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1. Introduction
1.1  Erythropoiesis

Erythropoiesis is a continual process of red blaadl/erythrocyte production.
Erythrocytes lack nuclei and are rich in an iromeining molecule, hemoglobin that is
essential for oxygen binding and delivery to thdyoells. The level of tissue oxygenation
influences erythrocyte production in a feedbackploBrythropoiesis is tightly coupled
with hemoglobin production which in turn dependstimree biological processes: synthesis
of globins, synthesis of the heme precursor (pratoipyrin 1X), and iron uptake (reviewed
in Koury et al., 2002) (Fig. 1). These processesdn& be strictly regulated and
coordinated as any disbalance may lead to diffgratttological conditions; some of them

will be discussed in this habilitation thesis.

&\,
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=1

Figure 1: Erythrocytes, hemoglobin, and erythropoiéin production. Formation of
erythrocytes is associated with hemoglobin syntheshich is dependent on iron uptake (Fe),
heme synthesis (the last step is the incorporaifoRe into protoporphyrin IX — PPIX), and
production of globin polypeptides. The size of rbtbod cell mass influences tissue
oxygenation (@), which in a feedback loop via erythropoietin (BP@gulates production of
erythrocytes in the bone marrow.




During mammalian ontogeny erythropoiesis occursuncessive but overlapping
waves that take place in the yolk sack, fetal Isg@een, and bone marrow. The yolk sack
erythropoiesis, called primitive erythropoiesis, dsaracterized by production of large
nucleated erythroblasts, which synthesize embrydwimoglobins. The first definitive
erythroid progenitors emerge in the yolk sac antheaorta-gonad-mesonephros (AGM)
region, but the main site of definitive erythromgein the embryo is the fetal liver. Fetal
liver definitive erythroblasts mature to enucleagthrocytes. Around the birth, bone
marrow becomes the principal site of adult erytbrepis (Orkin and Zon, 2002).
Hematopoietic stem cell (HSC) differentiate firstrhultipotent progenitor CFU-GEMM
(colony-forming unit granulocytic, erythroid, megaigocyte, macrophage) and then
through unipotent lineage-committed progenitorslyearythroid progenitor BFU-E (burst-
forming units-erythroid) and late erythroid progeni CFU-E (colony-forming units-
erythroid) to morphologically recognizable erytltroprecursors (proerythroblasts and
erythroblast) (Gregory and Eaves, 1978). Erythqmidcursors then undergo significant
biochemical and morphological changes includinggase in iron uptake and hemoglobin
synthesis, cell shrinking, chromatin condensatiamg enucleation and finally produce

reticulocytes and mature erythrocytes which areasgd into the blood stream (Fig. 2).
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Figure 2: Erythroid differentiation of hematopoietic stem cell (HSC)through progenitor (CFU-

GEMM, CFU-E, BFU-E) and precursors stages (EB thepplast). The dependence of different stages
on transcription factors and growth factors is atlepicted. The progenitors can be isolated from
peripheral blood and used for the vitro colony assay: in semisolid media supplemented with
cytokines _hematopoietic progenitors proliferateffedentiate, and form corresponding colonies
(Migliaccio et al., 1988). The number of coloniexflects the hematopoietic activity in the bone

marrow. This test enables evaluation of the eftéatifferent drugs or molecules, for example thet te
of sensitivity of erythroid progenitors to EPO, whiis used in differential diagnostics of polycytiia

states.



1.1.1 Requlation of erythropoiesis

Erythroid differentiation, maturation, and survivakre tightly regulated and
controlled by a number of transcription factors agvdwth factors. While transcription
factors SCL/TAL-1 (stem cell leukemia/T-cell acuéeikemia) (Shivdasani et al., 1995),
LMO2/rbtn2 (Warren et al., 1994), and GATA-2 (Tsad Orkin, 1997) are required for
hematopoiesis in general and their knock-out in $8ois embryonic lethal (due to the
absence/severe suppression of primitive and defnitematopoiesis), others are essential
only for erythropoiesis/megakaryopoiesis, like GATAFujiwara et al., 1996), FOG-1
(friend of GATA-1) (Tsang et al., 1998), EKLF (enypid Krippel-like factor) (Perkins et
al., 1996), and p45NF-E2 (nuclear factor eryth@jdShivdasani and Orkin, 1995) (Fig.
2).

Among these transcription factors GATA-1 is one thest important for the
terminal erythroid maturation; it controls the eaxgsion of a) genes involved in
hemoglobin production (i.ea- and B-globin genes, some heme biosynthetic pathway
genes); b) gene coding for EPO receptor (EPORye0es encoding transcription factors
MafK and p45NF-E2 (Weiss et al.,, 1994). Besidedheoyd differentiation, GATAL is
also involved in the regulation of cell cycle pregsion and survival.

The cytokines which positively influence erythropsis include: stem cell factor
(SCF), interleukin-3 (IL-3), granulocyte-macrophagdony-stimulating factor (GM-CSF),
thrombopoietin (TPO), and erythropoietin (EPO) (F2). However, only SCF and EPO
are absolutely required for erythroid developm@iieir effect on erythropoiesis is mainly
sequential; SCF is essential for proliferation andvival of early and late stages of
erythroid progenitors (Muta et al., 1995), while@®B critical for later stages of erythroid
progenitors and maturating erythroblasts (Wu et1895). Nevertheless, SCF and EPO
were shown to act also synergistically to suppoytheoid cell production (Wu et al.,
1997; Sui et al., 1998).

Erythropoiesis needs to be regulated also neggtteeavoid excessive production
of erythrocytes. This involves induction of apojpgoda death receptors and their ligands:
Fas/FasL, TNFR/TNF:or TRAILR/TRAIL (Ulich et al., 1990; Schneider at, 1999; De
Maria et al., 1999a). For example, in low EPO ctiads mature erythroblasts expressing

FasL induce apoptosis of immature erythroblastsesging Fas (De Maria et al., 1999a).
8



Induction of apoptosis is associated with caspastgation. Caspases subsequently cleave
transcription factors, GATA1 and SCL/TAL1, crucfal erythropoiesis (De Maria et al.,
1999b; Zeuner et al.,, 2003). A number of inflammateytokines also exert their
inhibitory effect on erythropoiesis via death reloep; interferony (INF y) was shown to
induce the expression of Fas (Dai et al., 1998) @&NdF-a directly binds to TNFR
expressed on immature erythroblasts. The actidraasforming growth factds (TGF-)
differs from the previous two as it acceleratededéntiation and blocks proliferation of

erythroid progenitors (Zermati et al., 2000).

1.1.2 EPO/EPOR signaling

The principal hormone that regulates erythrocytapction is EPO. Before birth,

EPO is predominantly produced in the fetal liverigpatocytes (Dame et al., 1998). At
birth, EPO production switches from the fetal livier the kidney, where peritubular
interstitial fibroblasts produce EPO (Maxwell et.,all993) in response to tissue
oxygenation. EPO exerts its effects on erythroilsckey binding to specific receptor,
erythropoietin receptor (EPOR), expressed on theiface. The EPO/EPOR interaction
leads to homodimerization of EPOR and signal traasdn that results in stimulation of
mitogenicity and erythroid differentiation/matuat; and prevention of apoptosis of
erythroid cells (Remy et al., 1999) (Fig. 3).

Although EPO and EPOR knock-out is embryonic leithainouse, due to severe
anemia; detailed analysis revealed that EPO/EP@Raking is only essential for survival
and terminal erythroid differentiation but dispeplga for the erythroid lineage
specification (Wu et al., 1995; Lin et al., 1996he first cells in the erythroid lineage that
become EPO dependent are CFU-E progenitors (WL, di985). These cells also express
the highest levels of EPOR; beyond this stage ER&iRession progressively declines as

the cells proceed in differentiation.

EPOR belongs to a family of cytokine receptors ttmhot possess intrinsic kinase
activity and depend on the activity of associatétiage; in case of EPOR the Janus
tyrosine kinase-2 (JAK2) (Ihle, 1995). EPO bindind=POR leads to autophosphorylation

of JAK2. Activated JAK2 then phosphorylates EPORo$yne residues, which serve as
9



docking sites for binding of intracellular proteiwsth src homology domain (SH2); these
proteins are phosphorylated and activated by JAK@nubinding to EPOR. The best
known cascades stimulated by EPO include anti-apiepphosphatidylinositol 3-kinase
(PI3K)/AKT pathway (Damen et al., 1993), mitogeRAS/MAPK pathway (Miura et al.,
1994), and signal transducer and activator of tnapison-5 (STAT5) (Sawyer and Penta,
1996) (Fig. 3).

Turnig off

[ @ Proliferation
P @ . Differentiation
’ Survival

Figure 3: EPO/EPOR signaling.EPO binding to EPOR results in receptor homodinadion
and autophosphorylation of the receptor-associdfel2. Activated JAK2 phosphorylates the
key tyrosine residues (Y) on the cytoplasmic regibEPOR and activates STAT5, PI3K/AKT,
and RAS/MAPK downstream signaling responsible faliferation, differentiation, and survival
of erythroid cells (right side). Negative regulatiof EPO/EPOR signaling by SOCS, CIS, SHP1,
and LNK is depicted on the left side (for detaiée the main text). Thick dashed line indicates
the truncation of EPOR due to EPOR mutations aatatiwith primary familial congenital
polycythemia — PFCP, leading to the loss of negatigulatory regions.

The JAK2/STATS signaling plays a non-redundanteesal role in EPO/EPOR-
mediated regulation of erythropoiesis by supportsgrvival and differentiation of
erythroid cells. The main mediators of the antigptc effect are members of the Bcl-2
family, namely BclX and Mcl-1 (Socolovsky et al., 1999; Gregoli anohBurant, 1997;
Rhodes et al., 2005). EPO/EPOR also stimulates(lngitey et al., 2005) and Btk (Schmidt
et al., 2004) kinases. Lyn is proposed to functian erythroid cell-intrinsic mechanisms
involving activation of STAT5 and BclXto promote progenitor cell expansion and to

support development of subsequent late erythroslages (Karur et al., 2006).
10



The cytoplasmic domain of EPOR contains besidestip@sregulatory regions
(Fig. 3, right side) also negative regulatory regiqFig. 3, left side). These regions are
necessary for down-regulation and termination ef tlansduced signal (D’Andrea et al.,
1991). Hematopoietic cell phosphatase (HCP, alsawknas SHP-1) binds to EPOR to
dephosphorylate the tyrosine residues phosphodylagelAK2 (Klingmuller et al., 1995).
Other negative regulators belong to a family ofapsors of cytokine signaling (SOCS)
and act in a negative feedback loop to deactivilage HPOR/JAK2 complex (SOCS 1,
SOCS 3) or interfere for STAT5 binding to EPOR (IC{Erebs a Hilton, 2001). Another
important negative regulator is the lymphocyte aolaprotein LNK (also known as
SH2B3). LNK itself becomes tyrosine-phosphorylaséartly following EPO stimulation
and via its SH2 domain inhibits EPO-induced JAKRvation and EPOR phosphorylation
leading to attenuation of STAT5, AKT, and PI3K pa#tys (Tong et al., 2005).

1.1.3 Hypoxia inducible signaling

The production of EPO is mainly controlled at thanscriptional level. EPO
expression is induced in response to inadequatgemxysupply by hypoxia inducible
transcription factors (HIFs, predominantly HIF2) §Ag and Semenza, 1993; Warnecke et
al., 2004) (Fig. 4). HIFs are heterodimers compasfean inducible alpha subunit (Hi}
and a constitutively-expressed beta subunit fHIRIso known as aryl hydrocarbon

receptor nuclear translocator, ARNT).

In normoxic conditions, Hlé is hydroxylated at conserved proline residues by H
prolyl-hydroxylases (PHD1-3), allowing HdFrecognition and ubiquitination by an E3
ubiquitin ligase complex, which contains von Hipdahdau protein (pVHL) as the
recognition subunit. This ubiquitination resultsrapid proteasomal degradation of klF
In hypoxia, PHDs are inactive, since they requitggen as a co-substrate. Besides oxygen
also iron is needed for PHDs, as it acts as aytetalofactor. Non-hydroxylated HbFis
not recognized by pVHL, leading to its stabilizatidheterodimerization with H[; and
nuclear translocation. Upon binding to hypoxia cese elements (HRE) within the
promotor of target genes, HIF transcription factoiduce gene expression (reviewed in
Semenza, 2009) .

11



NORMOXIA

O:
O(; s o 0,22
2 (o) -

=

o,
0,0,
OZ

\, T~ Gene
A Y .
( OH expression
y » Cxpression
Seo_-"
Proteasomal
degradation

Figure 4: Hypoxia inducible signaling Normoxia: HIFe is hydroxylated by PHDs on proline
residues leading to its recognition by pVHL and seduent proteasomal degradation. Hypoxia:
HIF-a is stabilized and forms heterodimers with HIFThis complex binds to the hypoxia-
responsive elements (HRE) and induces gene expnessi

The direct transcriptional HIF targets include, ides EPO, genes encoding

proteins involved in a) energy metabolism: gluctaesporter-1 3. C2A1), hexokinase-1

and 2 HK1, HK2); b) angiogenesis: vascular endothelial growthdia(/EGF), vascular
endothelial growth factor receptor-#I{-1); c) iron metabolism: transferrifff), transferrin

receptor-1 {fR1), intestinal form of divalent metal transporte(QMT1, containing the

iron responsive element + IRE), heme oxygenadd#ct]), and d) apoptosi®nip3.

1.1.4 Hemoglobin

Hemoglobin (Hb) is a complex iron containing protem responsible for oxygen
binding that makes up about 96% of red blood cell dry esntHemoglobin is composed
of four subunits; each subunit has a protein pagtobin chain and a non-protein part —

heme consisting of a protoporphyrin ring and a cenimah atom (F&") (Fig. 1). Different

types of hemoglobin are produced sequentially dudntogenesis in man (Fig. 5); each

comprised of one pair af-like globin chains produced from genes locatethaw-globin
12



cluster on chromosome 16 and the second pdifliae globin chains produced from genes

located in the3-globin cluster on chromosome 11 (reviewed in Searkat al., 2010).

Two main types of hemoglobin are synthesized dutitegpostnatal period: HbA
(representing about 98% of total hemoglobin andsisbimg of twoa-globin chains and
two B-globin chains) and HbA2 (representing about 1-3%otatal hemoglobin and
consisting of twoa-globin chains and tw®-globin chains). Fetal hemoglobin (HbF,
consisting of twoa-globin chains and twag-globin chains) is also present in a few
percentages of mature erythrocytes in healthy iddals and represents a minor

component of total hemoglobin (up to 1%).

HBZ HBA2 HBAI

CH16 =| HS40! M=
em (T} —HEHT—OHO-

HBE HBG2? HBGI HBD HBB

Prenatal period Postnatal period

= W— Bone marrow

[

\E
e

by

Embryonic Hb Fetal Hb Adult Hb

Gower 1 (Z2e2) HbF (a2y2) HbA (02[32)

Gower 2 (a2¢2) HbA2({a252)

Portland (£2v2) ——a-like chains
Portland II (C2[32) —[-like chains

Figure 5: Hemoglobin switching in man.Different types of hemoglobin (Hb) are producediwigr
different stages of ontogenesig.embryonic, fetal, and adulthis coincides with the transition of the
site of erythropoiesis from the yolk sac to theafditrer/spleen, and bone marrow. Each Hb moletule
comprised of one pair af-like globin chains produced from genes locatethma-globin cluster on
chromosome 16 and the second paidike globin chains produced from genes locatedhia 3-
globin cluster on chromosome 11. Tdrglobin cluster contains three functional gert¢BZ coding for
embryonic chain; and HBA1 and HBA2 coding foral anda2 chains, which are expressed since
embryonic stage. Th@-globin cluster is composed of five functiorfablobin genesHBE coding for
embryonice chain; HBG1 and HBG2 coding for embryonic/fetal Aand G chains;HBD and HBB
coding for adults andp chains, respectively. HS40 (hypersensitive sitgalitl LCR (locus control
region) are regions regulating globin gene expogssi
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1.1.5 Requlation of globin synthesis and heme degradation

The expression of globin genes is erythroid speaifid regulated at transcriptional
and translational level; both levels are signifibamfluenced by the availability of iron,
particularly heme. Heme is therefore not only tbha-protein part of hemoglobin, but also

an important signaling molecule influencing hemaghgporoduction.

