063H mutations in a cohort of MPN patients to characterize
the double-mutation carriers and gain insight into the functional
consequences of coexisting mutations on JAK2 signaling.

Samples from 390 MPN patients positive for JAK2 V617F in
Romania (n = 314) and Belgium (n = 76) were collected for the
study. JAK2 R1063H mutation screening was performed using a
custom TagMan SNP Genotyping Assay. Fourteen of 390 JAK2
V617F* MPN patients were found to carry concurrent JAK2
V617F and R1063H mutations. The clinical features and he-
matological data recorded at disease onset are summarized in
supplemental Table 1 (available on the Blood Web site). ET was
the most frequent diagnosis in double-mutation carriers (9/14).
After considering bone marrow histology and the new World
Health Organization 2016 criteria for PV diagnosis,® 2 patients
were reconsidered to have PV. Our major finding is that a sig-
nificantly higher white blood cell count (P = .023) and, corre-
spondingly, a significantly higher neutrophil count (P = .025)
were observed in double-mutation carriers compared with MPN

LETTERS TO BLOOD

patients harboring only the JAK2 V617F mutation (Figure 1A).
When patients with an ET diagnosis were analyzed separately,
we found that carriers of both mutations displayed a significantly
higher neutrophil count (P = .031) and hemoglobin level
(P = .046) compared with V617F* ET patients (supplemental
Figure 1). Furthermore, there was =1 thrombotic event during
the course of the disease in 5 patients, including 2 cases of portal
vein thrombosis. Interestingly, in a recent genomic study of
patients with venous thromboembolism, JAK2 R1063H was
identified in 1 case and was considered a probable disease-
causing variant.”

To compare the frequency of additional somatic mutations in the
analyzed patient groups, we used a targeted NGS panel for the
14 double-mutated patients and for 53 randomly selected pa-
tients from the JAK2 V617F cohort without the R1063H variant.
Although a trend toward a higher mutational load was observed
in the V617F/R1063H group compared with the V617F group,
the difference did not reach statistical significance (P = .092)
(supplemental Tables 2 and 3).

Next, we aimed to characterize the genotype and configuration
of JAK2 mutations in the double-positive MPN patients. For
these purposes, JAK2 V617F and R1063H allelic burdens were
analyzed by quantitative polymerase chain reaction (PCR) and
digital droplet PCR (ddPCR), and cis/trans configurations of
JAK2 V617F and R1063H mutations were established by se-
quencing single colonies of subcloned JAK2 complementary
DNA obtained from peripheral blood leukocytes in 10 of
14 double-mutated patients. Cis configuration of the mutations
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Patient | Diagnosis | allele burden [%] fractional abundance configuration
(NGS/qPCR/ddPCR) [%] (ddPCR) g Gene Protein change Type VarFreq[%] dbSNPID
1 PV 66.6/56.4/64.2 9p UPD (20.7) trans BCOR p-R4ATTW snv 54.0 NA
2 ET 9.6/8.8/11.1 heterozygous (50.8) ND TET2 p.G1187fs insertion 3.1 NAS§
3 ET 12.6/10.3/15.3 heterozygous (49.7) ND not detected
4 ET 83.5/83.5/83.6 nearly homozygous (92.0) cis DNMT3A p.Y365* snv 3.7 NAS§
TET2 p.Y867H snv 51.2 rs144386291#
5 PV 53.1/50.0/52.8 no 9p UPD (31.5) trans not detected
6 ET 23.3/18.9/21.2 heterozygous (50.6) ND not detected
7 ET 19.2/17.4/19.4 heterozygous (49.1) trans not detected
8 PMF 26.8/23.7/25.4 heterozygous (50.5) cis not detected
9 PMF 17.1/18.0/17.8 heterozygous (49.5) cis TET2 p.S1607* snv 2.3 NA
10 PV 8.1/7.1/7.69 heterozygous (50.2) cis DNMT3A p.D702Y snv 9.1 NA™
CBLB p.V4671 snv 61.8 rs371993076#
ZRSR2 p-R448_R449insSR  insertion 39.4 rs779595035#
1 ET 18.2/ND/16.4 heterozygous (49.7) ND BCOR p.P1648L snv 99.5 rs763651353
12 PV 73.2/72.7/73.2 nearly homozygous (84.5) cis GATA2** p.A164T snv 57.5 rs2335052
13 PV 76.2/81.2/79.9 nearly homozygous (89.1) cis not detected
14 ET 46.0/31.8/47.7 9p UPD (27.6) trans EZH2 p.C528S snv 7.0 NA

Figure 1. Clinical characteristics, JAK2 analysis, and next-generation sequencing (NGS) screening for MPN patients exhibiting JAK2 V617F and JAK2 R1063H
mutations. (A) Hematological data for JAK2 V617F MPN patients (n = 390) subdivided according to the JAK2 R1063H mutation status. Data for V617F only (n = 376) and for
V617F/R1063H double-mutation carriers (n = 14) were recorded at diagnosis. For further information, see supplemental Material and methods and supplemental Table 1. The
boxes represent the 25% to 75% interquartile range, horizontal lines within the boxes indicate medians, and vertical bars show the range of values (minimum to maximum).
P values < .05 were considered statistically significant. *P < .05, Mann-Whitney U test. (B) JAK2 V617F allele burden, JAK2 R1063H fractional abundance, JAK2 V617F/R1063H
mutations configuration, and additional mutations identified by targeted NGS. Third column: JAK2 V617F allele frequency obtained from the NGS study and compared with
allele burden determined via quantitative PCR and ddPCR assay. Fourth column: JAK2 R1063H fractional abundance was determined using ddPCR in whole-blood samples
collected at the time of diagnosis (see supplemental Material and methods for details). The JAK2 R1063H mutation was considered genuine germline only when the fractional
abundance of the JAK2R1063H variant was 50% (= 1.0%). Therefore, 8 patients are confirmed to be heterozygous germline carriers for the JAK2 R1063H variant. JAK2 R1063H in
3 samples with a percentage frequency of the mutant DNA between 20.7% and 31.5% (samples 1, 5, and 14) could be considered an acquired somatic mutation or an inherited
variant that was partially lost due to UPD of the V617F-non-R1063H clone. Samples 4, 12, and 13 were nearly homozygous for JAK2R1063H, and the presence of minor fraction of
the WT allele excluded germline homozygosity. See also supplemental Figure 2. Fifth column: Cis/trans JAK2V617F/R1063H mutations configuration was determined through
sequencing of subcloned reverse-transcriptase PCR products spanning exons 14 through 24 of the JAK2 gene (see supplemental Material and methods for details). Sixth column:
TruSight Myeloid Sequencing Panel (Illumina, San Diego, CA) was used for targeted mutational screening of JAK2 R1063H" patients. Additional mutations were identified in 8 of
14 screened patients. A total of 11 variants was detected in 7 genes. *Five of these mutations are indexed in the Single Nucleotide Polymorphism database (dbSNP), and 4 of
these specific variants are listed in the COSMIC catalog. One additional mutation in DNMT3A was published recently. §Two other mutations (frameshift in TET2 and premature
stop codon in DNMT3A) do not have SNP/COSMIC IDs but are documented in the VarSome genomic variant database. **The GATAZ2 (A164T) allele (patient 12) was recently
detected in a higher-than-expected frequency in myelodysplastic syndrome, suggesting a possible predisposing function in myeloid malignancies.' Two patients harbor unique
undescribed variants: patient 1in BCOR and patient 9 in TET2. The BCOR variants were identified in 2 patients (both are missense mutations); their variant frequency was 54% for
patient 1 and 99.5% for patient 11. They could be germline variants; both were estimated to be “damaging” or “probably damaging” by 2 algorithms (Sift, PolyPhen). *Indicates
translation termination (stop) codon. All mutations were identified in DNA collected at the time of diagnosis; acquisition of additional mutations during disease evolution was not
performed. For further information see supplemental Table 2. NA, not available; ND, not done; n.s., not significant; PMF, primary myelofibrosis; gPCR, quantitative PCR; snv,
single nucleotide variant; Var Freq, variant allele frequency.

