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ABSTRACT 
Neutrophils, known primarily as key players in defense against invading pathogens, 

represent an essential component of both the innate and adaptive immunity. Continuous 

production of large quantities of neutrophils is ensured by a complex process termed 

granulopoiesis. In order to maintain a stable neutrophilic population, granulopoiesis requires 

to be tightly regulated. Moreover, impaired granulopoiesis may lead to aberrant bone marrow 

function and, ultimately, give rise to acute myeloid leukemia (AML). Despite decades of 

research, the mechanisms regulating granulopoiesis are still unclear. In particular, the 

CCAAT/enhancer binding protein (C/EBP) family of transcription factors plays a critical role 

in this process. C/EBPα acts as a master regulator of granulopoiesis mainly by orchestrating 

expression of its target genes, which will mediate granulocytic differentiation. Thus, 

characterization of novel C/EBPα target genes is critical for a better understanding of the 

molecular mechanisms that regulate granulopoiesis. Previously, we showed that another 

C/EBP member, CEBPG, is a direct target of C/EBPα. In the first part of the present work, 

we addressed the unknown role of C/EBPγ in granulopoiesis. We observed that Cebpg 

conditional knockout (KO) mice, which have the Cebpg gene ablated specifically in the 

hematopoietic system, are viable and present no signs of disease. Consistently, we showed 

that production of mature blood cells as well as function of hematopoietic stem and progenitor 

cells remains unaffected upon Cebpg deletion. Surprisingly, several models of stress 

granulopoiesis induced by administration of LPS, G-CSF or Candida albicans showed that 

Cebpg KO mice respond to these stimuli similarly as control mice. Taken together, these 

findings led to the unexpected conclusion that the transcription factor C/EBPγ, although being 

expressed at high levels in all hematopoietic cells, is dispensable for steady-state and 

emergency granulopoiesis. In the second part of this thesis we focused our research on 

another C/EBPα target gene, EVI2B. Detailed study of this transmembrane protein 

demonstrated that EVI2B is involved in regulation of neutrophilic differentiation and 

functionality of hematopoietic progenitors. In the third part of this thesis, we studied the 

regulation of neutrophilic differentiation by a different type of molecules – microRNAs. Our 

data showed that miR-143 accelerates neutrophilic differentiation partially through 

posttranscriptional control of its direct target, the transcription factor ERK5. Finally, we 

identified miR-143 as potential prognostic marker in AML. Altogether, data described in this 
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thesis not only contribute to improve our understanding of normal granulopoiesis but also 

provide new insights into the processes altered in leukemogenesis. 
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ABSTRAKT 
Neutrofily, známé hlavně jako klíčové buňky přítomné při obraně proti patogenům, 

představují nedílnou součástí přirozené ataké adaptivní části imunitního systému. Nepřetržitá 

produkce velkého množství neutrofilů je zajišťována komplexním procesem zvaným 

granulopoeza. Aby bylo možné udržovat stabilní počet neutrofilů, granulopoeza musí být 

přesně regulována. Narušená regulace granulopoezy může vést k poškození funkčnosti kostní 

dřeně, a nakonec až k vzniku akutní myeloidní leukemie (AML). Ani desetiletí výzkumu 

neobjasnili mechanizmy regulace granulopoezy úplně. Bylo však prokázáno, že rodina 

transkripčních faktorů zvaná CCAAT/enhancer binding protein (C/EBP) je v tomto procesu 

důležitá. Transkripční faktor C/EBPα funguje jako jeden z hlavních regulátorů granulopoezy 

tím, že řídí expresi mnohých genů zabezpečujících diferenciaci granulocytů. Pro pochopení 

molekulárních mechanizmů regulujících granulopoezu je proto důležitá charakterizace 

nových genů, které jsou řízené transkripčním faktorem C/EBPα. V předchozí studii jsme 

prokázali, že jiný člen C/EBP rodiny, CEBPG, je cílovým genem transkripčního faktoru 

C/EBPα. V první části této práce jsme zkoumali dosud neznámou roli transkripčního faktoru 

C/EBPγ v granulopoeze. Naše pozorování ukázala, že Cebpg knockout (KO) myši, které měly 

gen Cebpg specificky vyřazený v buňkách  hematopoetického systému, byly životaschopné a 

neprojevovaly žádné známky onemocnění. Prokázali jsme, že delece genu Cebpg neovlivňuje 

produkci zralých krevních buněk a ani funkci hematopoetických kmenových buněk či 

progenitorů. Dále jsme zkoumali stresem vyvolanou granulopoezu za použití různých 

stimulantů jako je LPS, G-CSF nebo infekce kvasinkou Candida albicans. Tyto experimenty 

překvapivě ukázali, že Cebpg KO myši odpovídají na dané stimuly stejně jako kontrolní myši. 

Naše zjištění proto vedla k neočekávanému závěru, že i když je transkripční faktor C/EBPγ 

přítomný ve všech stadiích granulocytů, pro granulopoezu za klidových a také stresových 

podmínek není potřebný. V druhé části této práce jsme zkoumali gen EVI2B, který je také 

přímo řízený transkripčním faktorem C/EBPα. Detailní studie tohoto transmembránového 

proteinu prokázala, že EVI2B se účastní regulace diferenciace neutrofilů a je důležitý pro 

funkci hematopoetických progenitorů. V třetí částí této práce jsme zkoumali odlišný typ 

molekul – mikroRNA. Zjistili jsme, že miR-143 zrychluje průběh diferenciace neutrofilů tím, 

že přímo kontroluje expresi MAPK kinázy ERK5. Dalším důležitým poznatkem je, že exprese 

miR-143 může sloužit jako prognostický marker u AML. Data získaná  v rámci této dizertační 
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práce přispívají nejenom k lepšímu pochopení fungování granulopoezy za normálních 

podmínek, ale také přinášejí nová zjištění, jak může být granulopoeza narušena při leukemii.  
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INTRODUCTION 

Hematopoietic system and hematopoietic stem cells 
Blood cells are required to fulfill critical functions for an individual’s survival. They 

need to sustain a properly working immune system, to provide efficient transport of oxygen to 

the tissues, and to keep a functional hemostatic system1. Consequently, millions of diverse 

blood cells are generated every second of our lives within the bone marrow (BM), in a 

continuous process called hematopoiesis. Hematopoietic cells are hierarchically organized 

within the hematopoietic system, in which cells can be evaluated according to their self-

renewal, proliferation and differentiation capacities, and compartmentalized to three main 

groups (Figure 1): hematopoietic stem cells (HSCs), hematopoietic progenitor cells (HPCs) 

and mature cells2.  

At the top of the hematopoietic hierarchy resides an infrequent population of HSCs. 

During steady state, HSCs are predominantly kept in a quiescent, autophagy-dependent  and 

glycolytic state3–10. Their mitochondrial activity and rate of protein synthesis are low11–13. 

This dormant state protects the stem cell pool from exhaustion of replicative capacity and 

accumulation of DNA damage14. Therefore, proliferation of dormant HSCs and their 

immediate contribution to steady-state hematopoiesis is limited to minimum15. However, 

HSCs have potential to become highly active during stress situations such as hematopoietic 

recovery. This observation points to a critical role of HSCs during stress situations. Once the 

hematopoietic system is recovered, HSCs are believed to return to a dormant state3. Such 

protection mechanism is essential, since HSCs need to ensure continuous generation of blood 

cells throughout an organism’s lifetime. To be able to achieve this task, HSCs possess 

simultaneously two remarkable characteristics, multipotency and self-renewal. Multipotency 

is the term describing the undifferentiated state of HSCs, which allows HSCs to develop into 

any type of mature hematopoietic cell. Self-renewal is the ability to undergo division giving 

rise to two identical daughter cells which retain multipotency. This attribute ensures that 

multipotency is transmitted to subsequent cell generations and that the rare pool of HSCs is 

preserved16. Obviously, precise control of the decision, whether a HSC self-renews or 

differentiates, is crucial to maintain the hematopoietic system in homeostasis. This decision is 

termed HSC fate choice and it is resolved by the type of subsequent cell division. There are 

three possible options. The first option is division called symmetric self-renewal, which can 

generate two daughter cells with the same properties as the parental stem cell17. Symmetric 
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self-renewal ensures expansion of the HSC pool after its reduction caused by irradiation or 

other stress situation. The second option is asymmetric division, which results in one HSC 

and one differentiated daughter cell. Asymmetric cell division maintains constant HSC 

numbers and simultaneously generates differentiated progeny18. The third option is division 

called symmetric commitment, which produce two differentiated daughter cells and allows 

speeding up the process of differentiation. Importantly, both HSC activity and fate decision 

are modulated via interactions with neighbor hematopoietic and non-hematopoietic cells, 

which comprise a specific BM microenvironment called HSC niche 19,20.  

Figure 1. Hematopoietic hierarchy. Hematopoietic cells can be classified according to 
their self-renewal capacity and proliferation potential into three main fractions. (1) 
Hematopoietic stem cells (HSCs), which are defined by their multilineage developmental 
potential and ability to self-renew. HSCs can be further subclassified into long-term (LT), 
intermediate-term (IT), and short-term (ST), based on their repopulation potential. (2) 
Hematopoietic progenitor cells (HPCs) represent population with extensive proliferation 
potential but very limited self-renewal ability. HPCs include subsets such as multipotent 
progenitors (MPP), common myeloid progenitors (CMP), megakaryocyte-erythroid 
progenitors (MEP), granulocyte-monocyte progenitors (GMP), lymphoid-primed 
multipotent progenitors (LMPP), common lymphoid progenitors (CLP) and common 
dendritic progenitors (CDP). (3) Mature hematopoietic cells cannot self-renew with few 
exceptions and have limited proliferation capacity. Depicted cells belong to erythroid 
(erythrocytes), megakaryocytic (platelets), myeloid (monocytes, macrophages, granulocytes, 
dendritic cells (DC)) and lymphoid (NK cell, NKT cell, B cell, T cell) lineages. Original 
figure from (Manz and Boettcher, 2014). 
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The HSC compartment is heterogeneous and it can be further subdivided into three 

phenotypically defined groups based on HSC repopulating potential and self-renewal 

abilities21. Long-term (LT)-HSCs represent the most primitive phenotypic population. LT-

HSCs are defined by their ability to mediate long-term repopulation (longer than 4 months) of 

all hematopoietic lineages in a primary recipient and at least in a second round of 

transplantation. Intermediate-term (IT)-HSCs present multilineage reconstitution beyond 4 

months during primary transplantation but engraft only transiently in secondary transplants. 

Short-term (ST)-HSCs include even more committed HSCs, which were shown to generate 

lympho-myeloid grafts that peak in the circulation at 2–3 weeks after transplantation and 

decay thereafter. ST-HSCs are able to sustain lympho-hematopoiesis up to 12 weeks after 

transplantation, whereas myelo-hematopoiesis is detectable up to 4 weeks after 

transplantation. 