Transcription of globin genes is stimulated by lergid specific transcription
factors GATA-1, EKLF (Hardison, 2001), and NF-EZ-{K2 is a heterodimer composed
of small Maf proteins (MafK) and erythroid specifiabunit p45NF-E2 (Blank a Andrews,
1997). This heterodimer binds to Maf - recognitielement (MARE) located in the
regulatory region of- anda-globin genes (Ney et al., 1990; Jarman et al.119Bhe NF-
E2 activation complex is formed during erythroidfetientiation when p45NF-E2 subunit
replaces Bachl repressor in the complex with Md@iarashi et al., 1998; Brand et al.,
2004). This replacement is promoted by heme (Sah,2004).

At the level of translation, heme influences thdivay of heme regulated
inhibitory kinase — HRI, which phosphorylates and inactivates the alphmusiti of the
eukaryotic initiation factor — 2e(F2a) leading to repression of proteosynthesis (Chen et
al., 1991) (Fig. 6). Heme binding to the insertdomain of HRI inhibits HRI activity thus
allowing synthesis of globin chains proportional ieme levels (Chefalo et al., 1998;
Rafie-Kolpin et al., 2000). On the other hand, gioproduction is inhibited by HRI in
response to low heme levels to avoid productioexafessive free globin chains (Uma et
al., 2000).

Besides the role in the regulation of globin systheheme also regulates its own
synthesis and degradation (Karibian a London, 1865ka et al., 1974).

Heme degradation is catalyzed by two isoenzymaesstitatively expressed heme
oxygenase-2 (HO-2) and inducible heme oxygenaddcl-1) (Poss a Tonegawa, 1997).
The expression of HO-1 is stimulated by heme (A&tral., 1989). In analogy {&-globin
expression, heme induces displacement of Bach&sspr from the MafK-occupigdO-1
MARE sequences followed by binding of an activéoi2 (NF-E2 related factor 2), which
leads to the initiation dfiO-1 transcription (Sun et al., 2004).

14



Low Fe : Normal Fe
(@)
0® 33
l JHoT! | l /\g/m
o - © .
@@ I:> active HRI @@@ |:> inactive HRI

J heme Normal heme
@

Low Repressed Normal Normal
hemoglobin globin synthesis hemoglobin globin synthesis

Figure 6. Regulation of globin synthesis by heme dnHRI. When iron and heme are limiting, HRI
kinase is active and phosphorylates elf@epicted by P) leading to its inactivation andression of
globin synthesis (left side). In normal or iron letp conditions heme binds to the insertion donedin
HRI and inhibits its kinase activity. Unphosphotgld elF2. is active (bond to GTP) and initiates
translation of globin chains proportional to heragels (right side). In addition, heme also induces
expression of HO-1 and thus regulates its own dkgi@n. The control of the heme levels by HO-1 is
important for normal process of erythropoiesisiasubsed in Chapter 1.2.4.2.
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1.2 [ron metabolism

Iron is an essential element indispensable for lifés involved in many cellular
and enzymatic processes including oxygen transpalt storage, cell proliferation, and
redox reactions. However, in excess, iron is toaithe cell as it catalyzes the production
of reactive oxygen radicals. Iron uptake, transpstorage, and utilization are therefore
strictly regulated to meet the body’s iron needd mnavoid its potential toxicity (Aisen et
al., 2001).

The process of iron absorption, transport, utilizaion, and recycling is
discussed in details in review articles which arerpsented as Attachments 7, 8, and 9
of this habilitation thesis. Therefore mainly new aspects of these processdstlze
importance of diagnostic parameters of iron stan erythropoiesis, which are discussed
in Chapter 2.2 Disordered iron homeostasis in congenital defects of erythropoiesis, are

depicted here.

1.2.1 Duodenal iron absorption, ferritin, and transferrin

Iron uptake from the diet takes place mainly in #merocytes of the proximal
duodenum. Only about 10% of dietary iron (1-2 myg)da absorbed either in the form of
heme or inorganic iron. Recent results suggestadl atso ferritin may represent an
important dietary source of iron, but little is kmo about the mechanism of transport or its

metabolism in the enterocytes (Theil et al., 2012).

Inorganic iron, reduced to ferrous state?(F&y duodenal ferrireductases (McKie
et al.,, 2001; Gunshin et al.,, 2005a), is transpordeross the apical membrane of
enterocytes by divalent metal transporter-1 (DMal$p known as NRAMP2, DCT1, and
SLC11A2) (Fleming et al., 1997; Gunshin et al., ;9%unshin et al., 2005b). The
expresseion of this intestinal specific isoformDiT1 (isoform I; +IRE/1A) is regulated
by cellular iron levels (see detainls in Chapté.4.1). Although heme iron is absorbed
much more efficiently than inorganic iron, the itdgnof an intestinal heme transporter is

still elusive. Once inside the enterocytes, irohbisrated from heme by the action of HO-1

16



(Boni et al., 1993). It is believed that the sulsey route of iron released from heme (and

eventually from ferritin) is the same as the pathwbabsorbed inorganic iron (Fig. 7).

Inside the enterocytes iron is either stored withile cells bound to ferritin
(Harrison and Arosio, 1996) or exported to the wWdation when iron becomes limiting.
Iron retained within the enterocytes is rapidlytléom the body because of a short

lifespan of these cells which are slough into thelgmen.

Ferritin is the major intracellular iron storageotin of the body and its soluble

form found in the plasma reflects body iron stof@igh some exceptions such as cancer,

inflammation, infection, etc.). Serum ferritin iserefore used as a diagnostic marker for

iron deficiency and iron overload.

Figure 7. Duodenal iron absorption.
Inorganic iron is reduced from Feto F&*

by duodenal ferrireductases (example
DCYTB) and taken up into the cells via
DMT1. Iron is then either stored in ferritin
or exported to the blood stream via
ferroportin.  Hephaestin oxidizes Feto
Fe** facilitating its loading onto circulating
transferrin ~ (Tf); a complex of diferric
transferrin is formed. Heme iron absorption
is less understood, but likely involves a
putative heme transporter (depicted by ?).
Once inside the cell, iron is liberated from
PPIX by HO-1 and enters a common
pathway with inorganic iron.

Diferric Tf

On the basolateral membrane of enterocytes fertiopdFPN, also known as
IREG1, MTP1, and SLC40A1) (Abboud and Haile, 20D@novan et al., 2000; McKie et
al., 2000), the only known mammalian iron exportaerediates iron release to the
bloodstream (Donovan et al., 2005). This proces&gdilitated by multi-copper oxidase
hephaestin, which converts ¥#¢o Fé" (Vulpe et al. 1999) and promotes its binding to

plasma transferrin (Tf). Each Tf molecule can bitwb iron ions to form diferric

17



transferrin (F&",-Tf) (Fig. 7). Under normal circumstances 20—-45% bbinding sites are

occupied by iron (measured as percent transfeaturation - TSAT).

Also TSAT is an important diagnostic marker; itdiscreased in iron deficiency and

increased when excess amounts of iron are presenpathological conditions with

oversaturated transferrin, non-transferrin-bourmah iENTBI) is present in the circulation

and readily taken up by the liver, heart, and otisgues. A fraction of NTBI, so called

labile plasma iron (LPI) may catalyze the formatminreactive oxygen species (ROS),

which are the main cause of iron-related toxicByigsot et al., 2012).

1.2.2 Erythroid iron utilization and soluble transferreceptor

Erythroid precursors have the greatest need far iooallow production of large
quantity of hemoglobin. Erythroid precursors takeion through transferrin receptor 1
(TfR1 or TfR) (reviewed in Ponka, 1997), which sfieally binds diferric Tf (Fig. 8).

Figure 8. Erythroid iron

Tf transport and utilization.
Diferric Tf Tl @ § Developing erythroblasts take up
& O iron bound to transferrin (diferric
Tf) via transferrin receptor 1

(TfR1) mediated endocytosis.
Acidification of the endosome

(H") leads to iron release from the
complex. TfR1 and Tf are recycled
to the cell surface and blood
circulation, respectively. In

endosome, ferrireductase STEAP3

Glonin reduces F& to Fé&', which is

chains
subsequently exported out of this
N organelle by DMT1. Mitoferrin
G (Shaw et al., 2006) presumably
delivers Fé' towards

ferrochelatase (FECH) for its
insertion into PPIX. Synthesized
heme is then transported to cytosol
for assembly with globin chains.
This step is likely mediated by
FLVCR1b.

Only direct delivery of iron to mitochondria as posed by theKiss and run hypothesisis’ (Sheftel et
al., 2007) is depicted. Alternative pathway invaatermediate transport of iron through cytoplasm
by chaperor (Shi et al., 2008
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The concentration of the soluble form of TfR (sTiR}he serum is an indicator of

iron status. The levels of sTfR are increased am ideficiency and decreased in iron-

replete states. However, caution needs to be tak@athological states associated with

accelerated erythropoiesis, where elevated sTflRIdexeflect stimulated erythropoiesis

rather than iron deficiency.

Upon binding, the complex of TfR1/diferric Tf ist@rnalized into endosomal
recycling vesicles. Following acidification of ersones, iron is reduced to ferrous state
likely by STEAP3 (six-transmembrane epithelial gati of the prostate 3) (Ohgami a kol.,
2005) to be transported across the endosomal memtmaDMT1 (Fleming et al., 1997)
(Fig. 8); the expression of this erythroid specifioform of DMT1 (isoform II; - IRE/1B)
is not regulated by iron.

The process of iron delivery to mitochondria is rmimpletely understood.
Nevertheless, once inside the organelle, iron seried into PPIX by ferrochelatase to
form heme (Ajioka et al., 2006). Finally, to enabie formation of hemoglobin molecule,
heme needs to be transported into the cytosoldocase with the globin chains (Fig. 8).
In 2004, Quigley et al. reported that feline leukemirus, type C, receptor 1 (FLVCR1)
may act as a heme exporter. Later experiments lexighat the FLVCR1b isoform,
expressed in the mitochondria, is essential for éheeport out of this organelle
(Chiabrando et al., 2012) (Fig. 8). The proposdd o6 FLVCR1a isoform in heme export
out of developing erythroid precursors to avoidosglic heme toxicity is still a matter of
debate.

Besides heme, iron forms in the mitochondria alem-sulfur (Fe-S) clusters,
which are essential for respiratory chain complexed a number of mitochondrial and

cytosolic proteins (reviewed in Lill and Mhlenhg2008).

1.2.3 Erythrophagocytosis and iron recycling

Erythrophagocytosis is a process essential for irenycling. Most of the
circulating plasma iron (15-25 mg/day) comes fromtheoid cells phagocytized by
macrophages in the liver, spleen, and bone marrow.

Macrophage ingestion of senescent or damaged ecyifes leads to their
breakdown, degradation of hemoglobin, and ironasgefrom heme by HO-1 (Poss and
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Tonegawa, 1997). Iron is then exported from phagmdgmes to the cytosol presumably
by DMT1 and its homolog natural resistance assediatacrophage protein 1 (NRAMP1)
(Jabado et al., 2002; Soe-Lin et al., 2009) andbeaeither stored in the cytosol (bound to
ferritin) or transported back to the circulation feyroportin (Donovan et al., 2005). Iron
binding to Tf is facilitated by a multicopper fexidase ceruloplasmin (CP), which

oxidizes ferrous iron to ferric iron (Harris et,d999) (Fig. 9).

Figure 9. Erythrophagocytosis.
Senescent or damaged red blood
cells are phagocytosed by
macrophages and degraded. Iron
is released from heme by HO-1
and exported to cytosol by
NRAMP1 or DMT1. Iron is then
either stored in ferritin for
utilization in times of need or
returned to the circulation. Iron is
exported from macrophages by
ferroportin and oxidized iron (by
ferroxidase  ceruloplasim) s
loaded onto Tf (diferric Tf).

Effete erythrocytes

Diferric Tf

2+
Fe

Ferropgrtin B/ Hem
@)
DM:’*O (5/ HEM

Erythrophygocytosis can be substantially increasdde to ineffective

erythropoiesis (Beguin et al. 1988), which is characterized byiraareased number of

erythroid precursors in the bone marrow and concontant cell death of erythroid
precursors and mature erythrocytes

Abnormalities in _macrophage iron recycling conttéuo the development of

several pathological conditions particularly anerofachronic diseases and hereditary

hemochromatosis. The underling defect is disruptibmon export from macrophages. An

impaired _recycling of erythrocyte-derived iron isa responsible for iron overload in
heavily transfused patients, such as those fvitialassemia major (reviewed in Ganz and
Nemeth, 2012a).
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1.2.4 Requlation of iron homeostasis

The role of iron homeostasis is to keep iron cotregion tightly regulated to fulfill
the demand for iron while avoiding its toxicity. ifthappens at organismal (systemic) as
well as cellular level; the first involves hepciffarroportin regulatory circuitry and the
later action of iron regulatory proteins (IRPs) teir binding to iron response elements
(IREs). In addition, hypoxia seems to be playingeacidin-independent homeostatic role,
as HIFs regulate expression of a number of genedvied in iron metabolism. This is best
documented in duodenal enterocytes, where HIF2ralgniron uptake and export by
regulating the expression of DCYTB ferric reductasgtestinal DMT1- isoform |
(+IRE/1A), ferroportin, and HO-1 (reviewed in Hap2613).

1.2.4.1 Cdlular iron homeostasis

Cellular iron homeostasis is responsible to enadexjuate, but not excessive iron
supply to each cell. The best studied mechanisiasrein the action of two cytoplasmic
iron regulatory proteins: IRP1 and IRP2. Theseenstbind to IREs present in either 5’ or
3’ untranslated regions (UTRs) of mMRNA (Eisenstamd Blemings, 1998) of genes
encoding proteins crucial for iron uptake, storam®] heme biosynthesis and thus affect
their translation and/or mRNA stability (Cairo adetrangelo, 2000). The IRE binding
capacity of IRP1 and IRP2 depends on the leveistfcellular iron.

When iron is low, IRP1 and IRP2 bind to IREs leadito stabilization and
increased expression of MRNA encoding proteins liegin iron uptake such as TfR1
and intestinal DMT1- isoform | (+IRE/1A), with IREs their 3'UTR. Simultaneously,
the expression of iron storage or export proteiegifin L- and H-chains and ferroportin)
and the erythroid specific heme biosynthetic enzyfeaminolevulinate synthase 2,
ALAS?) is blocked as their mMRNA contains IREs ie i UTR. The opposite happens in
high iron condition;i.e. block of iron absorption and enhanced iron storag¢RP1 and
IRP2 lose their capacity to bind IREs and the esgio: of corresponding mRNAs is
therefore regulated inversely. More details on IRE/ system can be found in the
Attachment 7 or in the literature (Muckenthaleakt 2008).
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1.2.4.2 Hemeregulatoryrolein erythroid iron homeostasis

The highest levels of heme are produced in devefpprythroid cells. Thank to
collaboration with prof. P. Ponka (Montreal, Canatleontributed on a study analyzing
the role of heme-degrading enzyme HO-1 (Poss a gawe, 1997) in erythropoiesis,

which was that time not known.

