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Abstract (Czech version): 
 

Hematopoéza neboli krvetvorba je proces regulovaný transkripčními faktory, mezi nimiž hrají 

klíčovou roli molekuly PU.1 (Spi1, Sfpi1) a GATA-1. GATA-1 a PU.1 se mohou na DNA 

vzájemně vázat a blokovat tím své transkripční programy. Myší erytroleukemické buňky 

(MEL) jsou transformované erythroidní prekurzory zablokované v pokročilejším stádiu 

erythroidní diferenciace, současně exprimují PU.1 i GATA-1 a lze u nich navodit erytroidní 

diferenciaci snížením hladiny PU.1 či zvýšení hladiny GATA-1 v jádře. Ve své práci ukazuji, 

že v MEL buňkách je PU.1 dependentní transkriptom negativně regulovaný pomocí GATA-1. 

Tuto represi a následně možnou derepresi  podrobněji popisuji na genech Cebpa a Cbfb, které 

kódují další důležité hematopoetické transkripční faktory. Pomocí chromatinové 

imunoprecipitace a reportérových esejí jsme identifikovali vazebné sekvence DNA pro vazbu 

PU.1 na genech Cebpa a Cbfb, na nichž jsme v leukemických blastech detekovali současně 

faktory PU.1 i GATA-1.  

Regulace transkripce těchto genů manipulací hladiny PU.1 a GATA-1 zahrnuje kvantitativní 

změny úrovně acetylace H3K9, známky transkripčně aktivního chromatinu. Data jsou 

podpořena experimenty ukazujícími, že signifikantní derepresi genů Cebpa a Cbfb lze v MEL 

buňkách dosáhnout jak aktivací PU.1, tak i inaktivací GATA-1.  

Má disertační práci shrnuje dříve známe poznatky a námi získaná data o nezastupitelné roli 

PU.1 a GATA-1 v průběhu hematopoetické diferenciaci a potenciálu těchto transkripčních 

faktorů v manipulaci buněčných osudů. Popsané mechanismy lze v budoucnu využít 

v konceptu diferenciační terapie, založené na možnosti přeprogramování leukemických či 

nezralých buněčných elementů do směrů námi zvolených hematopoetických linií.    
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Abstract (English version):  

 

Hematopoiesis is coordinated by a complex regulatory network of transcription factors 

among them PU.1 (Spi1, Sfpi1) and GATA-1 represent key molecules. GATA-1 and PU.1 

bind each other on DNA to block each others transcriptional programs to prevent 

development of undesired lineage during hematopoietic commitment. Murine 

erythroleukemia (MEL) cells, transformed erythroid precursors that are blocked from 

completing the late stages of erythroid differentiation, co-express GATA-1 and PU.1 and as 

my and others data document, are able to respond to molecular removal (down-regulation) of 

PU.1 or addition (up-regulation) of GATA-1 by inducing terminal erythroid differentiation. 

We provide novel evidence that downregulation of GATA-1 or upregulation of PU.1 induces 

incompletely differentiation into cell cycle arrested monocytic-like cells. Furthermore, PU.1-

dependent transcriptome is negatively regulated by GATA-1 in MEL cells, including 

CCAAT/enhancer binding protein alpha (Cebpa) and Core-binding factor, beta subunit (Cbfb) 

that encode additional key hematopoietic transcription factors. Chromatin 

immunoprecipitation and reporter assays identified PU.1 motif sequences near Cebpa and 

Cbfb that are co-occupied by PU.1 and GATA-1 in the leukemic blasts. Furthermore, 

transcriptional regulation of these loci by manipulating the levels of PU.1 and GATA-1 

involves quantitative increases in a transcriptionally active chromatin mark: acetylation of 

histone H3K9. Our data are further supported by experiments documenting that significant 

derepression of Cebpa and Cbfb is achieved in MEL cells by either activation of PU.1 

encoded transgene or knockdown of GATA-1 expression.  