was detected in 6 cases, and trans configuration was found in in 8 cases, likely inherited, as shown previously® (R1063H per-
4 cases (Figure 1B). Quantification of the R1063H allele in the centage ~ 50%). In 3 patients with high V617F allelic burden,
genomic DNA samples indicated that the variant was heterozygous R1063H was nearly homozygous (fractional abundance > 80%),
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Figure 2. STATS transcriptional activity, the status of activation of downstream signaling by human JAK2 V617F and R1063H in the presence of dimeric myeloid
cytokine receptors, the binding affinities of JAK2 mutants to G-CSFR and in vitro drug sensitivity assay. Constitutive and cytokine-dependent STATS transcriptional
activity, as assessed by dual-luciferase assay, in y2A cells transfected with JAK2 WT, JAK2 V617F, JAK2 R1063H, and JAK2 V617F/R1063H double mutant in the presence of EPOR
(A), TPOR (B), and G-CSFR (C). Homozygous and heterozygous states of JAK2 mutants are mimicked. Shown are the averages of 9 replicates from 3 independent experiments =
standard error of the mean (SEM). *P < .05, **P < .01, ***P < .001, ****P < 0001, 1-way analysis of variance (ANOVA), followed by the post hoc Tukey test. (D) Western blot
analysis of constitutive JAK2, STAT5, and ERK 1/2 phosphorylation levels (indicative of activated status) induced by human JAK2 mutants coexpressed with empty vector/
cytokine receptors in HEK 293T cells. B-actin antibody was used as a loading control. Higher levels of p-JAK2 (p-Tyr1007/1008), p-STAT5 (p-Tyr694), and p-ERK 1/2 (p-Thr 202/
p-Tyr 204) are observed in cells expressing the JAK2 V617F/R1063H double mutant in comparison with JAK2 V617F. Image shown is representative of 3 independent ex-
periments. (E) The effect of E596R mutation on constitutive STATS5 activation induced by JAK2 V617F and JAK2 V617F/R1063H, as evaluated by dual-luciferase assay, in y2A cells
in the presence of TPOR. Both mutated proteins exhibit a similar decline in constitutive activity. The graph displays the averages of 9 replicates from 3 independent ex-
periments = SEM. **P < .01, ****P < .0001, 1-way ANOVA, followed by the post hoc Tukey test. (F) JAK2 mutants bind to the cytokine receptor G-CSFR with different affinities.
Flag-tagged JAK2 mutants were transiently expressed in HEK 293 cells in which hemagglutinin-tagged G-CSFR was stably expressed. Interaction was examined by coim-
munoprecipitation with anti-Flag affinity gel. Immunoblot band intensity was quantified by ImageJ software and normalized to aloading control, and WT JAK2 intensity was set
to 100%. The data represent the mean of 3 independent experiments; T bars designate SEM. See also supplemental Figure 4. Pvalues < .05 were considered statistically
significant. *P < .05, Student paired t test with equal variance. (G) In vitro drug sensitivity assay. Stably transfected Ba/F3/EPOR cells expressing JAK2 WT, JAK2 V617F,
JAK2 R1063H, and JAK2 V617F/R1063H were cultivated for 72 hours with decreasing concentrations of the JAK2 inhibitor ruxolitinib (1, 0.5, 0.25, 0.1, 0.05, 0.01, 0.001, and
0 pM). ICso was defined as the drug concentration needed to inhibit 50% of cell growth (using GraphPad Prism 6.01 software). The data represent the mean of 7
independent experiments performed in triplicates (see also supplemental Material and methods for details). T bars designate the standard deviation. When the
ruxolitinib sensitivity of mutant cells is compared with WT cells, the sensitivity of V617F* cells is not statistically significant, whereas R1063H* and V617F/R1063H double-
mutant cells are significantly more sensitive to ruxolitinib compared with WT cells. Experiments with AZ-960 revealed comparable results (data not shown). P < .05 was
considered statistically significant. *P < .05, **P < .01, 1-way ANOVA, followed by the post hoc Tukey test. IB, immunoblot; IP, immunoprecipitation; RH, R1063H; rlu,
relative light unit; VF, V617F; VF/RH, V617F/R1063H.
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suggesting that 1 R1063H allele was inherited and the second
allele was acquired by uniparental disomy (UPD). Low R1063H allele
burden was found (allele percentage between 20.7% and 31.5%) in
3 other patients who exhibited trans configuration of JAK2 muta-
tions (Figure 1B; supplemental Figure 2), raising the hypotheses
that R1063H was acquired during the course of the disease or
was partially lost due to UPD of the V617F-non-R1063H clone that,
when amplified, decreased R1063H allelic burden. Because non-
myeloid tissue DNA was not available for the study, we used a
combined array-comparative genomic hybridization/single-nucleotide
polymorphism assay to detect unbalanced chromosomal changes
and copy number neutral loss of heterozygosity in DNA samples
with low R1063H allele burden. We detected UPD on chromosome
9p in 2 of 3 samples, suggesting that both hypotheses could be
valid (supplemental Figure 3). However, without germline DNA, the
origin of the R1063H mutation cannot be unequivocally established.

Later, cellular models were used to assess the functional con-
sequences of the coexisting JAK2 mutations in cis or trans.
Using site-directed mutagenesis, we generated JAK2 mutants
(V617F, R1063H, and V617F/R1063H) on the background of
JAK2 complementary DNA cloned into a pMEGIX-IRES-GFP
bicistronic vector. STAT5 transcriptional activity of the JAK2
wild-type (WT) and JAK2 mutants in the presence of myeloid
dimeric cytokine receptors (erythropoietin receptor [EPOR],
thrombopoietin receptor [TPOR], and granulocyte-macrophage
colony-stimulating factor receptor [G-CSFR]), as measured by
dual-luciferase assay, revealed significantly higher constitutive
activity of JAK2 V617F/R1063H (cis mutant) compared with JAK2
V617F in homozygous and heterozygous configurations and with
each cytokine receptor (Figure 2A-C). Also, western blot analysis
demonstrated a higher level of constitutive activation of JAK2
and STATS5 induced by the V617F/R1063H mutant vs V617F
(Figure 2D). We then asked whether R1063H enhances the same
conformational circuit used by V617F or triggers a different one.
We introduced the E596R mutation in V617F/R1063H, because
this mutation was previously found to block V617F constitutive,
but not ligand-induced, JAK2 activity.’ The constitutive STAT5
transcriptional activities of V617F and V617F/R1063H mutants
were decreased to the same extent by E596R (Figure 2E). Thus,
R1063H amplifies signaling via the same circuit as V617F.

The enhancement of G-CSFR signaling, which regulates neutro-
philic granulocyte formation, by V617F/R1063H might be relevant
for the neutrophilia, which is not seen in all MPN patients with
JAK2 V617F. Neutrophilia is detected in JAK2-double mutant
patients, irrespective of cis- or trans-configuration. For the latter,
we could not see enhanced activation by R1063H and V617F vs
WT JAK2 and V617F via cytokine receptors (Figure 2A-C), possibly
because small changes are difficult to detect in overexpression
systems. We assessed whether R1063H changes the association
of JAK2 with G-CSFR. Using coimmunoprecipitation, we detected
a significantly higher biochemical association between JAK2
R1063H and JAK2 V617F/R1063H with G-CSFR compared with
JAK2 V617F or JAK2 (Figure 2F). This might have a significant
impact on signaling at low receptor levels in vivo, as well as in a
trans-configuration, because R1063H alone enhances the asso-
ciation of JAK2 with G-CSFR. Linking neutrophilia to the increased
association of JAK2 V617F/R1063H with G-CSFR is in agreement
with a recent study in which differential coupling of JAK2 mutants
to different receptors impacted the in vivo phenotypes induced by
the different mutants.” In ET double-mutant carriers, the higher
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level of hemoglobin that accompanied the higher neutrophil count
supports the hypothesis that the co-occurrence of JAK2 V617F
and R1063H mutations would lead to an ET phenotype with
PV-like features, as a result of a cumulative effect on JAK2 signaling.’?
Furthermore, the ruxolitinib sensitivity of JAK2 V617F/R1063H-
expressing cells may have therapeutic implications (Figure 2G).

The frequency of R1063H in our JAK2 V617F* MPN cohort
(14/390) is consistent with the initial report (3/93 PV patients).”
The frequency of R1063H cited in the normal population in
the Exome Aggregation Consortium database’® is much lower
(0.004377). More studies on large patient populations, as well as
on families with MPNs, would be necessary for determining
whether JAK2 R1063H predisposes to acquisition of the JAK2
V617F mutation, as well as to assess its role in MPN progression,
given the involvement of G-CSFR in leukemia.
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Supplemental Materials and Methods, Tables, Figures and References for
Mambet et al.

SUPPLEMENTAL MATERIAL AND METHODS

Patients and samples

Screening for the presence of JAK2 R1063H was performed in 390 JAK2 V617F-positive DNA
samples, previously obtained by standard methods from peripheral blood granulocytes of MPN
patients and stored in the biobanks of Stefan S Nicolau Institute of Virology, Bucharest,
Romania, and Cliniques Universitaires Saint-Luc, Université catholique de Louvain, Belgium.
The Romanian patients received an MPN diagnosis at the Hematology Services of Coltea and
Fundeni Hospitals and were consequently referred to Stefan S Nicolau Institute of Virology for
JAK2 V617F mutation testing. All the patients included in the study provided informed consent
at the time of blood drawing. Clinical data were analyzed retrospectively from the medical
records of Coltea and Fundeni Hospitals and Cliniques Universitaires Saint-Luc, respectively.

Real-time PCR assay for J4K2 R1063H mutation screening

To detect the JAK2 R1063H mutation in the samples of genomic DNA (gDNA) we employed
a custom TagMan SNP Genotyping Assay (Applied Biosystems, Carlsbad, CA) with PCR
primers flanking the mutant region and two allele-specific Tagman minor groove-binding
(MGB) real-time PCR probes, performed on StepOnePlus Real-Time PCR System (Applied
Biosystems).

Real-time quantitative PCR (qPCR) for J4K2 V617F

The quantification of JAK2 V617F mutation was performed using the ready-to-use ipsogen
JAK2 MutaQuant Kit (Qiagen, Hilden, Germany) with a measured limit of detection of 0.1%
on LightCycler® 480 Real-Time PCR instrument (Roche, Basel, Switzerland).

Next-generation sequencing for targeted mutational screening

In order to detect additional mutations of potential clinical relevance in MPN patients and to
compare mutational load of patients harboring both JAK2 V617F and R1063H mutations and
JAK2 V617F mutation only, we employed a targeted next-generation sequencing (NGS) panel
(TruSight Myeloid Sequencing Panel, Illumina, San Diego, CA) for 14 JAK2 V617F/R1063H
double positive patients and for 53 randomly selected patients from the JAK2 V617F cohort.
The DNA libraries were generated from patients' granulocyte DNA according to the
manufacturer instructions. The panel targeted 54 genes and covered full coding sequence of 15
genes and exonic hotspots of 39 genes. Targeted sequencing was performed on the Illumina
MiSeq or NextSeq500 System using Illumina v3 Reagent Kit (600cycles) and V2 Mid OutPut
Kit, respectively. We identified sequence alterations with a variant allele frequency (VAF) of
>2%. The FASTQ files were analyzed by NextGENe V2.4.2.1 (SoftGenetics, State College,
PA). The analysis included read quality trimming, alignment to the human hgl9 reference
genome, calling of single-nucleotide variants and short insertions or deletions. Read alignment
and variant calling were also performed using the MiSeq Reporter (MSR) V2.6.3 software
(Illumina), and annotated using VariantStudio V2.2 (Illumina). JAK2 V617F allele frequency



was also obtained from NGS to allow comparison with digital droplet PCR (ddPCR) assay and
qPCR.

Digital droplet PCR for J4K2 R1063H and J4K2 V617F allele burden measurement

To calculate the JAK2 R1063H/wild type and JAK2 V617F/wild type allele ratios, ddPCR was
employed. One reaction of ddPCR was performed using 100 ng of genomic DNA, 1 pl of
ddPCR™ Mutation Detection Assay mix for human J4K2 R1063H/WT (20x assay mix,
custom designed: dHsaMDS460320799; Biorad) or 1 ul of each probe PrimePCR™ ddPCR™
Mutation Assay for human JAK2 V617F/WT (JAK2 WT for p.V617: dHsaCP2000062 and
JAK?2 p.F617: dHsaCP2000061; Biorad), 10 ul ddPCR™ Supermix for Probes (No dUTP;
Biorad) and 1 pl of restriction enzyme HindlIl (Thermo Scientific™) in total of 20 ul of
reaction. Droplets were created using Droplet Generation Oil for Probes in QX200™Droplet
Generator. PCR was performed in C1000 Touch™Thermal Cycler using conditions as follows,
95 °C for 10 min, 40 cycles of 30 s at 94 °C and 1 min at 55 °C, and a final step at 98 °C for
10 min. The ramp rate was always limited for 2 °C/sec. After the PCR reaction, droplet
florescence was measured by QX200 Droplet Reader. Data were analyzed using QuantaSoft
(Bio-Rad, V1.7.4).

