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1  In t roduc t ion  

Iron deficiency (ID) is the most common nutritional deficiency worldwide (1). Iron deficiency 

can lead to anemia – so-called iron deficiency anemia (IDA) – a condition presenting with 

symptoms like fatigue, headache, dyspnea and palpitations, thereby affecting health, quality 

of life and working capacity (2). Fifty percent of all cases of anemia are assumed to be due to 

ID – affecting more than 12% of the world population (3). Nevertheless, even in patients who 

are not anemic, ID has negative effects on health, physical capacity, work performance, 

cognitive performance and behavior (4). In addition, ID is often associated with a mild to 

moderate reactive thrombocytosis (about 500x109/L). Furthermore cases of considerable 

thrombocytosis (~1000x109/L) in ID are documented (5), which can eventually lead to 

thrombosis (6;7;8;9;10;11). In cancer patients high platelet counts were shown to be a risk 

factor for venous thromboembolism (12). 

Due to dietary restriction, malabsorption and intestinal bleeding, inflammatory bowel disease 

(IBD) is often associated with ID and anemia (2), but also with secondary thrombosis (13). 

Thromboembolic events are also more common in IBD patients compared to the healthy 

population (14). This increased risk might be contributed to the active inflammation but 

possibly also to thrombocytosis. Studies show that the number of platelets is positively 

correlated with disease activity (15). Apart from their function in homeostasis, platelets do 

have a significant role in mucosal inflammation (13). Thrombocytosis in IBD is essentially 

explained by the enhanced production of proinflammatory cytokines, for instance Interleukin-

6 (IL6) or Interleukin-11 (IL11), which may stimulate platelet production (16). However, 

clinical studies, in vitro studies and studies in animal models suggest that ID itself triggers 

platelet production. 

In a recently published retrospective study by our group it was shown that intravenous or oral 

treatment of patients with iron, suffering from IBD associated with anemia and 

thrombocytosis, led to normalization of platelet counts (17). The study represents initial 

evidence that ID acts directly on megakaryopoiesis to enhance platelet production. These 

results were confirmed by a following randomized controlled trial (ThromboVIT) showing 

that the mean platelet counts decreased in patients with IDA in IBD after treatment with 

intravenous iron (18). Several animal studies, including a study by our lab, support the finding 

that the iron status is associated with the count of platelets: animals on low iron diet presented 

with high platelet numbers (19;20;21;22). Additionally, injections of iron led to decreased 

platelet counts and decreased platelet production in anemic rats (23). Finally, studies in a 
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recently established in vitro model to study megakaryopoiesis under ID indicate a direct 

influence of ID on the ploidy level of megakaryocytic cell lines (24). 

However, although there are many indicators for a direct involvement of ID in 

megakaryopoiesis, the underlying mechanism has not been clarified yet. Transcription factors 

play an important role in megakaryocytic differentiation. This study aims to elucidate the 

possible role of the transcription factor hypoxia inducible factor (HIF) in megakaryopoiesis 

under ID by studying the process in an in vitro model. 

1 .1  Deve lopment  o f  p l a t e l e t s  

In addition to their important role in homeostasis, platelets are involved in many 

pathophysiological processes including thrombosis, inflammation and immunity (25). 

Platelets are anucleate cells and they arise from polyploid MKs. Humans produce 

approximately 1x1011 platelets per day, but in cases of higher demand the production may 

increase more than 20-fold (26). 

1 .1 .1  Megakar yopo ies i s  and  th rombopoies i s  

Cel lu lar  aspec ts  

Megakaryopoiesis is a multi-stage process in which pluripotent hematopoietic stem cells 

(HSC) differentiate into mature megakaryocytes (MKs) which have the ability to produce 

platelets. Two major cell-lineages may arise from HSCs: the common lymphoid progenitor 

(CLP) and the common myeloid progenitor (CMP). The latter has the ability to differentiate 

into the granulocyte/macrophage progenitor (GMP) and the megakaryocyte/erythroid 

progenitor (MEP), but there is also evidence that MEPs can differentiate directly from HSCs 

(27;28). MEPs are bipotent cells either differentiating into the erythroid or into the 

megakaryocytic lineage. Cells committed to the megakaryocytic lineage differentiate into the 

burst forming-unit megakaryocytes (BFU-MK), subsequently evolve into colony forming-unit 

megakaryocytes (CFU-MK) and become immature MKs or megakaryoblasts (29) (Fig. 1). 
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Fig.1: Megakaryocytic differentiation (30) 

 

The hallmarks of megakaryocytic differentiation are 

 endomitosis, 

 expression of megakaryocytic surface markers, 

 synthesis of megakaryocyte-specific proteins such as Platelet factor-4 (PF4) and von 

Willebrand factor (vWf), which are finally stored in the alpha granules, 

 maturation of the cytoplasma including formation of lysosomes, dense granules and alpha-

granules 

 and development of the demarcation membrane system (DMS), a complex membrane 

system (29). 

The exact production and release process of platelets has not been established yet. There are 

two main models explaining the final step of thrombopoiesis: the “cytoplasmic fragmentation 

model” and the “proplatelet model”. In the “cytoplasmic fragmentation” or “platelet territories 

model” platelets are already pre-packed within the mature MKs and form platelet territories, 

which are finally released. Today there is a tendency to support the “proplatelet model”, in 

which mature MKs form long cytoplasmic extensions, the so-called proplatelets. Within these 

proplatelets platelets are packed and assembled de novo (Fig. 2) (31). 

Initially MKs are localized in the osteoblastic niche in the marrow. Maturing MKs migrate to 

the sub-endothelium region near venous sinusoids where they start to form proplatelets. The 

process of proplatelet formation is driven by microtubules, which translocate to the cell 

cortex, when the cell starts to form the pseudopodial structures. Ran binding protein 10 

(RanBP10) was suggested to be a central regulator organizing and stabilizing microtubules 

during the process of proplatelet formation (32).  The DMS ensures the necessary amount of 
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membrane to allow the generation of proplatelets. Megakaryocytes have the ability to cross 

the endothelial barrier and finally release platelets and proplatelets. Alternatively, MKs 

release the platelets directly into the blood stream (33). It is suggested that extracellular 

matrix proteins are involved in the regulation of proplatelet development. In a review of 2006 

the authors propose a model in which the osteoblastic niche contains predominately factors, 

which inhibit the formation of proplatelets, whereas proteins in the vascular niche like 

Laminin, Fibrinogen and Type IV collagen trigger the proplatelet formation (34). There is 

evidence that the generation of platelets continues in the peripheral blood and the release of 

platelets is facilitated by shear forces in pulmonary arterioles (32). Although platelets do not 

have a nucleus and are thought to be completely differentiated there are studies showing that 

platelets have the capacity to synthesize proteins (35) and to produce progeny (36). 

 

Fig.2: Platelet formation (32) 

Di f f erent ia t i on  markers  

The expression of CD41 (GlycoproteinIIb or alphaIIb-Integrin) and CD61 (beta3-Integrin 

chain) is considered as an early marker for the megakaryocytic lineage (26) and functions as 

membrane receptor for Fibrinogen, Fibronectin, Vitronectin and vWF (29). As MKs mature 

they also express CD42 (GlycoproteinIB) which is a multimer consisting of CD42a 

(GlycoproteinIX), CD42b (CDIbeta alpha), CD42c (GlycoproteinIbbeta) and CD42d 

(GlycoproteinV). Initially CD42a, CD42b and CD42c form a complex on the cell surface 

whereas CD42d appears later on the cell surface (37). CD42 acts as a receptor for the vWf. 

The Thrombopoietin (TPO) receptor c-Mpl is upregulated during the megakaryocytic 

differentiation. Early 2N and 4N MKs were shown to express high levels of vWf (38). The 
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erythroid marker Glycophorin A (GpA) is lost during differentiation of MEPs into primitive 

megakaryocytic lineages and is probably the earliest marker of megakaryocytic differentiation 

(39). Moreover, MKs are documented to downregulate the transferrin receptor1 (TfR1 or 

CD71) during their maturation (40). 

In contrast, cells differentiating into the erythroid lineage increase expression of TfR1, lose 

CD41 but express CD36 (Thrombospondin receptor), GpA and ultimately Globin (26). 

Endomi tos i s  and  ce l l  cyc l e  

Although polyploidy is often seen as a consequence of cellular stress, it can also occur as a 

physiological process as it is the case in megakaryopoiesis (41). The reason why MKs 

undergo endomitosis is still not completely understood. As high ploidy is associated with 

increased cell size, mRNA and protein production (42) endomitosis might be an efficient 

mechanism to extend the metabolic output without performing all aspects of cellular division. 

There are studies saying that the state of ploidy determines the reactivity of the platelets 

produced. It is still contradictory if a state of higher ploidy leads to an increased platelet 

output (43;44). 

Mitosis and endomitosis follow the same pattern until the late anaphase. After the initiation of 

the cleavage furrow cells undergoing diploid mitosis run through cytokinesis and complete 

division whereas MKs show regression of the cleavage furrow leading to the characteristic 

multi-lobulated nucleus. Cells then re-enter G1 as polyploid cells. Until now there has not 

been an exact explanation how furrow regression is accomplished (45;46). However, there are 

studies showing that in MKs the contractile ring is not functioning properly as there is no 

accumulation of nonmuscle Myosin IIA. Additionally the Rho/Rock pathway is inhibited 

(47). 

A difference in cleavage furrow formation of early MKs and more mature MKs could be 

determined. Early MKs with a low ploidy level have the ability to form a furrow which later 

regresses, whereas the high ploidy MKs may not form the furrow at all (46;48). Survivin, a 

mitotic regulator - essential for proper chromosome segregation and cytokinesis in mitotic 

cells - was shown to be rarely localized in midzone microtubule spindles of high-ploidy MKs 

(49). 

In diploid cells cell cycle checkpoints including licensing factors ensure that the genome is 

replicated exactly once per mitotic division. How polyploid cells escape to undergo apoptosis 
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and how endomitosis is regulated are still open questions. Many studies aimed at learning 

more about the regulation of the endomitotic cell cycle and studied important regulators of 

cell cycles, the cyclins (50). Cyclin D3 - a G1 phase cyclin - is highly expressed in MKs 

undergoing endomitosis. Mice overexpressing cyclin D3 showed an increased level of 

megakaryocytic polyploidy (51). Mice overexpressing cyclin D1 in MKs showed moderately 

increased ploidy (52). Another study in MKs lacking GATA1 showed that overexpression of 

Cyclin D1 was sufficient to rescue polyploidization, but not terminal differentiation. Cyclin E 

also seems to play an important role in regulating the endomitotic process: studies on primary 

MKs showed an upregulated cyclin E level after TPO treatment. Mice overexpressing cyclin 

E - specifically in megakaryocytes - showed an increased ploidy level (44). 

1 .1 .2  Regu la t ion  o f  megakar yopo ies i s  b y c yt ok ines  

The most important cytokine during megakaryocytic differentiation is TPO, regulating all 

aspects of megakaryopoiesis by stimulating the survival of HSCs, the expression of specific 

megakaryocytic differentiation markers, endomitosis, cytoplasmic reorganization and 

formation of the demarcation membranes. TPO belongs to the four-helix bundle family of 

cytokines and is produced in the liver, but also in kidneys and the bone marrow. The cytokine 

acts by binding to its receptor c-Mpl, which is expressed in HSCs, primarily in 

megakaryocytic cells (50). 

Binding of TPO to the homodimeric receptor c-Mpl leads to phosphorylation and activation 

of the associated tyrosine kinase Janus kinase 2 (JAK2). JAK2 subsequently phosphorylates 

the signal transducer and activator of transcription (STAT) - specifically STAT3, 5a, 5b and 1 

- and thereby induces the expression of p21, Bcl-xL and Cyclin D1. In addition to STAT 

JAK2 activates the mitogen-activated protein kinase (MAPK) cascade and the small GTPase 

RAS, which finally leads to the activation of extracellular signal-related kinase 1/2 (ERK 

1/2). ERK1/2 is required for maturation of megakaryocytic progenitor cells. Additionally the 

Phosphoinositol-3-kinase (PI3K) pathway is activated which stimulates the survival and the 

proliferation of MKs by inducing AKT which in turn promotes anti-apoptotic signals (50). 

Studies showed that TPO acts on the expression of heterodimeric homeodomain proteins and 

on the HIF pathway (53).  