This thesis also provides discussion to compare my data with work of others on 

indispensable roles of PU.1 and GATA-1 during hematopoietic cell fate decisions and their 

roles in cell reprogramming. This thesis further develops the concept of differentiation 

therapy to manipulate leukemic cells into desired specific hematopoietic lineage/s. 
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1.INTRODUCTION  
 

During hematopoiesis precise levels of specific transcription factors regulate lineage 

determination, and changes in their levels block or divert this process (Dahl and Simon, 2003; 

DeKoter et al., 2007; Graf, 2008). PU.1 (Sfpi1, Spi-1) and GATA-1 are two lineage-specific 

transcription factors that play key roles in determining the fate of multipotential progenitors 

(Arinobu et al., 2007). PU.1 dose-dependently guides development and differentiation of 

granulocyte-macrophage and common lymphoid progenitors by interacting with lineage 

specific cofactors on DNA (Laslo et al., 2006). Differentiation into myeloid precursors also 

involves CCAAT/enhancer binding protein (C/EBP) alpha (Cebpa) and Core-binding factor, 

beta subunit (Cbfb) that cooperate with PU.1 in further specification and maturation of cells 

(Feng et al., 2008; Huang et al., 2008). The transcription factor Cebpa controls differentiation 

and proliferation in normal granulopoiesis and the loss of its function in myeloid cells in vitro 

and in vivo leads to a block to a myeloid differentiation similar to that which was observed in 

malignant cells from patients with acute myeloid leukemia (AML). Conditional mouse 

models provide direct evidence that loss of Cebpa function leads to the accumulation of 

myeloid blasts in the bone marrow. Recent studies revealed that targeted disruption of the 

wild type Cebpa protein induces an AML-like disease in mice (reviewed in (Mueller and 

Pabst, 2006). During normal hematopoiesis Cebpa is expressed already at the levels of HSCs 

and is upregulated to its highest levels in granulocyte/monocyte progenitors (GMPs) and it is 

not expressed in precursors of lymphoid cells and downregulated as common myeloid 

progenitors (CMPs) differentiate to megakaryocyte and erythroid progenitors (Mueller and 

Pabst, 2006). Cbfb does not bind DNA directly, but allosterically stabilizes the Runx1-DNA 

interaction. Cbfb and Runx1 are required for definitive hematopoiesis; mice homozygous for 

null alleles of either Cbfb (Cbfb-/-) or Runx1 (Runx1-/-) have a complete block in definitive 

hematopoiesis (Okuda et al., 1996; Wang et al., 1996a; Wang et al., 1996). 

PU.1 levels below certain threshold (approximately 20%) cause a block of 

hematopoietic differentiation accompanied with accelerated proliferation (Metcalf et al., 

2006; Rosenbauer et al., 2004). Mutations of PU.1 and some of its target genes including 

CEBPA and CBFB are associated with a differentiation block in human acute leukemias 

(Mueller and Pabst, 2006). GATA-1 is a zinc-finger transcription factor regulating erythro-

megakaryopoiesis by sequence-specific targeting as well as cooperating with lineage specific 
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cofactors in chromatin such as Nuclear factor (erythroid-derived 2) (Nfe2) and Friend of 

GATA-1 (Zfpm1, Fog1) (Jing et al., 2008; Kim and Bresnick, 2007). Mutations either 

affecting the length of GATA-1 protein or its interactions with Zfpm1 are also associated with 

acute leukemias (Freson et al., 2003; Mueller et al., 2002; Wechsler et al., 2002). 

Murine erythroleukemia (MEL) cells are acute leukemia blasts blocked from further 

erythroid differentiation mainly because of deregulated expression of PU.1 (Moreau-Gachelin 

et al., 1988). Removal of PU.1 (Papetti and Skoultchi, 2007) or addition of GATA-1 (Choe et 

al., 2003) cause erythroid differentiation of MEL cells the incompleteness of which, however, 

suggests an involvement of additional factors. In MEL cells PU.1 physically interacts with 

GATA-1 (Nerlov et al., 2000; Rekhtman et al., 1999; Zhang et al., 1999) and silences 

transcription of its target genes by creating repressive chromatin structure (Rekhtman et al., 