Cis/trans configuration of JAK2 V617F and R1063H mutations

Patients” DNA-free RNA isolated either from whole blood or from peripheral blood leukocytes
using Aurum™ Total RNA Mini Kit; Biorad and TRIzol method, respectively, was reverse
transcribed by High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). The
position of V617F mutation relative to R1063H mutation was determined by amplifying a
region spanning exons 14 — 24 of JAK2 gene. The semi-nested PCR using primers (1st round,
F1 5 ACGGTCAACTGCATGAAACA 3’,R1 5 AGGAGGGGCG TTGATTTACA 3’; 2nd
round, R2 5> ATCTCATCTGGGCATCCATC 3’) was performed. The amplicon was gel-
purified using Zymoclean™ Gel DNA Recovery Kit (Zymo Research) and cloned into pGEM-
T easy vector (Promega). Single colonies positive for the recombinant plasmid were picked
after overnight incubation, plasmid DNA was purified using the High Pure Plasmid Isolation
Kit (Roche) and the PCR insert was sequenced at SEQme company, Czech Republic. At least
20 colonies per each amplicon (patient sample) were analyzed.

Microarray analysis for detection of chromosomal changes

Microarray  analysis  (array-comparative  genomic  hybridization/single-nucleotide
polymorphism [aCGH/SNP]) was performed with SurePrint G3 Cancer CGH+SNP
Microarray, 4x180K (Agilent Technologies, Santa Clara, CA) to detect unbalanced
chromosomal changes and copy number neutral loss of heterozygosity (CN-LOH). The
minimal resolution for the detection of CN-LOH was a region of ~3 Mb, which was achieved
with approximately 20 SNP probes per Mb. The final product was scanned with the Agilent
G2565CA Microarray Scanner System (Agilent) and analyzed with Agilent Cytogenomics
v4.0.3.12 (Agilent).



Mutagenesis and vector construction

QuickChange II site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA) was
used to introduce the JAK2 ¢.1849G>T (V617F), and JAK2 ¢.3188G>A (R1063H) point
mutations into a human JAK2 WT c¢cDNA cloned in pMEGIX-IRES-GFP plasmid vector and
also to generate double mutant JA4K2 c.1849G>T/JAK2 c.3188G>A (V617F/R1063H),
following the manufacturer instructions. Similarly, we introduced the suppressive ES96R
mutation for JAK2 V617F into pMEGIX coding for human JAK2 V617F, R1063H, and
V617F/R1063H constructs. All JAK2 ¢cDNA constructs were verified for accuracy by Sanger
sequencing.

Dual luciferase assays for STATS transcriptional activity assessment

STATS transcriptional activity of the JAK2 WT and JAK2 mutants in the presence of myeloid
dimeric cytokine receptors was measured in JAK2-deficient y-2A fibrosarcoma cells! where
we can reconstitute JAK2 or mutants, thereof. Dual luciferase assays were employed, using the
firefly luciferase reporter Spi-Luc responding to STATS and p-RLTK renilla luciferase for
normalizing transfection efficiencies, as previously described.”? Briefly, y-2A cells were
transiently transfected with cDNA of JAK2 WT or mutants, Spi-Luc, STATS, p-RLTK and
either EPOR, TPOR or Granulocyte Colony-Stimulating Factor receptor (G-CSFR), at a
3:3:1:1:3 ratio, using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA). At the
same time, to mimic heterozygous status encountered in patients, JAK2 V617F, R1063H, or
V617F/R1063H mutants were co-transfected in y-2A cells with an equal amount of JAK2 WT
cDNA. Four hours after transfection, cell culture medium was changed and cells were
incubated with the corresponding cytokine: 15 U/ml erythropoietin (EPO), 10 ng/ml
thrombopoietin (TPO) or 10 ng/mL granulocyte colony-stimulating factor (G-CSF). 24 hours
post-transfection the luciferase production was quantified in cell lysates with Dual-
Luciferase® Reporter Assay kit (Promega, Madison, WI) on a Victor X luminescence
microplate reader (Perkin Elmer, Waltham, MA). Firefly: Renilla luciferase ratios were
calculated for each condition in order to assess the STATS transcriptional activity of different
JAK2 constructs. In a similar manner, y-2A cells were transfected with JAK2 E596R constructs
and TPOR and dual-luciferase assay was applied to evaluate STATS constitutive activation.

Western blotting for signaling studies

Signaling studies were also performed in human embryonic kidney (HEK) 293T cells co-
transfected with JAK2 WT or JAK2 mutants and one of the cytokine receptors, using
TransIT®-LT1 Transfection Reagent (Mirus Bio, Madison, WI). After obtaining cell extracts,
the levels of total JAK2 as well as the phosphorylation status of JAK2, STATS, and
extracellular signal-regulated kinase 1/2 (ERK1/2) were analyzed by western blotting with the
following primary antibodies (all from Cell Signaling Technology, Danvers, MA): JAK2,
phospho-Jak2 (p-Tyr1007/1008), phospho-Stat5S (p-Tyr694) and phospho-p44/42 MAPK
(Erk1/2, p-Thr202/p-Tyr204).

Generation of cells stably expressing HA-tagged receptor
HA-tagged human G-CSFR ¢cDNA was cloned in the retroviral pMX-IRES-GFP vector, as
described previously.** The construct was co-transfected into retroviral producing cells HEK



293T together with the envelope encoding construct pCMV-VSV and Gag-Pol construct.
Retroviral particles were collected at 48 and 72 hours after transfection and concentrated using
filtration system Vivaspin® 20 (Sartorius). HEK 293 cells were then infected two times
sequentially with the concentrated viral media overnight. Cells were GFP-sorted 72 hours after
the second infection and the expression of G-CSFR was confirmed by Western blot.

Immunoprecipitation

HA-tagged receptor expressing HEK 293 cells cultured in DMEM + 10 % FBS and no
additional cytokines, were transfected with pCMV-Puro-JAK?2 variants using Lipofectamine
2000 (Thermo Fisher Scientific). 48 hours post transfection cells were lysed using lysis buffer
(NaCl, Tris, Triton-X, CaCl2, MgCl2, EDTA) and a cocktail of proteinase inhibitors. For
immunoprecipitation EZview™ Red ANTI-FLAG® M2 Affinity Gel (Sigma) was used
according to the manufacturer’s instructions. For maximal specificity elution using 3X FLAG®
Peptide (Sigma) was performed. Receptors were detected using anti-HA rabbit monoclonal
antibody (Cell Signalling, #3724) and JAK2 using anti-FLAG rabbit monoclonal antibody
(Cell Signalling, #14793). Total cell lysates (TCL) were immunoblotted alongside the
immunoprecipitated samples, anti-HA and anti-FLAG antibodies used for the detection are
listed above, and a loading control anti-CtBP (Santa Cruz, sc-17759) was used.

In vitro Ruxolitinib sensitivity assay

QuickChange II site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA)
was used to introduce JAK2 ¢.1849G>T (V617F), JAK2 c¢.3188G>A (R1063H) and
combination of both J4K2 c.1849G>T/JAK2 ¢.3188G>A (V617F/R1063H) mutations into
human JAK2 WT ORF cDNA cloned in pCMV6-AC-IRES-GFP-Puro mammalian expression
vector (OriGene, cat. no. PS100059). Ba/F3-EPOR cells cultured in IMDM medium containing
10% fetal bovine serum (FBS; both from Life Technologies) and 2 ng/mL of IL-3 (Sigma)
were transfected with all the variants of pCMV-Puro-JAK2 vector by electroporation under
conditions of 420 V and 250 puF using a Gene-Pulser (Bio-Rad, Hercules, CA). Stable
transfectants were selected with 1 pg/ml puromycin (Life Technologies) for 2 weeks. In vitro
drug sensitivity was determined using the MTT cytotoxicity assay, as described previously.?

Statistical analysis

Statistical tests were performed using GraphPad Prism 6.01 for Windows. Mann—Whitney U
test was used to compare the differences in blood counts between the two groups of patients
(double-mutation carriers and patients harboring only J4K2 V617F mutation). One-way
ANOVA followed by post-hoc Tukey’s allowed for multiple comparisons between the
measurements obtained by dual luciferase assays and in vitro Ruxolitinib sensitivity assay.
Student’s paired t test with equal variance was employed for assessing binding affinities of
JAK?2 mutants to G-CSFR. NGS data were compared and analyzed by the two-tailed Fisher
exact test. Statistical significance was defined as P <0.05.



SUPPLEMENTAL TABLES AND FIGURES

Table S1. Clinical data of JAK2 V617F MPN patients (n = 390) subdivided according to
the JAK2 R1063H mutation status. Data for V617F only (n = 376) and V617F/R1063H
double mutation carriers (n = 14) were recorded at diagnosis. Abbreviations: PV, Polycythemia
Vera; ET, Essential Thrombocythemia; PMF, Primary Myelofibrosis; MPN-U, MPN
Unclassifiable; WBC, White Blood Cell.

Patients JAK2
Patients JAK2 V617F/R1063H V617F positive

Variables positive (n=14) (n=376) P value
Sex ratio (male/female) 5/9 157/219
Age, years, median (range) 60 (34-80) 61(16-92)
MPN subtype (PV/ET/PMF/MPN-U) 5/7/2/0 115/205/34/22
Hemoglobin g/dL, median (range) 15.8 (106 - 19.5) 14.7 (73 - 24.0) 0.43
WBC count x 10°/L, median (range) 13.3 (9.9 - 41.6) 10.2 (4.6 - 31.6) 0.023
Neutrophil count x 10°/L, median (range) 9.0 (6.9-342) 74.(2.6-268) 0.025
Platelet count x 10°/L, median (range) 730 (363 - 1000) 670 (74 - 2025) 0.87
JAK2 V617F allele burden %, median (range) 213 (7.1 - 83.5) 32.0 (5.5 - 89.9) 0.78

Table S2. Detailed information about mutations identified by TruSight Myeloid
Sequencing Panel for the MPN patients exhibiting J4K2 V617F and JAK2 R1063H
mutations.