HSCs produce in parallel distinct subsets of multipotent progenitors (MPPs), which 

have limited ability to self-renew and display short-term engraftment ability in primary 

transplantation experiments. Interestingly, MPP subsets retain multipotency but are more 

prone to produce cells of one specific lineage. Therefore, MPPs are characterized as myeloid 

or lymphoid lineage-biased progenitors. Further, MPPs differentiate to progenitors, which are 

committed to a single lineage. In contrast to HSCs, these progenitors present high metabolic 

activity dependent on oxidative metabolism and high mitochondrial turnover. This active state 

enables progenitors to promptly amplify their numbers and covers the diverse demand for 

terminally differentiated cells, which are usually not able to proliferate by themselves9. 

Mature cells can be loosely grouped into erythroid, megakaryocytic, myeloid, or lymphoid 

lineage. 

In summary, the traditional model to represent the hematopoietic system uses a 

hematopoietic cell lineage tree, where HSCs are characterized as a homogenous population, 

downstream of which are distinct intermediate progenitors progressively losing their 

pluripotency. This is represented by a series of binary branching, in which the first lineage 

bifurcation separates myelo-erythroid and lymphoid compartments. This simplified view has 

recently been challenged by results obtained using new technologies. Technical innovations 

like single-cell expression analysis and microfluidics allowed carrying out transcriptome-wide 

RNA sequencing in thousands of single cells. The results from these studies showed that the 

pool of HSCs is heterogeneous at the molecular level and functional studies have supported 

this observation22–25. Moreover, according to these new findings, hematopoiesis is way more 

plastic than we anticipated. For instance, the segregation of myeloid and lymphoid fate does 
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not occur so early during development as initially described. In fact, the distinct myeloid cell 

types do not share a common progenitor and they develop through different differentiation 

pathways 26–29. Another intriguing example indicates the existence of a direct path from the 

HSC pool to the erythroid and megakaryocytic lineages22,23,30.  

Granulocytes and steady-state granulopoiesis 
Granulocytes are myeloid cells with a granule-rich cytoplasm – neutrophils, basophils 

and eosinophils. The main population of interest in this thesis, the neutrophils, comprises the 

dominant granulocytic cell type in peripheral blood, BM and tissues, both in humans and 

mice. Thus, the terminology granulocyte is although not accurate, it is generally used to refer 

to neutrophils. The number of neutrophils in the organism needs to be tightly regulated. On 

the one hand, patients suffering from lack of neutrophils are extremely sensitive to bacterial 

infections31,32. On the other hand, an excess of neutrophils is a life-threatening condition as 

well31.  

Mature neutrophils represent an essential part of the innate immune system, and serve 

as major effector cells responsible for the control of infections33. During pathogen intrusion, 

microorganisms must first overcome physical barriers, such as body’s cell surfaces like skin 

or epithelial cell layers covered with mucus containing antimicrobial peptides. If they 

succeed, the presence of microbes themselves and resident macrophages generate signals, 

which activate endothelial cells in the close proximity. Subsequently, activated local 

endothelial cells capture bypassing neutrophils, lead them to the site of infection and change 

their state from dormant to active. Activated neutrophils can eliminate microbes through 

diverse mechanisms such as phagocytosis and subsequent production of reactive oxygen 

species (ROS), degranulation, or release of the neutrophil extracellular traps (NETs). During 

phagocytosis, a microorganism is recognized and engulfed by internalization of membrane 

resulting in formation of a phagosome. The phagosome later fuses with cytoplasmic granules 

full of bactericidal substances. Simultaneously, the enzyme NADPH oxidase gets activated to 

convert oxygen into ROS. ROS include oxidizing molecules such as superoxide, hydrogen 

peroxide, and halic acids. The combination of ROS with the granules content poses an 

effective microbe killing mechanism. Another mechanism of clearance is degranulation, an 

exocytosis process in which neutrophils release the content of its granules including lytic 

enzymes and antimicrobial peptides into the surrounding tissue. As a final act, neutrophils can 

release NETs, which are strands of neutrophilic DNA with bactericidal proteins attached to 

them34,35. Actually, most bacterial infections are effectively eliminated locally by innate 
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immune mechanisms, which include the described granulocytic contribution. However, in 

addition to the well-known role as effector cells involved in acute inflammation, neutrophils 

are potent activators and regulators of other immune cells, including cells that participate in 

both innate and adaptive immune responses. Neutrophils modulate cells indirectly through 

secretion of a wide repertoire of molecules (cytokines, chemokines) or directly by cellular 

crosstalk33. Moreover, neutrophils are able to undergo polarization depending on signals from 

surrounding tissue and other immune cells36. Altogether, neutrophils are not only crucial 

effectors of innate immunity, but also important regulators of the immune response.  

Considering the fact that mature neutrophils do not have the ability to divide and that 

they have a relatively short half-life (from few hours to few days37), neutrophils must be 

Figure 2. Granulopoiesis. Neutrophil development occurs primarily in the bone marrow. 
Granulopoiesis is maintained by a pool of self-renewing long-term hematopoietic stem cells 
(LT-HSCs), which give rise to short-term hematopoietic stem cells (ST-HSCs). Further, ST-
HSCs differentiate through a series of progenitors such as multipotent progenitors (MPPs), 
lymphoid-primed multipotent progenitors (LMPPs), granulocyte–monocyte progenitors 
(GMPs) and myeloblasts. During neutrophil maturation, myeloblast proceed through 
promyelocyte, myelocyte, metamyelocyte and band cell stages to generate a mature 
neutrophil. Neutrophil maturation is characterized by nuclear segmentation as well as 
temporally regulated generation of the three different types of neutrophil granules and other 
secretory vesicles. In particular, presence of primary (azurophil) granules indicates the 
myeloblast and promyelocyte stage, secondary (specific) granules are typical for the 
myelocyte and metamyelocyte stage, tertiary (gelatinase) granules appear during the band 
cell to segmented cell stage of development and secretory vesicles are formed only in 
mature neutrophils. During steady-state granulopoiesis, only fully mature neutrophils leave 
the BM and enter circulation. CR1, complement receptor 1; MMP9, matrix 
metalloproteinase 9; MPO, myeloperoxidase; NE, neutrophil elastase.  Adapted figure from 
(Coffelt, Wellenstein & de Visser, 2016). 
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constantly replenished from upstream progenitors in a process known as granulopoiesis 

(Figure 2). Remarkably, granulopoiesis generates 0.5-1 x 1011 neutrophils per day in a healthy 

human37. Granulopoiesis is divided in early and late stages of development depending on the 

differentiation potential of the mother cell. Hematopoietic stem and progenitor cells (HSPCs) 

with potential to generate at least two lineages represent early stages of granulopoiesis. As 

mentioned earlier, HSCs give rise to MPPs, which further differentiate, and their progeny 

gradually lose ability to generate all lineages. Initially, the lymphoid-primed multipotent 

progenitors (LMPPs) lose potential to become basophils, eosinophils, mast cells and erythroid 

cells. However, LMPPs can still generate granulocytes, monocytes and lymphocytes28,29,38. 

Further, more committed progenitors generate predominantly neutrophils and monocytes29. 

The earliest granulocytic precursors identifiable by light microscopy are granule-less 

myeloblasts. Later stages of neutrophilic maturation are characterized by distinct 

morphological features (Grumwald-Giemsa staining, Figure 4B) and unique expression 

patterns  of specific granule proteins39–41. Promyelocytes present the first unilineage 

precursors committed to neutrophils only. Subsequently, promyelocytes give rise to 

myelocytes. Myeloblasts, promyelocytes and myelocytes have enormous capacity to 

proliferate. On the contrary, metamyelocytes exit the cell cycle and together with subsequent 

populations do not contribute to expansion of the neutrophilic population. Finally, 

metamyelocytes mature through banded cells to terminally differentiated segmented 

neutrophils37. These specific developmental stages are resolved according to expression of 

three types of granules: azurophil granule proteins (primary granules), specific granule 

proteins (secondary granules), and gelatinase granule proteins (tertiary granules)42,43.  

During steady-state conditions, granulopoiesis takes place in the BM and only mature 

neutrophils are liberated to enter circulation. The release of mature neutrophils to the 

bloodstream, homing of aged circulating neutrophils to the BM, as well as neutrophil 

recruitment to the sites of infection occur in a circadian manner44,45. Neutrophils are tethered 

in the BM through interaction of the chemokine receptor CXCR4 (expressed on neutrophils 

and their precursors) to its ligand CXCL12 (expressed at high level by BM stromal cells)46. 

On the contrary, activation of another chemokine receptor, CXCR2, is responsible for the 

release of mature neutrophils to peripheral blood47. Moreover, CXCR4 expression decreases, 

and conversely CXCR2 expression increases, during neutrophil maturation, which ensures 

that only mature neutrophils are released to peripheral blood. Interestingly, circulating 

neutrophils increase expression of CXCR4 as they age. By this mechanism, aged neutrophils 
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are navigated to liver, spleen (SP) or back to BM. In these sites neutrophils undergo apoptosis 

and their clearance is secured by local macrophages48,49.   

Emergency granulopoiesis 
Stable basal level of mature granulocytes is replenished through steady-state 

granulopoiesis described in detail in the previous section. However, during hematopoietic 

stress situations, such as severe systemic infection, large numbers of neutrophils are required 

and granulopoiesis must suddenly increase neutrophilic production several-fold above normal 

levels. This increased need of granulocytes activates a different type of granulopoiesis known 

as emergency granulopoiesis, in which proliferation and differentiation of myeloid 

progenitors is rapidly enhanced and de novo generation of neutrophils occurs50. Emergency 

granulopoiesis is characterized by systemic alterations in circulation such as elevated acute-

phase proteins, increased numbers of neutrophils, and the presence of immature myeloid 

precursor cells. 

The emergency granulopoiesis cascade triggered by systemic infection can be divided 

into three phases, including recognition of pathogen, initiation of emergency granulopoiesis 

and its termination50. During the first phase, non-hematopoietic as well as hematopoietic cells 

detect the presence of pathogen-associated molecular patterns (PAMPs). These conserved 

structures are characteristic for certain type of pathogens and they are normally not found in 

the host. Some PAMPs are expressed on the surface of pathogens, while others are hidden in 

their cytoplasm and get exposed after cell membrane destruction. In particular, PAMPs are 

recognized through pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), 

RIG-I-like receptors (RLRs), and Nod-like receptors (NLRs)51. In the second phase, enhanced 

neutrophil production can be triggered in a direct or an indirect fashion. According to the 

model of direct activation, pathogens are detected directly through PRRs expressed on 

HSPCs, which react by immediate initiation of emergency granulopoiesis52,53. In contrast, the 

model of indirect activation involves another cell population, which senses the presence of a 

pathogen, but it is not able to generate granulocytic progeny by itself. Instead, these cells 

transmit the threat signal from the periphery to the HSPCs in the BM through production of 

certain cytokines. During systemic inflammation, blood levels of these cytokines increase 

dramatically, up to 100-fold above normal. As reviewed by Manz and Boettcher, the most 

important granulopoietic cytokines are granulocyte colony-stimulating factor (G-CSF), 

granulocyte–macrophage colony-stimulating factor (GM-CSF), macrophage colony-

stimulating factor (M-CSF), interleukin-3 (IL-3), IL-6, and FMS-like tyrosine kinase 3 
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(FLT3) ligand. The key role of cytokine-mediated activation in emergency granulopoiesis is 

clearly demonstrated by in vivo experiments using cytokine injections and specific genetic 

deletion of cytokines or their respective receptors. Although, none of these cytokines is 

absolutely essential, studies using  G-csf-/- and G-csfr-/- mice showed hematopoietic defects in 

steady-state as well as in emergency granulopoiesis, pointing to an exceptional role of G-CSF 

in these processes. On the contrary, biological relevance of the direct sensing is still 

questioned. Nevertheless, supporting this idea Takizawa et al. showed that quiescent HSCs 

respond to direct activation through TLR-4 by entering cell cycle and subsequent 

proliferation, migration and switching on an inflammation-related gene expression program54. 