2003; Stopka et al., 2005) that forms when PU.1 binding on GATA-1 involves deacetylation 

of Histone H3 lysine 9 (H3K9) and its trimethylation (Rekhtman et al., 2003; Stopka et al., 

2005). Ectopic expression of PU.1 also blocks chemically-induced erythroid differentiation of 

MEL cells (Rao et al., 1997). Previous studies showed that Ets domain of PU.1 interacts with 

and mediates the repression of GATA-1 (Nerlov et al., 2000; Rekhtman et al., 1999) without 

alteration of DNA binding (Rekhtman et al., 2003; Stopka et al., 2005). Conversely, C-finger 

of GATA-1 can interact with and mediate the repression of PU.1 (Nerlov et al., 2000; Zhang 

et al., 1999). 
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2. THE AIMS OF THE STUDY:  

 

• To define novel concepts of cellular reprogramming by manipulating gene expression 

using differentiation therapy in hematologic malignancies especially acute leukemia. 

 

• To determine whether manipulation of key hematopoietic transcription factors: PU.1 

and GATA-1 is capable to reprogram blocked leukemic cells into differentiating 

progeny. 

 

• To understand molecular aspects of PU.1 and GATA-1 on DNA within chromatin of 

their target genes in leukemia and during differentiation. 

. 

 
 
 
SPECIFIC AIMS: 

To determine whether PU.1 induces genetic program of non-erythroid differentiation of 

acute leukemia cells. Our laboratory has earlier presented evidence demonstrating that the 

activation of GER transgene induced GATA-1 target genes in MEL cells leading to the 

erythroid differentiation. Now we aim to determine whether also PUER induction could 

activate PU.1 target genes in the same cell system. Based on this assumption that PU.1 

transcription program is suppressed in MEL cells, we expect to observe restoration of PU.1 

dependent transcriptome following PUER activation.    

 

To determine whether PU.1 represses erythroid program by inhibiting GATA-1 in acute 

leukemia cells. Using candidate gene expression assays we observed expected mRNA 

changes in MEL cells induced by PUER or GER transgenes. The proposed experiments using 

global gene expression arrays are designed to identify inducer-specific context of target gene 

activation in MEL cells.   

 

To determine specific changes in chromatin structure near PU.1 target genes Cebpa and 

Cbfb and near GATA-1 target genes Zfpm1 and Nfe2 in MEL cells. In MEL cells PU.1 

physically interacts with GATA-1 bound to DNA and represses the transcription of GATA-1 
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target genes by a mechanism that involves regulatory changes in chromatin structure. If 

PUER and GER activation overrides leukemia blockade in MEL cells by transactivation of 

PU.1 or GATA-1 target genes, the mechanism presumably also involves the process of 

chromatin modification. To test this hypothesis, we are going to measure the levels of histone 

H3K9 acetylation within selected genes, the candidate modifications were previously 

correlated with mutual antagonism between PU.1 and GATA-1.   

 

To determine whether inhibition of GATA-1 results in non-erythroid differentiation of 

MEL cells and whether it affects binding of PU.1 to its DNA binding sites. The 

stoichiometry between PU.1 and GATA-1 is probably very important for making decision 

between erythroid vs. non-erythroid differentiation. If the activation of PUER in MEL cells 

leads to non-erythroid differentiation, then the mechanism of inhibition of GATA-1 may be 

required for preventing non-erythroid differentiation in MEL cells. Conversely, GATA-1 

blocks the transcription of PU.1 target genes and may thus indispensably repress PU.1 on 

DNA. 
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3. MATERIALS AND METHODS  

Cell cultures - Mouse erythroleukemia cells (MEL) and HeLa cells were cultured in DMEM 

medium supplemented with 10% fetal bovine serum and antibiotics (penicillin/streptomycin) 

The PUER and GER conditional activation in MEL cells containing these transgenes 

(MELPUER and MELGER) was induced by 10-7 M 17b-Estradiol. 

Extraction of total RNA- Total cellular RNA was purified by a modified TRIzol reagent 

(Invitrogen) involving an enhanced precipitation by adding 1 volume of isopropanol to the 

extracted aqueous phase, precipitating at -20OC overnight, and centrifuging the RNA for 30 

minutes at 14,000 rcf at 4OC. The concentration, purity and integrity of total RNA were 

determined by NanoDrop ND-1000 and Agilent 2100 Bioanalyzer. 