*% Denotes likely inherited GATA2 (A164T) variant, recently associated with increased risk of
developing myeloid malignancy.®

Abbreviations: D, deleterious; PD, probably damaging; T, tolerated; B, benign; NA, not
available. DbSNP ID: ID in The Single Nucleotide Polymorphism database. (1) This variant
does not have SNP/COSMIC ID, but has been repeatedly viewed on VarSome.



SUPPLEMENTAL TABLE 2. for Mambet et al.

. . . Additional mutations
Patient | Diagnosis

Gene CDS mutation Protein change Chr Type Var Freq [%] Var Type Sift PolyPhen dbSNP ID References

1 PV BCOR c.1231C>T p.R411W X snv 54.0 missense D PD NA

2 ET TET2 ¢.3556_3557insA p.G1187fs 4 insertion 3.1 frameshift NA NA NA (1) www.varsome.com/variant

3 ET not detected

4 ET DNMT3A €.1095C>G p.Y365* 2 snv 3.7 stop NA NA NA (1) www.varsome.com/variant
TET2 €.2599T>C p.Y867H 4 snv 51.2 missense D PD rs144386291 COSM327337

5 PV not detected

6 ET not detected

7 ET not detected

8 PMF not detected

9 PMF TET2 c.4820C>A p.S1607* 4 snv 2.3 stop NA NA NA

10 PV DNMT3A €.2104G>T p.D702Y 2 snv 9.1 missense D PD NA PMC4797027
CBLB c.1399G>A p.V467I 3 snv 61.8 missense T B rs371993076 COSM1035961
ZRSR2 c.1314_1315insAGCCGG p.R448_R449insSR X insertion 39.4 in-frame NA NA rs779595035 COSM5762985

11 ET BCOR c.4943C>T p.P1648L X snv 99.5 missense D PD rs763651353

12 PV GATA2** c.490G>A p.A164T 3 snv 57.5 missense rs2335052

13 PV not detected

14 ET EZH2 c.1582T>A p.C528S 7 snv 7.0 missense NA



Table S3. Detailed information about mutations identified by TruSight Myeloid
Sequencing Panel for the J4K2 V617F-positive/R1063H-negative patients in our cohort.

Additional mutations were identified in 12 out of 53 screened patients (after the exclusion of
GATA2 (A164T) SNP). A total of 17 variants in 8 genes were detected. Two of these mutations
are indexed in the dbSNP database, and 7 of these specific variants are listed in the COSMIC
catalogue (#). Seven patients harbor unique undescribed variants. ** Denotes likely inherited
GATA2 (A164T) variant (11 times in heterozygous and 2 times in homozygous configuration),
recently associated with increased risk of developing myeloid malignancy.® In this cohort of
53 patients, the variant comprises 14% of allele frequency, which is consistent with the
expected  frequency  (European  non-Finnish 15%  allelic  frequency -
http://gnomad.broadinstitute.org/variant/3-128204951-C-T; European 18% allelic frequency -
https://www.ncbi.nlm.nih.gov/projects/SNP/snp ref.cgi?rs=2335052). All mutations were
identified in the genomic DNA collected at the time of diagnosis; acquisition of additional
mutations during the disease evolution was not studied.

Abbreviations: PV, Polycythemia Vera; ET, Essential Thrombocythemia; PMF, Primary
Myelofibrosis; NA, not available; dbSNP ID: ID in The Single Nucleotide Polymorphism
database.



SUPPLEMENTAL TABLE 3. for Mambet et al.

JAK2 V617F allele

Patient Diagnosis burden [%] Gene Protein change Type Var Freq [%] dbSNP ID
1 ET 4.0 not detected
2 PMF 38.9 not detected
3 PV 51.8 GATA2** p.A164T snv 58.7 rs2335052° COSM445531
4 ET 5.9 not detected
5 PV 10.2 ETV6 p.R14* snv 5.5 NA
GATA2** p.A164T snv 56.7 rs2335052° COSM445531
6 PMF 38.6 GATA2** p.A164T snv 50.0 rs2335052° COSM445531
7 PV 323 not detected
8 PMF 19.5 GATA2** p.A164T snv 99.1 rs2335052° COSM445531
9 PV 83.1 not detected
10 ET 10.6 GATA2** p.A164T snv 48.9 rs2335052° COSM445531
11 ET 5.4 JAK2 p.N542_E543del deletion 10.0 NA* COSM1757322
12 PV 54.7 not detected
13 ET 34 not detected
14 PV 46.6 GATA2** p.A164T snv 56.3 rs2335052° COSM445531
15 ET 18.6 GATA2** p.A164T snv 47.5 rs2335052° COSM445531
16 ET 8.4 not detected
17 ET 14.9 not detected
18 ET 38.9 not detected
19 ET 19.8 GATA2** p.A164T snv 49.0 rs2335052° COSM445531
20 ET 18.1 not detected
21 PMF 26.3 not detected
22 ET 29.2 not detected
23 PV 49.4 not detected
24 PV 70.1 not detected
25 ET 14.7 GATA2** p.A164T snv 50.6 rs2335052° COSM445531
26 PV 46.8 not detected
27 PV 65.3 not detected
28 ET 11.6 ASXL1 p.P805fs deletion 6.8 NA
29 ET 26.6 KDMG6A p.Q1377* snv 4.6 NA* COSM255009
30 PMF 41.2 ZRSR2 p.E362* snv 89.1 NA* COSM211059
TET2 p.N377fs deletion 104 NA
31 PMF 91.6 not detected
32 ET 18.6 not detected
33 PMF 4.4 KRAS p.R68S snv 15.5 NA* COSM183929
SRSF2 p.H63P snv 5.5 NA
34 ET 12.3 not detected
35 PV 22.1 not detected
36 ET 13.5 GATA2** p.A164T snv 56.8 rs2335052° COSM445531
37 ET 28.0 not detected
38 ET 32.8 DNMT3A p.A884fs deletion 353 NA
39 PMF 19.9 ASXL1 p.P647fs insertion 12.0 NA
40 ET 13.8 not detected
41 PMF 27.8 not detected
42 PV 41.6 TET2 p.Q1030* shv 45.8 rs780043982" COSM4766113
43 ET 16.0 GATA2** p.A164T snv 97.5 rs2335052° COSM445531
44 early PV 233 GATA2** p.A164T snv 48.4 rs2335052° COSM445531
45 PV 80.3 TET2 p.D1384G snv 18.2 NA* COSM6023668
DNMT3A p.vV897D snv 17.8 NA* COSM87000
46 PV 30.8 not detected
47 ET 11.1 not detected
48 ET 21.4 GATA2** p.A164T snv 53.8 rs2335052° COSM445531
49 PV 45.4 TET2 p.P1536fs insertion 325 NA
TET2 p.L1065fs deletion 12.8 NA
ASXL1 p.Q757* snv 53 rs779078826" COSM132979
50 PV 16.4 not detected
51 ET 54.0 not detected
52 PV 59.6 not detected
53 ET 28.1 TET2 p.L1515%* snv 34.7 NA" COSM5945064




Figure S1. Hematological data of JAK2 V617F ET patients (n =212) subdivided according
to the JAK2 R1063H mutation status. Data for V617F only (n = 205) and V617F/R1063H
double mutation carriers (n = 7) were recorded at diagnosis. The boxes represent 25% to 75%
interquartile range, horizontal lines inside the boxes indicate medians, and vertical bars show
the range of values (minimum to maxium). Mann-Whitney U test was used to assess the
statistical significance. P values <0.05 were considered statistically significant.
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Figure S2. Quantification of J41K2 R1063H allele in MPN patient samples using digital
droplet PCR.

Single-well measurements of hybridization probes FAM/HEX specific for JAK2 R1063H and
JAK2 WT were analyzed by QuantaSoft software and the count collection areas were held
constant for each sampling.

(A) Comparison of number of events (amount of FAM- and HEX-positive droplets) of all
analyzed patients. FAM fluorescence specific for the mutant allele is shown in blue while the
HEX fluorescence specific for WT allele is shown in green.

(B) 2-D fluorescence amplitude plot generated by QuantaSoft software shows single-well
measurement of a sample from one patient. The black cluster on the plot represents the negative
droplets, the blue FAM cluster represents the droplets that are positive for the mutant DNA
only, the green HEX cluster is specific for wild-type DNA only, and the orange cluster
represents the droplets that are positive for both mutant and wild-type DNA. Patient 2 is
presented as an example of a heterozygous sample compared to nearly homozygous sample
obtained from Patient 4.

(C) Fractional abundance plot shows the percentage frequency of the mutant DNA in a wild-
type DNA background. As presented in the boxplot, patients 1, 5 and 14 have low JAK?2
R1063H mutation allelic burden (20.7%, 31.5% and 27.6% of template copies detected carried



the mutation, respectively) and were examined for the presence of 9p UPD (see also Figure
S3). Patients 4, 12 and 13 are nearly homozygous since 92.01%, 84.50% and 89.13% template
copies carry the JAK2 R1063H mutation, respectively. We hypothesize that one allele was
inherited while the second one was acquired by UPD. This is also supported by the fact that
allelic burden of JAK2 V617F mutation in these patients is 83.5%, 73.2% and 76.2%,
respectively. All the rest of the patients analyzed are heterozygous. All error bars generated by
QuantaSoft software represent the 95% confidence interval.
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Figure S3. Determination of uniparental disomy for chromosome 9 of J4K2 V617F
positive MPN patients with low JAK2 R1063H fractional abundance.

SNP-A based karyotypic analysis of chromosome 9 for patients with reduced fractional
abundance of the JAK2 R1063H was used to test hypothesis that the R1063H heterozygous
germline variant carried by the non-V617F allele (in rans configuration) could have been lost
due to mitotic recombination generating JAK2 UPD of the V617F-non-R1063H clone which
then could have been amplified thus leading to decreased R1063H allelic burden. Analysis was
performed for patient #4 (nearly homozygous for both V617F and R1063H mutations, used as
a positive control for UPD) and for patients #1, #5 and #14 with reduced fractional abundance



of the JAK2 R1063H. Patient #4 (A) had cnLOH/UPD 9pterp21.3, patient #1 (B) carried
cnLOH/UPD 9pterp21.2, patient #14 (C) carried cnLOH/UPD 9pterp21.1 at the detection limit
and patient #5 (D) did not have detectable cnLOH/UPD 9p.
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Figure S4. Levels of HA-tagged G-CSFR and FLAG-tagged JAK2 in lysates are
comparable when different JAK2 mutants are expressed in HEK 293 cells.