Using cellular models we have demonstrated thatlH®-expressed in erythroid
cells and upregulated during erythroid differembiat Overexpression of HO-1 causes
depletion of heme and leads to a secondary decired$B1 expression and iron uptake by
the cell. Moreover, reduction in heme levels resintincreased HRI kinase activity which,
in turn, represses globin translation via phosplatign of elF2.. On the other hand, HO-1
deficiency leads to increased levels of heme reguih a mainly transcriptional activation
of TfR1 expression and an enhanced iron uptakehbycell. The increase in the heme
levels also represses HRI activity, leading to asigied globin translation. Thus under
physiological conditions, appropriate levels of H@uarantee optimal hemoglobinization
rates. We proposed that HO-1 controls the level$free” or uncommitted heme pool,

serving both precursor and regulatory function @zaBantos et al., 2014).

In 2015 a group of E. Tolosano showed that also GRY contributes to the
control of the size of cytosolic heme in erythraidlls (Mercurio et al., 2015). By
modulating and studying FLVCR1 deficiency in miaedazebrafish they proposed that
both Flvcrla and Flvcrlb isoforms are important elosure proper heme levels for
metabolic activity of highly proliferating erythiiprogenitors. At this stage export of
heme out of the cell by FLVCR1a may be criticabtmid excessive heme accumulation.
On the other hand only Flvcrlb, exporting heme fraitochondria to the cytosol, is also
required for terminally differentiating erythroicelés to sustain high rate of hemoglobin
synthesis. FLVCR1a becomes dispensable and itaissjtlle, that HO-1 control of heme

levels may become important at this time (Garciat&aet al., 2014).
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1.2.4.3 Systemiciron homeostasis

The mechanisms involved in systemic iron homeostesjulate iron absorption,
deposition, and mobilization from stores and urgtersiological conditions depend on the

erythropoietic activity and amount of stored iron.

The principal regulator of iron homeostasis is ecudating peptide hepcidin
produced by liver hepatocytes and cleared by tdeekis.Hepcidin controls plasma iron
concentration by inhibiting dietary iron absorption and release of recycled iron from
macrophages and stored iron from hepatocyte§eviewed in Ganz and Nemeth, 2012b)
(Fig. 10).

Hepcidin overexpression causes iron deficiency amehae to inhibition of iron
absorption and iron release from stores (Nicolad.ef002a). On the other hand, hepcidin
deficiency results in iron hyperabsorption, pargmeal iron overload, and reduction in

iron stores within macrophages (Nicolas et al.,12®betto et al., 2003).

Iron signals
Inflammation Erythroid demand
1

5 L

\ L

Spleen
% l ~ Erythrocytes
)
Liver Plasma OO
0
o
Duodenum Bone marrow

Figure 10. Hepcidin in iron homeostasis.Hepcidin synthesis in hepatocytes is increased in
response to high iron and inflammation and suppokss/ accelerated erythropoiesis. Hepcidin
negatively influences (black lines) export of digtaron from duodenal enterocytes, release of
erythrocyte-derived iron from splenic macrophagasd mobilization of stored iron from
hepatocytes by binding to ferroportin (blue cylindeand inducing its degradation. This
consequently leads to the regulation of the irovele in the circulation (diferric Tf) and its
availability for erythropoies in the bone marrow
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The action of hepcidin is mediated by its bindirg ferroportin, leading to
ferroportin internalization and degradation (Nemettal., 2004a). Because ferroportin is
the sole iron exporter from the cells, its degramtatesults in the block of iron delivery to
the plasma and extracellular fluids and consequeath drop in iron concentration (Fig.
10).

Hepcidin synthesis is regulated at transcriptideegl. It is induced in response to
increased levels of diferric Tf in the plasma ancréased iron stores in hepatocytes (iron
signals) (Corradini et al.,, 2011) and suppressethguron deficiency and accelerated
erythropoiesis due to anemia, ineffective erythregps (erythroid demand), and/or
hypoxia (Nicolas et al., 2002b) (Fig. 10). Hepuoigroduction is potentially stimulated by
inflammation (Nemeth et al., 2003). Recent studiesmice suggested that also growth
hormones and factors (Troutt et al., 2012; Goodhoey al., 2012) as well as sex
hormones, mainly testosterone (Latour et al., 2@ et al., 2013) and estrogen (lkeda et
al., 2012; Hou et al2012; Lehtihet et al., 2016;) may regulate hepcielirels.

Requlation of hepcidin by iron

Analyses of animal models and studies in patienth genetic diseases (mainly
hereditary hemochromatosis - HH and iron refraciooy deficiency anemia — IRIDA)
have helped to identify proteins involved in iradated regulation of hepcidin expression
(Table 1, Fig. 11). Please see Attachments 7, 8%d review by Ganz and Nemeth

(2012a,b) for detailed description of these disgease
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Table 1. Genetic abnormalities in proteins involvedin the

homeostasis identified in humans.

regulation of iron

HEPCIDIN FINDINGS/
GENE PROTEIN FUNCTION DISEASE
LEVELS SYMPTOMS
Fe deposition in thd
Modulator of .
HFE HFE . L .| HHtype 1l l liver, heart, and
circulating iron sensinpg o
endocrine tissues
BMPs co-receptor,
HH type 2a,
HJV HJV activation of 'uvilrgﬂle Ll Early onset, severg
BMP/SMAD pathway : Fe deposition in thq
. liver, heart, and
HAMP Hepcidin Regulator of systgmlc HH typg 20, absent endocrine tissues
iron homeostasis juvenile
Sensor of circulatin Fe deposition in thg
TfR2 TfR2 iron 9 HH type 3 Il liver, heart, and
endocrine tissues
Cleavage of mHJV, Hvpochromic
TMPRSS6 | Maptriptase 2 supression of IRIDA T micr)é)p(): tic anemia
BMP/SMAD pathway y
Predominant
HH type 4a . macrophage Fe
Iron exporter, hepcidin overload,
SLC40A1 | Ferroportin ® » Nep occasionally anemig
target
Parenchymal Fe
HH type 4b 11 overload

Table legend: HH - hereditary hemochromatosis, WRIDron refractory iron deficiency anemia,-

decreased; - increased

In a current model, circulating iron (diferric Ti§ sensed by transferrin receptor 2
(TfR2) and TfR1 assisted by a protein associatetth wemochromatosis type | (HFE).
TfR2 is stabilized by diferric Tf and increasedd&s/of diferric Tf concomitantly promote
displacement of HFE from TfR1 and its binding tdR2f It is proposed that HFE/TfR2
complex somehow potentiates bone morphogeneticeiprdBMP) receptor signaling
(reviewed in Ganz and Nemeth, 2012a) (Fig. 11).

In mice, BMP6 acts as an endogenous hepcidin regulthat activates
BMP/SMAD signaling (Andriopoulos et al., 2009). BIRexpression is stimulated by
increased hepatic iron stores rather than by @tmg iron. BMP6 binds to the type | and
type Il BMP receptors (BMPR I-1l). The membraneasated form of hemojuvelin
(mHJV) acts as a co-receptor for BMPs and via atm of SMAD1-5-8 and SMAD4
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transcription factors directly stimulates hepcidane expression (Wang et al., 2005) (Fig.

11).

Clrcqlatl-ng iron
Differic Tf Inflammation

{ e®
®
o IL-6

TfR1
IL-6R .

SMt:D JAK/STAT3
patiway pathway

Figure 11. Regulation of hepcidin synthesiBMP6 expression is stimulated by increased hepatic
iron stores (dash line). BMP6 forms a complex wiith type | and type Il BMP receptors (BMPR I-
II) and the co-receptor membrane-bound hemojuv@tilJV). This leads to phosphorylation of
SMAD 1/5/8, which subsequently binds to SMAD4. THeteromeric SMAD complex translocates to
the nucleus, binds to the hepcidin gene promotet,agtivates its expression. Soluble hemojuvelin
(sHJV) competes with mHJV for BMP6 and thus inkbitepcidin activation mediated by the
BMP6/SMAD pathway. Hepcidin expression is also riwgdy regulated by the protease matriptase-
2; it is presumed that matriptase-2 cleaves mHJ¥pditin expression is stimulated also by
circulating iron; diferric transferrin stabilizesfR2, which in complex with HFE likely activates
BMPR/SMAD pathway. The precise signaling respomsibl this activation remains to be identified
(question mark). During inflammation, IL-6 induckspcidin expression directly via JAK/STAT3

pathway

In mice, BMP6 act as an endogenous hepcidin regyullaat activates BMP/SMAD
signaling (Andriopoulos et al., 2009). BMP6 expresss stimulated by increased hepatic
iron stores rather than by circulating iron. BMPiéds to the type | and type Il BMP
receptors (BMPR I-1I). The membrane-associated fofrhemojuvelin (mHJV) acts as a
co-receptor for BMPs and via activation of SMADB%nd SMAD4 transcription factors

directly stimulates hepcidin gene expression (Wetrg., 2005) (Fig. 11).
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On the other hand, membrane associated serineapeotaatriptase-2 encoded by
TMPRSS (type Il transmembrane serine protease 6) (DU.eR2@08) acts as a negative
hepcidin regulator. Matriptase 2 cleaves mHJV amas tabrogates the BMP6/SMAD
signaling (Silvestri et al., 2008a) (Fig. 11)wias shown that matriptase 2 is stimulated by
acute iron deficiency and hypoxia and represseddmyrich diet and BMP6. In addition
the BMP6/SMAD pathway is also inhibited by solubl&Vv (sHJV), which likely competes
with mHJV for BMP6 binding (Lin et al., 2005) angf beogenin (Enns et al., 2012) and

furin (Silvestri et al., 2008b), but the exact magisms are less clear.

Requlation of hepcidin by erythropoiesis

In comparison to iron-related regulation of hepriids regulation by erythropoiesis
is less clarified. It has been presumed that ththesid regulators of iron absorption and
recycling exist (these were later modified to regois of hepcidin) in order to adjust iron
supply to the production of erythrocytes (Finch94p This becomes even more important
in the states of accelerated erythropoietic agtifdiue to bleeding, hemolysis, ineffective

erythropoiesis, and/or hypoxia).

Initially, hypoxia and EPO were proposed to indbepcidin directly. The direct
effect of EPO was excluded using mouse models dighupted erythropoiesis that were
unable to attenuate hepcidin synthesis in resptn&PO administration (Pak et al, 2006;
Vokurka et al, 2006). Our own work on patients witjruvate kinase deficiency and
mainly Diamond-Blackfan anemia, confirmed thesauiltss(see Chapters 2.2.2 and 2.2.3
for details). Similarly, the analyses on mice witiodulated HIF activity showed that
hepcidin supression by hypoxia requires EPO-induesdhropoiesis (Liu et al., 2012;
Mastrogiannaki et al., 2012).

There is therefore now believed that the negatagilation of hepcidin relies on
the action of one or more erythroid suppressorschwvhre produced by EPO-stimulated

bone marrow erythroid cells.

Two candidate molecules were proposed as hepcigipressors in disease states
associated with ineffective erythropoiesis: growitierentiation factor 15 (GDF15) based
on a negative correlation with hepcidin levels imfan patients witB-thalassemia (Tanno

et al., 2007) and twisted gastrulation (TWSG1) Hasa elevated TWSG1 mRNA in
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murine B-thalassemia models (Tanno et al., 2009). Howesebsequent research has
questioned their role. No induction of TWSGL1 in eninjected with EPO or challenged by
blood loss indicates that TWSGL is not involveglirysiological suppression of hepcidin
(Liu et al., 2012; Casanovas et al., 2013). Sifyjjamomparable levels of hepcidin in wild-
type mice and Gdf15 knock-out mice after phlebot@ng the presence of normal GDF15
levels in blood donors indicate that neither GDHR45involved in the physiological
suppression of hepcidin (Casanovas et al., 2013addition, the levels of TWSGL1 in
human patients with ineffective erythropoiesis ameknown. Finally, recent study
suggested that GDF15 should rather be consideradrasker of ineffective erythropoiesis
(Ronzoni et al., 2015). Our own data presentedhapers 2.2.2, 2.2.3, and 2.2.4 are in

agreement with this conclusion.

Very promising seems to be a recent descriptioanoérythroid regulator, named
erythroferrone (ERFE) (Kautz et al., 2014). ERFEmsoded byram132b gene and was
previously described as myonectin or CTRP15, a neenalb the Clg/tumors necrosis
factor (TNF)-related protein family (CTRP). ERFEpsoduced by erythroid precursors in
response to EPO administration via JAK2/STATS5 pathwAlthough the adult ERFE
knock-out mice have normal hematological and inatus parameters they exhibit a delay
in recovery from blood loss due to a failure of tachepcidin suppression. In additigh,
thalassemia intermedia mouse model shows elev&R&EExpression (Kautz et al., 2015),
suggesting its role in hepcidin suppression infewtive erythropoiesis. However, further

research is needed to clarify ERFE role in the leggun of hepcidin production.

Although the identity of pathological and espegiaphysiological erythroid
regulators of hepcidin remains elusive it is weltepted that these erythroid signals have
stronger effect on hepcidin synthesis than iroatesl signals. This is best documented on
pathological conditions such gsthalassemia and congenital dyserythropoietic aagemi
where ineffective erythropoiesis is accompanied Hyperferremia, iron overload in
parenchymal tissues, and very low or nearly undaiée levels of hepcidin (Papanikolaou
et al., 2005). Suppressed hepcidin despite massineverload clearly shows that signals

controlling iron supply for erythroid cells domieabver iron-sensing signaling.
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Requlation of hepcidin by inflammation

Pathological conditions associated with infectiomd a inflammation are
characterized by substantial increase in hepcelnels, which supports the antimicrobial
role of hepcidin. The key molecule stimulating hdpt synthesis is interleukin-6 (IL-6)
(Nemeth, et al., 2004b) which activates hepcidipression via JAK/STAT3 pathway
(Wrighting and Andrews, 2006) (Fig. 11). Recent dsts indicated that during
inflammation JAK/STAT3 pathway induces hepcidin thasis synergistically with
BMP/SMAD signaling (activated by activin B or BMParmily members) (Verga
Falzacappa et al., 2008; Canali et al. 2016). I&¥roduced by neutrophils, Kupffer cells,
and many other cells and this direct activatiomebcidin results in decreased availability
of iron and is the pathophysiological mechanismpoesible for anemia of chronic
diseases (Nemeth and Ganz, 2014).
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1.3 Inherited defects of erythropoiesis

Disorders of erythropoiesis can be classified asmaa or polycythemia and the

corresponding abnormalities may be either inhetedcquired.

1.3.1 Anemia

Anemia is a state characterized by decreased tdvieemoglobin, which can be
accompanied by reduced number of erythrocytes éndculation. This consequently
leads to inappropriate oxygen supply and tissueoxigp The most common cause is
acquired nutritional iron deficiency known as irdaficiency anemia (IDA) resulting in
hypochromic and microcytic erythrocytes. IDA neéde distinguished from inherited
microcytic anemias, as it can be successfully égkatith iron supplements. On the other
hand, iron therapy is usually inappropriate forented microcytic anemias caused by a
defect in iron metabolism or hemoglobin productisee Attachment 8 for details).

Inherited anemias can be classified, according to the causativeqgudysiology,
into anemias caused Ky impaired production of erythrocytes in the bone marow or

2) increased destruction of erythrocytes.

1.3.1.1 Inherited anemias due to impaired production of erythrocytes
Impaired production of erythrocytes may have défdgreasons:

A) Defect in proliferation and differentiation that can affect either erythroid cells
or hematopoietic stem cells. The first group inelsBiamond-Blackfan anemia (DBA)
apure red cell aplasia ammbngenital dyserythropoietic anemia({CDA) characterized by
premature destruction of erythroblasts. The secgralip is represented blyanconi
anemia, which is an aplastic anemia with concomitant o@nce of leukopenia and

thrombocytopenia caused by bone marrow failure.

B) Defect in globin synthesis(hemoglobinopathies) that may be related to the
production of a structurally abnormal hemoglobing; sickle cell anemiaor to an

imbalance in globin chain synthesis leadinght@assemia(mainly - or a-thalassemia).
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C) Disrupted heme synthesisvhich is typical forsideroblastic anemiaand is
associated with thaccumulation of iron in mitochondria of developieiythroblasts. This
category also includesre inherited defects of iron transport resulting in iron-deficient
erythropoiesis; an example is the anemia due to DM@&ficiency (see Chapter 2.1 and

Attachment 7 and 8 for details).