Microarray mRNA profiling and data analysis- Messenger RNA profiling in MELPUER and 

MELGER cells in biological duplicate experiment was performed using Affymetrix Mouse 

Genome arrays MG-430A 2.0 containing 22694 probes, following the one-cycle labeling 

protocol and standardized array processing procedures recommended by Affymetrix. The raw 

data (CEL files) were normalized using Robust Multichip Average algorithm (RMA) in 

GeneSpring GX software and filtered in the TM4 suite using Significance Analysis of 

Microarrays (SAM) with a false discovery rate (FDR) set to 1%. The microarray data are 

deposited at the EMBL-EBI (ArrayExpress accession: E-MTAB-125).  

Chromatin immunoprecipitations for qChIP- Chromatin from 3x107 cells from MELPUER 

and MELGER cells expressing PU.1- or GATA-1- estrogen receptor (PUER and GER) fusion 

protein (in the absence or presence of 10-7 M 17b-Estradiol for 24 hours) was crosslinked with 

1% formaldehyde for 10 minutes at room temperature. Subsequently cells were lysed by a set 

of lysis buffers to isolate the nuclei from cells that were resuspended in 2 ml of low-salt buffer 

and sonicated (45% intensity, 500 cycles of 2 seconds, in a ice-ethanol cooling bath) with a 

Branson Sonic Dismembrator model 500 equipped with a microtip to yield 200- to 400-bp 

DNA fragments (Rekhtman et al., 2003; Stopka et al., 2005). Chromatin immunoprecipitation 

(ChIP) was performed using antibodies against PU.1 (T21; Santa Cruz), GATA-1 (N6, Santa 

Cruz), acetyl-histone H3 (Lys9) (cat. # 07-352, Upstate), and we used normal rabbit IgG (cat. 

# NI01, Calbiochem) as a control nonspecific antibody. DNA extracted from the 

immunoprecipitates was used as template for SYBR-Green based Q-PCR reactions as 

described below. 
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Transfected chromatin immunoprecipitation- Transient transfections were carried out into 

105 cells/ml in MELPUER and MELGER cells with the Lipofectamine TM 2000 reagent 

(Invitrogen) and the cells were simultaneously treated with 10-7 M 17b-Estradiol. After 48 

hours chromatin from approximatelly 106 cells was immunoprecipitated as described above. 

Quantitative real-time PCR (qPCR)- Quantity of specific DNA fragments in 

immunoprecipitates was determined by qPCR reactions. We used 7900 HT SDS PCR cycler 

with a 384-well configuration (Applied Biosystems). For the qChIP assays 0.5-2 nanograms 

of immunoprecipitated DNA was amplified in each 1x SYBR-Green Master Mix reaction 

(Applied Biosystems). All qPCR amplifications were performed in 8 µl reaction volumes and 

consisted of 40 cycles of 10 seconds at 95°C, 20s at 60°C and 30s at 72°C or in presence of 

TaqMan probe (Roche) with recommended protocol for 40 cycles of 15 seconds at 95°C and 

1 minute at 60°C. Fluorescence was read at both the annealing and polymerization steps. For 

each individual primer pair, a standard curve was generated using serial dilutions of the input 

DNA. The dissociation curve was determined for each PCR reaction to assure production of 

the single and specific product. Fluorescence was read in the exponential amplification phase 

(in case of SYBR-Green reaction mix) PCR and the raw data were expressed as CT values. 

Using a standard curve equation for each PCR primer pair the CT values were transformed 

into DNA copy numbers. The copy number of a specific DNA fragment in each 

immunoprecipitate was compared to the copy number of that fragment in the 1/100 dilution of 

the DNA obtained from the input sample used for immunoprecipitation (1% input DNA) and 

a ”percentage of the input” was calculated. Percentage of input was also determined for each 

DNA fragment in immunopreciptates using appropriate control antibodies (background) and 

these values were subtracted from the values obtained with the specific antibodies (details are 

also in (Rekhtman et al., 2003; Stopka et al., 2005).  