HEK 293 cells stably expressing HA-tagged G-CSFR were transfected with FLAG-tagged
JAK?2 variants and the total cell lysates (TCL) were extracted 24 hours post-transfection. TCL

were immunoblotted alongside the immunoprecipitated samples. As a loading control CtBP
protein was detected. WT: wild type, VF: V617F, RH: R1063H, VF/RH: V617F/R1063H.
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Nové poznatky v patofyzioldgii Ph-negativnych
myeloproliferativnych neoplazii

New insights into the pathophysiology of Ph-negative
myeloproliferative neoplasms

Krélova B., Hlusickova Kapralova K., Divoky V., Horvathova M.
Ustav biologie, LF UP v Olomouci

SUHRN: Myeloproliferativne neoplazie (MPN) tvoria skupinu pribuznych klonalnych hematologickych porich s prekryvajiucim sa
fenotypom. Hlavnym znakom MPN je nadprodukcia plne diferencovanych myeloidnych buniek, chronicky zapal a riziko transformécie do
sekundarnej akutnej myeloidnej leukémie. Klonélna proliferacia je riadend roznymi somatickymi mutaciami, naj¢astejsie mutaciami v géne
kodujucom Janusovu kindzu 2 (JAK2). Fenotypova diverzita, Specifickd pre MPN, vsak neméze pramenit len zo stcinnosti roznych riadiacich
mutdcii s mutdciami pridavnymi, ktoré si popisované u pacientov s MPN. Naopak, za heterogenitou MPN stoji cely rad genetickych
ako aj negenetickych faktorov. Ako vyznamny determinant, predovsetkym rozvoja klonalnej hematopoézy, sa ukazuje geneticka
predispozicia. Nas sthrnny ¢lanok prinasa prehlad najnovsich poznatkov tykajucich sa komplexnosti patobiolégie chromozém Filadelfia
(Ph)-negativnych MPN.

KLUCOVE SLOVA: myeloproliferativne neoplazie - JAK2 - CALR - MPL - genetické predipozicia — heterogenita MPN

SUMMARY: Myeloproliferative neoplasms (MPNs) represent a group of related clonal haematological disorders with overlapping phenotypes.
The main typical features are excessive production of fully differentiated myeloid cells, chronic inflammation and a tendency to transform to
acute myeloid leukaemia. Clonal proliferation in MPN is driven by various somatic mutations, most notably involving Janus kinase 2 (JAK2).
However, MPN phenotypic diversity cannot be explained only by cooperation of acquired driver mutations with additional somatic mutations
detected in MPN patients. Indeed, MPN initiation and clinical phenotype is a product of complex interactions involving both genetic and
non-genetic factors. Recently, genetic predisposition appeared as an important determinant of MPN pathophysiology, particularly of clonal
expansion. This review provides insights into complex, newly emerging factors contributing to Philadelphia chromosome (Ph)-negative
MPN pathobiology.

KEY WORDS: myeloproliferative neoplasms — JAK2 — CALR - MPL - genetic predisposition — MPN heterogeneity

UVOD

Myeloproliferativne neoplazie (MPN),
popisané uz v roku 1951 Dameshekom,
su fenotypovo réznorodou skupinou klo-
nalnych choréb, ktora je charakterizo-
vana zvysenou proliferaciou aspon jed-
ného z myeloidnych vyvojovych radov
(erytrocytového, granulocytového alebo
megakaryocytového) v kostnej dreni.
Nadmerne produkované plne diferen-
cované bunky si zachovavaju svoju ty-
pickd funkciu a nevykazuju zndmky roz-
siahlej dysplazie [1]. AvSak najvacsim
rizikom MPN je, Ze postupom ¢asu moze
dojst k poruche terminélnej diferenciacie

a maturdcie progenitorov, kedy pretrva-
vajuci chronicky zapal, remodelacia mik-
roprostredia kostnej drene a postupna
akumulacia genetickych a epigenetic-
kych zmien vedu k blastickému zvratu
a transformdcii inak chronického ochore-
nia do sekunddrnej akutnej myleoidnej
leukémie (sAML). Hlavnym genetickym
faktorom tejto leukemickej transfor-
macie su pridavné mutdacie vznikajuce
spontanne alebo ako désledok mutagén-
nej lie¢by [2]. MPN ochorenia vznikaju
na podklade mutécii v hematopoetic-
kej kmenovej bunke (hematopoietic stem
cell - HSC) a podla klinickych, histopato-
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logickych a molekuldrnych charakteristik
sa rozdeluju do 7 rozdielnych entit: chro-
nickd myeloidnd leukémia (CML), chro-
nickd neutrofilna leukémia (CNL), poly-
cytémia vera (PV, pravd polycytémia),
primarna myelofibréza (PMF), esencialna
trombocytémia (ET), chronicka eosino-
filna leukémia (blizsie nespecifikovana)
a neklasifikovatelné MPN [3].
Dameshekova koncepcia povodu
MPN je postavena na neznamom my-
elostimula¢nom faktore, ktory je zod-
povedny za vznik tychto ochoreni.
Odvtedy sa vdaka pokrokom v techno-
I6gidch molekularnej bioldgie do velkej
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miery objasnila molekuldrna podstata
MPN a vytvorila sa komplexnd kniznica
kauzalnych alebo tzv. ,driver” (riadia-
cich) mutacii veducich k MPN. Vacsina
MPN sa javi ako sporadickd a byva ob-
vykle diagnostikovana v piatej az Sies-
tej dekade zivota. Avsak pribudajlce
Studie ukazuju, Ze existuje skupina MPN
pacientov, u ktorych nastup ochore-
nia nastava v podstatne mladsom veku
a ze rbzne hematologické malignity sa
mozu Castejsie vyskytovat v ramci rodo-
kmena jednej rodiny [4,5]. Zda sa, Ze toto
klastrovanie MPN v rdmci rodin nie je na-
hodné; az 7,6 % zdanlivo sporadickych
MPN ma naopak familidrne pozadie [6].
Diskutovanym javom je aj fenomén tzv.
anticipdcie, ktory popisuje stav, kedy sa
v kazdej nasledujucej generacii ochore-

nie objavuje v skorSom veku ako v gene-
racii predchadzajucej [6,7]. Tato kohorta
pacientov méze niest jednu alebo nie-
kolko dedi¢nych kooperujtcich mutacii
s neuiplnou penetranciou, ¢im je podpo-
rovana existencia predispozi¢ného fak-
tora prispievajuceho nielen k prepuknu-
tiu MPN ale aj jeho modula¢ného efektu
na celkovy fenotyp ochorenia.

Medzi klasické MPN patri CML. Jej ty-
pickym cytogenetickym nalezom je chro-
mozdém Filadelfia (Ph) vznikajlci recipro¢-
nou translokaciou t(9;22) [8]. Désledkom
tejto vymeny vznika fuzny onkogén BCR-
-ABL1 kédujuci konstitutivne aktivnu ty-
rozinovu kindzu aktivujucu spletité sig-
nalne drahy, ktoré zvysuju proliferacny
potencial mutovanych buniek a zéroven
znizuju ich adhezivnu schopnost a apo-

pticki odpoved [9]. Zvysena produkcia
kyslikovych radikdlov BCR-ABL1-pozi-
tivnymi bunkami vedie k nestabilite ge-
nému a leukemogenéze [10].

Do klasickych, aviak Ph-negativ-
nych MPN (BCR-ABL1 negativne MPN),
sa zaraduju PV, ET a PMF. U vacsiny pri-
padov su identifikované ,driver” mu-
tacie v génoch kédujucich Janusovu
kindzu 2 (JAK2) [11-14], kalretikulin
(CALR) [15,16] alebo trombopoetinovy
receptor (TPOR, oznacovany aj ako
MPL z angl. myeloproliferative leukemia
virus) [17,18]; mutdacie CALR a MPL sa vy-
skytuju u ET a PMF a len vynimocne u PV.
Napriek niektorym spolo¢nym klinic-
kym, patologickym a molekuldrnym cha-
rakteristikdam sa PV, ET a PMF vyznacuju
velkou variabilitou s ohfadom na mozné
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rizikd trombotickych a krvacavych kom-
plikécii ako aj na riziko progresie do leu-
kémie. Heterogenitu MPN podla vset-
kého ovplyviiuje cely rad faktorov
zahffajuci: pridavné somatické mutacie
(vratane poradia v akom boli ziskané),
geneticku predispoziciu, charakteristiky
samotného pacienta a zmeny v mikro-
prostredi kostnej drene [19].

SOMATICKE ,,DRIVER“
MUTACIE

U Ph-NEGATIVNYCH MPN
Somatické ,driver” mutacie v JAK2,
[11-14], CALR [15,16] a MPL [17,18] vzni-
kaju v HSC a vedu k neadekvétnej aktiva-
cii JAK2/STAT (signal transducer and ac-
tivator of transcription) signélnej drahy
(obr. 1), ¢o poskytuje bunkdm mye-
loidnej linie selektivnu prolifera¢ni vy-
hodu. Inicia¢nd mutacia v JAK2 géne,
ktora je najcastejSou ,driver” mutaciou
u Ph-negativnych MPN, pritom vznika
podla novo publikovanych poznatkov
velmi skoro, v detskom alebo adoles-
centnom veku alebo dokonca prena-
talne (,pre-diagnostickd” faza ochore-
nia) a méze trvat desiatky rokov, nez
doéjde k rozvoju signifikantnej klonal-
nej frakcie a nastupu ,diagnostickej”
fazy MPN [20,21].