D) Disrupted synthesis of DNAthat is characteristic fanegaloblastic anemias
including pernicious anemia. Typical are, besidesabnormalities in erythropoiesis, also
defects in granulopoiesis and thrombopoiesis leatiinpancytopenia. Although the vast

majority of cases are acquired, a small number lbeagaused by inherited defects.

1.3.1.2 Inherited anemias due to increased destruction of erythrocytes - hemolytic

anemia

In this second group of anemias, the underlyingseas increased destruction of
erythrocytes (hemolysis). Hemolytic anemias resfuim increased breakdown of
erythrocytes, which is not completely compensatgdhle enhanced erythropoiesis in the
bone marrow. Enhanced erythropoiesis leads to enreased release of reticulocytes into

the circulation, making the high reticulocyte cowre of the diagnostic criteria for

hemolysis.

In the case of inherited hemolytic anemia, the adws defect is intrinsic to

erythrocytes and may be due to:

A) Defect of erythrocyte membrane production leading to formation of
abnormally shaped erythrocytes, most commonly syges inhereditary spherocytosis

(HS) and elliptocytes ihereditary elliptocytosis (HE).

B) Defect in erythrocyte metabolismdue to an abnormal activity of erythrocyte
enzymes such as pyruvate kinase (PK) or glucqsee8phate dehydrogenase (G6PD)
leading toPK deficiency andG6PD deficiency respectively.
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C) Defect in hemoglobin production leading to hemoglobinopathies with
unstable hemoglobins In some of the already mentioned hemoglobinopathsuch as

sickle cell anemia, a hemolytic crisis may develop.

1.3.1.3 a- and p-thalassemia

Our own work presented in Chapter 2.2 has congibtd the characterization of an
abnormal crosstalk between erythropoiesis and imetabolism in the different types of

inherited anemias.

Becausep-thalassemia intermedia and major represent mogelrders to study
disrupted balance between erythropoiesis and iretalolism, as it will be discussed
repeatedly in the Chapter 2.2, more details will gwen with respect to the

pathophysiology of these diseases.

Thalassemias are a heterogeneous group of inhetiseuiders characterized by
reduced or absent synthesis of one or several mglobains which are a part of the
hemoglobin molecule. Under physiological conditiotiee ratio ofa- and none-globin
chains (predominantly$-globins in adults) in erythrocytes is balanced1)l:The
pathophysiology and clinical symptoms of thalasseie related to the extent of the
imbalance betweetr andp-globin chain synthesis and reflect the severitthatmolecular
level; mutant alleles causing more profound imbedaim the globin production would be
associated with more severe alteration in erythegi® The causative mutations may
either lead to reduced’( o) or absent synthesi$% o°) of globin chains (reviewed in
Weatherall, 2001).

The majority of pB-thalassemia mutations are single nucleotide dukisins,
deletions, and insertions of oligonucleotides difer the coding sequence as well as
intronic and promotor region @kglobin gene (Murru et al., 1991; Huisman, 1997rgeo,
2001). More rarelyp-thalassemia results frofirglobin gene deletions or deletion of the
regulatory LCR (Popovich et al., 1986; Forget, 2001
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Heterozygous carriers of @-thalassemia allele p{/p or B%p) are usually
asymptomatic, with hypochromic and microcytic ergttytes, mild anemia accompanied
by an compensatory increase in the number of reddbtells (erythrocytosis) and slightly
increased erythropoiesis in the bone marrow. Ty tof thalassemia is known f#s
thalassemia minor or B-thalassemia trait (Weatherall, 2001). The information on
disrupted erythropoiesis and iron metabolisnf-thalassemia trait is just being published
(see Chapter 2.2.4 and Attachment 6)

More profound imbalance ia- andf-globin chain synthesig{/p* or B*/p% leads
to p-thalassemia intermedia Patients exhibit moderate anemia with signs ondigsis,
ineffective erythropoiesis, and splenomegaly. Sopatients may require occasional
transfusions (Weatherall, 2001). It is known thapdidin levels are low ifi-thalassemia
intermedia due to the suppressive effect of acatddrerythropoiesis, which leads to the
hyperabsorption of dietary iron and developmerdgamfondary iron overload independently
of transfusions (Nemeth, 2010). Several molecugsstieen shown to correlate negatively
with hepcidin inp-thalassemia patients or mouse model, i.e. GDFabr{d et al., 2007),
TWSGL1 (Tanno et al., 2009), and ERFE (Kautz et24115), but their role in hepcidin
attenuation (as it was discussed above) needs tbabiGed. Increased iron levels in the
circulation cause oversaturation of transferring #mus concomitant increase of NTBI in
the plasma. NTBI is rapidly taken up by the hepgies and other parenchymal cells
(cardiac myocytes and endocrine cells) causingieissjury and organ damage (Origa et
al., 2007; Nemeth, 2010).

The most severe form of-thalassemia isp-thalassemia major (B%pO).
Hemoglobin levels at diagnosis may be below 3.Q gfbrmal range: 12.0 — 15.0 g/dL)
and patients require regular transfusions (Wealh&®@01). Hepcidin levels are higher
than inp-thalassemia intermedia, likely due to the supjwvessffect of transfusions on
erythropoietic drive (Origa et al., 2007; Nemet@1@). Higher hepcidin is responsible for
preferential iron deposition in the macrophagesvexeless, it was shown that in the
intervals between transfusions, hepcidin levelslgaily decrease, allowing increased iron
absorption in the duodenum, which thus contributesron overload (Pasricha et al.,
2013).
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The clinical picture obi-thalassemia is dependent on the degree of reductio-
globin chain synthesis; i.e. on the total numbematateda-globin genes. Fous-globin
genes are present in normal diploid human genomed) and these may be affected by
deletions (most commonly) or rarely by inactivatipgint mutations. Individuals with
deletion/inactivation of one alleleofeic) are asymptomatic and considessi@gnt carriers
(reviewed in Piel and Weatherall, 2014).

a-thalassemia minoror a-thalassemia traitis typical for individuals who inherit
two mutanta-globin alleles (-d¢o or -o/-a). These individuals are usually clinically
asymptomatic with mild hypochromic microcytic ananaind slightly increased red blood
cell count (Piel and Weatherall, 2014).

Hemoglobin H disease results from mutations affecting thregobin genes (--f)
and presents with moderate to severe anemia aeda@pkgaly. The inactivation of all
four a-globin genes (--/--) is incompatible with life amelds to fetal death hydrops
fetalis (Piel and Weatherall, 2014).

The data on disrupted hepcidin-erythropoiesis axisthalassemia are limited. A
pilot study ona-thalassemia carriers has only recently been phddiGuimarées et al.,
2015).

1.3.2 Polycythemia

The true polycythemia (or erythrocytosis) is chtedzed by increased red cell
mass, which can be accompanied by elevated hemnglblematocrit, and increased
number of red blood cells (Berlin, 1975).

In primary polycythemias, inherited germline mutations or acquired somatic
mutations that are expressed within the hematapgiebgenitors lead to their augmented
responsiveness to EPO (i.e. EPO-hypersensitivityeBO independence). The patients
exhibit reduced/low-normal EPO levels (reviewedPnchal, 2010).

The only known germline mutations in primary polycythemia areEPOR

truncations leading to EPOR gain-of-function. Thesses are referred to asimary
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familial and congenital polycythemia (PFCP) (Kralovics and Prchal, 2000). The best
characterizedsomatic mutation causing acquired primary polycythenia is the V617F
substitution in JAK2, a hallmark of polycythemia ver®Y) (Fig. 12). (Baxter et al., 2005;
James set al., 2005; Kralovics et al., 2005; Lewhal., 2005; Zhao et al., 2005) Additional
somatic JAK2 mutations in V617F-negative patiengsemeported in JAK2 exon 12 (Scott
et al., 2007).

Elevated Hb/Hct

Normal +<—— Redcell mass — Increased
RELATIVE POLYCYTHEMIA TRUE POLYCYTHEMIA

|

JAK2 V617F, exon 12

/ \

0, saturation «—— negative positive
/ \
<92% >92%
Cardiac, pulmonary disease Serum EPO
Increased Decreased EPO hypersensitivity
(upper normal range) (lower normal range)

PFCP (EPOR mutations)
l Other mutationsin
EPOR/JAK2 pathway

EPO hypersensitivity
Negative Positive
+ + + — |Mutations in hypoxia
P50 decreased P50 normal P50 normal sensing pathway
l l (HIF2A, VHL, PHD2%*)
High affinity Hb Renal disease

EPO producing tumors

2,3 BPG deficiency
Methemoglobinemia

Figure 12. Differential diagnosis of polycythemiatates. The inherited causes are depicted in grey
rectangles. * - the information on EPO hypersengiin PHD2-mutant cases is incomplete. For
details please see the main text. Adapted and maddifom Spivak and Silver, 2008 and Patnaik
and Tefferi, 2009.
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The consequences of genetic lesions in EPOR and2Jisklude mainly the
alterations of the JAK/STAT signaling pathway, wiBTATS5 being the most critical
downstream effector of EPOR/JAK2 signaling (Fig.(Bpnstantinescu et al., 1999). In
contrast to patients with neoplastic PV, where geoic JAK2 V617F drives constitutive
activation of JAK2/STATS5 (Funakoshi-Tago et al.12) the patients with non-malignant
PFCP reveal only prolonged activation of JAK2/STA@&thway (Arcasoy et al., 1999;
Divoky et al., 2016), do not develop clonal diseas&l do not transform to acute leukemia
(Kralovics and Prchal, 2000; Prchal 2010).

Recently, mutations iLNK, the negative regulator of EPOR/JAK2 signaling,
have been reported in idiopathic erythrocytosesggavith unidentified molecular defect)
and subnormal or normal EPO levels (reviewed in MM and Cario, 2016). The
functional consequences of these mutations arearapletely known; nevertheless some
of them have been reported also in patients witklapyoliferative neoplasm (MPN) and
shown to cause improved cellular proliferation {egxed in McMullin and Cario, 2016).
MPNSs represent a heterogeneous group of diseas@sgling PV, with an excessive clonal
production of one or more types of blood cells (rgtite or platelets) in the bone marrow

that may evolve into acute leukemia (Tefferi et28I09).

Secondary polycythemiasare caused by increased levels of erythropoiesis
stimulating factors such as EPO, insulin growthidad (IGF-1), or cobalt. These extrinsic
factors stimulate erythropoiesis either in respomsehypoxia or in excess of the
physiological needs. The characteristic featurestevated EPO levels (or inappropriately
normal for elevated hematocrit) and normal erytthm@sponse of erythroid progenitors to
EPO (reviewed in Prchal, 2010).

Acquired secondary polycythemia may be relatedyjmokia caused by cardiac or
pulmonary disease or to increased production of EP®nal disease or by certain tumors.
Cardiac or pulmonary disease are suspected wheartieal oxygen saturation is below
92% (< 92%) (Fig. 12).

Polycythemia which develops as an adaptation tt higtude or in tobacco use
also belongs to the category of acquired secondatycythemias which are driven by

hypoxia (reviewed in Prchal, 2010).
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Inherited secondary polycythemiacan be caused by the presencligh oxygen
affinity hemoglobin due tomutations in a- or B-globin genesor by loss-of-function
mutations in 2,3-bisphosphoglycerate (2,3-BPG) musz. 2,3-BPG mutase is a
glycolytic enzyme which modulates the level of BBG. 2,3-BPG deficiency decreases
tissue release of oxygen and results in a physicatlg appropriate increase in EPO levels
(reviewed in Prchal, 2010). The assessment of hkrbimgoxygen dissociation kinetics
and calculation of P50 values (the partial pressiir®, at which hemoglobin becomes
50% saturated) is a useful test in differentiabdasis of polycythemia states (Fig. 12 and
13) (Patnaik and Tefferi, 2009). The leftward sbifdissociation curve and decreased P50
may indicate the presence of one of the above omedi abnormalities and further

molecular testing of these potential targets is thavised (Fig. 13).

Figure 13. Oxygen dissociation
curve. P50 values represent the
partial pressure of Qat which
hemoglobin is saturated at 50%.
P50 in a healthy person with
normal Hb is 26 + 1.3 mm Hg.;
P50< 20 mm Hg is considered
as abnormaly low. Adapted and
modified from Patnaik and
Tefferi, 2009.
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Rare inherited methemoglobinemias(for example due to hemoglobin M or
cytochrome b5 reductase deficiency) may lead toompensatory polycythemia in
response to hypoxia which develop due to decreaggden carrying capacity and/or
decreased oxygen release into the tissues. Incteasthemoglobin level (above 1%) is

present in these patients (reviewed in Prchal, 010
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If the P50 values and oxygen dissociation curvenarenalgermline mutations
in genes involved in the hypoxia-sensing pathway arsuspected(Fig. 12). These
include mutations in VHL, HIF2A, and PHD2, which inappropriately increase signaling
mediated by HIF and cause overproduction of EP@né@kaand Tefferi, 2009). Some of
the VHL- and HIF2A-mutant erythroid progenitors éih hypersensitivity to EPO and
thus share some features with primary polycythestédes (Kapralova et al., 2014); the

information on EPO responsiveness in PHD2-mutaoggmitors is incomplete.

Despite advances in this research area a consldanamber of patients are still
classified asidiopathic erythrocytosis asthe exact cause of polycythemia remains

unknown.

It is believed that patients with low EPO levels ifo lower normal range) have an
abnormality in EPOR pathway, while individuals wihevated EPO (or in upper normal

range) have abnormality in HIF signaling.
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2. COMMENTARY TO THE COLLECTION OF SELECTED PUBLICATION S

My habilitation thesis is based on previous redeat our group, lead by Dr.
Vladimir Divoky. The thesis represents a directtoamation of my Ph.D. work, which was
focused on cellular and molecular characterizatmin selected congenital defects
of erythropoiesis. The articles presented in myilliation thesis are divided into three

areas:
2.1 Functional consequences of DMT1 deficiency onyéhropoiesis
2.2Disordered iron homeostasis in congenital defects erythropoiesis
2.3Molecular pathophysiology of inherited erythrocyto®s

The data and experiments presented in Chapterarn2l 2.3 were performed with
the contribution of my Ph.D. students: Zuzana Zajokatarina Kapralova, and Barbora
Kralova and in part (Chapter 2.3) in collaboratisith the group of prof. Josef T. Prchal
from Utah.

The analyses presented in Chapter 2.2 were doneoliaboration with the
clinicians from hematology centers in the Czech &halvak Republics, especially prof.
Dagmar Pospisilova from the Department of Pedmtriat the University Hospital
Olomouc. The proteomic assay for hepcidin measun&ngas established at the Institute
of Molecular and Translational Medicine, Faculty Midicine and Dentistry, Palacky
University Olomouc. Renata Mojzikova and Pavla Kkwaa from the Department of
Biology Faculty of Medicine and Dentistry, at P&gdJniversity Olomouc established the
tests for the detection of PK-deficiency and theasueements of erythrocyte enzyme
activities. Martina Divoka from the Department oérdato-Oncology, at the University
Hospital Olomouc was responsible for the diagnowssting of erythrocyte membrane

defects and thalassemias.
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2.1  Functional consequences of DMTL1 deficiency on erytbpoiesis

DMT1 is a transmembrane protein, which plays aiafuole in iron metabolism. It
mediates a pH-dependent ferrous iron uptake fraengtht lumen into enterocytes in the
proximal duodenum and iron transport from the tams-transferrin receptor complex
towards the mitochondria, the site of heme synshieserythroblasts (Gunshin et al., 1997;
Canonne-Hergaux et al., 1999; Touret et al., 2003).