Immunoblotting-  MELPUER and MELGER cells (3x106) were cultured in media containing 10-

7 M 17b-Estradiol for 3 days and lysed for immunoblotting analysis using RIPA buffer 

supplemented with proteinase inhibitors. Denatured lysates (20 µg protein per lane) were 

resolved on 10% polyacrylamide gel electrophoresis. The gels were stained with Coomassie 

dye for load control and wet-blotted onto PVDF membranes. Blots were blocked in 7.5% non-

fat milk-PBS-Tween20. Primary antibodies were used in dilution 1:500 (anti-PU.1, sc-352, 

GATA-1, sc-265, Santa Cruz, anti-Estrogen Receptor alpha, ab31949, Abcam). After washing 

with PBS-Tween20 the membranes were stained with secondary horseradish peroxidase-

labeled antibodies, followed by luminescence detection on X-ray films.  
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Transient transfections and reporter assays- The putative GATA-1 binding sites in murine 

Zfpm1 (+3579, AGATAA) and Nfe2 (-1588 and -1524 AGATAA; -1531, -1051 and -803 

AGATAG) genes and PU.1 binding sites in murine Cbfb (+1531, GAGGAACT) and Cebpa (-

2977, GAGGAAGT) genes and their deletion mutants were subcloned into the pGL3-basic 

vector (Promega). Transient transfections were carried out into MELPUER ,MELGER and HeLa 

cells with the Lipofectamine TM 2000 reagent (Invitrogen). Firefly luciferase activity was 

measured approximately 48 hours after transfection using the Steady-Glo Luciferase Assay 

System (Promega) and shown as fold activation over background. Individual transfection 

experiments were done in duplicates and the results are reported as mean firefly fold 

activation +/- standard deviation.  

Flow cytometry- 1x105 of MELPUER and MELGER cells induced with 17b-Estardiol for 

indicated timepoints were incubated with 2µl of phycoerythrin (PE)-conjugated mouse 

monoclonal CD45 antibody (catalog #553081, clone 30-F11, PharMingen, San Diego) or 

biotin-conjugated monoclonal CD11b antibody (cat.#553309, clone M1/70, PharMingen) or 

biotin-conjugated monoclonal GR1 antibody (cat.#553125, clone RB6-8C5, PharMingen). 

Biotinylated CD11b and GR1 antibodies were visualized with 2 µl streptavidin–PE (catalog 

#554061, PharMingen). Flow cytometry analyses were performed on Aria Cell Sorter (BD). 

siRNA inhibition- MELPUER cells were cultured in DMEM medium supplemented with 10% 

fetal bovine serum. SiRNA (cat.# 4390771, Ambion, U.S.A.) complementary to GATA-1 or 

negative control siRNA (cat.# AM4611, Ambion, U.S.A.) were transfected using 

Lipofectamine TM 2000 reagent (Invitrogen). After 48 hours the cells were harvested the total 

RNAs were isolated and analyzed by qPCR as described above. Custom siRNA (Qiagen) 

complementary to PU.1 (5’-ggaggugucugauggagaa-3’) with 3’ dTdT overhang was designed 

using guidelines recommended by Reynolds et al. 2004.  
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4. RESULTS 
 
PUER activation results in non-erythroid differentiation of MEL cells. 

Activation of PUER transgene in MEL cells leads to upregulation of mRNAs of mixed 

myelo-lymphoid PU.1 targets. Upregulation of PU.1 targets in MEL cells was observed also 

on protein levels; the identified proteins belong to mixed myelo-lymphoid program. PUER 

activation induces specific non-erythroid phenotypic features in MEL cells with similarities to 

monocytes. 

 

Induced PUER activates its endogenous target genes and represses GATA-1 targets in 

MEL cells. 

Using gene expression arrays we identified PU.1 and GATA-1 dependent transcription 

programs, and also programs that are regulated by repression mechanisms of either PU.1 on 

GATA-1 or GATA-1 on PU.1. We identified 3109 genes regulated by GATA-1-mediated 

repression of PU.1 and 4292 genes regulated by PU.1-mediated repression of GATA-1. 