JAK2 V617F a JAK2 exén

12 mutacie

JAK2 je sucastou rodiny nereceptoro-
vych tyrozinovych kinaz. Vazbou ligandu
na cytokinové receptory: erytropoeti-
novy receptor (EPOR), MPL a receptor
pre kolénie granulocytov stimulujuci
faktor (G-CSFR) sa prostrednictvom fos-
forylacie JAK2 aktivuje signalna draha
odovzdavajuca signal prevazne cez tran-
skripcné faktory rodiny STAT (predovset-
kym STAT1, 3 a 5), ktoré v jadre spustaju
expresiu roznych génov ovplyvnujucich
diferenciaciu, proliferaciu a prezivanie
hematopoetickych buniek [22] (obr. 1).
Bodova mutacia v exéne 14 JAK2 génu
veduca k aminokyselinovej zdmene
V617F spbsobuje konstitutivnu aktiva-
ciu JAK2 kindzy aj v nepritomnosti cy-
tokinov a tym stimuluje klondlnu ex-

panziu buniek [11-14]. JAK2 V617F
mutacia je pritomnd u 95 % pacientov
s PV a u priblizne 50-60 % pacientov
s ET a PMF. Klinicka a fenotypova hete-
rogenita pacientov nesucich JAK2 V617F
mutaciu, v rozmedzi od ¢asto asympto-
matickej ET, cez chronickd myeloprolife-
raciu az po agresivnejsiu formu PMF so
zlou progndézou, je velmi pozoruhodny
a doposial nie celkom ozrejmeny as-
pekt. Svoju Ulohu hra ¢iasto¢ne podiel
mutovanej JAK2 V617F k celkovej JAK2,
oznacovany aj ako alelové zataz (allele
burden) [23]. Nizsia V617F alelva zétaz
(zvycajne okolo 25 %) je typicka pre
ET, vy3sia (= 50 %) pre PV. UpIna V617F
homozygozita (alelova zataz 100 %),
ktora vznikd mitotickou rekombinaciou
a vedie tak k ziskanej uniparentalnej di-
zO6mii (@UPD) chromozému 9, je spajana
s PV, post-PV a post-ET myelofibrézou.
Pritomnost nizkej frekvencie JAK2 V617F
mutacie (< 2 %) u zdravych jedincov bez
preukdzanych hematologickych abnor-
malit (s tzv. klondlnou hematopoézou
s neurcitym potencidlom, clonal hemato-
poiesis of indeterminate potential - CHIP),
s incidenciou az 0,2 %, je dalsim uka-
zovatelom komplexnej patofyziologie
MPN [24].

U 1-2 % PV pacientov, vacsinou
JAK2 V617F negativnych, sa vyskytuju
mutacie v exéne 12 JAK2 génu [25]. Do-
teraz bolo v exéne 12 identifikovanych
vy$e 40 roéznych mutdcii, zahfnajucich
delécie, inzercie, duplikacie a zameny,
ktoré spésobuju zvysenu aktivaciu
JAK2/STAT signalnej drahy. Tieto muta-
cie su vyluc¢ne asociované s izolovanou
erytrocytézou. Ukazuje sa vsak, ze ri-
ziko vzniku trombdzy ako aj transforma-
cie do PMF alebo sAML je u tejto pod-
skupiny PV porovnatelné s PV pacientmi
s mutaciou JAK2 V617F [25].

CALR mutacie

Kalretikulin je chaperénovy protein,
ktory reguluje homeostdzu vapnika
a zbalovanie novosyntetizovanych pro-
teinov [26]. Mutécie v CALR géne sa vy-
skytuju priblizne v 30 % pripadov ET
a PMF a vynimocne u pacientov s PV.
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Désledkom mutacii dochédza k strate
KDEL motivu zodpovedného za orga-
nelovo-specificku lokalizaciu kalretiku-
linu v endoplazmatickom retikule. Mu-
tovany kalretikulin (mCALR) sa naopak
viaZze na MPL, aktivuje ho a nasledne tak
sprostredkovava nadmerna aktivaciu
JAK2/STAT signdlnej drahy (obr. 1). Mu-
tovany kalretikulin vykazuje slabu vazbu
s G-CSFR, ale neviaZe sa na EPOR, ¢o ma
za nasledok specificki asociaciu CALR
mutdcii s ET a PMF, ale nie s PV. CALR mu-
tacie sa rozdeluju do dvoch typov. Nad-
mernu vacsinu tvoria mutdcie typu 1
(delécia 52 bazovych pérov) prevldda-
juce u pacientov s diagnostikovanou
PMF, naopak mutacie typu 2 (inzercia
5 bazovych parov) sa vo velkej miere vy-
skytuju u pacientov s ET [15,16]. Mutacie
typu 1 maju agresivnejsi raz vzhladom
na robustnejsi zasah do DNA; ET pa-
cienti s tymito mutaciami ¢astejsie prog-
reduji do myelofibrézy na rozdiel od
ET pacientov s mutaciami typu 2, ktoré
sU spajané s miernejsim priebehom
ochorenia [27].

MPL mutacie

Najmenej frekventovanymi ,driver” mu-
taciami u klasickych Ph-negativnych
MPN su aktivujuce mutdcie v géne ko-
dujucom MPL [17,18]. MPL viaze na
povrchu buniek trombopoetin a zo-
hrava tak kltu¢ovu ulohu v procese me-
gakaryopoézy a tvorbe krvnych do-
Sticiek [28,29]. MPL mutacie vedu ku
konforma¢nym zmendm receptora,
ktoré vyustia do jeho aktivéacie a nasled-
nej konstitutivnej aktivacie JAK2/STAT
signalnej drahy a k cytokinom-nezavis-
[ému rastu buniek (obr. 1) [17,18]. Naj-
CastejSimi mutaciami su zameny trypto-
fanu v pozicii 515 (MPL W515), ktoré sa
vyskytuju vyhradne u ET a PMF s pre-
valenciou 1, resp. 5 % [18] a su spajané
so zvysenym rizikom myelofibrotickej
transformdcie u ET [30]. Ind mutdcia po-
stihujuca MPL, MPL S505N, bola popi-
sand ako vrodend mutécia asociovana
s familidarnou trombocytézou a nésledne
aj ako ziskand mutacia vo vzacnych
pripadoch ET [31,32].




Uloha kédovaného proteinu
DNA metylacia

Remodelécia chromatinu
Zostrih mRNA

Regulacia transkripcie

Bunkova signalizacia

Tumorové supresory
Protoonkogény

Kohezinovy komplex

Tab. 1. NGS (next generation sequencing) myeloidny panel. Prehlad génov, rozdelenych podla ich funkcie, ktoré su
indikované k vysetreniu u pacientov s MPN.
(zdroj: https://www.illumina.com/products/by-type/clinical-research-products/trusight-myeloid.html#gene-list)

Analyzované gény

DNMT3A, IDH1, IDH2, TET2

ASXL1, ATRX, BCOR, BCORL1, EZH2, KDM6A, MLL, NPM1
SF3B1, SRSF2, U2AF1, ZRSR2

CEBPA, CUX1, ETV6/TEL, GATAT, GATA2, IKZF1, RUNX1, SETBP1

ABL1, BRAF, CALR, CBL, CBLB, CBLC, CSF3R, FLT3, JAK2, JAK3, KIT, KRAS, MPL, MYD88, NOTCH1, NRAS,
PDGFRA, PTPNT1

CDKN2A, FBXW?7, PHF6, PTEN, TP53, WT1
GNAS, HRAS
RAD21, SMC1A, SMC3, STAG2

. Triple" negativne

a biklonalne MPN

Asi 10 % pacientov s MPN, predovset-
kym s ET a PMF, je negativnych na pri-
tomnost vyssie uvedenych ,driver” mu-
tacii v JAK2, CALR a MPL. Tieto pripady
oznacujeme ako tzv. ,triple” negativne
MPN [2]. Zatial ¢o ,triple” negativna ET
je skor benignym ochorenim, ,triple” ne-
gativna PMF ma velmi agresivny klinicky
priebeh a zIt prognézu s viac ako 30 %
pravdepodobnostou leukemickej trans-
formacie. V malej casti ,triple” negativ-
nych MPN boli popisané nekanonické
mutacie v JAK2 (napr. V625F, F556V),
MPL (napr. S204P, Y591N) alebo v géne
SH2B3 (napr. E208Q, D231fs), ktory koé-
duje negativny reguldtor aktivacie JAK2.
Casto sa viak jedna o vrodené varianty
a nie o varianty ziskané [33-35].

Vo véacsine pripadov MPN s identifiko-
vanymi ,driver” mutaciami v JAK2, CALR
alebo MPL sa ich koexistencia u jednot-
livca vylucuje. Existuju vsak aj pacienti,
u ktorych bol popisany sucasny vyskyt
mutacii JAK2 V617F/JAK2 exén 12 [36],
JAK2/CALR [37], JAK2/MPL [36,37] a oje-
dinele i CALR/MPL [38]. Jedna sa o biklo-
nalne MPN, vyznacujice sa pritom-
nostou dvoch ,driver” mutdcii v dvoch
nezdvislych klonoch [39]. Toto zistenie
spolocne s popisovanymi rozdielmi v kli-
nickych prejavoch u jednotlivych ¢le-
nov rodin s familidrnym vyskytom MPN,
ktori ¢asto nesu aj rézne ,driver” muta-

cie, poukazuje na ulohu dedi¢ného fak-
tora u MPN. Tento faktor sém o sebe
nevedie k vzniku MPN, ale predispo-
nuje k zisku somatickych MPN muta-
cii a/alebo meni vyvoj a findlny fenotyp
MPN [34].

Postupne sa tak odhaluje komplexné
pozadie MPN biolégie, kedy geneticka
predispozicia v stc¢innosti s dalsimi ge-
netickymi a negenetickymi faktormi
ovplyvnuje riziko vzniku a fenotyp MPN.

GENETICKE FAKTORY
OVPLYVNUJUCE
HETEROGENITU
Ph-NEGATIVNYCH MPN
Somatické mutacie kooperujuce

s ,driver” mutaciami

Okrem ,driver” mutacii sa u MPN pacien-
tov popisuje aj vyskyt pridavnych soma-
tickych mutdcii, ktoré nie su Specifické
pre MPN, ale objavuju sa aj u inych he-
matologickych malignit (ako napr. mye-
lodysplasticky syndrém — MDS a AML).
Jednd sa o ziskané mutécie génov koé-
dujucich epigenetické modifikatory, fak-
tory délezité pre zostrih mRNA, niektoré
transkripcné faktory alebo signalne mo-
lekuly [40,41]. Sucasny vyskyt réznych
pridavnych mutacii u jedného pacienta
je mozny, pricom plati, ze zvySujuci sa
pocet pridavnych mutécii negativne
ovplyviuje prezivanie a zvysuje riziko
leukemickej transformacie [42]. Priklad
panelu génov vysetrovanych u MPN pa-

cientov pomocou sekvenovania novej
generdcie (next generation sequencing —
NGS) je uvedeny v tab. 1.