The G185R missense mutation in DMTL1 leads to hypmoalt microcytic anemia
in two rodent models: so callednicrocytic anemia“ (mk/mk) mice (Fleming et al., 1997)
and ,Belgrade” (b/b) rats (Fleming et al., 1998). Targeted disruptidthe genefclla?)
coding for DMT1 causes early postnatal lethalitgfe postnatal day 7) related to the
failure of effective erythroid iron utilization arsgvere anemia (Gunshin et al., 2005b).

Our group has described the first human mutatioDMiT1 (Priwitzerova et al.,
2004, Mims et al., 2005, Priwitzerova et al., 2005unctional analyses showed that both
the expression and function of DMT1 protein areamgd by this mutatiorDisruption of
erythroid iron transport due to DMT1 deficiency represented a novel mechanism of
congenital hypochromic microcytic anemia in humans.In contrast tomk/mk mice
(strain MK/ReJ), majority of DMT1-mutant patientsepented with increased serum iron
and hepatic iron overload. Interestingly, high dosaf recombinant human EPO
(darbepoietin) ameliorated severe anemia in our Diviilutant patient (Pospisilova et al.,
2006). Similar positive results of high-dose EPérdpy were also reported for the second

Italian DMT1-mutant patient (lolascon et al., 2008)

Two original manuscripts are presented in thisiseciThe following commentary

summarizes the most important results.

1. Horvathova M, Kapralova K, Zidova Z, Dolezal D, Pospisilova Divoky V.

Erythropoietin-driven signaling ameliorates thevstal defect of DMT1-mutant
erythroid progenitors and erythroblast$laematologica. 2012; 97:1480-8.
(Attachment 1)

2. Zidova Z, Kapralova K, Koralkova P, Mojzikova R, Bmal D, Divoky V,
Horvathova M. DMT1-mutant erythrocytes have shortened life s@acelerated
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glycolysis and increased oxidative streSdl Physiol Biochem. 2014; 34:2221-31.
(Attachment 2)
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2.1.1 Erythropoetin therapy in DMT1 deficiency (Attachnén

In this study we analyzed the bases for the clirscacess of EPO treatment in
anemia caused by DMT1 deficiency. For this purpeseused primary cells of the Czech
DMT1-mutant patient and DMT1-mutant mice propagateda novel 129S6/SvEvTac
background (Gunshin et al, 2005b) provided by Denfing from Boston.

We revealed that the 129S6/SvEvTac-DMT1-mutant nexkibit iron restricted
erythropoiesis and increased plasma iron. This @iyee is reminiscent of the phenotype
of DMT1-mutant patients, but differs from the onglly describedmk/mk mice strain
MK/ReJ (Fleming et al., 1997) with documented hygeemia (Bannerman et al., 1972).
In this regard, these 129S6/SvEvTac-DMT1-mutantensieem to be more accurate model
for comparison with patients’ samples. In agreenwaithh patient’s data, flow cytometry
analysis of the erythroid differentiation showedgwminance of immature erythroblasts in
the bone marrow and spleen of DMT1-mutant mice wbempared to wild-type (wt)
mice.

In vitro colony assay and immunofluorescence detectiapoptosis (by TUNEL
assay) using patient’s samples before and aftertB®@py showed improved survival of
erythroid cells following EPO treatment; i.e. impeal growth of BFU-E colonies and

reduced number of apoptotic erythroblasts (Fig. 1).
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Figure 1. EPO therapy increases A) the plating
BFU-E erythroblasts efficiency of BFU-E progenitors (the capacity to
Before EPO therapy survive, differentiate, and form coloniasvitro) and
R e reduces the number of apoptotic erythroblasts B)
within the formed erythroid BFU-E colonies and
A ’ alsoC) in the bone marrow. The green fluorescence

identifies apoptotic TUNEL+ cells; the nuclei were
counterstained with DAPI (blue fluorescence). The
arrow in Panel C indicates nonspecific staining of
cytoplasmic granules in a white blood cell precurso
MNC — mononuclear cells**P<0.001

After EPO therapy
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To assess the effect of EPO treatment in more lsetagh doses of EPO were
administered to DMT1-mutant mice. EPO administratto DMT1-mutant mice led to
augmented STATS activation, increased expressiomvofanti-apoptotic proteins (BCL-

XL and MCL-1), and consequently to reduced apoptokerythroblasts (Fig. 2).

A B

EPO treated EPO treated
DMT1-mutant DMT1-mutant DMT1-mutant pn11-mutant
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[T P u:%-a- - * % 2 BCL-XL
’ji.t‘ b .“ﬁ . 4 \
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C Figure 2. EPO administration to DMT1-
i mutant mice A) increases the activity of
38 STAT5 (phosphorylation, p-STAT5, brown
S *g [ nuclear staining)B) increases the expression
5E o CYDpTL-rlget of MCL-1 and BCL-XL; and C)reduces the
R g W EPO treated DMT1-mutant number of early-apoptotic (Annexin V+)
<

erythroid cells (Ter119+) in the bone marrow
(detected by flow cytometry). Similar effect
was detected also in the spleen (see the
manuscript). ***P<0.001

Finaly, we also assessed the systemic iron hommesteour DMT1-mutant patient
and DMT1-mutant mice. Low to undetectable expressid hepcidin confirmed an
inadequate hepcidin suppression by increased epaletic activity. The role of GDF15

and TWSGL1 in hepcidin attenuation in DMT1 deficigmeas not confirmed.

Based on our results we propose that ititebition of apoptosis of erythroid
progenitors and differentiating erythroblasts plays a crucial role in the success of
EPO therapy under conditions of DMT1-deficient eryhropoiesis We can also
conclude that théneffective erythropoiesisassociated with iron-deficient anemia due to
partial loss-of-function DMT1 mutatiois primarily caused by a survival defect of the
erythroid progenitors and differentiating erythrobl asts The study was published in
Haematologica (Attachment 1).
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2.1.2 The effect of DMT1 deficiency on mature erythrosy{Attachment 2)

In further studies we focused on mature DMT1-mutnythrocytes. It is known
that nutritional iron deficiency and certain typefscongenital hypochromic anemia are
associated with increased levels of ROS and shexitbfe span of erythrocytes that can be
at least partially attributed to a programmed dekth of erythrocytes, so called eryptosis
(Lang et al., 2005; Lang et al., 2012).

Eryptosis is characterized by cell shrinkage, oedmbrane blebbing, activation of
proteases, and cell membrane phospholipid scragibliErythrocytes with exposed
phosphatidylserines at the outer membrane surfaeerecognized by macrophages,
ingested, and degraded. Eryptosis is triggeredxmative stress, hyperosmotic shock, and
glucose depletion likely via activation of divalemaicium cation (C&) channels leading to
an increase in the concentration of cytosolié"CRuranton et al., 2002; Lang et al., 2003).

We observed an accelerated clearance of DMT1-muggthrocytes from

circulating blood when compared to wt erythrocyteg. 1).

10 <wt Figure 1. DMT1-mutant erythrocytes show

- DMT1-mutant accelaratedin vivo clearance compared to wild-type
(wt) erythrocytes. The percentage of CFSE-labeled
erythrocytes was measured by flow cytometry at
indicated time points post injection. Values aneegias

% of CFSE-labeled erythrocytes determined two hours
after the injection into the wt mice. h - hours; days;
**P<0.01, *P<0.05

80

60

40

20

% of CFSE-positive erythrocytes

0
2h 24h 7d 14d 19d 30d
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In vitro, DMT1-mutant erythrocytes showed significantly re@sed Annexin V
binding after exposure to hyperosmotic shock angcage depletion. This indicated
increased phosphatidylserine exposure on the memboh DMT1-mutant erythrocytes
and suggested possible involvement of eryptosighén shortened life span of DMT1-
mutant erythrocytes. It is known that eryptosistriggered by cytosolic G activity.
Interestingly, a study by Xu et al. in 2004 suggdsihat the G185R mutation in DMT1
leads to a gain of a constitutive Caermeability. In agreement, we detected signifigan

44



higher content of intracellular €ain DMT1-mutant erythrocytes than in wt erythrocyte
(Fig. 2). Besides increased Cwe also revealed enhanced accumulation of ROS 2ig.

Caz“ content ROS levels

Figure 2. DMT1-mutant
erythrocytes have higher
content of intracellular Ca®*
and increased levels of ROS
Representative histograms of
Ca'-dependent  fluorescence
and ROS-dependent
fluorescence are shown.

wt ) wt
DMT1-mutant DMT1-mutant

Cell counts
Cell counts

o R P
DCF-dependent fluorescence

S w o
Fluo3-dependent fluorescence

Surprisingly, the activity of antioxidant enzymegutathione peroxidase, catalase,
methemoglobin reductase, glutathione reductaseghmdse-6-phosphate dehydrogenase)
measured in erythrocyte lysate was significantighbr for DMT1-mutant erythrocytes
than for wt erythrocytes (Table 1). In additione tbxpression oFoxo3A, a transcription
factor responsible for the upregulation of the -axidative defense enzymes (Bakker et
al., 2007), was significantly elevated in DMT1-muitaeticulocytes when compared to the
wt controls, along with other selected markerswraented hypoxia sensing. These data
suggested that ROS exaggerate anti-oxidative defen®MT1-mutant erythrocytes but
the buffering capacity of this defense is insuffidi to eliminate ROS effectively. We
proposed that tissue hypoxia may limit the extenamti-oxidative capacity in DMT1-

mutant red blood cells.

GPx [IU/g Hb] |MtHbR [IU/gHb]| GR[IU/gHb] | G6PD [IU/gHb] | CAT[IU/gHb]

wt 12.0£0.6 27.2+1.0 5.9+0.9 17.8+0.5 26666 + 5941

DMT1- 18.1+1.1% 50.7 £0.9%** | 14.0+0.5%** 32.1+0.8** | 49639 +7519*
mutant

Table 1. The activity of antioxidant enzymes is imeased in lysates of DMT1-mutant erythrocytes

compared to wt erythrocytes. Enzyme activity is expressed in IU/g hemoglobinbfHGPx -
glutathione peroxidase, MtHbR - methemoglobin r¢alse, GR - glutathione reductase, G6PD -

glucose-6-phosphate dehydrogenase, CAT - catalg¥E)x0.001, **P<0.01, *P<0.05

We also observed abnormalities in anaerobic glys/yanother metabolic pathway
essential for erythrocytes and responsible formptfogluction of ATP. Selected enzymes of
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this pathway (hexokinase, pyruvate kinase, andogkerphosphate isomerase) showed
increased activity in DMT1-mutant erythrocytes ongparison with wt erythrocyte (Table
2). Despite this hyperactivation HPLC-MS/MS meamgnts for ATP and ADP revealed
reduced levels of ATP and consequently reduced ADP/ ration in DMT1-mutant
erythrocytes (1.7+£0.5) when compared to wt erytyes (2.8+0.6). This result suggested
increased demand for ATP in DMT1-mutant erythrosyte

HK [1U/g Hb] PK [1U/g Hb] GPI[IU/gHb] | Table 2. The activity of
enzymes of anaerobic glycolysis
wt 2.8+0.1 6.8+0.3 354+1.0 is increased in lysates of
DMT1- DMT1-mutant erythrocytes
6.9 £0.2%** 16.3 £ 0.5%** 113.5 £2.1%** Compared to wt erythrocytes
mutant

Enzyme activity is expressed in IU/g hemoglobin YH#K - hexokinase, PK - pyruvate kinase, GPI -
glucose-phosphate isomerase; ***P<0.001

In conclusions, this study revealed tHaMT1-deficiency negatively affects
erythrocyte metabolism and reduces their capacityd cope with stress Increased
content of cytosolic calcium, insufficient anti-dative defense, and reduced levels of
ATP shorten the life span of mature DMT1-mutantlemycytes.We proposed that this
erythrocyte defect is a contributing factor in thepathophysiology of anemia caused by
DMT1 mutations. The work wagpublished inCell Physiol Biochem. (Attachment 2).
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2.2 Disordered iron homeostasis in congenital defects$ erythropoiesis

Analyses of diverse erythroid and iron metabolisefedts have shown that
disrupted erythropoiesis negatively affects iromiostasis and vice versa. The molecular
pathophysiology involves disordered production epd¢idin; the key molecule inhibiting
iron absorption, mobilization, and recycling (Gamd Nemeth, 2011).

For example,p-thalassemia (Nemeth, 2010) and congenital dysemnythetic
anemia (Shalev et al., 2018)e associated witimeffective erythropoiesis, which causes
hepcidin suppression. As a result, iron absorpdiod recycling are augmented, leading to

the development of secondary iron overload indegethyl of transfusions (Fig. 1).

PATHOLOGICAL SUPPRESSION PATHOLOGICAL STIMULATION
Hereditary hemochromatosis 1-3 +:_+ Inflammation, Anemia of chronic disease
~T7 Ineffective erythropoiesis TMPRSS6 mutations (IRIDA)

Spleen

3

s Erythrocytes + % Erythrocytes

P

(K
r.) Liver
!

Plasma

Duodenum Bone marrow Duodenum Bone marrow

Figure 1. Role of hepcidin in diseasesPathological suppression of hepcidin in heregitar
hemochromatosis and in response to ineffectivehespbiesis leads to increased iron levels in the
plasma (differic Tf) and concomitant increase ofBlTresulting in iron overload. Pathological
stimulation of hepcidin in response to inflammatamdue to a genetic defect TMPRSS6 (coding

for the negative hepcidin regulator matriptasee2pk to the development of an iron-restrictiveestat
and anemia. Adapted and modified form Ganz and Ker2@11.

On the other hand, increased plasma hepcidin, @pathological IL-6 stimulation
(Nemeth et al., 2004b; Nemeth and Ganz, 2014)heritedTMPRSS6 mutations (Finberg
et al., 2008), leads to reduced availability ofmir@r erythropoiesis and development of

anemia in inflammatory disorders and IRIDA, respety (Fig. 1).
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Four original manuscripts and three review artides presented in this section.
The following commentary summarizes the most ingdridata which are a part of the
original manuscripts. The review articles (Attadnts 7, 8 and 9) will not be commented
as they represent the state-of-the-art on iron loeéitan and iron homeostasis defects and

served (in part) as a background for the Introdunctihapter.

1. Pospisilova D, Holub P, Houda J, Ludikova B jmva R, Pospisilova P, Zidova
Z, Kaprdova K, Horvathovd M, Hajduch M, DzZubak P. Vyznam stanoveni

hladiny hepcidinu v diagnostice vybranych tymnémii v dtském ku.
[Significance of hepcidin level assessment in thegubsis of selected types of
anaemia in childhood], article in Czediransfuze hematol. dnes. 2012, 18, 58-65.
(Attachment 3)

2. Mojzikova R, Koralkova P, Holub D, Zidova Z, BPaslova D, Cermak J,
Striezencova Laluhova Z, Indrak K, Sukova M, Pdmis@m M, Kucerova J,

Horvathova M, Divoky V. Iron status in patients with pyruvatm&se deficiency:

neonatal hyperferritinaemia associated with a ndvameshift deletion in the
PKLR gene (p.Arg518fs), and low hepcidin to ferritatios.Br J Haematol. 2014;
165:556-63. (Attachment 4)

3. Pospisilova D, Holub D, Zidova Z, Sulovska L,uUda J, Mihal V, Hadacova |,
Radova L, Dzubak P, Hajduch M, Divoky Yorvathova M. Hepcidin levels in

Diamond-Blackfan anemia reflect erythropoietic watyi and transfusion
dependencyHaematologica. 2014; 99: e118-21. (Attachment 5)

4. Sulovska L, Holub D, Zidova Z, Divoka M, Hajdud/l, Mihal V, Vrbkova J,
Horvathova M, Pospisilova D. Characterization of iron metabulisand

erythropoiesis in erythrocyte membrane defectsthalhssemia trait®iomed Pap
Med Fac Univ Palacky Olomouc Czech Repub. 2016; 160: 231-7. (Attachment 6)

5. Horvathova M, Ponka P, Divoky V. Molecular basis of hereditainpn
homeostasis defectdematology. 2010; 15: 96-111. (Attachment7)
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6.