In order to maintain the homeostatic balance, several mechanisms ensure the regulation of 

TPO. After binding TPO, c-Mpl gets internalized and degraded. Furthermore, platelets 
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generate an auto-regulatory loop: they possess highly affine c-Mpl-receptors leading to the 

removal of circulating TPO (54). The activated JAK/STAT pathway leads to induced 

transcription of the Suppressor of cytokine signaling (SOCS) assuring the negative regulation 

of TPO levels (50). 

Animal studies emphasize the important role of TPO during megakaryocytic differentiation. 

A particular study showed that TPO deficient mice had diminished platelet and MK counts. 

Furthermore the ploidy level of the MKs was reduced (55). Similar results were obtained 

from mice lacking the TPO receptor c-Mpl: the animals produced strongly decreased numbers 

of MKs and platelets (56;57). In humans mutations in the c-Mpl gene leading to an impaired 

TPO signaling pathway are known to lead to congenital amegakaryocytic thrombocytopenia 

(58). In addition, the opposite effect could be shown: myeloproliferative disorders can arise 

due to mutations of the c-Mpl causing sustained TPO signaling. Some of the megakaryocytic 

cell lines, which are derived from myeloproliferative disorders are known to have a V617 

mutation in the JAK2 gene leading to a constitutively activated TPO signaling (59;60). 

The chemokine Stromal derived factor-1 (SDF1) with its main receptor CXC-motif-

chemokine-receptor 4 (CXCR4) plays an important role by boosting the migration of 

maturing MKs from the bone marrow towards the vascular niche. It is suggested that 

CXCR4/SDF1 have a negative effect on RhoA signaling, and induce thereby polyploidy and 

the formation of proplatelets (33). In combination with TPO and SDF1, SCF (stem cell factor) 

is known to stimulate megakaryopoiesis through its receptor c-kit, being the only cytokine 

that is able to sustain a low level platelet production in c-Mpl knockout mice (61). 

Besides TPO, SDF1 and SCF, IL6 and IL11 influence MK differentiation to a minor extend. 

The erythropoietic stimulator EPO is also involved in the maturation of MKs, but the exact 

role has not been clarified yet (33). 

Interferon alpha belongs to the negative regulators of megakaryopoiesis: the cytokine inhibits 

the generation of the transcription factors GATA1 and NF-E2 and hence prevents the late 

differentiation steps of MKs. Interferon gamma has the opposite effect: it activates STAT1 (a 

downstream target of GATA1) and induces polyploidization and maturation of MKs (33). 
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1 .1 .3  Regu la t ion  o f  megakar yopo ies i s  b y t r ansc r ip t i on  fac tor s  

Under the influence of TPO and certain transcription factors MEPs differentiate into MKs. 

Transcription factors, which are involved in megakaryopoiesis, can be classified into two 

types: those, which regulate the differentiation process (e.g. GATA1), and those, which 

regulate the proplatelet formation (e.g. NF-E2). 

The transcription factor GATA1, a zinc-finger DNA binding protein, which forms a 

heterodimer with FOG1 (Friend of GATA1), is essentially involved in megakaryocytic and 

erythroid differentiation (62). GATA1 activates specific megakaryocytic genes such as 

Glycoproteins, the TPO receptor and platelet factor 4 (29) and promotes polyploidization by 

activating STAT1 (33). While GATA1 and FOG1 promote the maturation of MKs and 

erythrocytes, they inhibit myeloid differentiation (50). The knockout of GATA1 in mice is 

embryonically lethal due to severe anemia, whereas a specific knockdown of GATA1 in MKs 

leads to a low level of platelets and an increased number of immature MKs (63). 

Fli1 (Friend leukemia integration 1) belongs to the Ets gene family, characterized by a highly 

conserved DNA binding element, the Ets domain. Fli1 proved to be essential for 

megakaryopoiesis, as it activates MK-specific genes like GATA1, GlycoproteinIIb, 

GlycoproteinVI, GlycoproteinIX and GlycoproteinIb, as well as c-Mpl on transcriptional 

level. Like in GATA1, mice with a knockout of Fli1 die at embryonic stage. It is suggested 

that this Ets-family member supports megakaryocytic differentiation, while preventing 

erythropoiesis (29).  

In comparison to Fli1, the expression of c-Myb - a proto-oncogene - promotes erythropoietic 

differentiation and its expression level is reduced during megakaryocytic maturation. It was 

shown that the micro RNA miR-150 has a negative effect on c-Myb expression during 

megakaryopoiesis (50). 

The expression of Runx1 is increased in cells, which undergo megakaryopoiesis and 

decreased during erythropoiesis. Deletion of Runx1 in mice is embryonically lethal, the 

knockdown in MKs leads to small MKs with a lower degree of ploidy and decreased platelet 

counts (29). Runx1 was shown to interact with other megakaryocytic factors like Fli1 and 

GATA1 (50). 

The transcription factor nuclear factor-erythroid 2 (NF-E2) plays an important role in terminal 

thrombopoiesis as it is regulating the expression of genes involved in the late stage of platelet 



 

-12- 
 

generation. These genes include beta-tubulin, Thromboxane synthase and Rab27b. Complete 

knockout of NF-E2 in mice was shown to be neonatally lethal due to thrombocytopenia. 

These mice had increased levels of MKs, which were not able to differentiate into platelets 

(29). 

A transcription factor with a yet unknown function in megakaryopoiesis is the hypoxia 

inducible factor (HIF). The investigation of the role of HIF in megakaryopoiesis is an 

important aim of this study. 

1 .2  H ypox ia  i nduc ib l e  fac to r  

Many critical processes in mammals are dependent on oxygen, therefore it is important to 

maintain oxygen homeostasis. The most important regulator in this tightly regulated 

mechanism is HIF (64). Genes having a role in oxygen transport, glucose uptake and 

glycolysis as well as angiogenesis are regulated by HIF (65). 

1 .2 .1  St ruc tu re  and  d i f fe ren t  fo rms  o f  HIF  

HIF alpha and ARNT (aryl hydrocarbon nuclear translocator, also known as HIF1 beta) form 

the heterodimeric transcription factor HIF. In contrast to ARNT, which is constitutively 

expressed, the expression of the HIF alphas is controlled by oxygen levels.  HIF binds to the 

HIF response element (HREs), a core DNA motive (G/ACGTG) in the promoter region of 

target genes (66). Three different isoforms of HIF alpha are known: HIF1 alpha, HIF2 alpha 

(also endothelial PAS, HIF-like factor, HIF related factor and member of PAS super family 2 

(MOP2)) and HIF3 alpha with several splice variants. HIF1 alpha and HIF2 alpha have 48% 

amino acid sequence identity (64). 

All HIF alphas as well as ARNT belong to the basic helix-loop-helix (bHLH)/PAS protein 

family. The bHLH domain consists of two amphipathic alpha helices, separated by a loop of 

variable length, forming the primary dimerisation interface between family members. HIFs 

have a Per/Arnt/Sim-domain (PAS), 200-300 amino acids, consisting of two loosely 

conserved, largely hydrophobic regions of approximately 50 amino acids, called PAS A and 

PAS B. They represent a secondary dimerisation interface between family members. 

Additionally HIF1 and HIF2 alpha contain two transactivation domains (TADs), separated by 

an inhibitory domain, which is responsible for normoxic repression of TAD activity. An 
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oxygen-dependent degradation domain (ODDD) is overlapping with the amino-terminal TAD 

and leads to normoxic instability of the HIF alpha proteins (Fig. 3) (64). 

 

Fig.3: Structure and different forms of HIF (67) 

1 .2 .2  Regu la t ion  o f  HIF  

The HIF alpha RNA is expressed ubiquitously and independently of the oxygen supply, but 

the HIF alpha protein is not detectable under normoxic (21% O2) conditions. The regulation 

of HIF includes post-translational modifications of the transcription factor leading to an 

increased protein stability on the one hand and an increased transactivation capacity on the 

other hand (64). 

The dioxygenases prolyl hydroxylase domains (PHDs) are responsible for the catalyzation of 

prolyl hydroxylation reactions in the ODDD (prolyl 402 and 564 in HIF1 alpha, prolyl 405 

and 531 in HIF2 alpha) of HIF alphas. Oxygen, iron, 2-oxoglutarate and ascorbate (68) are 

required cofactors for this reaction (66). Hydroxylation of these residues is a recognition 

signal for the tumor suppressor von-Hippel-Lindau (VHL), an E3 ubiquitin ligase that 

supports Lys48 linked ubiquitination and final degradation by proteasomes (68). 
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In the original model, PHDs are the direct sensors of oxygen levels: as oxygen levels are 

decreased during hypoxia, it is not longer available for PHDs to act as a cofactor. 

Subsequently PHDs cannot hydroxylate HIF, VHL cannot recognize HIF and HIF is not 

degraded. HIF alpha then translocates to the nucleus, binds to ARNT and acts as a 

transcription factor on target genes (65). 

Emerging evidence suggests that the mitochondrial electron transport chain plays a role in 

oxygen sensing. There are two theories about this involvement: 1) the “oxygen consumption 

model” suggesting that mitochondria consume all the oxygen during hypoxia, leaving the rest 

of the cell “anoxic” and 2) a model where reactive oxygen species (ROS), generated during 

mitochondrial electron transport chain in hypoxia, acts as a signaling molecule to stabilize 

HIF (69). Nitric oxide, ROS and tricarboxylic acid cycle intermediates like succinate and 

fumarate have been shown to prevent the enzymatic activity of PHDs. It is suggested that iron 

bound to PHD is oxidized by ROS, as it was shown to inhibit the catalytic function of PHD 

directly. The mitochondrial deacetylase sirtuin-3 (SIRT3) is also involved in HIF alpha 

regulation: the protein hinders the production of ROS, thereby supporting the enzymatic 

activity of PHDs and the proteasomal degradation of HIF alpha (70). 

As already mentioned HIF1 and HIF2 alpha both contain an N-terminal and a C-terminal 

transactivation domain. The factor inhibiting HIF 1 (FIH1) - a dioxygenase - catalyzes the 

hydroxylation of asparaginyl in the most C-terminal transactivation domain of HIF alpha (67).  

If not hydroxylated, TADs have the ability to bind to the coactivators p300/CBP (Creb-

binding protein), a histone acetyl-transferase, which leads to the activated transcription of 

target genes in hypoxia (64). Very recently a study of Masson et al. revealed FIH to be even 

more sensitive to oxidative stress than PHDs. Future studies will determine the particular role 

and relevance of ROS in hypoxic signaling (71). 

The protein sentrin-specific protease 3 (SENP3) has the capacity to de-SUMOylate p300 

under oxidative stress, thus facilitating the interaction between p300 and HIF1 alpha and 

enhancing the transcription of HIF target genes. In the case of p300/CBP-associated factor 

(PCAF) acetylation of HIF1 alpha leads to the same effect. In addition interaction of HIF1 

alpha and p300 is promoted by Pontin, a chromatin-remodeling factor in hypoxic conditions 

(68). 

CITED2 and CITED4 were found to bind p300, thereby blocking the interaction of HIF1 

alpha and p300 and inhibiting the transactivation of HIF1 alpha.  It is suggested that CITED2 
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has a central role in a negative feedback loop to inhibit HIF-transactivation, as hypoxia is 

inducing CITED2 expression (68). 

Sirtuin-1 (SIRT1) was shown to act as a regulator of HIF alphas by deacetylating HIF1 alpha 

(72) and HIF2 alpha (73). The deacetylation causes an inhibition of HIF alpha activity due to 

inhibited recruitment of p300. SIRT1 itself was reported to be regulated positively by HIF1 

and HIF2 alpha under low oxygen levels by Chen et al. 2011 (74). Therefore the authors 

propose that SIRT1 is involved in positive- and negative feedback loops, which contribute to 

HIF regulation. SIRT6 might also influence HIF1 alpha expression, though the mechanism 

behind that phenomenon has not been clarified yet (Fig. 4) (75). 

PKM2 (pyruvate kinase muscle isozyme 2) recently turned out to be another coactivator of 

HIF alpha by binding directly to the transcription factor and thereby stabilizing the binding of 

HIF alpha to HREs. This interaction was shown to facilitate the transactivation of HRE 

containing genes. PHD3 mediated prolyl hydroxylation of PKM2 led to even more effective 

transactivation. Furthermore HIF1 but not HIF2 alpha induces the expression of PKM2, 

proposing that the two proteins are acting in a positive feedback loop under hypoxic 

conditions (68). 