Program induced by PUER belongs to specific pathways involved in both monocytic-

granulocytic and lymphoid differentiation. The expression profiling also confirmed the 

assumption that the transcriptional program of PU.1 is in MEL cells is markedly inhibited in 

comparison to that of GATA-1.  

 

Activated PUER induces formation of active chromatin structure near PU.1 target genes 

Cebpa and Cbfb whereas GATA-1 inhibits this effect. 

Using chromatin immunoprecipitation and quantitative real-time PCR we identified PU.1 and 

GATA-1 colocalization on PU.1 DNA binding sites near Cebpa (3.2kb upstream transcription 

start site (TSS)) and Cbfb (2kb downstream). The biological functionality of these PU.1 

binding sites was confirmed in reporter and ChIP assays. Activated PUER induced active 

chromatin structure (H3K9Ac) near tested PU.1 binding sites on Cebpa and Cbfb genes while 

activated GER inhibited this effect. 

In addition, we identified GATA-1 and PU.1 co-occupancy on GATA-1 target sequence in 

erythroid-specific genes Zfpm1 (3.5kb downstream relative to TSS) and Nfe2 (0kb relative to 

TSS). In these cases the activation of PUER inhibits formation of active chromatin structure 

near GATA-1 binding sites whereas GER activation stimulates this effect. 
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Inhibition of GATA-1 results in non-erythroid diffe rentiation of MEL cells and does not 

affect the binding of PU.1 to its DNA binding sites on Cebpa and Cbfb. 

Inhibition of GATA-1 derepresses PU.1 target genes in MEL cells. Furthermore, inhibition of 

GATA-1 causes depletion of GATA-1 from PU.1 binding site on Cbfb and Cebpa whereas 

PU.1 remains detectable at these sites. 
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5. DISCUSSION  

 

As described and documented in the Results and other sections of this PhD thesis: 

activation of transcription factor PU.1 is able to efficiently relieve repressive activities 

mediated by opposing transcription factor GATA-1 at regulatory regions of very important 

hematopoietic genes Cebpa and Cbfb during differentiation of leukemic MEL cell line. This 

work supports overall conclusion that transcription factors such as PU.1 and GATA-1 are 

potent cell fate-inducing molecules that are able to withdraw leukemia cells from the 

proliferative and anti-differentiation programs into cell cycle-arrested and differentiating 

programs, a concept generally known as differentiation therapy of leukemias. 

 Our initial observation that PUER activation not only blocks GATA-1-mediated 

differentiation (Rao et al., 1997) but also results in non-erythroid differentiation of MEL cells 

led as to consider a possibility that leukemic cells displaying similarities with certain lineage 

type are able to be further albeit not completely differentiated not only into the progeny of the 

same lineage but can transdifferentiate into the progeny of other lineages. Efficient 

derepression of PU.1 target genes (Itgam, Cd14, Mpo, Cebpa and Cbfb) in MELPUER cells 

stimulated for 4 and 16 hours by 17b-Estradiol indicated that several of known PU.1 

dependent programs are activated (see Fig. 1A in Thesis).  

Genetic program of stimulated MELPUER cells contained several important lineage 

specific hematopoietic genes. Such example is Itgam also known as macrophage-1 antigen 

(Mac-1) that is a integrin expressed mainly in leukocytes but also in monocytes, granulocytes, 

macrophages and natural killer cells and its role has been implicated in inflammation and 

other diverse cell responses (reviewed in Solovjov et al., 2005). Next, Cd14 is expressed 

mainly by monocytes and cooperates with other proteins to mediate the innate immune 

response to bacterial lipopolysaccharide (Ferrero et al., 1990). Myeloperoxidase (Mpo) is an 

example of lysozomal enzyme most abundantly synthetized in promyelocytes and their 

progeny (Kizaki et al., 1994). The other two examples CCAAT/enhancer binding protein α 

(Cebpa) and core-binding factor, β subunit (Cbfb) are important hematopoietic transcription 

regulators. Several studies indicated that Cebpa, Cbfb genes are required for normal 

hematopoietic lineage specification and that Cebpa and Cbfb are mutated in leukemia 