Horvathova M, PospiSilova D. Nové poznatky o homeostaze Zekezajich

dusledky pro klinickou praxi. [Advances in iron honséasis; implications for
clinical practice], article in CzecPRostgrad Med. 2010; 6: 676-81. (Attachment 8)

Houda J, Pospisilova Blorvathova M. Uloha hepcidinu v regulaci metabolismu

Zeleza. [The role of hepcidin in iron metabolisan}jcle in CzechCes-slov Pediat.

2014; 69: 301-12. (Attachment 9)
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2.2.1 Hepcidin in selected types of anemia (Attachment 3)

In a pilot study, published in a Czech peer reviewrnal (Transfuze hematol.
dnes), we simply evaluated hepcidin levels and thesigdiostic contribution in 33 pediatric
patients with selected types of anemia including I@=10), PK deficiency (n=5), DBA
(n=6), and anemia in inflammatory bowel diseaseD(IBi=12). Healthy age-matched
children undergoing minor surgery served as nowoatrols for hepcidin measurents. As
expected, hepcidin was significantly low in IDA legfting iron-restricted erythropoiesis
and diminished iron stores. PK-deficient patiefitsvged also significantly lower hepcidin
than controls, likely reflecting accelerated ineffee erythropoiesis. On the other hand,
hepcidin levels were significantly increased in egsely anemic transfusion-dependent
DBA patients compared to controls; repeated trasishs and the absence of erythroid-
derived hepcidin suppressor due to diminished hoaerow erythropoiesis emerged as
potential causes. Finally, the hepcidin levels BD Ipatients were comparable with the
controls and likely reflected higher iron requirarhéor erythropoiesis in pediatric age. It
is possible that the stimulating effect of iron re® and inflammation on hepcidin
production in IBD becomes apparent over time.

In conclusion, we confirmed thaepcidin levels differentiate different types of

anemia and may assist in differential diagnosis andventually in treatment decisions.

This initial study led us to elucidate the erytldroggulation of hepcidin production
and the crosstalk between erythropoiesis and iratalbolism in more details. In
subsequent detailed studies, we aimed to analyzeinbalanced iron metabolism in
selected congenital defects of erythropoiesis oholy PK deficiency, DBA, erythrocyte

membrane defects, and thalassemia traits.
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2.2.2 Iron metabolism in pyruvate kinase deficiency (Attment 4)

Erythrocyte PK deficiency is the most common cauwdenon-spherocytic
hemolytic anemia in central and northern Eurdpes. characterized by chronic hemolysis,
ineffective erythropoiesis, and requirements fooodl transfusion in most cases. PK-
deficient patients may develop secondary iron @aetl(Zanella et al., 1993). Although
repeated blood transfusions were considered tbdengjor cause, iron accumulation also
affects non-transfused PK-deficient patients. Tath@genesis of iron overload appears to
be multifactorial, involving chronic hemolysis, ffective erythropoiesis, splenectomy,
and eventually coinheritance of hereditary hemactatosis.

We studied a cohort of eleven patients with PK aleficy from ten unrelated
families. All patients suffered from mild to sevelhemolytic anemia (with Hb levels
ranging from 65 to 121 g/l) and hyperbilirubinemadl but one of these patients had
increased reticulocyte counts. All transfusion-defsnt patients presented iron overload
(increased ferritin and TSAT); one patient has ted hyperferritinemia independently
of blood transfusions consistent with findings nélla et al. (1993).

The co-inheritance of HFE mutations was detectddun patients; three of these
patients were children. Therefore it was diffictdt assess the contribution of abnormal
HFE genotype to the excessive iron accumulatiokiias-related hemochromatosis is an
adult-onset disease (Pietrangello, 2010). Nevertiselone pediatric patient, a compound
heterozygote for HFE mutations (H63D/C282Y), was ¢imly child with normal ferritin
levels and therefore it is likely that HFE genotydees not play a major role in
determining iron loading in PK-deficient patientpadiatric age. However, a follow up of
these patients may be important due to potentgidririsk of iron overload in adulthood
(Zannella et al, 2001).

Although the hepcidin levels in PK-deficient patemvere insignificantly reduced
compared to healthy age-matched controls, therdiifge in hepcidin/ferritin ratio reached
statistical significance (median, 0.06 for PK digficy; median, 0.35 for controls) (Fig. 1).

This ratio represents more accurate estimationrabgy hepcidin production with
respect to iron loading and clearly confirms supgi@n of hepcidin by an erythroid signal

that overrides iron loading-induced signaling.
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Similar results were published f@rthalassemia intermedia where the inadequate
hepcidin attenuation was attributed to ineffectergthropoiesis (Origa et al, 2007) and
increased levels of GDF15 (Tanno et al, 2007). €levation of GDF15 in our PK-
deficient cohort (median 905.5 ng4 median in controls 223 ng/l) was considerably lowe
than that reported fop-thalassemia. No correlation between GDF15 and itlepor
hepcidin/ferritin ratio indicated that GDF15 doest suppress hepcidin expression in PK
deficiency and therefore GDF15 can only be used asarker of accelerated ineffective
erythropoiesis (Tanno et al, 2010).

Similarly to elevated GDF15 we also found increalsels of EPO, which again
did not correlate with hepcidin or hepcidin/femitratio. This supports conclusions of
others (Pak et al, 2006; Vokurka et al, 2006) BERO by itself is an indirect suppressor of
hepcidin.

In conclusionwe detectedinappropriately low levels of hepcidin with respect
to iron loading in all PK-deficient patients with increased ferritin, confirming the
predominant effect of accelerated erythropoiesis ohepcidin production. The lack of
negative correlation between hepcidin and GDF15 oEPO indicated the existence of
another erythroid regulator of hepcidin synthesisPK deficiency. Our results were
published inBr J Haematol. (Attachment 4).
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2.2.3 Deregulated iron metabolism in Diamond-Blackfanmm@e(Attachment 5)

DBA is a rare congenital red cell aplasia resultingm haploinsufficiency of
ribosomal proteins (RP) in 49-71% of cases (Botiale 2010). It is characterized by
variable degree of reduced erythropoietic activitghe bone marrow and diverse disease
severity. Approximately one-third of patients degelransfusion-acquired iron overload
(Vlachos et al., 2008).

Our cohort consisted of twenty-five DBA patientsrfr the Czech National DBA
Registry (Pospisilova et al., 2012). The patienerevgrouped based on the type of
treatment into: 1) patients on regular transfusieith or without chelation therapy (TDP,
n=12); 2) patients treated with steroids (SP, n3})patients in disease remission without
treatment (RP, n=7); and 4) patients treated withtiensteroids and occasional
transfusions (S,T; n=2) (Table 1).

Table 1. Parameters of erythropoiesis and iron metaolism in DBA patients.

TDP RP SP ST* Reference
(n=12) (n=7) (n=4) (n=2) range
Age 76 269 326 258 -
(years) (1.0-279) (13:3-35.8) (27.0-42.9) 259
Hepeidin (ng/mL) 15 2.1 247 1739 2756
(165.1-572.6) (295-153.3) (8.5-100.1) 1449 (13.1-1048)
Ferritin (ng/mL.) 1290 177 188 3150 22275
(343-3747) (42-1079) (44-637) 868
Hepeidin/ferritin 0240 0222 0.151 0.06 035
ratio (0.09-1.35) (0.09-1.04) (0.10-0.19) 017 (0222)
Fe (umol/L) 415 200 21 396 7229
(35.8-59.0) (10.0-30.6) (14.7-33.4) 132
TSAT (%) 9 38 64 9 2148
(61-100) (25-55) (63-65) ]
LIC (mg/g dw.) 3 ND ND D 0314
(46-163)
GDFI5 (pg/mL) 6762 9270 1127.6 15 223
(352.1-1694.8) (556.3-2824.8) (408.8-2190.8) 34971 (166-344)
EB 08 214 204 10.6 15.0-25.0
(%) (0.482) (84-340) (16.8-33.4) 208
EPO 2452 137 41 615 43290
(1) (837-6476) (20-1913) (287-500) 4000
sTIR ND' 23 24 14 1944
(mg/L) <0512 (133.2) (18-2.8) 14

Table legend: Values are shown as medians anduthefige of variation. TDP: transfusion-dependent
patients; RP: patients in disease remission; Stierga treated with steroids; S,T: patient on ster@and
occasional transfusion; Fe: serum iron; TSAT: tfams saturation; LIC: liver iron concentrationwd:

dry weight; GDF15: growth differentiation factor;15B: erythroblasts in the bone marrow; EPO: serum
erythropoietin; sTfR: soluble transferrin receptdb): not determined. *: individual values are shown
values available for 5 patients; : median could not be calculated as 9 of 12 patients had sTfR bellow the
limit of detection (less than 0.5 mg/L). Pre-trarssbn samples were collected for TDP.
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Severely suppressed erythropoiesis was confirmedllirtransfusion-dependent
DBA patients. They had reduced number of erythigiblan the bone marrow and
markedly decreased sTfR (often under the lowertliafi detection). Analysis of iron
parameters showed increased serum iron, TSAT, agll ferritin levels suggesting
defective erythroid utilization of transferrin-balinron (Table 1). Consistently, liver
biopsy revealed markedly elevated liver iron comicdgion (LIC) and massive iron stores
in both Kupffer cells and hepatocytes that can lyikbe attributed to non-effective
erythrocyte-derived iron recycling and increasedBNuptake, respectively.

The other two groups of DBA patients, patients isedse remission or patients
treated with steroids, showed near normal or diightgher number of bone marrow
erythroblasts and normal levels of sTfR suggestimproved erythropoiesis. These
patients had slightly increased or even normallseokferritin and near normal serum iron
and TSAT (Table 1). This indicates that improvegtlgmopoietic activity leads to improved
iron utilization and consequently to normalizatafrferritin levels.

The measurements of hepcidin revealed that DBAeption regular transfusions
showed significantly elevated hepcidin similar thvav was published for transfusion-
dependent beta-thalassemia major patients (Origh, &007)In contrast, DBA patients in
remission or treated with steroids had hepcidieleeomparable to controls (Table 1).

The two patients on corticosteroids and occasidraaisfusions were evaluated
independently. They both had normal sTfR, almostmab number of bone marrow
erythroblasts, but elevated ferritin as well asdidip and reduced hepcidin/ferritin ratio
(Table 1). One of these two patients (#24) was dotnbe a homozygote for the C282Y
HFE mutation and had the second highest ferritsoaated with relatively low level of
hepcidin (Table 1). HFE C282Y homozygotes are kndwrhave very low levels of
hepcidin due to the improper stimulation of heptidkpression (van Dijk et al., 2008).
The concomitant occurrence of DBA and abnormal Hfghotype can explain the
reduction of hepcidin synthesis in this patientamparison with other DBA patients with
comparable hyperferritinemia. Therefore, this pdtievas excluded from statistical
analyses of hepcidin levels correlations.

As erythropoiesis is known to produce a signal Hepcidin suppression, DBA
patients with restored erythropoietic activity dilely to be able to attenuate hepcidin

expression and thus increase the iron pool availdbt improved erythropoiesis. In
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agreement, we detected a trend towards lower hiefeditin ratio in steroids-receiving
patients (median 0.151), patient on low-dose sderand occasional transfusions (0.170)
or patients in remission (median 0.222) when coegbao transfusion-dependent patients
(median 0.240) and healthy controls (median 0.33@ple 1). These results indicate that
the bone marrow of transfusion-dependent DBA pties probably not releasing the
putative erythroid suppressor of hepcidin productionaking it different from beta-
thalassemia major with known contribution of ergipwiesis-related hepcidin attenuation
(Pasricha et al., 2013).

Serum EPO was substantially elevated above therupp# in most of DBA
patients (Table 1). When EPO was compared betwetaremhtly treated patients,
transfusion-dependent patients showed the higbests of EPO, followed by the steroids-
receiving group. The lowest levels were detectedatients who are currently in disease
remission, with three patients having their EPOhimitthe normal range. A negative
correlation between EPO and the number of erythstblin the bone marrow confirmed

that EPO (Fig. 1) is stimulated in response to segged erythropoiesis and hypoxia.
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Similar to EPO, we also detected significantly @ased levels of GDF15 for the
whole DBA cohort as well as for the differentlyated groups when compared to normal
controls (Table 1). The levels of GDF15 in DBA wéogver than in thalassemia patients
and more comparable with those detected in patieniisPK deficiency (Mojzikova et al.,
2014).
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As GDF15 has been proposed to be secreted by @yytigroblasts (Tanno et al.,
2010) and increased apoptosis of erythroid celdsabaracteristic feature of DBA (Boria et
al., 2010) we evaluated the extent of apoptosibénbone marrow of two DBA patients -
one in remission and the other one treated wittoste and occasional transfusions.

The TUNEL assay on trephine biopsy and co-staimifith an erythroid marker
Glycophorin A (GlyA) showed a higher number of érgiblasts undergoing apoptosis
(GlyA+/TUNEL+) when compared to the control bonerroav sample (Fig. 2). Thus, the
increased rate of apoptosis observed in DBA erylagis may contribute to the elevated

levels of GDF15.
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Figure 2. Increased apoptosis of bone marrow erytlublasts in two DBA patients compared to
healthy control. TUNEL assay shows significant elevation in the bemof erythroid Glycophorin A+
cells (brown color) undergoing apoptosis (TUNEL#&sldpurple color) in the bone marrow. The arrows
indicate Glycophorin A+/TUNEL+ cells.

The limited number of samples precluded any caigizanalysis between the rate
of apoptosis and GDF15 levels. The presence of tapoperythroblasts in the bone
marrow of DBA patient in remission suggests thaéhalgh erythropoiesis is seemingly
restored, a considerable degree of cell death esept. Analysis of more patients in
remission with different RP mutations is neededatidress whether this finding is
mutation-specific or not.

Finally, we aimed to establish which of the aforetiened signals/markers
contribute to the regulation of hepcidin synthesi®BA. Hepcidin positively correlated
with ferritin (Fig. 3A), reflecting hepcidin stimation by the patients’ iron overload. An
inverse correlation between the percentage of boasow erythroblasts and hepcidin

levels (Fig. 3B) is consistent with the negativegulation of hepcidin synthesis by
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erythropoietic activity. A positive correlation beten hepcidin and EPO (Fig. 3C), which

should have been in fact negative, confirms tha® BE® not able to suppress hepcidin

synthesis directly (Pak et al, 2006; Vokurka eR8I06). Furthermore, neither hepcidin nor

hepcidin/ferritin ratio correlated with GDF15 indicng that GDF15 is not playing a

hepcidin-regulatory role in DBA.
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Figure 3. Hepcidin levels show the following correlations: Apositive with ferritin, B) negative
with the number of erythroblasts in the bone marrow andC) positive with serum EPO.Closed
circles - transfusion-dependent patients, operesrcpatients on steroids or in remission, adteris
one patient on a low dose of steroids and occalstomasfusions; p — statistical significance; R -

Spearman coefficient

In conclusion, our study suggested tliawerse levels of hepcidin and iron

overload in DBA patients reflect transfusion dependncy and variable erythropoietic

activity in their bone marrow. In conditions of severely suppressed erythropgies

hepcidin production is not attenuated. Our reswdtso confirmed thathepcidin

suppression by EPO requires active erythropoiesisnithe bone marrow This study

was published itdaematologica (Attachment 5).
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2.2.4 Erythropoiesis and iron metabolism in erythrocyEenmbrane defects and

thalassemia traits (Attachment 6)

Recent publications showed that besides thalassaneemedia and major also
carriers ofp- or a-thalassemia alleles have altered parameters af nmetabolism and
erythropoiesis despite the absence of clinical ggmp (Guimarées et al., 2015; Jones et
al., 2015). Because thalassemia minor is the mashnwon cause of congenital
hypochromic microcytic anemia in the Czech Repyble decided to investigate the
imbalanced iron homeostasis in the Czech pedititalassemia carriers. Pediatric patients
with erythrocyte membrane defect were also incluidetthis study as this condition is the
most common cause of inherited hemolytic anemiahm Czech population and the
knowledge of the interconnection between disrugtgthropoiesis and iron metabolism in
erythrocyte membrane defects is limited.