On mRNA level HIF alpha was shown to be positively regulated by STAT3 and to be a 

mammalian target of rapamycin (mTOR). mTOR was also identified to have a positive effect 

on the expression of the HIF alpha coactivator PKM2 (68). 
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Fig.4: Regulation of HIF (68) 

1 .2 .3  H IF t a rge t  genes  

Functionally three categories of HIF target genes can be distinguished roughly: 

 proteins involved in erythropoietic development like erythropoietin (EPO), transferrin, 

transferrin receptor or Heme oxygenase to ensure oxygen supply in tissues during hypoxia 

 proteins which are important for oxygen supply in tissues in situ like vascular endothelial 

growth factor (VEGF) and inducible nitric oxide synthase (iNOS) 

 proteins necessary for adapting the cellular metabolism to hypoxic conditions like glucose 

transporter-1 and the most part of glycolytic enzymes (76) 

Amongst others VEGF, glucose transporter-1, adipose differentiation-related protein and 

adrenomedullin have been described to be common targets of HIF1 alpha and HIF2 alpha 

(77;78). As already indicated in the case of SIRT1, HIF1 alpha and HIF2 alpha are not always 

regulated in the same way. Taken together with the fact that the two subunits do also show 

distinct expression patterns - HIF1 alpha is expressed ubiquitously, HIF2 alpha only in 

particular tissues (endothelium, kidney, lung, heart, and small intestine) - it is likely that they 

do have distinct biological effects. Knockout studies in mice underscore this assumption as 

both HIF1 alpha-/- and HIF2 alpha-/- knockouts are embryonically lethal. However, the 

reasons of this lethality are different. The knockdown of HIF1 alpha leads to death of 

embryos because of cardiac and vascular defects, whereas HIF2 alpha -/- embryo mice die 

somewhat later as a consequence of bradycardia, vascular defects and incomplete lung 

maturation (79). 

Enzymes involved in the glycolytic pathway are known to be HIF1 alpha targets (77) as well 

as BCL2/adenovirus E1B-interacting protein 1 (NIP3/Bnip3), a protein promoting apoptosis 

(80). In contrast, the regulation of EPO production in the liver is mediated by HIF2 alpha 

(81). Additionally Oct4 (Octamer binding transcription factor 4), a protein important for the 

capacity of self-renewal of stem cells, has been described to be a HIF2 alpha target. CyclinD1 

and transforming growth factor alpha were shown to be regulated by HIF2 alpha (82) and also 

in the context of fatty acid storage HIF2 alpha seems to be an important regulator of 

transcription. Studies in endothelial cells identified HIF1 alpha to be important for VEGF 
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expression, migration and proliferation of these cells and HIF2 alpha to be necessary for 

endothelial cells to adhere to the extracellular matrix (83). 

Besides the important function of HIF to adapt to changing oxygen tension HIF does also 

have an impact on the regulation during iron homeostasis. The HIF pathway is involved in 

sensing iron levels, as well as in regulating iron homeostasis actively (see 1.3.5) (84). 

Some of the proteins involved in megakaryocytic differentiation have been shown to be HIF 

targets. Two examples are the low-density lipoprotein receptor related protein 1 (LRP1) and 

the C-X-C chemokine receptor type 4 (CXCR4): the former protein is associated with the 

negative regulator platelet factor 4 (PF4) on MKs and is maximally expressed on polyploid 

and large MKs while it is neither expressed in megakaryocyte-erythrocyte progenitor cells nor 

in platelets (85). CXCR4 is the main receptor of SDF1, a homing receptor that is important 

for migration of megakaryocytes from the bone marrow into the vascular niche (see 1.1.2) and 

was shown to be an HIF1 alpha target (53). During megakaryocytic differentiation the 

expression of the receptor increases (33). VEGF, a well-established HIF target, is known for 

its angiogenic function. Additionally it was found to be involved in early hematopoiesis as 

well as in maturation stages of megakaryocytic progenitor cells (53). 

1 .3  Iron  

The ability to accept and donate electrons makes iron a very important component of enzymes 

dealing with oxygen transport, cellular respiration and DNA synthesis (86). Consequences of 

iron deficiency include cellular growth arrest and cell death. However, free iron can lead to 

the formation of hydroxyl or lipid radicals, causing damage on all organic molecules 

including nucleic acids, proteins, and lipid membranes (87). Therefore it is very important to 

control iron homeostasis tightly (86). 

1 .3 .1  Iron  homeos t as i s  

As iron excretion from the body is not a regulatory mechanism in mammals (88), homeostasis 

has to be controlled by intestinal iron uptake and by binding free iron to scavenging proteins 

like transferrin and ferritin in order to limit radical formation. 

Food contains mostly Heme or inorganic ferric iron, which can be absorbed by intestinal 

uptake in the duodenum by enterocytes. Ferric iron is reduced by ferric reductases, e.g. DcytB 
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(duodenal cytochrome B) to ferrous iron, which is able to pass the apical membran of 

enterocytes via the DMT1 (divalent metal transporter 1). Heme gets into the cell through 

HCP1 (89;90), where it is subsequently degraded through HO1 (Heme oxygenase) to release 

iron. Intracellular iron is exported into the circulation via ferroportin, oxidized to Fe3+ by 

Hephaestin (multicopper oxidase) and subsequently scavenged by transferrin (91). 

The most common pathway for iron uptake is via the Transferrin receptor 1 (TfR1). TfR1 is 

expressed ubiquitously, binds with high affinity to iron-bound transferrin and the whole 

complex gets internalized. The early endosome is acidified and leads to iron release (92). 

Subsequently members of the STEAP family of metalloreductases (93;94) reduce iron to Fe2+ 

and iron is transported into the cytosol via DMT1. Apo-transferrin and TfR1 translocate back 

to the cell surface (95). 

Once in the cell, iron can be used for the synthesis of Heme or iron sulphur cluster (ISC) 

within the mitochondria (Fig. 5) (96). Intracellular excess iron can be stored in the form of 

cytosolic ferritin, exported via ferroportin or in the case of Heme via the Heme transporter 

FLVCR. 
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Fig.5: Iron homeostasis (96) 

1 .3 .2  S ys t emic  i ron  regu la t i on  by Hepc id in  

Hepcidin, which is produced by hepatocytes, has a central role in systemic iron regulation: it 

binds to ferroportin on the surface of cells and thereby propagates its internalization, 

ubiquitination and lysosomal degradation. This process leads to blocked iron absorption from 

enterocytes, blocked iron recycling from macrophages and blocked mobilization of iron 

stored in the liver, resulting in low plasma iron levels, whereas iron levels in organs and cells 

remain high (95;97). 
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The regulation of Hepcidin is influenced by the availability of iron stores in hepatocytes, by 

erythropoiesis, by inflammatory signals and by hypoxia (95). 

Excess iron leads to the upregulation of Hepcidin expression, thereby preventing iron 

overload. On the contrary, in ID Hepcidin expression is downregulated. This facilitates 

dietary iron absorption and enhances the accessibility of iron from storage organs (91). 

Bone morphogenetic protein 6 (BMP6) is a member of the TGFbeta super family (97) and 

plays an important role in Hepcidin regulation dependent on iron availability: the protein is 

positively regulated by iron and functions as an iron sensor. It forms a complex with the BMP 

coreceptor haemojuvelin (HJV) and binds to type I (Alk2 and Alk3) and type II (ACTRIIA) 

receptors. Together they promote the phosphorylation and activation of receptor activated 

SMAD (R-SMAD) proteins leading subsequently to an active transcriptional complex of 

SMAD4. A soluble form of HJV was discovered, which competes with HJV bound to the 

hepatocytic membrane for BMP and has a negative effect on Hepcidin expression (98). 

Erythropoietic signals have an influence on Hepcidin transcription independently from iron 

availability. This fact possibly serves as a mechanism to ensure sufficient iron supply for 

erythropoiesis. Erythroid precursors release the soluble factors GDF15 (growth differentiation 

factor 15) and TWSG1 (twisted gastrulation protein 1), which were shown to inhibit the 

transcription of Hepcidin. However, the complete molecular mechanism is still an open 

question (91;99). 

Like erythropoietic signals proinflammatory cytokines, such as IL1 (100) and IL6 (101), 

induce Hepcidin expression independently from the supply of iron. The Janus kinase 

(JAK)/signal transducer and activator of transcription (STAT) signaling pathway is activated 

by IL6, leading to the binding of STAT to a STAT binding motif near the transcription start 

site of the Hepcidin promoter and thereby induces Hepcidin transcription. This pathway acts 

in synergy with the BMP signaling cascade via SMAD4 (102). It is thought that cytokine-

induced Hepcidin transcription is a strategy to limit iron availability to microorganisms (91). 

Hypoxia or chemically induced stabilization of HIF1 and HIF2 in the liver was shown to 

decrease Hepcidin expression (84) suggesting a role of iron dependent PHDs in sensing 

hepatic iron. A direct binding of HIF to the Hepcidin promoter has not been shown yet (95). 
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1 .3 .3  Cel lu l a r  i ron  regula t i on  by the  IRE/ IRP  s ys t em 

On cellular level, iron homeostasis is ensured posttranscriptionally by the two orthologous 

RNA-binding proteins, iron regulatory protein 1 and 2 (IRP1 and IRP2), which bind to 

conserved cis-regulatory hairpin structures - termed iron responsive elements (IRE) - in the 5’ 

and 3’ untranslated regions (UTRs) of target genes (95). Translation initiation is inhibited 

when IRP1 or IRP2 bind to the single 5’ UTR IRE of mRNAs, whereas IRP1 or IRP2 binding 

to multiple IRE motifs in the 3’ UTR of mRNAs hinders the endonucleolytic cleavage and 

degradation of the mRNA (87;95). In summary, the IRE/IRP system ensures that genes, 

which are important for iron storage, export and utilization are downregulated and proteins 

involved in iron uptake are upregulated in an iron deficient state. Additionally IREs were 

found in the 3’ UTR of CDC14A (cell division cycle 14 homolog A), CDC42BPA (CDC42 

binding protein kinase alpha) and HAO1 (Hydroxyacid oxidase 1) with yet undetermined 

relevance (103;104;105). 

Cellular iron levels are responsible for the capacity of IRP binding to IREs. However, IRP1 

and IRP2 sense cellular iron levels differently. In iron replete cells IRP1 is bound to a cubane 

4Fe-4S cluster, which prevents the mRNA binding ability of IRP1 (87;106). IRP1 bound to 

the 4Fe-4S cluster has then the ability to act as a cytosolic aconitase. Iron deficiency leads to 

disassembly of 4Fe-4S from IRP1 and subsequently IRP1 is able to bind to IRE (95). IRP2 

binds to FBXL5 (F-box and Leucin repeat protein 5) in iron replete cells. Together with SKP-

Cul1-F-box E3 ligase complex FBXL5 binding leads to proteasomal degradation of IRP2. 

FBXL5 senses the cellular iron levels by a Hemerythrin-like domain, which binds iron 

directly, leading to stabilized FBXL5.   In iron deficient cells no iron is bound to 

Hemerythrin, FBXL5 is degraded and IRP2 can bind to the target mRNA (107;108). 

Beside iron, oxygen levels do also have an influence on the binding capacity of IRP1 and 2 to 

IREs: in hypoxic conditions IRP1 is inactivated, while IRP2 is stabilized. Together with ROS 

and the phosphorylation state of IRP 1 and 2, oxygen levels are thought to allow the fine-

tuning of IRP/IRE regulation, independently from iron levels (95). This regulation system 

gets even more complex considering that the stability of TfR1 mRNA (e.g. in erythroid 

progenitors) is not solely dependent on iron levels and the IRE/IRP (109) and that the 

Ferroportin mRNA of erythroid and duodenal precursor cells do not possess an IRE. It is 

thought that this phenomenon ensures erythropoiesis restriction and facilitated iron uptake in 

the intestine in states of ID (110). 
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1 .3 .4  Iron  de f i c i enc y 

As described above iron is a critical component of several important cellular functions. 

Therefore it is obvious that ID leads to restrictions on multiple cellular mechanisms like 

proliferations, growth and differentiation of cells. In order to adapt to the state of ID and to 

ensure facilitated utilization of iron, the cellular metabolism is altered. This alteration 

involves the already mentioned IRE/IRP system, the HIF pathway but also the redox balance 

of cells leading to modified free radical production, which in turn has an effect on the JNK 

kinase pathway, p53 and the NFkappaB. As another consequence of iron deficiency the 

production of ISC and Heme is blocked which leads to an altered mitochondrial metabolism. 