However, chimeric mice in which TLR-4 expression was restricted to hematopoietic cells 

were not able to respond to lipopolysaccharide (LPS) stimulation with enhanced 

granulopoiesis55. Altogether, direct pathogen sensing is biologically relevant but its 

contribution to initiation of emergency granulopoiesis is rather minor compared to the indirect 

recognition pattern. The final phase of granulopoiesis involves termination of the enhanced 

neutrophil production. This phase is characterized by return of circulating neutrophil numbers 

to baseline and by restoration of steady-state granulopoiesis.  

Flow cytometric definition of murine myeloid BM populations 
Fluorescence-activated cell sorting (FACS) is a powerful method allowing 

discrimination and purification of distinct hematopoietic cell populations based on expression 

of unique cell surface markers56. Mature murine blood cells are generally identified based on 

expression of lineage markers (Lin): CD11b, Gr1 (granulocytes), B220 (B cells), CD3 (T 

cells), Ter119 (erythrocytes). Stem and progenitor cells are characterized by a specific 

combination of cell surface markers, however the optimal panel able to identify a 100% pure 

and functional HSC has not been identified yet. The search for ideal surface markers 

characterizing a unified population of HSCs started with a publication by Irving Weissman 

and colleagues57. First, they phenotypically defined HSCs as Thy-1lowLin-Sca-l+ and used 

clonogenic and transplantation assays to assess functional HSCs. Second, a follow-up work 

from the same laboratory characterized a population enriched for HSPCs, defined as Lin-c-

Kit+Sca1+, and therefore also referred to as LKS cells. More recently, Morrison and 

colleagues further divided this HSPC pool by additional cell surface markers, giving rise to 

the identification of LT-HSC and ST-HSC populations58. In particular, ST-HSCs can be 

identified as LKS CD48+CD150- and LT-HSCs as LKS CD48-CD150+ (also known as LKS 

SLAM+; SLAM: signaling lymphocyte activation molecule) (Figure 3). Of note, LT-HSCs 
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represent the most primitive phenotypic population enriched for functional HSCs, 

nevertheless functional assays demonstrated that only 1 in 3 phenotypically defined HSCs is 

able to reconstitute the hematopoietic system of lethally irradiated mice59. 

As early myeloid progenitors differentiate, they keep expression of c-Kit and gradually 

lose the Sca-1 expression.  The Weismann lab was the first to dissect this compartment using 

again clonogenic and transplantation assays. They suggested that myeloid progenitors 

differentiate in a hierarchical manner and that Lin-c-Kit+Sca-1- compartment can be 

subdivided according to the expression of FcγRII/III and CD34 into three subsets, namely the 

Figure 3. Flow cytometric definition of hematopoietic populations used in this thesis. 
Lineage positive (Lin+) cells are a mix of mature lineage committed hematopoietic cell 
populations expressing lineage markers such as Gr1, CD11b (granulocytes), B220 (B cells), 
CD3 (T cells) and Ter119 (erythrocytes). Immature cell populations (stem cells and 
progenitors) reside within the rest of the cells referred to as lineage negative (Lin-)cells. The 
population enriched for stem cells and early progenitors (LKS) is characterized by 
expression of both c-Kit and Sca-1 markers. HSPC population is further subdivided to the 
fraction of cells containing LT-HSC, which express CD150 and do not express CD48 and 
the fraction of early progenitors (ST-HSCs), which are positive for CD48. Further 
differentiated progenitors are losing the expression of Sca-1, while keeping expression of c-
Kit. The population of most immature progenitors committed to myeloid lineage (common 
myeloid progenitor, CMP) express CD34. Subsequent differentiation towards 
granulocytic/monocytic lineage progenitors (GMP) is associated with the gain of expression 
of FcγRII/III, whereas differentiation towards megakaryocyte/erythroid lineage progenitors 
(MEP) is characterized by loss of CD34 and FcγRII/III expression. Adapted from 
(Zjablovskaja, 2017). 
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FcγRII/IIIloCD34+ common myeloid progenitors (CMP), which give rise to FcγRII/IIIhiCD34+ 

granulocyte-monocyte progenitors (GMP) and to FcγRII/III-CD34- megakaryocyte-erythroid 

progenitors (MEP) (Figure 3). CMPs can diverge to all myeloid cell populations, therefore 

they are defined as earliest myeloid progenitors. The MEP population represents the source of 

megakaryocytes and erythrocytes, whereas the GMP population is quite heterogeneous, but 

generates mainly granulocytic and monocytic cells60.It is important to stress, that this 

hierarchy is based on surface markers that define highly heterogeneous populations. As 

mentioned before, single cell transcriptome-wide RNA sequencing changed our current view 

of lineage commitment and differentiation. Currently, optimal specific markers for 

hematopoietic progenitors, which would be directly linked with in vivo differentiation 

potential or gene regulatory mechanisms, are not known2,38. Nevertheless, the here-mentioned 

simplified dissection still forms populations highly enriched for particular  fates, as supported 

by functional assays. 

Complex and sophisticated staining panels have also been developed to study 

granulocytic development. In the work presented here, we employed a recently published 

flow cytometry staining developed by Satake and colleagues to investigate granulopoiesis in 

detail40. First steps of this analysis involve exclusion of cells that do not have potential to 

generate granulocytes from the population of interest, i.e. whole bone marrow. Lineage 

marker-stained T lymphocytes (CD4, CD8), B lymphocytes (B220, CD19) and erythroid cells 

(Ter119), together with Hoechst 33258-stained dead cells are removed from R1 population 

(Figure 4). R2 population (SSChighFSCint) represent mainly eosinophils, therefore it was left 

out as well. Analysis of R3 population using c-Kit and CD34 molecules facilitated exclusion 

of MEPs (R4 population). Finally, residual cells were subdivided into 5 distinct populations 

according to expression of Ly-6G and c-Kit. Ly-6G is a GPI-anchored protein specific for 

granulocytes61. Moreover, Ly-6G expression gradually increases, and conversely c-Kit 

expression declines, as granulocytes differentiate. This flow cytometric strategy depicts 

continuous progression of granulopoiesis from most immature cells in Population #1 to 

mature neutrophils in Population #5.  



INTRODUCTION ____________________________________________________________  

26 

 

Transcription factors as main regulators of granulopoiesis 
Distinct cell populations are defined by cell-type and differentiation-stage specific 

gene expression programs. During differentiation towards maturity, a cell undergoes multiple 

choices between alternative fates, which require choosing between alternative gene expression 

programs62. The decision itself mainly depends on environmental cues driving intracellular 

signaling pathways, which eventually instruct the major regulators of transcription, 

transcription factors. Subsequently, transcription factors interact with accessible specific 

sequence motifs within regulatory elements of their target genes (promoter, enhancer, 

Figure 4. (A) Flow cytometric definition and morphological analysis of different stages of 
granulopoiesis. Cells expressing lineage markers such as CD4, CD8 (T-cells), B220 (B-
cells) and TER119 (erythrocytes) were excluded from analysis. Further, two cell 
populations without potential to give rise to neutrophils were removed from R1 population. 
First excluded cells were eosinophilic granulocytes (R2), which form a discrete population 
characterized as SSChighFSCint cells. Second excluded cells were MEPs (R4), which were 
identified by high expression of the c-Kit and low expression of CD34 markers. The 
remaining cells were subdivided in 5 populations according to expression of c-Kit and 
Ly6G. Population #1 (yellow box), #2 (violet box), #3 (red box), #4 (green box) and #5 
(black box) represent a gradient of differentiation, where #5 harbors the most mature 
neutrophils. (B) Representative Wright-Giemsa stained cytospins of the 5 populations 
described in (A). Figure (A) adapted from (Kardosova et al., 2018), Figure (B) taken from 
(Satake et al., 2012). 
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insulator and silencer regions)63. Importantly, a single transcription factor can control the 

expression of numerous genes. In collaboration with other nuclear proteins, transcription 

factors compete or act synergistically by formation of transcription-factor complexes (TFCs). 

Transcription factors and nuclear proteins represent functional units of a wider regulatory 

network, in which activation or repression of specific gene expression results from particular 

combination of proteins present in the complex. Mechanistically, TFCs bind gene enhancers 

and coordinate attachment of RNA Polymerase II to the promoter of the target gene, thereby 

assisting the initiation and regulation of its transcription64,65. Moreover, transcription factors 

can recruit chromatin modifying and remodeling complexes to gene regulatory regions, and 

therefore shape the structure of the genome and importantly, change the activation status of a 

gene locus66,67. Together with inherited chromatin state and extracellular cues, spatio-

temporal expression profile of transcription factors determines initiating, establishing or 

switching an expression program of a cell38. Therefore transcription factors represent essential 

regulators of hematopoietic development68,69.  

 Surprisingly, the number of transcription factors implicated in the regulation of 

neutrophil development is rather limited2,38,68. Regulation of gene expression in HSCs is 

orchestrated by combinatorial interaction of heptad of transcription factors including runt-

related transcription factor 1 (RUNX1), GATA-2, ETS-related gene (ERG), T-cell acute 

lymphocytic leukemia protein 1 (TAL1, also known as stem-cell leukemia factor, SCL), Lim 

domain only 2 (LMO2), LYL1 and Friend leukemia integration 1 transcription factor 

(FLI1)70,71. Generation of hematopoietic progenitors is controlled by binding of protein 

complexes formed with particular combinations of these seven transcription factors to 

regulatory regions of lineage determining transcription factors. Lineage determining 

transcription factors control expression of many genes, ultimately guiding an undifferentiated 

non-functional progenitor cell towards a mature cell. During neutrophil development, 

transcription factors determining myeloid lineage maturation regulate expression of genes 

encoding granule components, such as lactoferrin or neutrophil gelatinase as well as genes 

encoding myeloid cytokine receptors such as M-CSF-R, G-CSF-R or GM-CSF-R72. Together, 

lineage determining transcription factors imprint an essential gene expression signature for 

guidance towards neutrophilic differentiation. Key factors critical to initiate granulocytic 

differentiation are PU.1 and transcription factors from the CCAAT/enhancer binding protein 

(C/EBP) family. As shown by knockout experiments, PU.1 plays an important role during 

early fate decision towards granulocytic-monocytic progenitors, however the mechanism 

underlying this process is still debated73–76. Deletion of the gene, which encodes PU.1, leads 
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to a fatal defect in newborn murine hematopoiesis, characterized by complete absence of 

macrophages and B cells. Moreover, overexpression of PU.1 can reprogram pre-T cells 

towards myeloid lineage77. The role of C/EBP transcription factors is discussed in detail in the 

next chapter.  