Jednymi z najcastejSich mutacii, vy-
skytujucich sa u vsetkych subtypov
MPN, su mutacie génov kédujucich epi-
genetické modifikatory DNA: Tet me-
tylcytozin dioxygendzu 2 (TET2) [43]
a DNA (cytozin-5)-metyltransferdzu 3A
(DNMT3A) [44]. Tieto mutdcie zvysuju
potencidl sebaobnovy HSCs. Ich prog-
nosticky vyznam u MPN nie je celkom
objasneny. Ukazalo sa vsak, Ze poradie
ich ziskania s ohladom na zisk ,driver”
mutacie JAK2 V617F, ovplyvnuje feno-
typ MPN. Ak JAK2 V617F mutacia vznika
ako prva, s vacsou pravdepodobnos-
tou doéjde k rozvoju PV ako ET. Naopak,
ak mutacie v TET2 a DNMT3 predcha-
dzaju vzniku JAK2 V617F mutécie, prav-
depodobnejsi je fenotyp ET [45, 46]. Pri-
davné mutécie dalsich epigenetickych
reguldtorov remodelujicich chromatin
ako ASXL1 (additional sex comb-like 1)
a EZH2 (enhancer of zeste homolog 2)
su castejSie u PMF a byvaju asociované
s horsou prognézou a zvysenym rizikom
transformacie do sAML [41].

Pridavné mutécie faktorov kontro-
lujucich zostrih mRNA (napr. SF3B1,
SRSF2 a U2AF1) sa vyskytuju u PMF a ET,
zriedkavo u PV. Ich uloha v patogenéze
MPN nie je zrejm4, ale pravdepodobne
stvisi s narusenim normalneho zostrihu
MRNA celého spektra génov. Mutacie
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SF3B1 zvysuju riziko progresie ET do my-
elofibrézy [47]; mutacie SRSF2 su u pa-
cientov s PMF asociované so znizenym
prezivanim a zvySenym rizikom transfor-
mdacie do sAML [48].

Mutacie transkripcnych faktorov ako
napr. tumorového proteinu 53 (TP53) [40],
(runt-related transcription factor 1) [49]
alebo NF-E2 (nuclear factor erythroid-2)
[50] su vo vdcsine pripadov asociované
s leukemickou transforméaciou MPN.
Kym mutacie TP53 narusaju jeho fyzio-
logickud ulohu v indukcii opravy posko-
denej DNA a apoptdzy, mutacie NF-E2,
ktory reguluje diferenciaciu a maturaciu
buniek erytroidnej a megakaryocytar-
nej linie, poskytuju bunkam dalsiu proli-
fera¢nt vyhodu. Rovnako tak somatické
mutacie v génoch kédujucich dalsie sig-
nalne molekuly (napr. NRAS) su typické
pre MPN progredujuce do leukémie [51].

Geneticka predispozicia

Je dlhodobo zname, Ze riziko vyvoja
MPN sa u prvostupriovych pribuznych
pacienta s MPN zvysuje 5-7x [5], ¢o in-
dikuje pritomnost vrodeného genetic-
kého faktora podielajiceho sa na roz-
voji ochorenia. Predpokladd sa pritom,
Ze vrodena predispozicia zohrava svoju
ulohu pred ale aj po ziskani somatickych
Ldriver” mutacii.

Prvym predispozicnym faktorom
identifikovanym u MPN bol haplotyp
JAK2 46/1 [52]. Haplotyp JAK2 46/1 sa
rozklada na chromozéme 9, zahffa sadu
génov spolocne s JAK2 génom a obsa-
huje niekolko polymorfizmov vo véazbo-
vej nerovnovahe. Minimélne jednu rizi-
kovu alelu tohto haplotypu nesie 56 %
MPN pacientov [53]. Dalsie identifiko-
vané predispozi¢né polymorfizmy, ktoré
zvysuju riziko MPN boli popisané v gé-
noch zapojenych napr. do bunkového
starnutia (TERT), epigenetickej regula-
cie (TET2), kontroly bunkového cyklu
a opravy DNA (CHEK2, ATM), JAK2/STAT
signélnej transdukcie (SH2B3) a regu-
lacie transkripcie (GFI1B, PINT, MECOM
a HBSI1L-MYB) [54-56]. V niektorych
z tychto génov su pritom popisované
aj pridavné somatické mutécie, ¢o pod-

trhuje ich biologicky vyznam v regula-
cii hematopoézy a patogenéze MPN.
Presné biologické mechanizmy, ktoré
spojuju vyssie zmienené vrodené poly-
morfizmy s vyvojom MPN st predme-
tom intenzivneho vyskumu.

Najnovsie Studie ukazuju, Ze gene-
ticka predispozicia u MPN méd polygénny
charakter [57,58]. Rozsiahla celogené-
mova asociacna Studia (genome-wide
association study — GWAS) odhalila cel-
kom 17 nezévislych rizikovych loku-
sov, s mnohymi rizikovymi variantami
identifikovanymi v kédujucich, nekoé-
dujucich alebo regulaénych oblastiach
génov [57]. Niektoré rizikové varianty
pritom priamo ovplyvnuju biologické
vlastnosti HSCs suvisiace s dizkou te-
lomér (v TERT), odpovedou na posko-
denu DNA (v ATM, CHEK2) a s potencia-
lom sebaobnovy (v GFI1B). Dalej bolo
ukadzané, ze v dosledku mitotickej re-
kombindcie a straty heterozygozity sa
rizikové varianty dostdvaju do homozy-
gotného stavu, ktory moze znamenat
prolifera¢ni vyhodu a podporovat tak
ndslednu klondlnu selekciu [58]. Viac ako
50 vzacnych vrodenych variant lokalizo-
vanych v 7 roznych lokusoch (MPL, ATM,
TM2D3, FH, NBN, MRE11 a SH2B3) vyka-
zuje asociaciu so zvysenou nachylnos-
tou ku klonélnej hematopoéze [58].

Zarodocné mutacie v JAK2 géne

Vdaka celogenémovému sekvenovaniu
boli v JAK2 géne odhalené vzacne zaro-
docné varianty, ktoré sa vyskytuju samo-
statne alebo spoloc¢ne s JAK2 V617F mu-
taciou u pacientov s PV, myelofibrézou
alebo neutrofiliou [59-61]. Ukazuje sa,
Ze tieto varianty kooperuju s JAK2 V617F
mutaciou, amplifikuju kindzovu aktivitu
mutovaného JAK2 enzymu, ¢o moéze
taktiez prispievat k fenotypovej hete-
rogenite. Neddvna Studia kohorty asi
2000 MPN a AML pacientov z MD Ander-
son Cancer Center odhalila pritomnost
35 r6znych variant JAK2 distribuovanych
v ramci celého génu; u vacsiny z nich bol
potvrdeny dedi¢ny povod [62]. Vyskyt
tychto variant bol pritom castejsi u pa-
cientovs MPN a AML nez v zdravej popu-
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lacii. Naj¢astejSimi zdamenami boli L393V,
R1063H a N1108S. Autori zéroven uka-
zali, Ze pritomnost dodatoc¢nych variant
v JAK2 géne u JAK2 V617F pozitivnych
pacientov vyrazne zvysSuje kumulativne
riziko progresie do sAML v porovnani so
skupinou JAK2 V617F pozitivnych pa-
cientov bez tychto variant.

Zaujimavostou je, Ze niektoré z identi-
fikovanych variant boli uz predtym po-
pisané samostatne alebo v koopera-
cii s inou JAK2 mutéciou vo vzacnych
pripadoch hereditdrnej trombocytézy
(napr. S593C [63], S755R/R938Q [63]
a L815P/V1123G [64]) alebo erytro-
cytdzy (E846D/R1063H [65]). Funkénd
studia E846D a R1063H JAK2 muta-
cii ukazala, ze kazda mutacia samo-
statne ma mierny dopad na aktivaciu
JAK2/STAT signalizacie a k rozvoju pato-
logického fenotypu dochadza az pri ich
vzajomnej kooperacii [65]. Rozdielny kli-
nicky fenotyp (erytroidnd hyperplazia
vs. trombocytéza) pravdepodobne pra-
meni z kvalitativnych rozdielov v nasled-
nej JAK2/STAT signalizacii, napr. z odlis-
nej miery aktivacie jednotlivych molekul
STAT (STATS5 vs. STAT1) alebo z pripad-
nej aktivacie alternativnych signalnych
dréh.

DALSIE FAKTORY
OVPLYVNUJUCE
HETEROGENITU
Ph-NEGATIVNYCH MPN
Charakteristiky pacienta

Fenotyp MPN a jeho prognéza st ovplyv-
nené aj vekom, pohlavim a komorbidi-
tou pacienta. Vyskyt MPN sa vSeobecne
zvysuje s vekom, pricom medidn veku
nastupu PV je 65 rokov, 68 rokov u ET
a 70 rokov u PMF [66]. So zvySujucim sa
vekom zéaroven stupa riziko trombotic-
kych komplikacii a progresie ochorenia.
To pravdepodobne suvisi s celkovym
vplyvom starnutia a hromadenia vol-
nych radikalov (tedria oxida¢ného stresu
a starnutia) na akumulaciu somatickych
mutacii a rozvoj klonalnej hematopo-
ézy [67,68]. Nie je prekvapenim, Ze bola
popisand vyznamna asociacia medzi faj-
¢enim a rozvojom MPN [69]. V priebehu
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Obr. 2. Dynamicky proces vyvoja MPN. Doposial prezentovany, klasicky model, model (A), ktory popisuje, Ze penetrancia
MPN zavisi od veku jedinca, typu mutacii a komplexnych interakcii dedi¢ného faktora, mikroprostredia kostnej drene
a environmentalneho prostredia, ktoré sa spolo¢ne podielaju na konverzii polyklonalnej hematopoézy na monoklonadlnu,
s moznym medzistupriom v podobe CHIP. Nadmerna klonalna expanzia so sebou prinésa riziko vzniku dalSich mutacii (napr.
v génoch Specifickych pre AML — NRAS, FLT3, TP53, RUNX1, NF-E2 a i. [49]) a transformacie do sSAML. Novy model (B) zalozeny
na retrospektivnej analyze buniek krvotvornych linii dospelych pacientov az po embryogenézu [20,21]. Model ukazuje, ze
ziskanie ,driver” JAK2 V617F (prip. DNMT3A) mutacie sa da vystopovat az do prenatalneho obdobia. Nasledne dochadza
k velmi pomalej expanzii mutovaného klonu a trva desiatky rokov, nez klondlna frakcia dosiahne 1 %. Rychlost klonalnej
expanzie a akvizicie dalich mutécii rozhoduje o klinickej manifestécii ochorenia.