The lack of ISCs induces impaired enzyme function during DNA synthesis and repair. In 

addition, cytochromes containing this cofactor are affected. Heme deficiency compromises 

multiple enzymes, which contain Heme as a cofactor. Additionally signaling pathways 

involving Heme as a signaling molecule are affected (Fig. 6)(91;111). 

 

Fig.6: Signaling in iron deficiency (91) 
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The underlying molecular mechanism of how MKs are affected by ID has not been clarified 

yet - although already in the 1970s increased platelet counts and increased size of MKs with 

no effects on the number of MKs were observed in iron deficient rats (19;23). As discussed 

earlier, polyploidy could be a strategy to increase platelet output without performing all 

aspects of mitosis (33), suggesting that a higher state of polyploidy could lead to increased 

production of platelets. The iron deficient rat model, established in our laboratory, with high 

counts of platelets and observed changes in the bone marrow led to the hypothesis that 

enhanced megakaryocytic differentiation was the cause for the state of thrombocytosis (22). 

First studies in megakaryocytic cell lines emphasized this suggestion by showing increased 

polyploidy under iron deficient conditions (24;110). 

However, the involvement of the transcription factor HIF during regulation of iron deficiency 

and also during megakaryopoiesis, as described below, makes HIF an interesting factor to 

study concerning its role during the regulation of iron deficient megakaryopoiesis. 

1 .3 .5  Iron  homeos t as i s  and  HIF  

As already mentioned, PHDs play an important role during the regulation of HIF. The activity 

of PHDs is not only dependent on the availability of oxygen but also on the availability of 

iron: this fact gives PHDs the ability to sense intracellular iron levels. In ID PHDs cannot 

perform the hydroxylation of HIF alpha and the protein is stabilized, then acting itself as a 

transcription factor for several target genes. In addition, Peyssonnaux et al. were able to show 

that HIF negatively regulates Hepcidin (84). Even more importantly, HIF2 alpha but not HIF1 

alpha was shown to be stabilized in enterocytes under ID, inducing thereby the expression of 

DMT1 and DcytB (112;113). Another evidence that the HIF pathway and iron metabolism are 

closely connected was found 2007 by Sanchez et al. identifying an IRE in the 5’ UTR of the 

HIF2 alpha mRNA (114). The significance of this IRE is not known yet, but it is suggested to 

be a mechanism limiting the generation of erythrocytes induced by hypoxia in states of iron 

deficiency. EPO was shown to be induced by HIF in hypoxia to enhance erythropoiesis (115) 

and it was supposed that it thereby inhibits the expression of Hepcidin indirectly (116;76). 

A HRE element was found in the genes of transferrin and TfR1 indicating that they are HIF 

targets (117;118;119). Well known targets of HIF1 are HO1 (120) and Coeruloplasmin (121) 

ensuring the recycling of iron in states of hypoxia in tissues. In summary, three strategies are 

pursued by activation of the HIF pathway in order to increase the bioavailability of iron: the 
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intestinal iron absorption is enhanced, iron recycling is stimulated and the production of 

Hepcidin is inhibited (91). 

2  H ypothes i s  

Many pieces of evidence indicate that ID and thrombocytosis correlate positively. However, 

the mechanism behind this phenomenon has not been clarified yet. The high prevalence of ID 

all over the world emphasizes the importance to understand the molecular mechanism behind 

that incidence in order to develop and apply more targeted therapies in the future. In the case 

of patients who show ID associated thrombocytosis combined with IBD these targeted 

therapies would be even more critical. 

Theoretically ID can influence megakaryopoiesis at all differentiation levels to cause finally 

increased counts of platelets: 

 MEPs: by inhibiting differentiation of erythrocytes and thereby inducing a shift towards 

the MK lineage 

 megakaryocytic progenitor cells: by enhancing their proliferation or accelerating their 

maturation 

 maturing MKs: by increasing their polyploidy and thereby increasing their capacity to 

produce platelets 

 thrombopoiesis: by enhancing the production of proplatelets and platelet shedding 

The important role of transcription factors as regulators during megakaryopoiesis has already 

been described in the introduction. Preliminary data in Dami cells, a megakaryocytic cell line 

(110), and in the new established in vitro model of megakaryopoiesis under ID (24) indicate a 

state of increased polyploidy under ID. This observation led to the assumption that ID leads to 

a changed regulation of megakaryopoiesis, possibly caused by an altered expression of 

transcription factors. The fact that HIF is regulated by an iron sensitive PHD and the fact that 

it is involved in iron homeostasis and in megakaryopoiesis (see introduction) make HIF a 

potential transcription factor playing a role in iron deficient megakaryopoiesis. 

We hypothesize that HIF1 alpha and HIF2 alpha are involved in the regulation of iron 

deficiency induced MK differentiation including endomitosis. We expect that these proteins 

are expressed in cells of the MK lineage, show nuclear localization and change the expression 
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pattern parallel to DNA ploidy and iron content. Furthermore we assume that HIF1 alpha and 

HIF2 alpha play a differential role during the process of iron deficient megakaryopoiesis. 

3  Aim 

The aim of this study is to identify the role of HIF in the regulation of iron deficiency induced 

megakaryopoiesis by investigating the expression pattern of HIF and its target genes in 

megakaryocytic cell lines under iron deficiency and iron repletion. To verify the role of HIF 

in megakaryocytic maturation, we analyze megakaryocytic differentiation markers and HIF 

target genes in megakaryocytic cell lines overexpressing HIF1 alpha and HIF2 alpha. 

4  Mater i a l s  and  Methods  

4 .1  Cel l  l i nes ,  cu l tu re  condi t i ons  and  t r ea tmen ts  

The experiments are based on the megakaryocytic cell lines CMK and HEL (DSMZ, 

Germany). The cell line CMK is derived from the peripheral blood of a patient with Down’s 

syndrome and acute megakaryoblastic leukemia. CMK cells express megakaryocytic markers 

(GlycoproteinsIIa/IIIb and IB and Plt-1) as well as erythropoietic (Glycophorin A) and 

myeloid (MY4, MY7 and MY9) markers (122). HEL is established from the peripheral blood 

of a 30-year old man with erythroleukemia after treatment for Hodgkin lymphoma. Cells 

express markers of all three myeloid lineages: granulocyte, erythrocyte and MK antigens 

(123). The cell line carries the JAK2 V617F mutation (59). 

Cell lines were grown in suspension in RPMI-Medium (Gibco, U.K.) supplemented with 10% 

FCS and 1% Penicillin Streptomycin (Gibco). One week before the start of experiments 

involving iron deficiency, cells were transferred in the serum-free medium Panserin 401 

(PAN Biotech, Aidenbach, Germany) supplemented with 1% Penicillin Streptomycin for 

adaption. To induce iron deficiency, cells were transferred into the customized iron-free and 

transferrin-free Panserin 401S medium (PAN Biotech, Aidenbach, Germany), supplemented 

with 1.25% Panserin 401. Alternatively, iron deficiency was induced by adding Deferoxamine 

(Sigma, D9533) to Panserin 401 at a concentration of 25 or 50 µM. 

PMA (phorbol-12-myristate-13-acetate) is a well-established inducer of megakaryopoiesis in 

human megakaryocytic cell lines like HEL and CMK (124). Cells treated with this phorbol 

ester show increased expression of megakaryocytic differentiation markers, increased 
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polyploidization and multi-lobulated nuclei, increased cell-to-cell and cell-to-substrate 

adhesion, as well as a strongly reduced proliferation (125;126;127). The regulation of gene 

expression by PMA is based on its capacity to induce protein kinase C (PKC)(126;128) and 

on subsequent activation of the ERK1/2 and the MAP kinase pathway (127;129;130). 

Cells treated with PMA were kept in Panserin 401 with 20nM PMA (Sigma Aldrich, St. 

Louis, U.S.A) for one hour, were washed three times in PBS and then plated in Panserin 401. 

4 .2  W este rn  Blo t t i ng  

Cells were lysed in RIPA-buffer (whole cell extract). To separate nuclear and cytoplasmic 

fraction cells were lysed in the cytosol extraction buffer (CEB: 10mM HEPES pH7.5, 3mM 

MgCl2, 14mM KCl, 5% glycerol, 1mM DTT, 1x protease inhibitors) for 10 minutes. By 

adding 0.2% NP-40 cell lysis was completed. Cells were vortexed for 10 seconds and a 

centrifugation step at 8600g for 2 minutes at 4°C followed. The supernatant representing the 

cytosolic fraction was transferred into a new tube and stored afterwards. The remaining pellet 

was washed three times in CEB and lysed in the nuclear extraction buffer (NEB: 10mM 

HEPES pH7.5, 3 mM MgCl2, 400mM NaCl, 5% glycerol, 1 mM DTT, 1x protease inhibitors) 

and set on ice for 30 minutes. A centrifugation at 16100g for 30 minutes on 4°C followed. 

The supernatant, which represents the nuclear fraction, was transferred into a new tube and 

stored. 

Approximately 30µg of protein were separated on a 10% polyacrylamide gel (BIS-Tris 10% 

gel, Invitrogen) and transferred onto a PVDF membrane (Immobilon, Millipore).We used 

rabbit/mouse polyclonal antibody against human HIF1 alpha (Novus Biologicals NB100-449 

and NB100-105), rabbit antibody against human HIF2 alpha (Novus Biologicals, NB100-

122), mouse antibody against human alpha tubulin (Abcam, ab7291), anti-human ferritin 

(Sigma-Aldrich, F5012) and rabbit polyclonal antibody against fibrillarin (Abcam, ab5821). 

IR dye conjugated secondary antibodies were used and detected by utilizing the Odyssey 

Imager. 
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4 .3  Real - t ime-PCR 

4 .3 .1  RNA Iso l a t i on  

We collected around 3 million cells per condition, washed them and lysed them in 1 ml 

TRIzol® (Invitrogen). After 5 minutes at room temperature the samples were snap frozen in 

liquid nitrogen and stored at -80°C. Samples were thawed on ice and 200 µl chloroform 

(Merck, New Jersey, USA) were added. Then the samples were shaken for approximately 30 

seconds and left on room temperature for 5 minutes. A centrifugation at 12000 g for 15 

minutes at 4°C followed. The upper aqueous phase was transferred to a fresh tube and 500 µl 

isopropanol (Sigma) were added. Samples were incubated for 10 minutes on room 

temperature and spun down at 1200 g for 10 minutes at 4°C. Following the careful removal of 

the supernatant 500 µl of 100% ethanol (VWR, Germany) were added and samples were 

pelleted at 7500 g for 10 minutes at 4°C. The supernatant was carefully removed and 500 µl 

of 75% ethanol were added. A centrifugation at 7500 g for 10 minutes at 4°C followed. The 

supernatant was removed, the pellet was dried for approximately 8 minutes and resuspended 

in 20 µl RNase free water (Ambion, Texas, USA). To allow complete dissolving, samples 

were incubated at 60°C for 10 minutes and RNA concentration was measured on Nanodrop 

1000 (PeqLab, Erlangen, Germany). The samples were stored on -80°C until they were 

analyzed. 

4 .3 .2  cDNA s yn thes i s  

400ng of RNA were reverse transcribed using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems). After thawing of components on ice the 2x Reverse 

Transcription Master Mix was prepared (per reaction): 2µL 10x RT Buffer, 0.8µL 25x dNTP 

Mix (100 mM), 2µL 10x RT Random Primers, 1µL MultiScribeTM Reverse Transcriptase, 

4.2µL Nuclease-free H2O and stored on ice. 10µL RNA/Nuclease-free H2O mix was added to 

10µL 2x Reverse Transcription Master mix and loaded into the thermal cycler (Step 1: 25°C 

for 10min; Step 2: 37°C for 120min; Step 3: 85°C for 5min; Step 4: 4°C ∞). The cDNA was 

stored at 4°C until it was analyzed. 
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4 .3 .3  qRT-PCR 

Real-time-PCR was performed on the 7500 Fast Real-Time PCR System using SYBR Green 

kit FAST (Qiagen) for differentially regulated genes with the specific primer pairs (GAPDH, 

HIF1 alpha, HIF2 alpha, TfR-1, CXCR4, LRP1, VEGF, Quantitect Primer Assay, Qiagen). 