The C/EBP family of transcription factors 
The C/EBP family of transcription factors is essential for proper granulocytic 

differentiation after commitment to the myeloid lineage. This family comprises 6 members: 

C/EBPα, C/EBPβ, C/EBPδ, C/EBPε, C/EBPγ and C/EBPζ. All C/EBP members are strongly 

similar in a structure residing at their carboxy terminus called basic-leucine zipper (bZIP) 

module, that is homologous among members of a larger bZIP superfamily of proteins78. The 

bZIP is formed by a positively charged basic-amino-acid-rich (b) region and an adjacent 

leucine zipper (ZIP) region. The basic region is responsible for DNA binding and it also 

serves as the primary nuclear localization signal (NLS). The ZIP region creates an α-helical 

coiled-coil structure providing formation of homo- and heterodimers within C/EBP family as 

well as dimerization with other proteins within the bZIP superfamily79,80. The fact, that the 

bZIP domain is almost invariant between C/EBP members, points to minimal differential 

selectivity of DNA target sites. The consensus sequence, or most favorable binding site, for 

the C/EBP family of transcription factors consists of a palindrome or a palindrome-like 

sequence, routinely presented by RTTGC-GYAAY (R = A or G and Y = C or T)78. However, 

other, more complex, consensus patterns have been reported81. Interestingly, in some tissues 

several C/EBP family members are expressed simultaneously, thus certain degree of 

redundancy between C/EBPs has been suggested82. On the contrary to the bZIP similarity, 

C/EBP members differ in the amino-terminal effector domain mediating trans-activation, i.e. 

transcription of target genes through interaction with the components of the transcriptional 

apparatus.  

The best characterized members so far are C/EBPα and C/EBPβ, and their interplay 

ensures accurate production of neutrophils, fulfilling the diverse needs of the organism40,83,84. 

Daily neutrophilic generation is regulated by C/EBPα, whereas a higher neutrophilic demand 

is regulated by C/EBPβ. Murine models with conditional knockout of Cebpa in hematopoietic 

cells or deletion of its myeloid specific +37 kb CEBPA-enhancer are characterized by 

neutropenia in PB and BM, and decreased numbers of LT-HSCs85–87. In  addition, 

accumulation of CMP progenitors in Cebpa KO mice has been reported, suggesting that 

Cebpa is essential for neutrophilic differentiation beyond the CMP stage88. This conclusion 
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was challenged by single cell transcriptomic analysis of BM cells from the same Cebpa KO 

mice2. Surprisingly, Paul and colleagues detected total absence of priming and activation of a 

neutrophilic expression program already in the LKS compartment. Moreover, they showed 

that accumulated CMP progenitors detected by flow-cytometry are progenitors primed to 

differentiate to other cells than neutrophils2. Recently, Avellino et al. reported that C/EBPα 

plays a crucial role even earlier than in the LKS population87. Together, these data indicate 

that C/EBPα is required much earlier in development than originally described. Interestingly, 

experiments employing hydrodynamics-based in vivo gene transfer in Cebpa KO mice 

showed that increased blood levels of certain myeloid cytokines such as G-CSF, GM-CSF and 

IL-3 can promote granulopoiesis even in the absence of Cebpa83. This observation indicated 

that another C/EBPα-independent transcriptional control mechanism is activated in response 

to emergency signals. In the same study, Hirai et al. determined that expression of C/EBPβ is 

increased in progenitors isolated from BM of mice after administration of cytokines. In fact, 

Cebpb KO mice present normal numbers of neutrophils during steady state but, on the 

contrary, have impaired neutrophil production after candidemia-induced emergency 

granulopoiesis83. These data and data from other murine models89,90 and zebrafish91 studies 

suggest that C/EBPβ is required for emergency granulopoiesis, but it is not necessary for 

steady-state granulopoiesis. 

The structure of C/EBPα and C/EBPβ is similar, as they share conserved C-terminal 

regions, which promote dimerization and DNA binding. Therefore, it is not surprising that 

these two transcription factors share common target genes, including the ones important for 

neutrophilic differentiation92. On the contrary, C/EBPα and C/EBPβ present different ability 

to regulate cell-cycle, which could be the reason for their selective requirement during steady-

state and emergency granulopoiesis93–96. However, the molecular mechanisms involved in the 

switch between these two programs are still not completely understood. 

Transcription factor C/EBPγ 
The shortest C/EBP member is C/EBPγ and lacks the transactivation domains, 

although it retains the DNA binding and the dimerization domain at the N-terminus. 

Remarkably, C/EBPγ homodimers are unstable, and therefore C/EBPγ forms preferentially 

heterodimers with other proteins containing bZIP domain80,97. Based on these facts, it has 

been proposed that C/EBPγ functions mainly as a dominant-negative regulator of other bZIP 

transcription factors including C/EBPs98,99. However, in some cases C/EBPγ can act as a 
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transcriptional activator100,101. A well-studied relationship is the interaction between C/EBPγ 

and C/EBPβ. Johnson et al. demonstrated that C/EBPγ inhibits cellular senescence by forming 

heterodimers with C/EBPβ in mouse embryonic fibroblasts102. Recently, heterodimers of 

C/EBPγ and activating transcription factor 4 (ATF4) were shown to regulate stress-induced 

genes through binding to CEBP:ATF response element (CARE) sites103.   

Importantly, C/EBPγ is ubiquitously expressed in multiple tissues, including the 

hematopoietic system104. A previous study showed that mice lacking whole body expression 

of this transcription factor present a high mortality rate within 2 days after birth105. Analysis 

of newborn Cebpg KO mice revealed normal lymphoid development, with the particularity 

that C/EBPγ deficient NK cells were functionally impaired. Recently, we demonstrated that 

elevated C/EBPγ levels in a subset of leukemias characterized by hypermethylation of 

C/EBPα results in a granulocytic differentiation arrest and contribute to the development of 

acute myeloid leukemia (AML)106. Surprisingly, although C/EBPγ is highly expressed in 

myeloid precursor cells, related to the development of AML, and able to form dimers with 

other myeloid transcription factors, the role of C/EBPγ in granulopoiesis remains elusive, and 

will be investigated in this thesis. 

Transmembrane protein Ecotropic Viral Integration site 2B 
(EVI2B)  

The transcription factor C/EBPα exerts its function through direct or indirect 

regulation of a number of target genes. Identification and characterization of C/EBPα target 

genes will contribute to understanding the mechanisms that control granulocytic 

differentiation. Recently, we determined a list of genes upregulated after C/EBPα activation 

in myeloid cells, including the poorly described EVI2B gene107. Human EVI2B is located in 

the EVI-2 locus on chromosome 17. Initially, this locus was identified as a viral integration 

site in murine leukemia, generated by random incorporation of murine leukemia virus into the 

genome108. This observation led to the speculation that EVI2B could be a potential proto-

oncogene or tumor suppressor gene. EVI2B gene contains 2 exons and the coding sequence 

lies within exon 2. Notably, the 3’ UTR of EVI2B contains a motif of 4 consecutive AUUUA 

pentamers. This motif is usually present in 3’ UTRs of oncogenes and cytokines, and it 

promotes rapid cytoplasmic messenger RNA (mRNA) degradation109. EVI2B protein, also 

known as CD361, is a proline-rich type 1 transmembrane protein consisting of 448 amino 

acids. According to predicted structure proposed by UniProt database, EVI2B has an amino-
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terminal extracellular part containing the signaling peptide and 3 potential glycosylation sites, 

followed by a single hydrophobic transmembrane domain, and a short hydrophobic 

intracellular domain (The UniProt Consortium. http://www.uniprot.org. Date accessed 

10.09.2018). Expression of EVI2B mRNA was detected in peripheral blood mononuclear 

cells, BM, T cells, and fibroblasts109. Likewise, flow cytometric analysis revealed EVI2B 

presence on the surface of human monocytes, granulocytes, plasmacytoid dendritic cells as 

well as B, T, and NK cells110. 

Despite the high EVI2B expression level in various hematopoietic cell populations, 

and its possible role in leukemogenesis, little is known about EVI2B function. Kaufmann and 

colleagues suggested that EVI2B plays a role in keratinocyte differentiation111. Other studies 

reported that overexpression of EVI2B is associated with early relapse of colorectal cancer 

patients112, and unfavorable prognosis in chronic lymphoid leukemia (CLL) patients113. 

Further, EVI2B was proposed as a diagnostic marker of acute lymphoblastic leukemia (ALL), 

since EVI2B expression was detected on the surface of ALL blasts in more than 50% of tested 

ALL samples114. Part of the experimental work presented in this thesis aims to clarify the role 

of EVI2B in hematopoiesis. 

MicroRNA miR-143 
Granulopoiesis is modulated by various extracellular and intracellular cues including 

miRNAs. Multiple studies summarized by Rajasekhar et al. showed that miRNAs are 

involved in the control of diverse steps of granulopoiesis123. But miRNAs are important 

regulators of virtually every process in the cell, since they inhibit the expression of target 

genes by directly binding to their mRNA115. As reviewed by Gebert et al., RNAs are short, 

non-coding RNA molecules (~22 nucleotides), which possess ability to associate with the 

large protein complex named the RNA-induced silencing complex (RISC)116. The main 

component of the RISC complex, a member of the Argonaute protein family (AGO), 

facilitates the binding of miRNA to the 3’ untranslated region (UTR) of the target mRNA. 

Specificity of the miRNA to its target is determined by a 6-8 nucleotide sequence in the 5’ 

end of the miRNA, known as seed sequence. Finally, the RISC complex completes gene 

silencing either through mRNA decay or through repression of target mRNA translation. The 

regulatory capacity of miRNAs is extensive, considering that more than 60% of protein-

coding genes are computationally predicted as potential miRNA targets117. In addition, since 

partial complementarity between miRNA and its target mRNA is sufficient for their binding, 

one miRNA can modify expression of hundreds of genes118. Conversely, multiple miRNAs 
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can regulate the same gene119. However, the effect of one single miRNA on its target is 

generally mild, and usually results in less than a 2-fold reduction at a protein level120. Based 

on that, miRNAs are likely to significantly influence specific phenotypes by suppressing 

multiple targets within specific pathways rather than by large effects on a small number of 

targets121.  Accordingly, it was already shown that entire cellular pathways can be regulated 

by individual miRNAs119 or miRNA clusters122. 

In the present work, we investigated the unknown role of miR-143 during normal and 

malignant granulopoiesis. To date, miR-143 was shown to promote differentiation and repress 

proliferation in angiogenesis and formation of adipose tissue 124,125. Interestingly, multiple 

studies found that miR-143 is downregulated in different types of cancers including 

gallbladder cancer, colon cancers, gastric cancers as well as in hematological malignancies 

such as chronic lymphocytic leukemias and B-cell lymphomas126–128. Most importantly, 

decreased miR-143 expression was detected in neutrophils sorted from primary acute 

promyelocytic leukemia patient samples129. Moreover, miR-143 was shown to inhibit cell 

proliferation and metastasis formation in gastric cancers130. These observations point to the 

role of miR-143 as a tumor suppressor and potential prognostic marker in many types of 

tumors. 