Hereditary disorders of the erythrocyte membrare dinically and genetically
heterogeneous and chacaterized by the formatiabobrmally shaped erythrocyte.
spherical for HS or elliptical for HE. Patients WiHE or HS may be asymptomatic or
present with varying degree of hemolytic anemiareased reticulocyte count and serum
bilirubin, and splenomegaly. The most severe casestreated with blood transfusions,
which may eventually lead to iron overlo@h and Mohandas, 2008).

The pathophysiology and clinical symptoms of thedmsia are heterogeneous and
were discussed in details in Chape3.1.3 a- and g-thalassemia. B-thalassemia mino¢
thalassemia trait) and@-thalassemia minorafthalassemia trait) represent the mildest and
usually clinically asymptomatic form with hypochr@mmicrocytic erythrocytes and
compensatory erythrocytosis.

The cohort analyzed in this study consisted of @@igdric patients with erythrocyte
membrane defect (HS and HE), 13 pediatric subjstts thalassemia minor (thalassemia
carriers), and 1 patient with thalassemia major Tl&be 7 years), an immigrant from
Moldova. The TM patient served as a positive cdritrodisrupted erythropoiesis and iron
metabolism including inappropriately low hepcidifhe parameters of this patient were
comparable with the data published on TM patientshe literature (Nemeth, 2010;
Pasricha et al., 2013) .

The anemia in erythrocytes membrane defect grougphyperchromic, milder than

in thalassemia carriers, and accompanied by retgtdsis. In accordance with recent
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publications (Guimaraes et al., 2015; Jones eR@l5) also pediatric thalassemia carriers
had altered red blood cell parameters. Elevate® siffid GDF15 indicated increased, but
ineffective bone marrow erythropoiesis for bothugrs. All thalassemia carriers had serum
iron and ferritin within the normal range, but thepcidin levels and hepcidin/ferritin ratio
were reduced. Patients with erythrocyte membrariecttshowed normal serum Fe, but
significantly elevated ferritin and reduced hepeidnd hepcidin/ferritin ratio compared to
the controls. These results suggest an inapprepai@nuation of hepcidin synthesis. The
direct signals remain to be identified.

Recently, it has been suggested that a ratio opc{tm/ferritin) to sTIR
differentiates adult thalassemia carriers from thgatontrols and reflects the severity of
anemia. Indeed this ratio was reduced in both #$isalmia carriers and erythrocyte
membrane defects compared to controls confirmirsgprdered interaction between iron
metabolism and erythropoiesis. Moreover both p#igmoup dislocate from controls on
the graph plotting STfR against hepcidin/ferritifig. 1). The erythrocyte membrane
defects are shifted more to the top right than agsdmia carriers indicating more

pronounced disbalance between erythropoiesis andietabolism.
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It is important to mention that the negative effeat erythropoiesis is also likely
dependent on the molecular identity of the dise@sesing alleles as these alleles may
differ in their severity and thus be responsible ifderindividual differences among the

carriers; this may be particulary important for thalassemia group.
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We can summarize thgtediatric patients with erythrocyte membrane defect
and thalassemia carriers showed alterations in erythrpoiesis and iron metabolism,
that are nicely reflected by reduced(hepcidin/ferritin)/sTfR ratio . The regulation of
iron homeostasis appears to be more disbalanced/inrocyte membrane defects than in
thalassemia carriers, but to a lesser extent thathalassemia major. We suppose that
patients with erythrocyte membrane defectsand thalassemia carriers may be more
susceptible to iron overload than the general popation. This study, showing for the
first time in the literature, disturbed balancevimn erythropoiesis and iron metabolism in
erythrocyte membrane defects (HS and HE) was phdadisnBiomed Pap Med Fac Univ
Palacky Olomouc Czech Repub. (Attachment 6).
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2.3 Molecular pathophysiology of inherited erythrocytoes

The molecular pathophysiology of inherited erytiytoses (or polycythemias)
includes abnormalities in the key pathways reguptred blood cells formation:
EPOR/JAK2/STATS pathway and HIF signaling pathwaydefects causing increased
affinity of hemoglobin for oxygen (Prchal, 2010)eé§pite an intense research the causative
mutations remain, in the vast majority of congdngaythrocytoses, unknown. It is
believed that these alterations affect other mdéscinvolved in the pathways regulating

erythropoiesis.

Three original manuscripts and one article whicmsarizes the current state of
the understanding of the topic together with ouna@sults are presented in this section.

1. Kucerova J,Horvathova M, PospiSilova D, Divoky V. Vrozené polycytemie.

[Congenital polycythemias], article in Czedfransfuze Hematol. dnes. 2009; 15:
216-22. (Attachemnt 10)

2. Kapralova K, Horvathova M, Pecquet C, Fialova Kucerova J, Pospisilova D,

Leroy E, Kralova B, Milosevic Feenstra JD, SchigchF, Kralovics R,
Constantinescu SN, Divoky V. Cooperation of germlilPAK2 mutations E846D
and R1063H in hereditary erythrocytosis with meggéeaytic atypia. Blood. 2016
Jul 7. pii: blood-2016-02-698951. [Epub ahead aftpfAttachemnt 11)

3. Kapralova K, Lanikova L, Lorenzo F, SongHorvathova M, Divoky V, Prchal

JT. RUNX1 and NF-E2 upregulation is not specific fdPNs, but is seen in
polycythemic disorders with augmented HIF signaliBtpod. 2014; 123: 391-4.
(Attachemnt 12)

4. Divoky V, Song JHorvathova M, Kralova B, Votavova H, Prchal JT, Yoon D.

Delayed hemoglobin switching and perinatal neoggisl in mice with gain-of-
function erythropoietin receptor] Mol Med (Berl). 2016; 94: 597-608.
(Attachemnt 13)
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2.3.1 Cellular and genetic characterization of patients wuspected erythrocytosis
(Attachment 10)

Biochemical, cellular, and molecular biology teate important for the evaluation
of polycythemia type and for differential diagnesti (Fig. 12 in Chapterl.3.2

Polycythemia ). Some of these tests has successfully been liskd in our
laboratories and include tle vitro sensitivity test of erythroid progenitors to exogesly
added EPO and targeted mutational analysis of krgemes associated with congenital or

acquired polycythemia.

Our publication on congenital polycythemias in ae€z peer review journal
(Transfuze Hematol. dnes, Attachment 10) was presented as an overviewefitérature
with the addition of our personal experience wiik tiagnostics of polycythemia states.
We identified a previously publishdPOR mutation (5967insT) in two boys (Table 1,
patients #1 and #2) in a cohort of seven patienth wuspected erythrocytosis and

hypersensitivity of erythroid progenitors to EPGaljle 1).

Table 1. Erytrocytoses with EPO hypersensitivity.

Pationt EPO [IU/l] EPO Mutational analysis
(4.3-29) |hypersen.| JAK2 EPOR LNK HIF1A, 2A |VHL |PHD2
5967insT
1 12 yes ND het ND ND ND ND
5967insT
2 5 yes ND ND ND ND ND
het
3 3.1 yes neg. neg. neg. neg. neg. neg.
4 2.4 yes neg. neg. neg. neg. ned. neg.
5 7.3 es ND ND ND GO37R ND ND
' Y HIF2A het
G537R
6 104
yes ND ND ND HIE2A het ND ND
7 7 es E846Dhet ne ne ne ne ne
YeS  |Ri1063HNhet| "9 g g g g

Table legend: EPO hypersen. — EPO hypersensitiMiDy;- not done, neg. — negative result (no
mutation detected), het - heterozygote.

62



In the years following the publication additionddn@rmalities were identified in
the cohort. The known G537R substitution in HIF2AswWound in two unrelated children
(Table 1, patients #5 and #6). These two patie@gsther with one EPOR-mutant patient
(#2) were included in a collaborative study witfi.JPrchal aiming to define the role of
increased RUNX1 and NF-E2 expression in the hypeigeity of erythroid progenitors
(for details see the comment on Attachment 12, @Gnép3.3).

Highly important from the original cohort is patte#7 (Table 1) in whomntwo
germline heterozygous mutations in JAK2 (E846D andR1063H) were detected.
Detailed analysis of this patient and his familgukted in a postulation of a new model for
the development diereditary erythrocytosis with megakaryocytic atypa. The study is
discussed in details in the following Chapter 2.&rd Attachment 11.

Since the original description of the cohort it lh@en enlarged by seven additional
subjects within vitro hypersensitivity of erythroid progenitors to EP&h far no disease

causing mutations were detected in these new psitien

We can conclude that the results obtained on obortare consistent with the
data published in the literature, where a conslderaumber of patients is classified as

idiopathic erythrocytosis.

Based on our analyses we propose that some of fresmts may harbour
predisposing mutation/polymorphism and the full digase phenotype becomes
apparent in combination with another/other inherited or acquired interacting

lession(s)
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2.3.2 Cooperating JAK2 germline mutations in hereditasgtlgocytosis with

megakaryocytic atypieAttachment 11)

The role of somatic JAK2 mutations in clonal MPNwisll established (Tefferi et
al, 2009). Recently, germline JAK2 mutations wessagiated with polyclonal hereditary
thrombocytosis and triple negative MPN (Etheridgale 2014, Marty et al., 2014; Mead
et al., 2013; Milosevic Feenstra et al., 2016).

Here, we studied a patient exhibiting congenitgthepcytosis with plethora and
splenomegaly. The analysis of bone marrow showegeregllularity, erythroid
hyperplasia, and abnormal megakaryopoiesis (Figpdrtially resembling PV cases with
JAK2 exon 12 mutations (Lakey et al., 2010).

Figure 1. Patient's BM aspirate (May
Grunwald/Giemsa staininggvealedmild
megakaryocytic  hyperplasia  with
polymorphic megakaryocytes of
varying cell size and nuclear lobation.
The microphotographs were taken by J.
Lapcikova, Department of Hemato-
Oncology, University Hospital and
Faculty of Medicine and Dentistry,
Palacky University Olomouc.

Erythroid progenitors from the patient and his p&e exhibited in vitro
hypersensitivity to EPO (Fig. 2), suggesting theed#ary nature of the disease.
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- -® -PV controls —=—patient —— mother —<—father --c--healthy controls o brother  Statistical significance of the growth
compared to healthy controls
EPO
Uml Patient| Mother| Father PV
0.0 NS NS NS | 0.00002
0.03 0.00847( 0.03445 NS |0.03115
0.08 0.01636 0.03039 NS | 0.00698
012 0.00103| 0.00496| 0.011 0.00424
0.5 NS NS NS NS

100 4

Figure 2. Erythroid
progenitors  from  the
patient, his mother, and
partially also from his
father are hypersensitive
to EPO, producing
y , , ‘ ‘ ‘ relatively higher number of
0 0.03 0.06 0.12 05 1.0 BFU-E colonies in
EPO [U/mL] comparison with healthy
control in low EPO
concentrations.

The progenitors of patient's brother showed norgrawth. The growth of BFU-E erythroid
colonies at the indicated concentrations of EP@xjsressed as a percentage of maximum EPO
stimulation (represented by EPO concentration ofrhL). Two PV patients, positive for V617F
mutation, were used as positive controls for hygesgivity and formation of EPO independent
colonies (EECs). The table on the right side offitpere shows statistical evaluation of the BFU-E
colony number at individual concentrations withpes to normal controls.

BFU-E growth (% to maximum)

Combination of targeted mutational analysis andle/leaome sequencing revealed
an E846D substitution in JAK2 in a heterozygousesia the propositus and his mother
and heterozygous substitutions JAK2 R1063H, TETZ4Pll and EPO G84R in the
propositus and his father. No somatic variants ienad.

The search of the literature suggested that thegevanline JAK2 mutations may
be the main disease causing events in our pafléms. is supported by the fact that the
E846D substitution was previously reported in ndrkaamyotype acute myeloid leukemia
(Schnittger et al., 2009) and JEG-3 cancer cek I{Matthews et al., 2010) and the
R1063H in three JAK2 V617F-positive PV patients\ibe et al., 2005), as well as in
acute myeloid leukemia (Schnittger et al., 2009) Brcell acute lymphoblastic leukemia
cases (Sadras et al., 2015). By screening a largericof subjects (n=99) we were able to
find the JAK2 E846D substitution in the germline ame V617F-positive/calreticulin-
positive MPN patient and JAK2 R1063H in the germlim one V617F-positive PV
patient, but not in healthy controls.

We therefore focused on the functional effect @sthtwo JAK2 variants. Using
Ba/F3-EPOR JAK2 transfectants we revealed that 8A6D and R1063H mutants

promote proliferation at low EPO concentrationgy(RB) and increase activation of STAT5
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(Fig. 4A). Increased activation of STAT5 was alsmfrmed by immunofluorescence
analysis on patiefg bone marrow (Fig. 4B).

Statistical significance of transfectants’
proliferation compared to JAK2_wt

EPO
(UimL] E846D |R1063H |V617F

0.1 0.01781 |0.00156 |0.03868

100 1 —e— JAK2_VB17F

—— JAK2_wt
—o— JAK2_E846D
- - JAK2_R1063H

S 0.01_[0.04079 |ns 0.00102
© 0.001 [0.04091 |ns 0.0068
p 00 |ns ns 4.37E-04
<)
= 50
o Figure 3. Increased
.U= . .
S proliferation of BaF3
a transfectants expressing JAK?2

25
E846D and R1063H compared

to JAK2 wt in media with low

concentration of EPO. JAK2

0~ : * ' ' V617F transfectants were used
0 0.001 0.01 0.1 1 as a positive contro

EPO concentration (U/mL)

The percentage of proliferating cells (determingd T T assay) was calculated as the
percentage of the maximum cells growth observedPd concentration of 1.0 U/mL. The
table on the top right side of the figure showdistiaal evaluation of the proliferation for

individual transfectants compared to transfectarpgessing JAK2 wit.

A
JAK2 wt JAK2 E846D JAK2 R1063H JAK2 V617F EPO Figure 4. Increased
0 01 1.0 0 01 1.0 0 0.1 1.0 0 01 1.0 [umL) STATS activation
L L A - s TR PYAKZ (p.STATS) detected
—— ——— N — - — . JAK2 A) for JAK2_E846D

L e G e e sa@ osTaTs 0 S RIO

transfectants and B)
P e e G e GED S e e GER SRSEED STATS in patient's bone
marrow (brown
nuclear staining).
The insets (Panel B)
B show one cell in

mwewN W S e R =n detail.
PRRAETE - Bl “"""{ ol
&.‘ - "3 1 , -‘ti 'c‘ E o‘c‘" “

@4 F ""Ei-j""“:

BaF3 cells expressing JAK2 V617F (Panel A) and JNGZ?F—posmve
PV patient (Panel B) served as positive controiscfinstitutive STATS
activation.

S S G G G S S—— — W W_— P Tybulin

Dual-reporter luciferase assay #:2A cells transfected with different JAK2

expressing vectors revealed that both E846D and6B10weakly hyperactivate
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JAK2/STATS signaling only in the specific context EPOR (see the manuscript,
Attachment 11).

Analyses on primary erythroid cells of the patiand his parents together with
mouse bone marrow cells retrovirally transducechwiturine JAK2 expression vectors
confirmed that JAK2 E846D increases capacity fgtheoid CFU-E and BFU-E colony
formation, while JAK2 R1063H increases only formatof CFU-Es (Fig. 5). This result
is consistent with the data from other assays (Mrdliferation assay, immunoblot
analyses of JAK2 signaling, and luciferase assagwsg that the JAK2 E846D has
stronger effects than JAK2 R1063H. Nevertheless, dffect of both studied germline
JAK2 variants is much weaker than that of the oeoog JAK2 V617F, enabling they
transmission through the germline.