10µL Fast SYBR® Green Master Mix were mixed with 1µL cDNA, 1µL forward primer, 

1µL reverse primer and 7µL Nuclease-free water. Thermal cycling conditions: AmpliTaq® 

Fast DNA Polymerase, UP Activation: 95°C for 20sec; Denature: 95°C for 3sec; 

Anneal/Extend: 60°C for 20sec; 40 cycles. To analyze the data Applied Biosystems® 7500 

Fast Software was used. 

4 .4  Cel l  t r ans fec t ion  

For overexpression studies 2,5µg of pcDNA3 with inserted HIF1 alpha or HIF2 alpha (kind 

gifts from Dr. Thilo Hagen) were used respectively. Cells were transfected by electroporation 

(Amaxa Nucleofector Kit, Lonza) and incubated for 48 hours in RPMI medium. To test 

transfection efficiency, cells were cotransfected with 2µg pmaxGFP® Vector (Lonza) and 

flow cytometry analysis on Lab Quanta SC flow cytometer (Beckman Coulter, Fullerton, CA) 

was performed to screen for GFP positive cells. Transfection was verified by RT-PCR and by 

western blotting for the transfected construct. The megakaryocytic cell lines were transfected 

with the empty construct for control. 
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Fig. 7: Plasmid map 

4 .5  Sur face  d i f fe ren t i a t i on  marker  and  Trans fe r r in  Recep to r  1  s t a in ing  

To determine megakaryocytic differentiation, approximately 2x105 cells were blocked in 125 

µl of 20% FCS in PBS for 10 minutes and after adding 2.5 µl antibody (PE Mouse Anti-

Human CD42a, BD Pharmingen, 558819; PC7 Mouse Anti-Human CD41, Beckman Coulter, 

6607115; FITC Mouse Anti Human CD61, BD Pharmingen, 557291) or 1 µl antibody (PE-

CyTM5 Mouse Anti-Human CD235a = Glycophorin A, BD Pharmingen, 561776), cells were 

incubated for 30 minutes in the dark at room temperature. Cells were analyzed via flow 

cytometry on Lab Quanta SC flow cytometer (Beckman Coulter, Fullerton, CA) via Cell Lab 

Quanta Analysis software and the various median fluorescences of cells were compared under 

defined conditions. To determine the induction of iron deficiency approximately 2x105 cells 

were blocked in 125 µl 20% FCS in PBS for 10 minutes. After adding 2.5 µl antibody (FITC 

Mouse Anti-Human CD71, BD Pharmingen 561939) cells were incubated on room 

temperature for 30 min and analyzed via flow cytometry. The median fluorescences of cells 

have been compared under defined conditions. 
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4 .6  DNA s t a in ing  and  ana l ys i s  o f  p lo id y 

To determine MK ploidy we measured Hoechst 33342 (Invitrogen, California) staining via 

flow cytometry on the Cell Lab Quanta SC flow cytometer. Cells were washed, resuspended 

in 500 µl of PBS and 2 µl of Hoechst (1:4 in PBS) were added. After 1 hour of incubation at 

37°C cells were measured via flow cytometry and the data was analyzed via Cell Lab Quanta 

Analysis software. 

4 .7  Stat i s t i c s  

Unless mentioned otherwise, error bars in graphs represent standard deviation. For all 

statistical tests, a P-value below 0.05 was considered significant. Metric variables were 

analyzed using unpaired t-tests (for variables with two groups) or ANOVA followed by 

Dunnett's test for post-hoc multiple comparison. 

5  Resul t s  

5 .1  Es tabl i shment  o f  growth  cond i t ions  and  readou ts  

The cell lines HEL and CMK were grown under iron replete and iron deficient conditions 

over the course of 4 or 7 days, respectively. We used two different ways to induce iron 

deficiency: 

  Panserin 401S (1.25% v/v Panserin 401 in Panserin 401S) 

 Addition of the iron chelator Deferoxamine (DFO) at a concentration of 25 and 50 µM 

Finally cells were pulse-treated with 20nM PMA for one hour (see methods) as a positive 

control. 

5 .1 .1  TfR1 ex pres s ion  in  ID  and  PMA t rea tmen t  

In order to determine the induction of ID TfR1 expression was evaluated on mRNA level and 

on surface expression level. 
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Sur face  T fR1  expres s ion  in  ID  and  PMA trea tmen t  

Both cell lines showed an enhanced median TfR1 fluorescence in iron-deficient conditions at 

day 2 (Fig. 8). 

In CMK ID induced by Panserin 401S led to a slight upregulation of TfR1 at day 2 compared 

to untreated cells, a trend which was diminished at day 4 (due to missing data, statistical 

significance could not be tested) (Fig. 8A). DFO treated cells showed a significant 

upregulation of the receptor at day 2 in both concentrations (P = 0.002 and P = 0.007, 

respectively) in contrast to the untreated and the PMA-treated conditions. However, at day 4 

we found opposite results. In comparison to the untreated group TfR1 was downregulated 

significantly in iron-deficient cells (P < 0.001 in both conditions) and PMA-treated cells (P < 

0.031) (Fig. 8B). 

HEL showed a similar picture: Panserin 401S induced iron deficiency led to an upregulation 

of TfR1 at day 2. As in CMK this trend diminished at day 4 (Fig. 8C). The median TfR1 

fluorescence of cells treated with 25µM DFO was higher than the fluorescence of the 

untreated group. The higher concentration of DFO showed similar results as the untreated 

group. However, at both days PMA-treated cells showed a low level of TfR1 (Fig. 8D). Due 

to missing data, the statistical significance could not be analyzed. 
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Fig. 8: Surface TfR1 

Median Fluorescence of TfR1 positive (A, B) CMK and (C, D) HEL cultured in (A, C) 100% Panserin 401 (u.t.) 

and 1.25% v/v Panserin 401:401S (Fe-), and in (B, D) Panserin 401 medium (u.t.) supplemented with 25µM DFO 

(25 DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Asterisks indicate 

a P-value < 0.05 compared to untreated cells. 

mRNA TfR1 expres s ion  in  i ron  def i c i ency  and  PMA t rea tmen t  

Alterations of TfR1 mRNA were analyzed by real-time-PCR in untreated, iron deficient and 

PMA treated cells (Fig.9). 

In CMK, the iron deficient cells induced by Panserin 401S showed an significant upregulation 

of TfR1 at all days with a maximum increase at day 3 (P = 0.001) versus the untreated 

condition of the same day (Fig. 9A). DFO treated cells showed an upregulation at day 2 (P < 

0.001 and P = 0.001, respectively) and day 4 (P < 0.001 in both conditions) compared to 

untreated cells. At day 4 TfR1 expression was down-regulated in PMA-treated cells (P < 

0.001) (Fig. 9B). 
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In HEL, iron deficiency induced by Panserin 401S already displayed an significant increase of 

TfR1 expression at day 1 (P = 0.003) – showing a maximum increase at day 2 (P < 0.001). 

This trend diminished slightly at day 4 and day 7 (P  = 0.028) (Fig. 9C). DFO induced iron 

deficiency led to a dose-dependent upregulation of TfR1 at day 2 (P = 0.006 and 0.002, 

respectively). At day 4, TfR1 was still significantly upregulated in comparison to the 

untreated cells (P < 0.001 and P = 0.002, respectively). In cells treated with PMA there was a 

downregulation of TfR1 at both days (P = 0.029 and 0.008, respectively) (Fig. 9D). 
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Fig. 9: TfR1 mRNA 

qRT-PCR for TfR1 of (A, B) CMK and (C, D) HEL cultured in (A, C) 100% Panserin 401 (u.t.) and 1.25% v/v 

Panserin 401:401S (Fe-), and in (B, D) Panserin 401 medium (u.t.) supplemented with 25µM DFO (25 DFO), 

50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Bar graphs represent 

expression of mRNA levels quantified by normalization to GAPDH as an endogenous control. Asterisks indicate 

a P-value < 0.05 compared to untreated cells. 
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Altogether the results indicated an upregulation of TfR1 on both mRNA and protein level in 

iron deficiency with a maximum in CMK at day 3 and in HEL at day 2. The surface receptor 

staining and the real-time-PCR results were comparable. PMA treatment led to a 

downregulation of TfR1 in both cell lines. 

5 .1 .2  Fer r i t in  expres s ion  in  ID  and  PMA t rea tment  

To determine changes in the iron storage protein ferritin expression in untreated, iron-

deficient and PMA-treated cells, the cells were grown under the three specific conditions. 

Whole cell lysate proteins were isolated and immunoblotted using a ferritin antibody. 

In the cell line CMK a prominent downregulation of ferritin in iron deficient cells induced by 

Panserin 401S compared to the untreated cells was detected at day 4. To a lower degree this 

trend was already apparent at day 2 (Fig.10). In contrast to untreated and PMA treated cells, 

cells, which were treated with 25 µM DFO, showed a downregulation of ferritin at day 2 (Fig. 

11). 

CMK Panserin 401S 

Ferritin 
 

alpha-Tubulin 
 

Day D2 D4 

Condition u.t. Fe- u.t. Fe- 

Fig.10: Ferritin protein CMK Panserin 401S 

Protein expression of Ferritin in  CMK cultured in 100% Panserin 401 (u.t.) and 1.25% v/v Panserin 401:401S 

(Fe-) for 4 days. Expression of alpha-Tubulin was used as a loading control. 
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CMK DFO 

Ferritin 
  

alpha-Tubulin 
  

Day D2 D4 

DFO (µM) - 25 50 - - 25 50 - 

PMA (20nM) - - - + - - - + 

Fig.11: Ferritin protein CMK DFO 

Protein expression of Ferritin in CMK cultured in Panserin 401 medium (u.t.) supplemented with 25µM DFO 

(25 DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Expression of 

alpha-Tubulin was used as a loading control. 

 

We found similar results in HEL. In comparison to the untreated group iron deficient cells 

(Panserin 401S) expressed ferritin to a lower degree at day 2 and to an even lower degree at 

day 4 (Fig. 12). In DFO treated cells the downregulation trend of ferritin expression compared 

to untreated and PMA-treated cells was most prominent at day 4 (Fig. 13). 

HEL Panserin 401S 

Ferritin  

alpha-Tubulin 
 

Day D2 D4 

Condition u.t. Fe- u.t. Fe- 

Fig.12: Ferritin protein HEL Panserin 401S 

Protein expression of Ferritin in HEL cultured in 100% Panserin 401 (u.t.) and 1.25% v/v Panserin 401:401S 

(Fe-) for 4 days. Expression of alpha-Tubulin was used as a loading control. 
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HEL DFO 

Ferritin   

alpha-Tubulin 
  

Day D2 D4 

DFO (µM) - 25 50 - - 25 50 - 

PMA (20nM) - - - + - - - + 

Fig.13: Ferritin protein HEL DFO 

Protein expression of Ferritin in HEL cultured in Panserin 401 medium (u.t.) supplemented with 25µM DFO (25 

DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Expression of alpha-

Tubulin was used as a loading control. 

5 .1 .3  Megakar yoc yt i c  d i f f e ren t i a t ion  in  ID  

To evaluate megakaryocytic differentiation in iron deficient and in PMA treated cells the 

median fluorescence of the megakaryocytic markers CD41, CD42a and CD61 and of the 

erythropoietic marker Glycophorin A (GpA) was measured (Fig. 14 and Fig. 15). 

In CMK, the expression of the two megakaryocytic markers CD41 (Fig. 14A) and CD42a 

(Fig. 14B) did not change on treatment with DFO in comparison to untreated cells. In PMA 

treated cells the median fluorescence of CD41 was significantly increased (P < 0.001) at day 

4. The median fluorescence of CD42 was slightly increased in cells treated with PMA at day 

4, but did not reach a significant level. DFO treatment led to loss of the expression of the 

erythroid marker GpA at day 2 (P = 0.045 and 0.010, respectively) and day 4 (P = 0.003 and 

0.003, respectively) and also PMA treatment led to a down-regulation of the erythroid surface 

marker at both days (P = 0.004 and 0.014, respectively) (Fig.14C). 
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Fig. 14: Surface megakaryocytic markers CMK 

Median Fluorescence of (A) CD41, (B) CD42a, and (C) GpA positive CMK cultured in Panserin 401 medium 

(u.t.) supplemented with 25µM DFO (25 DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA 

(PMA) for 4 days. Asterisks indicate a P-value < 0.05 compared to untreated cells. 