Acute myeloid leukemia 
AML is the most common type of acute leukemia in adults, with the incidence in 

European adult population estimated to 5-8 cases per 100 000 individuals131. Compared to 

other cancer types, AML is a rare type of disease accounting for 0.8% of all cancers 

diagnosed. However, outcomes of AML patients remain poor since 40-45% of the young 

adult patients and only around 15% of older patients are cured from their disease132. AML 

affects people of all ages, but the majority of patients is diagnosed after 65 years of age133. 

The response to treatment and prognosis of AML patients differ according to clinical, 

cytogenetic and molecular characteristics134.  

In fact, AML is a heterogenous disease characterized by an aberrant differentiation 

program of myeloid cells. These cells called blasts are at various stages of incomplete 

maturation.  Clonal expansion of the blasts and their subsequent accumulation in the BM and 

peripheral blood suppresses normal production of healthy mature cells. Aggressiveness of 

AML is manifested by rapid onset of the symptoms, which develop as a result of insufficient 

normal hematopoiesis. Typical symptoms include fatigue, anemia leading to shortened 

breathing, neutropenia causing recurrent infections, and increased susceptibility to bruise and 
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bleed, which is attributable to thrombocytopaenia135. Untreated AML is fatal within weeks or 

months.  

Altered cell differentiation is a consequence of various genetic and epigenetic 

abnormalities. Genomic studies have identified several genes, which are recurrently mutated 

in AML136. Most common mutated genes in AML are listed in Table 1. Mutational profiling 

allows classification of AML patients in distinct subgroups associated with diverse disease 

biology134. Differences in the frequency of these mutations are found when we compare 

groups of patients with AML, which arise de novo and patients with secondary AML. 

Interestingly, many of these genes have a role in epigenetic control, which corresponds with 

the recent finding that epigenetic dysregulation is as a key driver of AML137
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Mutated genes in AML categorized into most 
common subtypes 

Frequency                       
in de novo AML 

(%)  

Frequency                      
in secondary AML 

(%) 

Signaling 

  FLT3 28 19 

RAS 8 31 

KIT 4 

 PTPN11 

 

5 

Tumor-Suppressor Genes 

  TP53 8 15 

PTEN 

  WT1 6 3 

DNA Methylation 

  DNMT3A 26 19 

TET2 9 20 

IDH1/2 10 20 

Chromatin Modification 

  ASXL1 

 

32 

EZH2 1 9 

BCOR 

 

8 

Cohesin Complex 

  STAG2 2 14 

RAD21 2 

 SMC1A 4 

 SMC3 4 2 

Myeloid Transcription Factor Fusions or Mutations 

  RUNX1-RUNX1T1 9 31 

RUNX1 

  CEBPA 6 3 

Spliceosome Complex 

  SRSF2 

 

20 

SF3B1 

 

11 

U2AF1 4 16 

ZRSR2 

 

8 

Nucleophosmin 

  NPM1 27 5 

Table 1. List of genes recurrently mutated in AML. Table taken from (Kavanagh et 
al., JCI Insight, 2017). 
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AIMS 
The main objective of this thesis is to functionally characterize novel molecular 

mechanisms involved in the regulation of normal and malignant granulopoiesis. Accordingly, 

this thesis is divided in 3 independent, but ultimately interrelated projects (each project 

corresponds with one particular publication): 

Project 1: To determine the role of the transcription factor C/EBPγ in normal and 

emergency granulopoiesis, and its importance for proper function of hematopoietic stem 

cells and myeloid progenitors 

 Cebpg is a direct target gene of the transcription factor C/EBPα, a master regulator of 

granulopoiesis. It has been shown that increased C/EBPγ levels contribute to the block of 

neutrophilic differentiation in acute myeloid leukemias characterized by CEBPA promoter 

hypermethylation. However, the function of C/EBPγ in normal and emergency granulopoiesis 

is not known. The main aim of this project was to determine whether C/EBPγ plays a role in 

regulating granulopoiesis both in steady state and under stress conditions. Further, we aimed 

to assess how Cebpg ablation would affect the functional properties of hematopoietic stem 

cells. 

Project 2: To clarify whether C/EBPα regulates expression of EVI2B by direct 

binding to its promoter region and characterize EVI2B function in granulopoiesis  

Another gene identified as a potential C/EBPα target is the transmembrane protein 

EVI2B. In this study we aimed to determine whether EVI2B promoter is regulated by C/EBPα 

and if mutant versions of C/EBPα found in human leukemias retain the same ability to control 

EVI2B expression. We further studied the involvement of EVI2B in granulocytic 

differentiation in different biological models including cell lines and primary murine and 

human cells. Finally, we focused on the functional analysis of hematopoietic progenitors with 

specific deletion of EVI2B.  

Project 3: To determine the role of miR-143 in normal and malignant 

granulopoiesis and to identify the molecular mechanism by which miR-143 affects 

neutrophilic development 

MiRNAs are important regulators of normal granulopoiesis and their aberrant 

expression could lead to hematological malignancies. In this project we explored the role of 

miR-143 in normal granulocytic differentiation and aimed to identify the molecular 
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mechanism how miR-143 upregulation can promote granulocytic differentiation. Further, we 

investigated whether differential miR-143 expression could serve as a prognostic factor in the 

diagnosis of AML patients. 
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RESULTS AND DISCUSSION 
The main objective of this thesis is to dissect novel mechanisms involved in the 

regulation of neutrophil production during normal, emergency or malignant granulopoiesis. I 

had the opportunity to work on three projects, which were investigating the role of three 

distinct molecules: the transcription factor C/EBPγ, the transmembrane protein Evi2b, and the 

short non-coding RNA miR-143. 

Project 1: Function of the transcription factor C/EBPγ in 
normal and stress-induced granulopoiesis 

Conditional deletion of Cebpg in hematopoietic cells 

 To address the role of the transcription factor C/EBPγ in hematopoiesis, we generated 

a Cebpg conditional allele, which allows spatial and temporal controlled deletion of Cebpg. 

Using homologous recombination, we introduced the targeting vector in the Cebpg locus. The 

targeting vector consisted of two parts, both of which have the potential to be excised 

independently. The first part includes exon 2 of Cebpg, floxed by LoxP sites. Of note, Cebpg 

exon 2 contains the whole C/EBPγ protein coding sequence. The second part is formed by a 

cassette containing tdTomato reporter and neomycin sequence, floxed by Frt sites. The 

targeting construct was electroporated into embryonic stem cells, and positive clones were 

identified by southern blot analysis, which allowed the detection of WT and Cebpg 

conditional alleles. Correctly targeted ES cells were injected into blastocysts from 

C57BL/6NCrl mice. Chimeras were genotyped and correct genotypes were bred to ensure 

germline transmission to C57BL/6NCrl mice. To induce ablation of the floxed Cebpg exon 2 

in the hematopoietic compartment from early stages of hematopoietic development, Cebpgfl 

mice were crossed to Vav-iCre transgenic mice, generating Cebpgfl/fl Vav-iCre- and Cebpgfl/fl 

Vav-iCre+ animals, referred here as WT and Cebpg KO, respectively. As expected, we 

detected reporter red fluorescent protein tdTomato in all hematopoietic lineages and 

confirmed that Cebpg is ubiquitously expressed in all hematopoietic cells. To prove that Cre-

mediated recombination was efficient in all cells involved in neutrophil development 

including the most immature cell stages, we sorted LKS, CMP, GMP and MEP populations. 

As measured by quantitative RT-PCR of genomic DNA, all sorted populations displayed 

almost complete excision of the floxed allele. Next, we validated our model by using 

quantitative RT-PCR, which demonstrated absence of Cebpg mRNA in BM and SP of KO 
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mice. Further, western blot analysis showed that C/EBPγ protein was absent in SP of Cebpg 

KO mice. Finally, to test whether the transcription factor C/EBPγ can be found in the nucleoli 

of BM and SP cells of WT mice and not in KO mice, we performed electrophoretic mobility 

shift assays (EMSAs). We detected multiple complexes bound to radiolabeled consensus 

C/EBP site probe98. EMSAs performed with antibodies against C/EBPβ and C/EBPγ revealed 

presence of C/EBPγ:C/EBPβ heterodimers in WT cells. The majority of the detected 

complexes were absent in the same cell populations isolated from Cebpg KO mice, suggesting 

that these complexes are partially formed by C/EBPγ or that their formation is dependent on 

the presence of C/EBPγ. Altogether, we generated Cebpgfl mice which report for C/EBPγ 

expression in all hematopoietic cells and allowed controlled deletion of this transcription 

factor in the hematopoietic system.    

Genetic deletion of Cebpg gene does not affect basal granulopoiesis   
Using this newly generated KO murine model, we investigated the effects of Cebpg 

ablation in granulopoiesis during steady-state conditions. Surprisingly, Cebpg KO mice were 

viable and healthy, and showed no signs of disease during their life-span (mice were observed 

until the age of 70 weeks). Cebpg deletion did not affect total cell numbers in BM and SP, and 

flow cytometric analysis indicated normal distribution of mature myeloid, B- and T-lymphoid 

lineages. Cebpg absence did not alter numbers of immature BM progenitor cells including 

LKS, CMP, GMP, and MEP populations. Further, we assessed whether CEBPG affects 

properties of myeloid progenitor cells. For this purpose, we plated WT and Cebpg KO BM 

cells in semisolid medium containing several combinations of hematopoietic cytokines and 

growth factors that allow myeloid progenitors to proliferate, differentiate and form colonies. 

Each colony represents the progeny of one progenitor cell allowing to count the number of 

functional progenitors in BM. As reported by Huggins and colleagues, straight Cebpg KO 

BM cells revealed reduced colony formation in vitro102. Surprisingly, this observation was not 

recapitulated in our model, since we observed no significant differences in the colony number, 

size or colony type in the Cebpg deficient cultures in comparison to WT controls. 

Nevertheless, we cannot exclude that the different results between the two groups were 

originated by the fact that we employed two distinct Cebpg KO models (straight KO versus 

conditional KO) which were in a different background (C57BL/6-129v versus pure 

C57BL/6). Together our data suggest that Cebpg depletion does not alter properties of 

myeloid progenitors.  
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Since C/EBPγ belongs to the C/EBP family of transcription factors known to be 

involved in granulopoiesis, we further employed a recently published flow cytometry staining 

which allows investigating later stages of granulocytic development in more detail40. Satake 

and colleagues described granulopoiesis as a gradual progression of cells through 

subpopulation 1 to 5, where subpopulation 1 contains the most immature myeloid cells and 

subpopulation 5 is composed of mature granulocytes, as depicted in Figure 4. We observed no 

differences in the percentage or absolute number of cells in the distinct subpopulations 

between WT and Cebpg KO mice. The fact that other C/EBP family members have been 

implicated in defects of granulocytes40,87,138, including an association with human specific 

granule deficiency139, suggests that C/EBPγ might be involved in maturation of neutrophils or 

particularly in formation of their granules. To investigate this possibility, we analyzed the 

morphology of neutrophils isolated from WT and Cebpg KO BM and BL. Next, we 

determined expression of three different types of granule proteins specific for certain 

neutrophil developmental stages. These include matrix metallopeptidase 9 (MMP9), 

lactoferrin, cathepsin G, myeloperoxidase (MPO), and neutrophil elastase 2 (ELA2)42,43.  