200 § cpueE * 45 -

BFU-E %

180 - 40 - i

160 - i B 35 - [ 5 | +

140 - 3
30 -

120 - * -y

100 1

0 20 -

: ' . '

40 - 10 -

20 - 5

D,i — - . = 3 0_ —_—

Control PV Mother Father Patient Control PV Mother Father Patient
IAK2wt  JAKZVE1FF  IAK2 EB46D  JAKZ R1063H 18K2 JAK2wt  JAKZVELFF  JAK2 EB46D  JAK2 R1063H 18K2
EB46D/R1063H E845D/R1063H

Number of CFU-Es/5*10° cells
Number of BFU-Es/5%10° cells

Figure 5. Replating capacity of the primary cells vith JAK2 mutations. In secondary EPO-limited
cultures we detected) significantly higher number of CFU-E colonies fo the PV samples(JAK2
V617F) and samples of the patientf(JAK2 E846D/R1063H)his mother (JAK2 E846D) andfather
(JAK2 R1063H).B) BFU-E colony number was significantly increasedor the PV samples(JAK2
V617F) andsamples of the patient(JAK2 E846D/R1063H) andhis mother (JAK2 E846D). The
number of BFU-E colonies derived from JAK2 R1063thple of patient’s father was comparable to the
number of control BFU-Es with wt JAK2. For the ritswn transduced murine bone marrow cells please
see the manuscript.

We propose thatJAK2 E846D predominantly contributes to congenital
erythrocytosis, but is not sufficient for the phentype to develop JAK2 R1063H, with
a weak effect on JAK2/STATS signaling is necessarjo augment JAK2 activity
caused by E846D above a threshold level leading t@rythrocytosis and
megakaryocytic atypia The presence of both mutations in the germlineacé PV and
certain leukemia patients suggests tinaty might be predisposing with respect to the
development of hematological malignancy This study was published imlood
(Attachment 11).
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2.3.3 RUNX1 andNF-E2 expression in polycythemia (Attachment 12)

In collaboration with prof. J.T. Prchal we aimedaoalyze whether exaggerated
erythropoiesis in various polycythemia states doeatigmented EPO sensitivity is
generally caused by increased transcrip®iNX1 andNF-E2 as it was proposed for PV
(Bogeska et al, 2013; Wang et al, 2010).

The study included twenty six subjects. Eighteetiepts had mutation in JAK2,
EPOR, VHL, HIF2A, or LNK and their erythroid progars exert in vitro
hypersensitivity to EPO. Three of them were frora @ezech Republic; two with G537R
substitution in HIF2A and one withPOR 5967insT mutation. Eight subjects with normal
(non-hypersensitive) growth of erythroid progerstor vitro were classified as secondary
polycythemia. We found th®®UNX1 and NF-E2 overexpression is not specific fdPV.
Expression of RUNX1 and NF-E2 was significantly elevatedalso in polycythemias
with augmented HIF activity and EPO-hypersensitiveerythroid progenitors. On the
other handRUNX1 and NF-E2 overexpression was not detected ipatients with

EPOR gain-of-function mutationsnor in secondary polycythemia subjects.

Our results suggest thdistinct mechanisms lead to EPO hypersensitivity of
erythroid progenitors in polycythemias with defectsof hypoxia sensing and those
associated with EPOR mutationsThis study was published Biood (Attachment 12).
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2.3.4 Perinatal polycythemia correction in mice with humemin-of-function EPOR
(Attachment 13)

Gain-of-function mutations of EPOR resulting frorhet truncation of the
cytoplasmic domain of EPOR are associated with PFACBetailed analysis of a PFCP
mouse model in which the murine EpoR gen&goRR) was replaced by either wild-type
human EPOR (WtHPOR) or mutant human EPOR (mBROR) genes revealed that
mtHEPOR mice become polycythemic at 3-6 weeks of age, bughbirth (Divoky et al.,
2001). On the other hand, WHROR mice are anemic (Divoky et al., 2001). In the
presented study we observed that also BRER fetuses are polycythemic at the mid- and
late-gestation stages (embryonic days, ED12.5-18bile wtHEPOR fetuses are anemic
(ED12.5-16.5). The fetal polycythemia of nEFOR mice was associated with a delayed
switch from primitive to definitive erythropoiesed augmented and sustained activation
of Stat5.

My direct contribution to this paper was the assesg of possible causes of
inexplicable perinatal absence of polycythemia tHBEPOR mice. We hypothesized that it
may be related to the changes of oxygen tensidelatery from the hypoxic uterus to the
normoxic ambient atmosphere and to differenceim [Evels.

At postnatal day 7 (PN7), mEPOR newborns experience the greatest decrease
in hematocrit level (drop of 56%) when compareavtbBl EPOR (drop of 24%) and &EpoR
(drop of 48%) neonates. Neonatal rEffOR mice (PN7) had the lowest serum Epo levels,
while WtHEPOR neonates had the highest Epo levels (Fig. 1). Th&y suggest a
protective effect of Epo on the destruction of ypiihypoxia-made) erythrocytes resulting

in the non-polycythemic period in the nEAOR newborns.

Figure 1. Neonatal (PN7) mtHEPOR mice

3500 I have lowest Epo levels, while wtHPOR
p om0 mice have the highest Epo levels.
ut g 2500 ***P<0.001, *P<0.01, *P<0.05
5 5
@ 2 2000
2]

1500

1000

500 —

0 mEpoR mtHEPOR WtHEPOR
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In agreement we detected a gradual increase iexip@sure of phosphatidylserines
on erythrocytes membrane in nEFOR mice and to a lower extent also irEpoR mice
between postnatal day 0 (PNO) and PN7 with a maximpasitivity at PN7 (Fig. 2). This
corresponded to a maximum decrease of hematocdtlaw Epo levels at PN7 in
MtHEPOR. The exposure of phosphatidylserines then decln#sthe age to comparable
levels in adult mice of all genotypes (Fig. 2). e other hand wtHPOR mice showed
the lowest levels of phosphatidylserine exposurergthrocytes with subtle changes in the

perinatal period (Fig. 2).

>

ED18.5 I PNO PN7 Adults

—— mEpoR
|1 —— mtHEPOR
—— WHEPOR

—— mEpoR
— mtHEPOR
—— WHEPOR

— mEpoR
— mtHEPOR
—— WtHEPOR

—— mEpoR
— mtHEPOR
— wWHEPOR

| I I‘ A | |
100 10! 102 10°
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_ Cell counts
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Selleonts
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100 10! 102 100
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101 102 102
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Figure 2. mtHEPOR erythrocytes show
increased phosphatidylserine exposure
on erythrocytes membrane Annexin V

Mean Fluorecsence (Annexin V)

mEpoR | mtHEPOR | wtHEPOR binding to exposed phosphatidylserines on
the membrane of erythrocytes isolated
ED18.5 | 0.89+0.17 | 0.91+0.03 | 0.82 *0.05 from ombros ot ey 155 (ED18 5
PNO 0.93+0.18 | 1.03£0.05 | 0.74 £ 0.07 neonatal mice at postnatal day 0 (PNO) and
7 (PN7), and adult mice (8-12 weeks old)
PN7 6.17+166| 6.47£2.77 | 1.33+0.27 was determined by flow cytometry. The
Adults | 0.57£0.01 | 0.57 +0.05 | 0.57 0.04 overlays of original histograms  of

representative measurements are shown
(top).

This is consistent with the lowest reduction in la¢émerit and very high Epo levels

in WtHEPOR. Increased phosphatidylserine exposure on the marabof mtHEPOR

erythrocytes is congruent with accelerated destmaif these cells by macrophages, thus

contributing to the fall of hematocrit in neonataice.

We conclude that thdransient perinatal correction of polycythemia in

MtHEPOR mice is associated with low Epo levels and increabeexposure of
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phosphatidylserines on erythrocytes membranelhis study was published inMol Med
(Berl) (Attachment 13).
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3. Summary

Thanks to a conscientious effort initiated at thep&tment of Hemato-Oncology
by prof. Karel Indrak and continued by Dr. Vladirbiivoky and prof. Dagmar Pospisilova
at the Departments of Biology and Pediatrics, Rgicof Medicine and Dentistry, at
Palacky University and University Hospital Olomouwyr departments have become a
respected center for studies of congenital defeterythropoiesis and iron metabolism.
The close collaboration between the clinical pracind experimental research enabled us
to unravel the molecular bases of congenital defeterythropoiesis and iron metabolism
in a substantial number of patients including tHentification of novel disease causing
variants.

As a part of my habilitation thesis we have reveataultiple consequences of
DMT1 deficiency on erythropoiesisand clearly showed thatnpaired function of
DMT1 iron transporter negatively affects all stagedn the erythroid lineage andleads
to severe hypochromic microcytic anemide defect can be, in part, corrected with high
doses of EPO.

We also confirmeddisrupted erythropoiesis-hepcidin-iron stores axisin the
selected types of congenital anemiaPK deficiency, DBA, erythrocyte membrane
defects, and thalassemia traits. The degree ofgditon reflected the severity of the
disease. Our data supported the existence of an@heventually other) erythroid-derived
suppressor(s) of hepcidin. Very promising, amoregggbtential molecules, seems to be the
ERFE (Kautz et al., 2014). The human assay for ERIEBsurement, which would enable
to determine its levels under different patholobicanditions and assess its correlation
with hepcidin, is currently under development biyitrsic LifeSciences (USA).

In addition, we showed thdtepcidin measurements may assist in differential
diagnosis of different types of anemiaThe combination of hepcidin levels with other
parameters of iron metabolism and erythropoiesis, gpecially ferritin and sTfR is a
powerful tool for assessing disease severitfhe understanding of the interactions and
co-regulation of erythropoiesis and iron metabolisnthe combination with the detailed
characterization of molecular pathophysiology cfodilers is an important step towards
the development of novel therapeutic approachesltipiti agents targeting hepcidin
production or action are under development. Disaraéth inappropriately low hepcidin,

such as hereditary hemochromatosis and iron-loadingmia, might benefit from
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treatment with agents, which potentiate hepcidimdpction (BMP pathway agonists) or
mimic hepcidin action (eg. minihepcidins). On thtey hand, agent that would reduce
hepcidin activity or levels (hepcidin antagonisgtg, BMP pathway inhibitors or hepcidin
peptide neutralizing binders), could be benefigraliron-restricted anemias, especially
anemia of inflammation or eventually anemia of @n&ome of these drugs have already
been successfully tested and the clinical trials @ngoing (reviewed in Ruchala and
Nemeth, 2014).

Finally, we gain insights into the hypersensitivit erythroid progenitors to EPO
in different types of polycythemia and into theipatal correction of polycythemia in the
MtHEPOR mouse model of PFCP. The most important contidlous theextension of the
list of molecular lesions responsible for congenitaerythrocytosis. For the first time in
the literature we clarified that ttmoperation of two weakly activating JAK2 germline
mutations leads to the development of hereditary gthrocytosis with megakaryocytic
atypia due to augmented EPO-dependent JAK2/STATS gnaling.

Collectively, | believe that the data presentechinhabilitation thesis furthered our

knowledge on the process of erythropoiesis andnmetabolism.
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5. Abbreviations

2,3 BPG — 2,3-bisphosphoglycerate

ADP — adenosine diphosphate

AGM - aorta-gonad-mesonefros

ALAS?2 - 5'-aminolevulinate synthase 2

ATP — adenosine triphosphate

b/b — Belgrade rats

BFU-E — burst-forming unit-erytroid

BMP — bone morphogenic protein

BMPR — bone morphogenic protein receptor

C&* — calcium ion

CDA - congenital dyserythropoietic anemia
CFU-E - colony forming unit-erythroid
CFU-GEMM (CFU-mix) — CFU granulocytic, erythroichegakaryocyte, macrophage
CIS - cytokine-inducible SH2 protein

CP — ceruloplasmin

DBA — Diamond-Blackfan anemia

DCYTB - duodenal ferrireductases

DMT1 — divalent metal transporter 1

EB — erythroblast

ED - embryonic day

elF2o. — alpha subunit of the eukaryotic initiation fact 2
EKLF — erythroid Kruppel-like factor

EPO - erythropoetin

EPOR - erythropoetin receptor

ERFE — erythroferrone

Fe —iron

Fe?* — ferrous iron

Fe** — ferric iron

Fe-S — iron-sulfur clusters

Flt-1 — vascular endothelial growth factor recegtor
FLVCRL1 (Flvcrl) - feline leukemia virus, type Cceptor 1
FLVCR1a (Flvcrla) — isoform 1a of FLVCR
FLVCR1b (Flvcrlb) — isoform 1b of FLVCR
FOG-1 — friend of GATA-1

FPN — ferroportin

G6PD — glucose-6-phosphate dehydrogenase
GDF15 — growth differentiation factor 15
GM-CSF - granulocytic, macrophage colony stimutafactor
GTP — guanosine-5'-triphosphate

Hb — hemoglobin

HE — hereditary elliptocytosis

HFE — protein associated with hemochromatosis type
HH — hereditary hemochromatosis

HIF — hypoxia inducible transcription factor

HIFA (HIFa) — alpha subunit of HIF

HIFB (ARNT) — beta subunit of HIF

HJV — hemojuvelin

HK — hexokinase

HO-1 — heme oxygenase-1

HO-2 — heme oxygenase-2

HRE — hypoxia response elements

HRI — heme regulated elFe2nhibitory kinase

HS — hereditary spherocytosis

HS40 — hypersensitivity site 40

HSC — hematopoietic stem cell

IDA — iron deficiency anemia
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IGF-1 — insulin growth factor 1

IL-3 — interleukin-3

IL-6 — interleukin-6

IL-6R — IL6 receptor

INFy — interferony

IRE — iron responsive element

IRIDA — iron refractory iron deficiency anemia

IRP — iron regulatory protein

JAK2 — Janus kinase 2

LCR - locus control region

LNK — lymphocyte adaptor protein

LPI — labile plasma iron

MapK — mitogen activated protein kinase

MARE — Maf - recognition element

mHJV — membrane-bound HIV

mk — microcytic anemia mice

MNC — mononuclear cells

MPN — myeloproliferative neoplasm

NF-E2 — nuclear factor erythroid-2

NRAMP1 — natural resistance associated macrophageip 1
Nrf — NF-E2-related factor

NTBI — non-transferrin-bound iron

O,- oxygen

PFCP — primary familial and congenital polycythemia
PHD - prolyl-hydroxylase

PI3K — phosphatidylinositol-3 kinase

PK — pyruvate kinase

PN — postnatal day

PPIX — protoporphyrin 1X

PV — polycythemia vera

VHL — von Hippel-Lindau

ROS - reactive oxygen species

RP — ribosomal protein

SCF — stem cell factor

SCL/TAL-1 — stem cell leukemia/T-cell acute leukam
SH2 — src homology domain 2

SHJV — soluble HIV

SHP-1 — Src homology region 2 domain-containingsphatase-1
SLC2AL - solute carrier family 2 member 1 (gluctsssporter-1)
SOCS - suppressor of cytokine signaling

STAT-3 — signal transducer and activator of traipson-3
STAT-5 — signal transducer and activator of traipson-5
STEAP 3 — six-transmembrane epithelial antigerhef prostate 3
sTfR — soluble transferrin receptor

Tf — transferrin

TfR (TfR1) — transferrin receptor-1

TfR2 — transferrin receptor-2

TGF- — transforming growth factdgs-

TM — thalassemia major

TMPRSS6 — type Il transmembrane serine protease 6
TNF-o. — tumor necrosis factar-

TPO — thrombopoietin

TSAT — transferrin saturation

TUNEL - terminal deoxynucleotidyl transferase dUfiEk end labeling
TWSGL1 — twisted gastrulation

UTRs — untranslated regions

VEGF — vascular endothelial growth factor

wt — wild-type
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