 

The median fluorescence of CD41 in HEL did not change in iron deficient cells, which had 

been induced by Panserin 401S (Fig.15A) or DFO (Fig. 15B). Furthermore iron deficiency 

induced by Panserin 401S did not induce the expression of CD42a (Fig.15C). In DFO treated 

cells, the median fluorescence of CD42a increased (P = 0.035 and 0.010, respectively) in 

contrast to the untreated group at day 4 in a dose-dependent manner (Fig. 15D). At day 4 the 

median fluorescence of CD61 increased in iron deficient cells induced by Panserin 401S 

compared to untreated cells (Fig. 15E). In PMA treated cells the expression of CD41 (P < 

0.001 at day 2 and 4) and CD42a (P = 0.012 at day 2 and P < 0.001 at day 4) increased 
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significantly over time. CD61 showed the same trend with PMA treatment, but did not reach a 

significant level. 

In comparison to the untreated cells of the same day Panserin 401S induced iron deficiency 

led to a reduced median fluorescence of GpA at day 4 (Fig.15F). DFO treated cells showed 

reduced expression of GpA already at day 2 – a trend which reached a significant level at day 

4 (P = 0.003 and 0.002, respectively) (Fig. 15G). Cells in Panserin 401S showed a similar 

pattern, but not at a significant level. In cells treated with PMA, the expression of GpA 

decreased (P = 0.007 at day 2 and 0.023 at day 4). 
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Fig. 15: Surface megakaryocytic markers HEL 

Median Fluorescence of (A, B) CD41, (C, D) CD42a, (E) CD61, and (F, G) GpA positive HEL cultured in (A, 

C, E, F) 100% Panserin 401 (u.t.) and 1.25% v/v Panserin 401:401S (Fe-), and in (B, D, G) Panserin 401 

medium (u.t.) supplemented with 25µM DFO (25 DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 

20nM PMA (PMA) for 4 days. Asterisks indicate a P-value < 0.05 compared to untreated cells. 

5 .1 .4  Al te ra t ions  in  p lo idy under  i ron  de f i c i enc y and  PMA t rea tmen t  

One characteristic of megakaryocytic differentiation is the polyploidization of cells. To 

investigate changes in ploidy under iron deficiency, HEL and CMK were analyzed via flow 

cytometry after DNA staining with Hoechst 33342. Particular attention was drawn to the >4N 

population, because this group reflects cells, which are definitely polyploid. 

For both cell lines, CMK and HEL, a comparison of iron deficient cells – cultured in 1.25% 

Panserin 401 in Panserin 401S – to the untreated group showed an increase in the >4N 

population at day 7, but did not reach a significant level (Fig. 16A and C). However, DFO-
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treated cells did not show this effect within 4 days. Only the treatment with PMA led to a 

slightly increased > 4N population (Fig. 16B and D). 
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Fig. 16: Polyploidy 

Cell cycle analysis by Hoechst 33342 staining and flow cytometry of (A, B) CMK and (C, D) HEL cultured in 

(A, C) 100% Panserin 401 (u.t.) and 1.25% v/v Panserin 401:401S (Fe-), and in (B, D) Panserin 401 medium 

(u.t.) supplemented with 25µM DFO (25 DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA 

(PMA) for 4 or 7 days respectively. 

5 .2  Megakar yopo ies i s  and  HIF  

In order to determine changes in HIF expression under iron deficiency we examined 

expression levels of HIF1 alpha and HIF2 alpha on mRNA and HIF1 alpha on protein level. 

Due to the low expression level of HIF2 alpha protein it was not detectable on western blot.   
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5 .2 .1  H IF a lpha  mRNA expres s ion  under  ID  and  PMA t rea tment  

In CMK, the HIF1 alpha mRNA expression was undulated in Panserin 401S induced iron 

deficiency over the course of 7 days (Fig. 17A). DFO-treated cells did not show an 

upregulation of HIF1 alpha at mRNA level (Fig. 17B). 

On the contrary, HIF2 alpha did not only show an upregulation at day 2 (P = 0.018), day 3 (P 

= 0.002) and day 4 (P = 0.004) in iron deficient cells induced by Panserin 401S (Fig.17C), but 

also DFO-treated cells showed an upregulation compared to untreated cells on day 2 (P = 

0.006 in cells treated with 25µM DFO) and day 4 (P < 0.001 and P = 0.001, respectively) 

(Fig. 17D). However, PMA treatment led to a similar HIF1 alpha expression as DFO 

treatment, whereas the level of HIF2 alpha mRNA was decreased significantly after PMA 

treatment at day 2 (P = 0.020) and day 4 (P = 0.005). 
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Fig. 17: HIF1 alpha and HIF2 alpha mRNA CMK 

qRT-PCR for (A, B) HIF1 alpha and (C, D) HIF2 alpha  of CMK cultured in (A, C) 100% Panserin 401 (u.t.) 

and 1.25% v/v Panserin 401:401S (Fe-), and in (B, D) Panserin 401 medium  (u.t.) supplemented with 25µM 

DFO (25 DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Bar graphs 

represent expression of mRNA levels quantified by normalization to GAPDH as an endogenous control. 

Asterisks indicate a P-value < 0.05 compared to untreated cells. 

 

In HEL, iron deficiency induced by Panserin 401S led to an increased mRNA level of HIF1 

alpha at day 1 (P = 0.026), day 2 (P = 0.002) and day 7 versus untreated cells. However, HIF1 

alpha was not altered at day 3 and day 4 (Fig. 18A). The HIF2 alpha mRNA level was 

enhanced significantly in iron deficient cells at day 1 (P = 0.046), day 3 (P = 0.002), day 4 

(P= 0.010) and day 7 (P = 0.010) compared to untreated cells (Fig. 18C). DFO treated cells 

did not differ in HIF1 alpha expression at day 2, but at day 4 a significant upregultion of HIF1 

alpha expression was observed in cell treated with 25 µM DFO (P =  0.012) and with 50µM 
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DFO (P = 0.023) (Fig. 18B). HIF2 alpha expression increased at day 4 (P < 0.001 in both 

conditons) compared to the untreated group (Fig. 18D). 

In HEL, PMA treatment led to the increased expression of HIF1 alpha mRNA levels at day 4 

(P = 0.039). Interestingly, the HIF2 alpha mRNA level decreased significantly (P = 0.005 at 

day 2 and P = 0.007 at day 4)  in comparison to the untreated cells and DFO-treated cells. 
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Fig. 18: HIF1 alpha and HIF2 alpha mRNA HEL 

qRT-PCR for (A, B) HIF1 alpha and (C, D) HIF2 alpha  of HEL cultured in (A, C) 100% Panserin 401 (u.t.) and 

1.25% v/v Panserin 401:401S (Fe-), and in (B, D) Panserin 401 medium (u.t.) supplemented with 25µM DFO 

(25 DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Bar graphs 

represent expression of mRNA levels quantified by normalization to GAPDH as an endogenous control. 

Asterisks indicate a P-value < 0.05 compared to untreated cells. 
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In summary iron deficiency as well as PMA treatment seemed to influence HIF expression on 

mRNA level. However, HIF1 alpha expression was basically influenced by Panserin401S 

induced iron deficiency and only at specific time points, whereas the mRNA pattern of HIF2 

alpha was more consistently changed in both induced iron deficiencies. In the two cell lines 

PMA treatment had a negative effect on the level of HIF2 alpha mRNA, but there was only a 

small effect on the HIF1 alpha mRNA level. 

5 .2 .2  H IF1  a lpha  p ro t e in  expres s ion  under  ID  and  PMA t rea tmen t  

Whole  ce l l  l ysa t e  

In total, the amount of HIF1 alpha protein was very low in the whole cell lysate. We were 

hardly able to detect any protein at the predicted size (120kDa), presumably because of very 

low concentrations due to HIF1 alpha protein degradation in normoxic conditions in the 

whole cell lysate (Fig. 19, 20 and 21). 

 

Panserin 401S whole cell lysate 

Cell line CMK HEL 

HIF1 alpha 
  

HIF1 alpha (degraded) 
  

alpha-Tubulin 
  

Day D2 D4 D2 D4 

Condition u.t. Fe- u.t. Fe- u.t. Fe- u.t. Fe- 

Fig.19: HIF1 alpha protein Panserin 401S whole cell lysate 

Protein expression of HIF1 alpha in  CMK and HEL cultured in 100% Panserin 401 (u.t.) and 1.25% v/v 

Panserin 401:401S (Fe-) for 4 days. Expression of alpha-Tubulin was used as a loading control. 
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CMK DFO whole cell lysate 

HIF1 alpha 
  

HIF1 alpha (degraded) 
  

alpha-Tubulin 
  

Day D2 D4 

DFO (µM) - 25 50 - - 25 50 - 

PMA (20nM) - - - + - - - + 

Fig.20: HIF1 alpha protein CMK DFO whole  cell lysate 

Protein expression of HIF1 alpha in CMK cultured in Panserin 401 medium (u.t.) supplemented with 25µM DFO 

(25 DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Expression of 

alpha-Tubulin was used as a loading control. 

 

HEL DFO whole cell lysate 

HIF1 alpha   

HIF1 alpha (degraded) 
  

alpha-Tubulin 
  

Day D2 D4 

DFO (µM) - 25 50 - - 25 50 - 

PMA (20nM) - - - + - - - + 

Fig.21: HIF1 alpha protein HEL DFO whole cell lysate 

Protein expression of HIF1 alpha in HEL cultured in Panserin 401 medium (u.t.) supplemented with 25µM DFO 

(25 DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Expression of 

alpha-Tubulin was used as a loading control. 
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Nuclear / cy top lasmic  f rac t ion  

The separation of the nuclear fraction led to a clear HIF1 alpha signal at the predicted size – 

accumulating at day 2 in iron-deficient (induced by Panserin401) and PMA treated HEL cells 

(Fig. 22 and 23). 

HEL Panserin 401S nuclear/cytoplasmic fraction 

HIF1 alpha 

  

Fibrillarin 
  

Day D2 D4 

Condition u.t. Fe- - u.t. Fe- - 

PMA 
(20nM) 

- - + - - + 

Fraction c n c n c n c n c n c n 

Fig. 22: HIF1 alpha protein HEL Panserin401S nuclear/cytoplasmic fraction 

Nuclear and cytoplasmic protein expression of HIF1 alpha in HEL cultured in 100% Panserin 401 (u.t.) and 

1.25% v/v Panserin 401:401S (Fe-) for 4 days. Expression of Fibrillarin was used as a loading control. 

 

Fig. 23: HIF1 alpha protein HEL Panserin401S nuclear fraction densitometry 

Nuclear protein expression of HIF1 alpha in HEL cultured in 100% Panserin 401 (u.t.) and 1.25% v/v Panserin 

401:401S (Fe-) for 4 days normalized to Fibrillarin. 
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5 .2 .3  H IF t a rge t  ex pres s ion  under  ID  and  PMA t rea tmen t  

After HIF1 alpha and HIF2 alpha have been identified to be possible regulators of 

megakaryopoiesis, which is induced by ID, we examined if HIF targets, which are involved in 

megakaryopoiesis (such as VEGF, CXCR4 and LRP1), show distinct expression patterns in 

untreated, iron deficient and PMA treated conditions on mRNA level by RT-PCR analysis. 

CXCR4 

In CMK, Panserin 401S induced iron deficiency (P = 0.035) and DFO treatment (P < 0.001 in 

both conditions) led to significantly increased mRNA levels of CXCR4 at day 4 (Fig. 24A 

and B). 

In HEL, mRNA levels of the CXCR4 gene were increasing over time under both conditions – 

untreated and iron deficient (Panserin 401S induced). In DFO-treated cells a dose-dependent 

upregulation of CXCR4 mRNA could be distinguished (Fig. 24C and D) at day 4 (P = 0.032 

and 0.003, respectively) in contrast to untreated cells. PMA treatment led to a significant 

upregulation of CXCR4 at day 2 (P < 0.001). 
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Fig. 24: CXCR4 mRNA 

qRT-PCR for CXCR4 of (A, B) CMK and (C, D) HEL cultured in (A, C) 100% Panserin 401 (u.t.) and 1.25% 

v/v Panserin 401:401S (Fe-), and in (B, D) Panserin 401 medium (u.t.) supplemented with 25µM DFO (25 

DFO), 50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Bar graphs represent 

expression of mRNA levels quantified by normalization to GAPDH as an endogenous control. Asterisks indicate 

a P-value < 0.05 compared to untreated cells. 