However, no differences in morphology or granule content were detected. Altogether these 

data indicate that C/EBPγ is dispensable for steady-state granulopoiesis. 

Cebpg KO HSCs retain normal BM repopulating abilities 
Adult long-term hematopoiesis is majorly dependent on LT-HSCs, a rare population 

residing in BM, which is characterized by multipotency and self-renewal. Since Cebpg 

expression was detected in LT-HSCs106, we hypothesize that C/EBPγ could be involved in 

modulating HSC function. First, we assessed how Cebpg deletion alters expression of genes 

in HSCs. Thus, we sorted phenotypically defined LT-HSCs (Lin-c-Kit+Sca1+CD48-CD150+, 

as shown in Figure 3) from WT and Cebpg KO mice and carried out gene expression 

profiling. Analysis of differential gene expression detected 426 genes dysregulated in Cebpg 

KO LT-HSCs when compared to WT controls (P<0.05 and fold change >1). Surprisingly, we 

detected a lack of differentially regulated pathways using gene set enrichment analysis 

(GSEA). Second, to study whether this slightly modified gene expression would affect the 

function of HSCs in vivo, we performed competitive limiting dilution repopulating assays. We 

used C57/Bl6 congenic mouse strains, CD45.1+ and CD45.2+, which allowed detection of 

donor-derived cells in recipient mice. We sorted different doses of WT or Cebpg KO LT-

HSCs (CD45.2+) and transplanted them together with support cells (CD45.1+) into lethally 

irradiated congenic mice (CD45.1+).  Analysis of BM of recipient mice transplanted with 
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either control or Cebpg KO cells revealed no significant differences in the frequency of 

functional LT-HSCs. Contribution of donor cells to distinct hematopoietic lineages (myeloid, 

B, and T cells) was similar in all recipient mice. To confirm our results in vitro, we performed 

serial re-plating assays in semi-solid medium, which provide an indication of HSPC self-

renewal. The ability of Cebpg KO cells to form colonies in the first and second plating was 

not affected, and similarly to control cells no colonies were formed on the third plating.  

Despite not having a phenotype in our Cebpg KO mice, we cannot exclude that 

C/EBPγ might play a role in other experimental conditions. Nevertheless, we hypothesize that 

C/EBPγ could conceivably modulate the growth-suppressing activities of C/EBPα93,140,141 

and/or C/EBPβ83,96 in HSCs by heterodimerizing with these proteins. Another possibility is 

that C/EBPγ may provide anti-oxidant functions through its association with ATF4103. Thus, 

loss of C/EBPγ could lead to premature stem cell exhaustion and impaired proliferation, 

which is manifested only upon cellular aging. As the effect of Cebpg deficiency might be 

subtle and become apparent only after many HSC divisions, serial competitive transplantation 

assays should be performed to demonstrate whether Cebpg KO BM cells display defects in 

long term HSC renewal. On the other hand, the lack of phenotype in Cebpg KO LT-HSCs is 

supported by the observation that only around 400 genes are differentially expressed and 

GSEA did not identify any pathway significantly deregulated in LT-HSCs with deletion of 

Cebpg. Together, these data suggest that Cebpg is dispensable for HSC maintenance and fate. 

Normal LPS-induced emergency granulopoiesis in Cebpg KO mice  
Since Cebpg deletion did not show any disruption in granulopoiesis during steady-state 

conditions, we next examined whether C/EBPγ is required during demand-adapted 

granulopoiesis. To model severe bacterial infection, repeated high doses of LPS were given 

intraperitoneally to WT and Cebpg KO mice. As a result, steady-state granulopoiesis is 

switched to extensively amplified de novo neutrophil production in BM and mature 

neutrophils are promptly released to peripheral blood. This fast mobilization is manifested by 

a decrease of overall BM cellularity and decrease in the frequency and absolute numbers of 

BM Gr1high CD11b+ mature neutrophils, and a relative (but not absolute) increase in BM 

Gr1low CD11b+ immature neutrophils55,142,143. As anticipated, we observed that LPS 

administration elicited considerable decrease in the total number of cells in BM, however the 

reduction was equal in WT and Cebpg KO mice. Notably, flow cytometric analysis showed 

that both mouse groups treated with LPS presented comparable relative and absolute numbers 

of mature and immature BM neutrophils. Next, to study release of neutrophils to circulation, 
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we evaluated relative numbers of Gr1high CD11b+ and Gr1low CD11b+ cells in peripheral 

blood. As expected, we detected increase in blood mature and immature neutrophils, however 

no significant differences were observed between WT and Cebpg KO mice. To assess 

whether Cebpg absence affects LPS-induced extramedullary granulopoieisis144, we analyzed 

the changes in granulocyte numbers in SP of challenged mice. We observed general increase 

in SP cell numbers and an increase in both mature and immature granulocytes (Gr1high 

CD11b+ and Gr1low CD11b+) normally seen after LPS treatment, with no alterations in Cebpg 

KO mice compared to controls. Taken together, these findings suggest that Cebpg deficient 

mice present normal LPS-induced emergency granulopoiesis indicating that this transcription 

factor is dispensable in response to this type of challenge.    

G-CSF-induced emergency granulopoiesis is not affected by Cebpg 
ablation 

LPS-induced emergency granulopoiesis is mediated through and dependent on toll-like 

receptor 4 (TLR4) expressed on endothelial cells, which respond to stimulation by release of 

G-CSF55,143. As we have observed that Cebpg ablation did not alter granulopoiesis after LPS 

administration, we examined the stress response induced by G-CSF. Elevated levels of G-CSF 

are not restricted to LPS administration only, but represent a general mechanism activated 

upon infection. G-CSF is the master regulator of neutrophil generation and 

differentiation145,146.  To address whether C/EBPγ  participates in emergency granulopoiesis 

elicited by this more general inducer, we injected WT and Cebpg KO mice with recombinant 

human G-CSF. Of note, human and murine G-CSF share 73% amino acid sequence homology 

and full cross-reactivity147. In line with published data55,83, we observed that G-CSF itself is 

sufficient to accurately induce  emergency granulopoiesis. Of note, total BM and SP 

cellularity remained constant in both WT and Cebpg KO groups after chronic G-CSF 

treatment. Further, flow cytometric analysis revealed decreased relative and absolute numbers 

of mature Gr1high CD11b+ neutrophils and elevated levels of immature Gr1low CD11b+ 

precursors in BM of mice challenged with G-CSF. However, these changes were similar in 

WT and Cebpg KO mice. Moreover, we evaluated extramedullary stress-induced 

granulopoiesis in SP, and detected that both mature and immature granulocytic populations 

increased their numbers in SP of WT and Cebpg KO mice, a shift normally induced by G-

CSF administration in vivo. Altogether, these experiments demonstrated that Cebpg KO mice 

respond to G-CSF treatment in a similar fashion as WT mice, indicating that C/EBPγ is not 

required during G-CSF-induced emergency granulopoiesis.  
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C/EBPγ is dispensable for C. albicans-induced emergency 
granulopoiesis 

The fact, that we detected presence of C/EBPβ-C/EBPγ heterodimers in nuclear 

extracts of cells from BM and SP, led us to hypothesize that C/EBPγ has an important role in 

modulating C/EBPβ function. Since it was reported that C/EBPβ is required for emergency 

granulopoieis elicited by Candida albicans (C. albicans)40, we next examined whether loss of 

Cebpg affects the response to this fungal infection. We employed a model of systemic 

candidiasis and analyzed effects 24 hours after intravenous injection of C. albicans in mice. In 

line with our observations from previous experiments, we detected that the percentage of 

mature neutrophils in blood increased equally in WT and Cebpg KO mice in response to C. 

albicans infection. Interestingly, we revealed that absolute blood neutrophil cell counts were 

significantly elevated in Cebpg KO mice as compared to the controls (~2 fold in Cebpg KO 

vs. ~1.5 fold in WT). Importantly, other leukocyte subsets presented slightly higher blood cell 

counts as well, suggesting that this alteration was not specific for granulocytes, but it was 

rather the result of higher white blood cell counts in Cebpg KO mice after induction of 

candidemia. To address whether absolute blood cell counts are elevated because of enhanced 

release of the BM cells, we analyzed BM cellularity of mice infected with C. albicans. 

However, the reduction of total BM cell numbers was similar in the absence of C/EBPγ. 

Furthermore, typical hallmarks of emergency granulopoiesis were observed during systemic 

candidemia with no alterations between WT and Cebpg KO mice. In particular, we observed 

relative and absolute decrease in BM CD11b+ Ly6Ghigh mature neutrophils, whereas BM 

immature neutrophils defined as CD11b+ Ly6Glow presented slightly increased percentage and 

comparable absolute cell counts after infection.  

Previous studies showed that C/EBPβ affects the amplification of immature 

hematopoietic cells after induction of systemic candidemia40, therefore we used flow 

cytometric analysis to characterize the granulocytic compartment in BM focusing on early 

developmental stages. Detailed analysis of myeloid progenitors (CMP, GMP and MEP) and 

distinct granulocytic differentiation stages (subpopulation 1 to 5) revealed identical kinetics in 

relative and absolute cell counts in WT and Cebpg KO mice challenged with C. albicans. A 

minor difference was observed in the LKS cell population, which exhibited significantly 

reduced relative numbers in Cebpg KO mice after infection. To address whether this small 

alteration was biologically relevant, we measured microbiological outcome and survival rate 

of mice administered with C. albicans. However, no significant differences were observed. 
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These findings indicate that efficient emergency granulopoiesis induced by systemic 

candidemia does not require presence of C/EBPγ transcription factor. 

Taken together, this study revealed that absence of C/EBPγ has negligible 

consequences on production of both immature and mature granulocytes during basal and 

several modes of demand-adapted granulopoiesis. It was previously reported by Kaisho et al. 

that Cebpg KO murine model presented a high mortality rate within 48h after birth. In our 

Cebpg conditional KO mice, in which ablation of Cebpg was induced by Vav-iCre, we did 

not observe newborn mortality. However, Kaisho and colleagues induced Cebpg ablation in 

the whole body, and it was proposed that lesions detected in lung could be the reason for early 

neonatal death. More specifically, in our conditional KO mice, C/EBPγ expression is 

abolished mainly in hematopoietic cells, which makes these animals optimal for studying 

C/EBPγ function in the hematopoietic system. In summary, the data presented herein 

demonstrate that specific deletion of Cebpg in the murine hematopoietic system did not alter 

hematopoietic stem and progenitor cell properties, their ability to commit to the myeloid 

lineage, and produce granulocytes in normal and stress conditions. As a whole, these 

surprising observations point to a transcription factor redundancy responsible for controlled 

production of granulocytes in steady-state and emergency granulopoiesis. 