Transfuze Hematol Dnes 2021; 27(3): 208-217




starnutia dochdadza vplyvom chronic-
kého zapalu a prepinania metabolizmu
krvotvornych kmenovych buniek z gly-
kolyzy na oxidativnu fosforylaciu, ako
aj vplyvom myeloidného posunu kr-
votvorby k rozvoju klondlnych pre-leu-
kemickych stavov oznacovanych ako
CHIP [70-72]. CHIP je klucovy rizikovy
faktor veduci k ziskaniu JAK2 V617F so-
matickej mutdcie (obr. 2A) alebo zrych-
lenej (sub)klondlnej expanzie preexis-
tujuceho minoritného klonu u MPN
(obr. 2B) a/alebo pripadnej transforma-
cie do sAML.

Pohlavie sa taktiez ukazuje ako vy-
znamny cinitel fenotypu a progresie
MPN. U zien sa Castejsie vyskytuje ET,
kym PV a PMF prevladaju u muzského
pohlavia. Priebeh ochorenia byva mier-
nejsi u Zien ako u muzov; navyse Zeny
maju vieobecne lepsiu prognézu ako
muzi, u ktorych je pozorované aj vys-
Sie riziko myelofibrotickej transforma-
cie [73]. Daldou zlozkou prispievaju-
cou k heterogenite MPN je aj Uroven
zasob Zeleza v organizme. Kedze Ze-
lezo je nevyhnutné pre erytropoézu
a tvorbu hemoglobinu, jeho pociato¢ny
deficit je spajany skor s rozvojom ET
ako PV [41].

Heterogenita HSC

V poslednych rokoch sa ukazuje, Ze po-
puldcia HSCs nie je homogénnou skupi-
nou buniek, ale obsahuje frakcie HSCs
s rozdielnym liniovym potencidlom (tzv.
Jineaged biased” HSCs), ktoré uz su Cias-
to¢ne liniovo zamerané. Fenotypova
Specifikdcia MPN mozZe preto zavisiet aj
od toho, v akom liniovo preddetermi-
novanom type HSC JAK2 V617F muta-
cia nastane [19]. U PV pacientov vznikd
JAK2 V617F mutécia pravdepodobne
v HSC umiestnenej na vrchole hema-
topoetickej hierarchie (s va¢sim multi-
potentnym potencidlom), kedZe jej pri-
tomnost bola zachytend aj v lymfoidnej
linii. TieZ sa predpokladd, Ze stredne vy-
sokd biochemickd aktivita JAK2 V617F
potla¢a MPL signalizaciu, a preto je skor
asociovand s PV fenotypom; pri nizkej
aktivite JAK2 V617F zostavaju aktivne

signaly z TPOR/MPL receptorov, ktoré
vedu k rozvoju ET [74].

Mikroprostredie kostnej drene

a zapalové cytokiny

Mikroprostredie kostnej drene zohrava
kld¢ovu ulohu v reguldcii hematopoézy
a jeho narusenie sa podiela na rozvoji
mnohych hematologickych malignit.
Ukazuje sa, ze aj u MPN, rézne nehe-
matopoetické bunky kostnej drene, ako
napr. endotelidlne bunky alebo mesen-
chymalne stromalne bunky, kooperuju
s mutovanymi MPN klonmi a spolo¢ne
vytvaraju niku podporujucu propaga-
ciu a progresiu MPN [19]. Nie je v3ak
Uplne jasné, nakolko je aberantné mik-
roprostredie kostnej drene priamo zod-
povedné za heterogenitu MPN alebo je
len jej odzrkadlenim.

Janusove kinazy su kritickymi media-
tormi cytokinovej a chemokinovej sig-
nalizacie a signalizacie rastovymi fak-
tormi [75]. Dysreguldcia JAK2/STAT
signalizacie u MPN podporuje tvorbu
mikroprostredia v kostnej dreni, ktoré sa
vyznacuje aberantnou syntézou zapa-
lovych cytokinov a chemokinov (napr.
interferonuy - IFN-vy, tumor nekroti-
zujuceho faktora o — TNF-a, transformu-
juceho rastového faktora  — TGF-f alebo
interleukinu 1b - IL-1b) [76-78]. Tieto na-
zapalovu odpoved' spojenu so zvysenou
koncentraciou zapalovych markerov v cir-
kuldcii. Mysie modely ukazali, Ze zapalové
cytokiny prispievaju k takej remodeldcii
mikroprostredia kostnej drene, ktora po-
tlaca normalnu hematopoézu a podporuje
transformaciu do myelofibrézy a leukémie.
Napriek vyraznému chronickému zapalu je
vsak kumulativny vyskyt blastickej trans-
formacie u PV a ET (v porovnani s trans-
formaciou CML) relativne nizky. Nedavna
studia ukazala, ze JAK2 V617F-mutantné
bunky si v zépalovom prostredi indukuju
ochranny program, sprostredkovany fos-
fatdzou DUSP1 (dual specificity phospha-
tase 1), ktory udrzuje ich prolifera¢nu
schopnost a zéroven ich chrani pred aku-
muldciou poskodenia DNA a myelofibro-
tickou a leukemickou transformaciou [79].
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Rozvoj MPN a ich pripadnd progresia
do sAML je dlhotrvajuci a niekolkostup-
novy proces asociovany s klonalnou se-
lekciou mutovanych HSCs (obr. 2). Mo-
lekuldrna diagnostika a bioldgia spolu
s rozsiahlymi epidemiologickymi $tu-
diami vyznamnym spdsobom rozsirili
nase poznatky o patogenéze MPN. Uka-
zuje sa, Ze genetické pozadie jedinca vy-
tvara zaklad pre familidrnu predispoziciu
k rozvoju MPN. Vrodené rizikové alely
mébzu modulovat biologické vlastnosti
HSCs a tym im poskytovat selekénu vy-
hodu. Na podklade mitotickej rekom-
bindcie a homozygotizacie rizikovych
alel a v sucinnosti so ziskanymi soma-
tickymi mutaciami méze postupne do-
chéadzat k rozvoju CHIP. So zvysujucim
sa vekom a ziskanim somatickej ,driver”
mutdcie sa nasledne naplno rozvija klo-
nalna hematopoéza, ktora sa méze ma-
nifestovat vo forme chronickej myelo-
proliferdcie a v tomto stave pretrvavat
aj roky (obr. 2A). Podla nového, alterna-
tivneho modelu vzniku MPN dochédza
k ziskaniu somatickej ,driver” mutacie
velmi skoro (dokonca pred narodenim),
ale k signifikantnej klonalnej expanzii
dbjde az po desiatkach rokov v suvis-
losti so zmienenymi rizikovymi faktormi
spojenymi so starnutim krvotvorby
(obr. 2B). K transformécii do SAML do-
chéadza v désledku akumulécie dalsich
mutdcii, ktoré zvysuju onkogénny po-
tencidl klonu. Paralelne méze vznikat aj
niekolko réznych klonov, nesucich od-
liSné somatické mutécie. Tieto klony
moézu mat aj odlisné fenotypové cha-
rakteristiky a vykazovat roznu citlivost
na lie¢bu a schopnost vyvolat relaps
ochorenia.

Faktory, ktoré vedu k rozvoju MPN aj
tie, ktoré prispievaju k ich vyraznej fe-
notypovej variabilite si heterogénne
a doposial nie dostato¢ne vysvetlené.
Dalsi intenzivny vyskum je preto nevy-
hnutny, aby sme lepsie pochopili pa-
togenézu MPN a mohli nové poznatky
Uspesne integrovat do klinickej praxe
s cielom spresnit diagnostiku, prognos-
tiku a liecbu MPN.




ZOZNAM POUZITYCH SKRATIEK
AML - akdtna myeloidnd leukémia

aUPD - ziskand uniparentélna dizémia
ATM - ataxia telangiectasia mutated
ASXL1 - additional sex comb-like 1
BCR:ABLI1 - breakpoint cluster region:
Abelson

CALR - kalretikulin

CHEK?2 - checkpoint kindza 2

CHIP - klonélna hematopoéza s neurcitym
potencidlom

CML - chronicka myeloidna leukémia
CNL - chronicka neutrofilnd leukémia
DNMT3 - DNA (cytozin-5)-metyltransferdza 3A
DUSP1 - dual specificity phosphatase 1
EPOR - erytropoetinovy receptor

ET - esencidlna trombocytémia

EZH2 - enhancer of zeste homolog 2

FH - fumarat hydrataza

FLT3 - Fms related receptor tyrosine kinase 3
G-CSEFR - receptor pre kolénie granulocytov
stimulujuci faktor

GFI1B - growth factor independence 1b
GWAS - celogenémova asocia¢na studia
HBS1L-MYB - intergénova oblast medzi
HBS1L1 a MYB

HSC - hematopoeticka kmernova bunka
IFNYy - interferony

IL-1b - interleukin 1b

JAK2 - Janusova kinaza 2

mCALR - mutovany CALR

MDS - myelodysplasticky syndrom
MECOM - MDS1 and EVIT complex locus
MPL (TPOR) - trombopoetinovy receptor
MPN - myeloproliferativhe neoplazie
MREL11 - meiotic recombination 11 homolog
NEF-E2 - nuclear factor erythroid-2

NBN - nibrin

NGS - next generation sequencing

NRAS - neuroblastoma RAS viral oncogene
homolog

Ph - chromozdém Filadelfia

PINT - p53 induced transcript

PMF - primarna myelofibréza

PV - polycytémia vera

RUNZX1 - runt-related transcription factor 1
sAML - sekundarna akutna myeloidna
leukémia

SE3B1 - splicing factor 3b subunit 1

SH2B3 - SH2B adaptorovy protein 3
SRSF2 - serine and arginine rich splicing
factor 2

STAT - signal transducer and activator of
transcription

TERT - telomerdzova reverzna
transkriptaza

TET2 - tet metylcytozin dioxygenaza 2
TGF § - transformujuci rastovy faktor f§
TNF o - tumor nekrotizujuci faktor o
TM2D3 - TM2 domain containing 3

TPOR (MPL) - trombopoetinovy receptor
TP53 - tumorovy protein p53

U2AF1 - U2 small nuclear RNA auxiliary
factor 1
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