LRP1 

Panserin 401S induced iron deficiency led to a slight upregulation of LRP1 at day 4 in CMK 

(Fig. 25A) – a trend which was more obvious in DFO treated cells, where a significant, dose-

dependent effect was detected at day 4 (P = 0.004 and P < 0.001, respectively) (Fig. 25B). 

PMA treatment led to a significant upregulation at day 4 (P = 0.020) in comparison to the 

untreated group. 
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HEL cells cultured in 1.25% Panserin401 in Panserin401S did not show much difference in 

LRP1 expression compared to untreated cells (Fig. 25C). In contrast, DFO treatment (P = 

0.010 and 0.034, respectively) and PMA treatment (P = 0.030) considerably increased the 

expression of LRP1 at day 4 on mRNA level (Fig. 25D). 
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Fig. 25: LRP1 mRNA 

qRT-PCR for LRP1 of (A, B) CMK and (C, D) HEL cultured in (A, C) 100% Panserin 401 (u.t.) and 1.25% v/v 

Panserin 401:401S (Fe-), and in (B, D) Panserin 401 medium (u.t.) supplemented with 25µM DFO (25 DFO), 

50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Bar graphs represent 

expression of mRNA levels quantified by normalization to GAPDH as an endogenous control. Asterisks indicate 

a P-value < 0.05 compared to untreated cells. 

 

  

0 

0,0009 

0,0018 

D2 D4 
0 

0,0009 

0,0018 

D2 D4 

0 

8E-05 

0,00016 

D2 D4 
0 

8E-05 

0,00016 

D2 D4 

D C 

B A 

* 

* 
* 

* 

* 
* 

* 



 

-50- 
 

VEGF 

In CMK, the expression of VEGF on mRNA level increased overtime – in Panserin 401S 

induced iron deficiency as well as in the untreated group (Fig. 26A). DFO treatment led to a 

dose-dependent upregulation of VEGF (P < 0.001 in both conditions) in comparison to the 

untreated group at day 4 (Fig. 26B). In PMA treated cells VEGF mRNA was upregulated at 

day 2 (P < 0.001) and day 4 (P < 0.001). 

In HEL, Panserin401S induced iron deficiency did not lead to significant changes in VEGF 

mRNA levels. However, the untreated cells showed a quite high expression level of VEGF at 

day 4 (Fig. 26C). Similar to CMK, DFO treatment in HEL also led to a dose-dependent 

upregulation of VEGF mRNA in HEL – not so in the untreated group (Fig. 26D) – at day 4 (P 

= 0.001 in both conditions). PMA treatment led to a signifcant upregulation of VEGF (P < 

0.001 at day 2 and day 4) on mRNA level. 
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Fig. 26: VEGF mRNA 

qRT-PCR for VEGF of (A, B) CMK and (C, D) HEL cultured in (A, C) 100% Panserin 401 (u.t.) and 1.25% v/v 

Panserin 401:401S (Fe-), and in (B, D) Panserin 401 medium (u.t.) supplemented with 25µM DFO (25 DFO), 

50µM DFO (50 DFO) and 1 hour pulse-treated with 20nM PMA (PMA) for 4 days. Bar graphs represent 

expression of mRNA levels quantified by normalization to GAPDH as an endogenous control. Asterisks indicate 

a P-value < 0.05 compared to untreated cells. 

5 .3  Overex press ion  o f  H IF  

Our next aim was to investigate the specific role of HIF in megakaryopoiesis by 

overexpression of HIF1 and HIF2 alpha and determining changes in megakaryocytic 

differentiation and HIF target expression in comparison to untreated cells. 
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5 .3 .1  Trans fec t ion  e f f i c i enc y 

After transient transfection of the cell line HEL with plasmids – containing HIF1 alpha, HIF2 

alpha or no insert – the expression level of the respective protein was evaluated on mRNA 

and on protein level to confirm the successful overexpression after 48 hours. 

The result was the confirmation of a successful overexpression of HIF1 alpha (Fig. 27A) and 

HIF2 alpha (Fig. 27B) on mRNA level and of HIF1 alpha on protein level (Fig. 28). 
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Fig. 27: HIF1 alpha and HIF2 alpha mRNA after HIF alpha overexpression 

qRT-PCR for (A) HIF1 alpha and (B) HIF2 alpha  of HEL cultured in RPMI and transfected with the indicated 

plasmids for 48hours. Bar graphs represent expression of mRNA levels quantified by normalization to GAPDH 

as an endogenous control. 
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Fig.28: HIF1 alpha protein expression after HIF alpha overexpression 

Protein expression of HIF1 alpha in HEL cultured in RPMI and transfected with plasmids containing HIF1 alpha 

for 48hours. Expression of alpha-Tubulin was used as a loading control. 

 

5 .3 .2  Megakar yoc yt i c  marker  ex press ion  in  ce l l s  overexpress ing  H IF1  o r  

H IF2  a lpha  

The expression levels of the markers CD41and CD61 were not altered in cells, which were 

overexpressing HIF1 or HIF2 alpha in comparison to the control groups (untreated cells and 

cells transfected with an empty vector, Fig. 29A and C). 

In contrast, the expression of CD42a increased in cells, which were overexpressing HIF1 

alpha (P = 0.040) or HIF2 alpha (P = 0.028), in contrast to cells transfected with the empty 

vector or untreated cells (Fig. 29B). The erythropoietic marker GpA was also affected by 

overexpression of HIF1 and HIF2 alpha. The expression was downregulated in these cells (P 

< 0.001 in cells overexpression HIF1 and HIF2 alpha) compared to the control cells (Fig. 

29D). 
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Fig. 29: Surface megakaryocytic markers after HIF alpha overexpression 

Median Fluorescence of (A) CD41, (B) CD42a, (C) CD61, and (D) GpA positive HEL cultured in RPMI and 

transfected with the indicated plasmids for 48 hours. Asterisks indicate a p-Value < 0.05 compared to untreated 

cells. 

 

5 .3 .3  H IF t a rge t  ex pres s ion  in  ce l l s  overex pres s ing  H IF1  and  HIF2  a lpha  

In cells overexpressing HIF1 alpha the mRNA level of CXCR4 was significantly increased (P 

= 0,015). In comparison to controls, overexpression of HIF2 alpha led to similar results as 

overexpression of HIF1 alpha, though the increase was not significant (Fig. 30A). 

The mRNA levels of LRP1 were slightly affected by HIF overexpression: transfection with 

the HIF1 alpha plasmid and transfection with the HIF2 alpha plasmid showed an increase of 

LRP1 mRNA level – in both cases compared to untreated cells, but did not reach a significant 

level (Fig. 30B). 
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As opposed to CXCR4 and LRP1 the mRNA levels of VEGF were slightly downregulated in 

cells overexpressing HIF1 and HIF2 alpha on mRNA level (Fig. 30C). 
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Fig. 30: CXCR4, LRP1 and VEGF mRNA after HIF alpha overexpression 

qRT-PCR for (A) CXCR4 and (B) LRP1 and (C) VEGF of HEL cultured in RPMI and transfected with the 

indicated plasmids for 48hours. Bar graphs represent expression of mRNA levels quantified by normalization to 

GAPDH as an endogenous control. Asterisks indicate a P-value < 0.05 compared to untreated cells. 
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5 .3 .4  Al te ra t ions  in  p lo idy in  ce l l s  overexpres s ing  HIF1  and  HIF2  a lpha  

In terms of polyploidy, overexpression of HIF1 and HIF2 alpha did not lead to significant 

increases. Cells, which were overexpressing HIF1 alpha, showed a slightly increased >4N 

population, whereas the >4N population in cells transfected with the HIF2 alpha plasmid was 

comparable to untreated cells and cells transfected with the empty plasmid (Fig. 31). 
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Fig. 31: Polyploid cells after HIF alpha overexpression 

Cell cycle analysis by Hoechst 33342 staining and flow cytometry of  HEL cultured in RPMI and transfected 

with the indicated plasmids for 48hours. 

 

6  Discuss ion  

The association of ID and thrombocytosis in patients is documented in many studies (see 

introduction), but only little is known about changes in megakaryocytic maturation induced 

by iron deficiency and the underlying molecular mechanisms. Elevated platelet counts and 

enhanced size of MKs have been observed in iron deficient rats already 1970, although the 

number of MKs was not increased. Similar observations have been made in an iron deficient 

rat model of our laboratory: elevated platelet counts and changes of the bone marrow led to 

the suggestion that the high platelet counts are the consequence of accelerated differentiation 

of MKs (22). Further studies in the megakaryocytic cell line Dami showed enhanced 

polyploidy under iron deficient conditions (110). The observations of this study concerning 

surface marker expression and polyploidy under conditions of ID, induced either by Panserin 

401S or by DFO, are consistent with previous in vivo and in vitro results. However, the 
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molecular mechanisms behind this phenomenon have not been clarified yet and led to the 

establishment of an in vitro system to study iron deficient megakaryopoiesis (24). 

In the present study, we induced ID in two different ways: by adding DFO to the media or by 

using the iron- and transferrin-free medium Panserin 401S. ID induced by Panserin 401 is 

developing slowly and could reflect the physiological situation better. However, as the 

manifestation of ID is very dependent on cell proliferation, it is firstly less pronounced and 

secondly more variable, which is confirmed by the TfR1 and ferritin results. DFO, on the 

other hand, has immediate action, is not dependent on several cell division cycles for ID to 

occur and allows to do dose response curves. However, DFO is a chemical with potentially 

other actions, it blocks all iron in the cells and does not allow the cell to adapt gradually to 

limited iron. These factors might be the reason why some responses are better observed with 

Panserin 401S (such as polyploidy) and others with DFO. 

The aim of this study was to investigate the potential role of HIF as a regulator during 

megakaryopoiesis. We wanted to answer the question how HIF1 alpha and HIF2 alpha are 

regulated in our model of megakaryopoiesis of iron deficiency and if HIF is an essential 

regulator of megakaryopoiesis induced by ID. 

In order to answer our questions we examined expression levels of HIF1 and HIF2 alpha on 

mRNA and of HIF1 alpha on protein level under iron deficient conditions in megakaryocytic 

cells lines. Additionally we investigated the expression of HIF target genes under the same 

conditions on mRNA level. In order to clarify to which extent HIF is involved in 

megakaryopoiesis we performed overexpression studies of HIF1 and HIF2 alpha and 

determined the expression of megakaryocytic maturation markers, the expression of HIF 

targets and the polyploidy level of these cells. 

The first question was if HIF is overexpressed in megakaryopoiesis under ID and if there is a 

difference in the expression pattern of HIF1 and HIF2 alpha. As HIF1 and HIF2 alpha are 

both regulated primarily by protein stability, the investigation of the two factors on protein 

level is more significant. However, in order to exclude additional interfering control 

mechanisms on mRNA level and to determine differential expression patterns of HIF1 and 

HIF2 alphas under ID, the mRNA expression levels of the HIF alphas were also evaluated. 

HIF1 alpha mRNA expression under iron deficient conditions compared to untreated cells 

showed strong undulations at each time point of mRNA collection in both cell lines, CMK 



 

-58- 
 

and HEL, and might not be biologically significant. The results for HIF2 alpha were more 

consistent as the upregulation in the ID condition was apparent at all days in both cell lines. 

Interestingly, PMA treatment led to a constant downregulation of HIF2 alpha. As PMA is not 

the natural inducer of megakaryopoiesis, it might turn on different pathways than the natural 

main regulator of megakaryopoiesis, TPO. 

Studying physiological processes in cell lines is always limited. The addition of TPO to the 

cells had no effect on HEL and CMK (data not shown). HEL was shown to have a V617F 

mutation in JAK2 leading to constitutively activated TPO signaling. A general tendency of 

cell lines, which are obtained from myeloproliferative disorders, to constitutively signal 

through the TPO pathway is described in the literature (59). Future studies, which include 

primary cells or animal models, could help explain how ID affects TPO signaling and thereby 

megakaryopoiesis. 

The total amount of HIF1 and HIF2 alpha protein is very low, as the proteins become 

degraded in the cytoplasm and are only stabilized in the nucleus. This makes HIF1 alpha very 

difficult to detect in the whole cell lysate. However, after separation of the nuclear and the 

cytoplasmic fraction western blot results indicate a slight upregulation of HIF1 alpha 

expression in the iron deficient group compared to untreated cells on protein level. HIF2 

alpha protein is even less expressed in HEL and CMK and was not detectable on western blot. 