Project 2: EVI2B, a novel C/EBPα target gene, and its role in 
neutrophilic differentiation and HSPC function 

EVI2B is a direct C/EBPα target gene  

Steady-state granulopoiesis is dependent on the transcription factor C/EBPα, which 

instructs myeloid differentiation via priming and activation of its target genes in HSPCs2,86,87. 

Using gene expression profiling (GEP) and chromatin immunoprecipitation followed by 

sequencing (ChIP-Seq) methods, our laboratory previously identified EVI2B as one of the 

genes regulated by C/EBPα107. We observed that C/EBPα activation is associated with 

increased expression of EVI2B, suggesting that EVI2B could be a direct C/EBPα target gene.  

To address whether EVI2B is a direct C/EBPα target gene, we investigated the 

potential interaction of C/EBPα with EVI2B regulatory regions. First, we analyzed available 

data from our ChIP-Seq experiments107 and revealed two regions in the proximity of human 

EVI2B gene (peak 1 and peak 2) enriched in cells with activated C/EBPα as compared to 

control cells. Peak 1 is positioned in the promoter of the EVI2B gene, whereas peak 2 is 
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placed in its intron. Next, we addressed whether C/EBPα could upregulate EVI2B 

transactivation through interaction within the identified regions. We prepared pXP2 reporter 

vectors with EVI2B peak 1 or peak 2 sequences inserted upstream of a luciferase reporter gene 

and performed luciferase reporter assays. Cotransfection of K562 cells (which endogenously 

express EVI2B) with the construct containing peak 1 together with increasing amounts of 

CEBPA expressing vector demonstrated that C/EBPα transactivates EVI2B promoter reporter 

activity in a dose-dependent manner, whereas the construct with peak 2 was not able to 

increase luciferase activity. To further study this interaction, we first analyzed peak 1 

sequence and found 3 C/EBP consensus binding sites. Importantly, they are conserved across 

the genome of 8 examined vertebrate species. To assess which site is important for C/EBPα 

interaction with EVI2B promoter, we generated pXP2-peak 1 constructs with targeted 

mutagenesis of these 3 sites (individual or in combination) and performed luciferase assays as 

described above. Reduced luciferase reporter activity was observed in all constructs, and 

maximum reduction (75%) was observed when we employed the construct with all 3 

consensus sites mutated. Altogether, these findings indicate that the transcription factor 

C/EBPα transactivates human EVI2B promoter, and that C/EBPα directly interacts with 

EVI2B through all 3 identified CEBP consensus sites. 

Full length isoform of C/EBPα upregulates expression of EVI2B 

To investigate the regulation of EVI2B expression by different C/EBPα isoforms, we 

used a model of K562 cells stably transfected with β-estradiol inducible constructs of 

C/EBPα isoforms fused to estradiol receptor (ER)148. In this model, treatment with β-estradiol 

elicits translocation of the construct with ER to the nucleus, where C/EBPα can exert its 

function. CEBPA encodes two isoforms, the full-length protein has 42 kDa (p42) and the short 

form of C/EBPα has 30 kDa (p30). Using quantitative RT-PCR and western blotting, we 

demonstrated that activation of p42 C/EBPα-ER progressively increases EVI2B expression 

on both RNA and protein level in a time-dependent manner. On the contrary, the p30 

C/EBPα isoform translocation was not able to increase EVI2B expression, resembling the 

behavior detected in control cells expressing ER alone.  

Given the finding that C/EBPα activation upregulates EVI2B in vitro, we assumed that 

conversely, C/EBPα depletion could decrease EVI2B expression. To test this hypothesis, we 

measured Evi2b mRNA levels in several primary hematopoietic cells isolated from 

CebpaloxP/loxP MX1-CRE+ conditional KO mice treated with pI:pC to induce Cebpa ablation, 
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further referred as Cebpa KO. To our surprise, we observed that Evi2b expression levels were 

similar in Cebpa KO mice when compared to WT controls. This notion is seemingly in 

conflict with our previous observations showing that C/EBPα activation elevated EVI2B 

expression. However, there is an explanation for this discrepancy based on the possibility that 

other transcription factors might be involved in the regulation of EVI2B. This hypothesis is 

supported by EVI2B promoter analysis, which showed conserved binding sites for several 

transcription factors involved in regulation of granulopoiesis such as PU.1, GFI-1 and other 

C/EBP proteins. Taken together, these experiments suggest that C/EBPα transcription factor 

can facilitate upregulation of EVI2B expression but is not absolutely required. 

EVI2B is downregulated in a subset of AML patient samples 
characterized by defects in CEBPA 

Aberrant C/EBPα function or expression is observed in different AML subtypes149. 

Since mutations in CEBPA represent one of the frequent mechanisms altering C/EBPα 

activity, we assessed whether several mutant forms of C/EBPα described in human AML 

samples (mut 10, mut 22C, mut 22N, mut 128) would preserve or lose the potential to 

transactivate EVI2B promoter150. Luciferase assays using the pXP2 construct containing 

EVI2B peak 1 demonstrated that C/EBPα mut 128 partially retained the transactivation 

activity, whereas the other 3 mutants (mut 10, mut 22C, and mut 22N) lost this ability 

completely. These results are in accordance with our previous findings, since frame-shift N-

terminal mutations of C/EBPα (such as mut 10 and mut 22N) are associated with increased 

expression of the shorter form of C/EBPα (p30), which we proved to be unable to 

transactivate luciferase reporter activity.  

Given these observations, we anticipated reduced levels of EVI2B expression in some 

AML subtypes with CEBPA alterations. Therefore, we analyzed the EVI2B mRNA levels in 

529 AML patient samples. We detected a modest, but significant downregulation of EVI2B 

expression in AML samples with mutated CEBPA, whereas CEBPA silenced samples (due to 

promoter hypermethylation) presented a strong reduction in EVI2B levels. Altogether, these 

data indicate that subgroups of AML patient samples characterized by mutated or silenced 

CEBPA present reduced levels of EVI2B expression. As shown previously by experiments in 

Cebpa KO mice, Evi2b expression is possibly affected by other transcription factors than 

C/EBPα. Nevertheless, decreased expression could be at least partially explained by the fact 

that absence of WT C/EBPα or C/EBPα mutated forms do not have ability to transactivate 

EVI2B promoter activity.  
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EVI2B silencing reduces murine neutrophilic differentiation in vitro 

Our observations revealing C/EBPα as a regulator of EVI2B expression, and the fact 

that C/EBPα is an indispensable transcription factor orchestrating granulocytic differentiation, 

led us to speculate that EVI2B has a function in granulocytic differentiation as well. To 

investigate whether EVI2B is important for the ability of cells to differentiate towards 

neutrophils, we employed several knockdown and knockout approaches. First, using small 

hairpin RNA (shRNA) mediated gene silencing, we downregulated Evi2b in 32D/G-CSF-R 

cells, which represent a well-known model of granulocytic differentiation151,152. These cells 

are routinely kept in media containing IL-3, which maintains them in an immature state. 

Replacement of IL-3 with G-CSF leads to granulocytic differentiation, characterized mainly 

by changes in the morphology of the cell nucleus (rounded in case of immature cells and 

lobulated when cells are differentiated)153. We observed that upon downregulation of Evi2b 

there was a reduced percentage of mature neutrophils after G-CSF addition when compared to 

control cells. To extend our research to more physiological settings, we generated an Evi2b 

KO murine model and analyzed the hematopoietic system. To our surprise, Evi2b KO mice 

were healthy with no visible defects in steady-state granulopoiesis, importantly with no 

perturbations in frequency or absolute numbers of myeloid populations. The most plausible 

explanation is that EVI2B deletion is compensated by another so far unidentified protein with 

similar function. However, differentiation assays using semisolid medium supplemented with 

G-CSF revealed that primary BM cells from Evi2b KO mice have reduced ability to produce 

mature neutrophils in comparison with BM cells from control littermates. Next, to corroborate 

our findings in human cells, we employed the human NB4 cell line, which progresses to 

differentiation after all-trans retinoic acid (ATRA) treatment. Using shRNA approach, we 

silenced EVI2B in this cell line and observed impaired granulocytic differentiation.  Finally, 

we employed the same shRNA constructs to downregulate EVI2B in human primary HSPCs. 

For this purpose, we used cord blood CD34+ cells. Subsequently, these cells were plated in 

semisolid medium containing a cytokine cocktail inducing granulocytic differentiation. We 

detected decreased percentage of markers of mature neutrophils, CD11b and CD15, in 

cultures generated from EVI2B silenced HSPCs. Altogether, these findings strongly indicate 

that EVI2B plays a role in granulocytic differentiation, however missing visible defects in 

Evi2b KO mice suggests that redundant proteins with the similar function may exist.  
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EVI2B regulates HSPC functionality in vitro and in vivo 
Based on the results that EVI2B mediates granulocytic differentiation, we hypothesize 

that EVI2B could be important for the functionality of HSPCs. To assess whether Evi2b 

downregulation affects HSPC properties in vitro, we sorted LKS cells from WT mice, 

transduced them with constructs generating shRNAs with the ability to downregulate Evi2b 

expression, and performed colony culture assays. We observed that Evi2b-downregulated 

LKS cells produced less colonies, which additionally exhibited smaller size, than control LKS 

cells transduced with non-silencing control shRNA. To further validate the hypothesis that 

EVI2B presence supports proper HSPC function, we investigated how Evi2b silencing would 

influence the ability of HSPCs to reconstitute the murine hematopoietic system upon 

irradiation. Using competitive murine BM transplantation assays, we observed that Evi2b 

downregulated LKS exhibited a striking reduction in the contribution to restore the 

hematopoietic system of lethally irradiated mice as compared to LKS cells transduced with 

empty vector. Next, to corroborate these findings we employed Evi2b KO mice. To address 

whether Evi2b deficiency would affect HSPC function in vivo, we transplanted Evi2b KO BM 

cells to lethally irradiated recipients and detected reduced engraftment as compared to WT 

controls. 

 Further, we analyzed cell-cycle status and apoptosis of cells from colonies formed by 

LKS cells with silenced Evi2b to gain insight into mechanisms involved in reduction of 

HSPCs activity. Evi2b depletion led to a significant increase in the percentage of cells in G0 

quiescent phase, and at the same time demonstrated a mild, but significant increase in the 

percentage of apoptotic cells. Altogether, these findings support the conclusion that the 

transmembrane protein EVI2B has an important role in maintenance of normal HSPC 

functions, to a certain degree explained by its ability to affect cell cycle progression and 

survival of these cells. 