We further examined the downstream activation of the HIF pathway by measuring the 

expression pattern of three HIF targets, CXCR4, LRP1 and VEGF in our in vitro model of 

iron deficient megakaryopoiesis. The three investigated HIF targets  are involved in 

megakaryopoiesis and showed a trend of upregulation at day 4 in the DFO-induced iron 

deficient conditions. However, ID induced by Panserin 401S did not always have the same 

effect. 

PMA treatment, representing a positive control, did not always lead to the same expression 

patterns of the HIF targets as ID, but as already mentioned PMA is not a natural inducer of 

megakaryopoiesis. The increased expression of CXCR4 and LRP1 after DFO-treatment 

indicate the more differentiated condition of the cells towards the megakaryocytic lineages 

and fits to the observed phenotype (e.g. GpA and TfR1 expression). 

The next question we aimed to answer was, if the overexpression of HIF1 alpha and HIF2 

alpha does induce megakaryocytic differentiation by evaluating megakaryocytic 
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differentiation markers (CD41, CD61, CD42a) and the erythropoietic differentiation marker 

GpA after transfecting cells with plasmids containing HIF1 alpha or HIF2 alpha. In the cell 

line HEL overexpression of HIF1 alpha as well as HIF2 alpha led to increased expression of 

CD42a, whereas the other markers CD41 and CD61 were not affected. The erythropoietic 

marker GpA was less expressed in these cells indicating megakaryocytic differentiation (39). 

These results suggest an association between the HIF alphas and iron deficient 

megakaryopoiesis as both ID and overexpression of HIF1 and HIF2 alpha lead to similar 

expression patterns of the megakaryocytic markers and the erythropoietic marker GpA 

indicating a differentiation towards the megakaryocytic lineage. 

Another part of our HIF-overexpression study was the influence on the expression of HIF 

target genes. As in the case of the megakaryocytic markers, the HIF targets CXCR4 and 

LRP1 were affected similarly by overexpression of HIF1 and HIF2 alpha and under ID. Both 

proteins were upregulated in cells transfected with the HIF-containing plasmids. 

Overexpression of HIF1 alpha was not affecting VEGF mRNA levels, whereas 

overexpression of HIF2 alpha had an even downregulating effect on VEGF. Further studies in 

primary cells including siRNA experiments could verify, if the differentiation towards the 

megakaryocytic lineage induced by the overexpression of the HIF alphas, which we show by 

the downregulation of GpA, might be VEGF independent and if any of the downstream 

targets of HIF have a more specific role in this process. 

Based on our results one could only speculate which one of the two HIF alphas is more 

important during megakaryopoiesis under ID. Both HIF alphas seem to affect 

megakaryopoiesis when overexpressed, but because only HIF1 alpha is detectible on protein 

level and is also more abundant on mRNA level it is more likely that HIF1 alpha is the 

regulator during this process. To confirm this, siRNA experiments for example in PMA 

treated cells could be performed to find out which HIF alpha is essential. Similar experiments 

in primary cells could help to determine if HIF affects TPO signaling. In the far future animal 

experiments with MK-specific knockouts would also be interesting and might help 

confirming the importance of HIF during megakaryopoiesis in ID. 
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8  Abbrevia t i ons  

A 

ACD Anemia of chronic disease 

ARNT Aryl hydrocarbon nuclear translocator 

B 

BFU-MK Burst forming unit megakaryocyte 

BMP Bone morphogenic protein 

bHLH Basic helix loop helix 

C 

CLP Common lymphoid progenitor 

CMP Common myeloid progenitor 

CFU-MK Colony forming unit megakaryocyte 

CD41 GlycoproteinIIb; alphaIIb-integrin 

CD61 Beta 3 integrin chain 

CD42 Glycoprotein IB; vWF receptor 

c-Mpl Myeloproliferative leukemia virus oncogene; TPO receptor 

CD36 Thrombospondin receptor 

CXCR4 C-X-C chemokine receptor type 4 

CDC14a Cell division cycle 14 homolog A 

CDC42BPA CDC42 binding protein kinase alpha 

CBP Creb-binding protein 

D 

DMS Demarcation membrane system 

DcytB Duodenal cytochrome B 

DMT1 Divalent metal transporter 1 

DFO Deferoxamine 

E 

ERK Extracellular signal-related kinase 
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EPO Erythropoietin 

F 

FOG1 Friend of GATA1 

Fli1 Friend leukemia integration 1 

FBXL F-box and leucin repeat protein 5 

FIH1 Factor inhibiting HIF1 

FLVCR Feline leukemia virus subgroup C cellular receptor 

G 

GMP Granuloloycte/macrophage progenitor 

GpA Glycophorin 1 

GATA1 Erythroid transcription factor 

GDF15 Growth differentiation factor 15 

H 

HAO 1 Hydroxyacid oxidase 1 

HFE Hereditary hemochromatosis protein 

HIF1 Hypoxia inducible factor 1 

HIF2 Hypoxia inducible factor 2, EPAS1 

HJV Haemojuvelin 

HO1 Hemoxygenase 1 

HRE Hypoxia responsive element 

HSC Haematopoietic stem cell 

I 

ID Iron deficiency 

IDA Iron deficiency anemia 

IBD Inflammatory bowel disease 

IL6 Interleukin-6 

IL11 Interleukin-11 

ISC Iron-sulfur cluster 

IRIDA Iron refractory iron deficiency anemia 
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IRP1 Iron responsive element 1 

IRP2 Iron responsive element 2 

IRE Iron responsive protein 

iNOS Inducible nitric oxide synthase 

J 

JAK2 Janus kinase 2 

L 

LRP1 Low density lipoprotein receptor related protein 1 

M 

MK Megakaryocyte 

MEP Megakaryoid-erythroid progenitor 

MAPK Mitogen-activated protein kinase 

mTOR Mammalian target of rapamycin 

N 

NF-E2 Nuclear factor (erythroid-derived) 2 

O 

ODDD Oxygen-dependent degradation domain 

Oct4 Octamer binding transcription factor 4 

P 

PF4 Platelet factor 4 

PI3K Phosphoinositol-3-kinase 

PMA Phorbol-12-myristate-13 acetate 

PKC Protein kinase C 

PHD Prolyl hydroxylase domains 

PCAF P300/CBP-associated factor 

PAS Per/Arnt/Sim-domain 

PKM2 Pyruvate kinase muscle isozyme 2 
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RanBP10 Ran binding protein 10 

RhoA Ras homolog member A 

ROS Reactive oxygen species 

S 

STAT Signal transducer and activator of transcription 

SOCS Suppressors of cytokine signaling 

SDF1 Stromal cell-derived factor 1 

SENP3 Sentrin-specific protease 3 

SIRT Sirtuin 

SCF Stem cell factor 

T 

TPO Thrombopoietin 

TfR1 Transferrin Receptor 1; CD71 

TfR2 Transferrin Receptor 2 

TAD Transactivation domain 

TWSG1 Twisted gastrulation homologue 1 

U 

UTR Untranslated region 

V 

vWF Von Willebrand factor 

vHL Von Hippel-Lindau 

VEGF Vascular endothelial growth factor 
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9 .1  Zusammenfas sung (deu tsch )  

Titel:„Die Rolle des ‚hypoxia inducible factors‘ in Eisenmangel-induzierter Megakaryopoese“ 

Hintergrund: Chronisch entzündliche Darmerkrankungen (CED) werden oft mit Eisenmangel 

und einer erhöhten Anzahl von Blutplättchen in Verbindung gebracht. Diverse Studien 

zeigen, dass die Behandlung mit Eisensupplementen die Zahl der Blutplättchen normalisiert. 

Wir schlagen ein Modell vor, in dem Eisenmangel die Anzahl der Blutplättchen direkt durch 

die geförderte Differenzierung von Megakaryozyten beeinflusst. Auf molekularer Ebene 

könnte der ‚hypoxia inducible factor‘ (HIF) ein wichtiger Regulator von Eisenmangel-

induzierter Megakaryopoese sein. 

Ziele: Ziel dieser Arbeit war es den Einfluss von HIF auf den Prozess der Megakaryopoese 

unter eisenarmen Bedingungen anhand einer Analyse des Expressionsmusters von HIF1 

alpha, HIF2 alpha und HIF Zielgenen und durch Überexpression der beiden 

Transkriptionsfaktoren in megakaryozytären Zelllinien zu untersuchen. 

Methoden: Die megakaryozytären Zelllinien CMK und HEL wurden unter eisenarmen und 

eisenreichen Bedingungen kultiviert und analysiert. Die Expression von HIF1 alpha, HIF2 

alpha und Zielgenen von HIF untersuchten wir auf mRNA Ebene durch ‚qRT PCR‘, die 

Expression von HIF1 alpha auf Proteinebene durch ‚Western blots‘. Als Positivkontrolle 

induzierten wir die megakaryozytäre Differenzierung durch PMA. Nach der Transfektion der 

Zellen mit Plasmiden, die HIF1 oder HIF2 alpha enthielten, wurden Veränderungen 

hinsichtlich megakaryozytärer Differenzierung, Polyploidie und der Expression von HIF 

Zielgenen bestimmt. 

Ergebnisse: Die durch Eisenmangel induzierte megakaryozytäre Differenzierung führte 

sowohl auf mRNA als auch auf Proteinebene zu einer Hochregulierung der HIF Expression. 

Die Expression von HIF Zielgenen CXCR4 und LRP1, beide involviert in Megakaryopoese, 

wurde unter eisenarmen Bedingungen auf mRNA Ebene signifikant hinauf reguliert. (HEL: 

CXCR4: P = 0.032 und P = 0.003 in DFO behandelten verglichen mit der Kontrolle; LRP1: P 

= 0.010 und 0.034 in DFO behandelten Zellen verglichen mit der Kontrolle). 

Schlussfolgerungen: Diese Studie unterstreicht die These, dass HIF als Regulator während der 

Eisenmangel-induzierten Megakaryopoese agiert. Die Ergebnisse fördern das 

wissenschaftliche Verständnis für die molekularen Mechanismen während dieses Prozesses 

und könnten deshalb im Zuge vertiefender Studien zur Entwicklung von zielgerichteten 

Therapien für Patienten mit CED, Eisenmangel und Thrombozytose beitragen. 
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9 .2  Abs t rac t  (Engl i sh )  

Title: “The role of hypoxia inducible factor in iron deficient megakaryopoiesis” 

Background: Inflammatory bowel disease (IBD) is often associated with iron deficiency and 

increased platelet counts. Various studies show that the treatment based on supplemented iron 

normalizes the counts of platelets. We propose that iron deficiency affects platelet counts 

directly by inducing megakaryocytic differentiation. On molecular level the hypoxia inducible 

factor (HIF) might be an important regulator of iron deficient megakaryopoiesis. 

Aims: The aim of this study was to investigate the influence of HIF on megakaryocytic 

maturation under iron deficiency by analyzing the expression pattern of HIF1 alpha, HIF2 

alpha and HIF targets and by examining the overexpression of both transcription factors in 

megakaryocytic cell lines. 

Methods: The megakaryocytic cell lines CMK and HEL were cultured under iron deficient 

and iron replete conditions and analyzed. We evaluated the expression of HIF1 alpha, HIF2 

alpha and HIF target genes on mRNA level by real-time PCR and the expression of HIF1 

alpha on protein level by western blots. As a positive control megakaryocytic differentiation 

was induced by PMA. After transfection of cells with plasmids containing HIF1 alpha or 

HIF2 alpha, changes in the megakaryocytic differentiation, polyploidy and expression of HIF 

targets were determined. 

Results: Iron deficiency induced megakaryocytic differentiation was associated with an 

upregulation of HIF expression both at mRNA and protein level. The HIF targets CXCR4 and 

LRP1, both implicated in megakaryopoiesis, were upregulated significantly on mRNA level 

under iron deficient conditions. (HEL: CXCR4: P = 0.032 and P = 0.003 in DFO treated cells 

compared to control cells; HEL: LRP1: P = 0.010 and 0.034 in DFO treated compared to 

control cells). 

Conclusions: The present study underlines, that HIF acts as a regulator during iron deficient 

megakaryopoiesis. The results help to improve our understanding of molecular mechanisms 

during this process and might contribute to develop more targeted therapies for patients with 

IBD, ID and thrombocytosis in the future. 
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