Project 3: MiR-143 regulates ERK5 in granulopoiesis and 
serves as prognostic marker in AML  

MiR-143 is involved in human neutrophilic differentiation in vitro  
Granulopoiesis involves gradual differentiation of HSCs ultimately leading to 

formation of mature cellular populations including neutrophils and monocytes. This complex 

process is coordinated by diverse extracellular and intracellular cues and several studies have 
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shown that miRNAs represent one of them154–157. However, the role of miRNAs in the 

molecular mechanisms governing cytokine-induced granulopoiesis is not completely 

understood yet. To identify miRNAs involved in G-CSF-induced granulocytic differentiation, 

we used next generation sequencing (NGS) analysis to determine differentially expressed 

miRNAs in primary human CD34+ HSPCs treated with vehicle control or G-CSF. We 

identified a list of miRNAs, whose expression was dependent on G-CSF treatment, with miR-

143 detected as the most upregulated. We verified these results by quantitative RT-PCR of 

treated HSPCs at different time points and observed a progressive time-dependent increase in 

miR-143 expression until day 14. To confirm these results, we used ATRA treatment or 

C/EBPα activation to induce granulocytic differentiation in several human hematopoietic cell 

lines (U937, NB4, K562-C/EBPα-ER) and assessed miR-143 expression. We observed 

increased miR-143 expression in all cell lines undergoing differentiation as compared to 

vehicle stimulated controls. Altogether, these experiments indicate that induced differentiation 

is associated with upregulation of miR-143 expression in human cell lines and primary cells. 

To further investigate whether manipulated miR-143 levels would affect granulocytic 

differentiation, we overexpressed or silenced miR-143 in several human cell lines or primary 

HSPCs and subsequently induced granulocytic differentiation. We observed accelerated 

differentiation in cells overexpressing miR-143 and conversely, reduced differentiation in 

cells with downregulated miR-143. Altogether, these findings suggest that miR-143 

expression increases as cells differentiate towards granulocytes and actively participates in 

this process. 

MiR-143 downregulation impairs the ability of murine HSPCs to 
differentiate towards neutrophils after transplantation 

Since we observed that miR-143 affects induced granulocytic differentiation in vitro, 

we sought to confirm this result in more physiological conditions by employing a murine in 

vivo model. First, to assess whether miR-143 expression levels increase during murine 

granulopoiesis, we performed miR-143 expression analysis of several murine myeloid cells at 

different stages of differentiation. As expected, we observed that miR-143 expression depends 

on the degree of differentiation, with the highest levels detected in mature granulocytes. Next, 

we investigated whether miR-143 downregulation would reduce the ability of HSPCs to 

differentiate towards neutrophils in vivo. Using an shRNA approach, we transduced LKS cells 

with specific miR-143 or control shRNA vectors. We transplanted these manipulated cells 

together with support into lethally irradiated congenic mice. Of note, these vectors contain a 
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green fluorescent protein (GFP) reporter that enables identification of infected cells in 

recipient mice. Flow cytometric analysis performed 3 weeks after transplantation revealed 

that the GFP+ fraction in miRNA-143 shRNA transplanted mice, representing cells with miR-

143 knockdown, exhibited significant reduction of CD11b+ Ly6G+ mature neutrophils in 

peripheral blood and BM compared to the GFP+ fraction in mice transplanted with control 

LKS cells. Importantly, engraftment of donor cells was equal in both groups and no effect was 

observed in donor cells which were not transduced (GFP- fraction). Taken together, these 

findings indicate that expression of miR-143 is gradually upregulated during murine 

neutrophilic differentiation and that miR-143 positively contributes to granulocytic 

development in vivo. 

ERK5, a direct target of miR-143, interferes with neutrophilic 
differentiation 

To further elucidate the molecular mechanism by which miR-143 modulates 

granulocytic differentiation, we first assessed the targetome of miR-143 in a myeloid cell line 

overexpressing miR-143 by using argonaute 2-RNA-immunoprecipitation (AGO-RIP) 

method followed by NGS. We identified 635 potential mRNA targets of miR-143 and 

revealed that mitogen-activated protein kinase (MAPK) signaling pathway as the most 

frequently targeted. In particular, AGO-RIP screen detected extracellular signal-regulated 

kinase 5 (ERK5) as a potential miR-143 target. In addition, the 3’ UTR region of ERK5 

contains a conserved miR-143 binding site and previous studies showed that ERK5 is a direct 

target of miR-143 in solid tumors158–160. To verify whether a similar mechanism takes place in 

myeloid cells, we performed luciferase reporter assays in K562 cells. Using a reporter vector 

containing the 3’UTR region of ERK5 or the same construct with a mutated miR-143 binding 

site, we verified that miR-143 acts as post-transcriptional regulator of ERK5 in myeloid cells. 

These findings led us to hypothesize, that miR-143 exerts its function during neutrophilic 

differentiation through downregulation of ERK5 protein. To support this hypothesis, we 

assessed ERK5 protein levels in our models of induced granulocytic differentiation including 

several human hematopoietic cell lines as well as G-CSF-treated CD34+ HSPCs. In line with 

our previous results, we observed that miR-143 expression inversely correlates with ERK5 

protein levels in all analyzed models. Finally, to address whether upregulation of ERK5 itself 

impairs the ability of myeloid cell line to differentiate, we overexpressed ERK5 in K562-

C/EBPα-ER cells and induced its differentiation with β-estradiol. We detected reduced 

percentage of mature cells and increased apoptosis upon induction of differentiation. Taken 
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together, these findings strongly suggest that miR-143 modulates neutrophilic differentiation 

through post-transcriptional control of ERK5. 

MiR-143 as a prognostic marker in AML 
The MEK/MAPK pathway, which is affected by miR-143, is constitutively activated 

in the majority of AML subtypes, and confers to uniformly poor prognosis. Based on this fact 

we hypothesized that miR-143 levels could be important for assessment of prognosis in AML 

patients. In accordance with our findings, analysis of patient data in TGCA database revealed 

association of higher miR-143 expression with lower percentage of blasts in PB and better 

overall survival of AML patients. 
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GENERAL CONCLUSIONS 
Molecular mechanisms, which control proper production and differentiation of 

neutrophils, are objects of intense studies for many decades. That is not surprising, since 

granulopoiesis as part of hematopoiesis represents a classical developmental model allowing 

investigation of cell differentiation and spatiotemporal control of gene expression. Moreover, 

understanding the regulation of granulopoiesis is important from a clinical point of view, 

since multiple hematopoietic pathologies involve uncontrolled production and aberrant 

differentiation of myeloid cells in the BM. In this thesis, our research focuses on the 

identification and characterization of functionally distinct molecules potentially involved in 

the regulation of granulopoiesis.  

1. In the first project discussed in this thesis we revealed the unexpected finding 

that the transcription factor C/EBPγ is dispensable for proper regulation of both 

basal and emergency granulopoiesis, and we demonstrated that C/EBPγ is non-

essential to HSCs and myeloid progenitor biology. 

• By using specific deletion of Cebpg in the murine hematopoietic system in vivo, we 

demonstrated that C/EBPγ is not required for efficient production of granulocytes 

during steady state or during stress situations induced by administration of G-CSF, 

LPS or during C. albicans infection.  

• As shown by transplantation assays and GEP, Cebpg ablation does not affect the 

hematopoietic stem and progenitor cell properties or their ability to commit to the 

myeloid lineage.  

We hypothesize that the lack of functional phenotype in this study could be due to the 

existence of proteins with redundant function. It was shown that the loss of a gene in the 

organism is often compensated for by the function of a related gene or family member. This 

functional redundancy protects cells and organisms from deleterious mutations and points to 

the importance of properly functioning granulopoiesis. Future work will need to explore the 

functional interactions with other transcriptional regulators such as ATF4 or other bZIP 

proteins to clarify the contribution of C/EBPγ to hematopoiesis in general, and in particular to 

granulopoiesis. 

2. In the second project we described that C/EBPα controls expression of the 

transmembrane protein EVI2B by direct binding to its promoter region. 
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Moreover, we showed that EVI2B plays an important role in the regulation of 

granulocytic differentiation. 

• Transfection of the human cell line K562 and luciferase assays with EVI2B promoter 

region revealed that EVI2B expression is directly upregulated by wild-type full-

length C/EBPα isoform p42, whereas shorter C/EBPα isoform p30 lacks this ability. 

C/EBPα isoform p42 is critical for proper differentiation during granulopoiesis. On 

the contrary, C/EBPα isoform p30 is unable to induce myeloid differentiation due to 

the lack of one transactivation domain150 and its predominant expression is detected 

in certain AML types161. Moreover, mutant forms of C/EBPα identified in human 

AML patients completely, or in one case partially, lost the ability to induce EVI2B 

promoter activity. 

• Consistently, samples from AML patients with mutated or silenced CEBPA have 

reduced EVI2B levels in comparison to other AML cases, which have WT CEBPA. 

However, some AML cases with WT CEBPA showed decreased expression of 

EVI2B comparable to levels detected in AML samples with mutated or silenced 

CEBPA. This could be explained by inactivation of C/EBPα through other molecular 

mechanisms than mutation or hypermethylation. Previous studies showed that 

C/EBPα activity can be suppressed by oncogenic fusion proteins162 or post-

translational modifications163,164. 

• Other transcription factors than C/EBPα regulate EVI2B, since EVI2B expression in 

hematopoietic progenitors from Cebpa KO mice is not affected in comparison to WT 

mice. 

• As shown by in vitro assays and in vivo BM transplantation experiments, EVI2B is 

important for proper proliferation and maintenance of HSPCs. However, Evi2b KO 

mice did not reveal alterations in steady-state hematopoiesis. This led us to 

hypothesize that another protein with similar function than EVI2B exists. 

3. In the third project we described an important role of miR-143 in the regulation 

of normal granulopoiesis. Further, we showed that miR-143 accelerates 

neutrophilic differentiation through downregulation of its target gene, ERK5.  

• A functional screening using G-CSF-induced differentiation of CD34+ HSPCs 

allowed us to identify a list of miRNAs differentially regulated during this process, 

with miR-143 as the most upregulated. 
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• In vitro studies showed that enforced expression of miR-143 in myeloid cell lines 

and in HSPCs resulted in accelerated G-CSF-induced neutrophilic differentiation, 

whereas miR-143 downregulation lead to block of differentiation. Consistently, our 

in vivo BM transplantation assays demonstrated affected capacity of LSKs with miR-

143 knockdown to produce mature granulocytes. 

• Using AGO-RIP technology we identified potential miR-143 target genes and 

subsequent studies demonstrated that miR-143 affects neutrophilic differentiation by 

post-transcriptional control of the MAP kinase ERK5. 

• Comparison of overall survival of patients with low miR-143 expression and patients 

with high miR-143 expression demonstrated that higher miR-143 expression is a 

favorable prognostic marker in AML. 

In conclusion, our studies illustrate how granulocytic differentiation is regulated at 

several levels including transcription factors, transmembrane proteins and miRNAs. This vast 

complexity needs to be studied step wise, but ultimately, to understand how these molecules 

regulate each other is critical to obtain a complete vision of the process of granulopoiesis. 

Many of the molecules that are involved in management of normal myeloid differentiation are 

known to contribute to malignant myeloid differentiation. Aberrant expression or function of 

these molecules is found in different types of hematopoietic neoplasia. In this thesis, we focus 

on AML, which represents over 90% of acute leukemias in adults. Despite the advances in the 

treatment of AML have led to better outcomes in young patients, the prognosis of patients 

suffering from AML is still very poor and therapy needs to be improved. The results obtained 

during the studies described in this thesis improved our understanding of the AML disease 

mechanisms. This knowledge will provide the basis for future leukemia therapies, which will 

aim to tailor the treatment for an individual patient, depending on the specific biological 

characteristics of the patient’s disease. 
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