(Kirstetter et al., 2008; Miller et al., 2002; Shivdasani and Orkin, 1995; Tsang et al., 1997) or 

are alternatively epigenetically dysregulated (Jost et al., 2008). Cebpa represents a 

transcription factor controlling differentiation and proliferation during normal granulopoiesis 

and monocytopoiesis and its loss in vivo leads to a block of myeloid differentiation. Studies 
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with Cebpa knock out mice demonstrated accumulation of myeloid blasts in the bone marrow 

(Wang et al., 1995). The potential of Cebpa for transdifferentiation was tested in already 

commited T-cells by ectopic expression of Cebpa that reprogrammed these cells into 

inflammatory macrophages (Laiosa et al., 2006). Interestingly, the ectopic expression of PU.1 

in the same cell system led to a formation of myeloid dendritic-like cells (Laiosa et al., 2006). 

Cbfb is an example of a protein that does not bind DNA itself but allosterically enhances 

Runx1 (Aml1) DNA binding and thus directly contributes to regulation of expression of 

Runx1 target genes, examples include: IL-3, GM-CSF and M-CSF receptor. Differentiation of 

MELPUER cells was accompanied with specific myeloid surface markers Itgam (CD11b), Ptprc 

(CD45) and Ly6g (Gr-1) identified by flow cytometry (Fig. 1B). This observation is 

supported by others (Durual et al., 2007) showing that PU.1 can induce differentiation of 

myeloid blasts. As also documented herein PU.1 target genes programs in differentiating 

leukemic cells include specific profiles of macrophages, neutrophils and also some lymphoid 

specific genes.  

PU.1 physically opposes many erythroid genes by repressing GATA-1 (Rekhtman et 

al., 2003; Rekhtman et al., 1999a; Stopka et al., 2005) thus stimulation of MELGER cells with 

17b-Estradiol at identical timepoints resulted in rapid upregulation of GATA-1 target genes: 

Nfe2, Zfpm1, Hba-a1, Hbb-b1 and Klf (Fig. 1C and S1). These GATA-1 targets are well 

connected with erythroid differentiation. For example the expression of Nfe2 is restricted 

almost exclusively to hematopoietic progenitors, and cells of the erythroid, megakaryocytic 

and mast cell. Nfe2 is involved in regulation of globin gene transcription and is also essential 

for normal platelet production. Zfpm1 is expressed in erythroid and megakaryocytic lineages 

and cooperates with GATA-1 during erythro-megakaryocytic differentiation (Tsang et al., 

1997). Furthermore phenotype of Zfpm1 null mice resembles the phenotype observed in 

GATA-1 knockout mice (Tsang et al., 1998). Another GATA-1 target Klf1 is transcriptionally 

activated by GATA-1 (Lohmann and Bieker, 2008) and cooperates with GATA-1 during 

erythroid differentiation (reviewed in Ferreira et al., 2005). Klf1 contains in its promoter 

several GATA binding sites and one of them appears to be crucial for initiation of 

transcription (de Boer et al., 2003). Klf1 null mice exhibit defects in erythropoiesis (Nuez et 

al., 1995). This is also supported by our experiments where reinitiated erythroid 

differentiation of induced MELGER cells was accompanied by increased hemoglobin content 

peaking between 72-120 hours, whereas MELPUER cells remained pale in the floating cell 

fraction. Previously published data has already outlined the GATA-1 dependent transcriptome 

during arrested erythroid differentiation. Transcriptome analysis of G1E-ER4 cells, a GATA-
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1–null erythroblast line before and after GATA-1 restoration in time window up to 30hrs 

revealed upregulation of extensive repertoire of GATA-1 potential target genes, among them 

the “bona fide”  targets Nfe2, Zfpm1, Klf1 and Hba-a1 (Welch et al., 2004). This paragraph 

brings another evidence that erythroleukemic cells are blocked in erythroid differentiation by 

activities inhibiting GATA-1.  

Proliferation blockade of induced MELPUER or MELGER cells was observed 48 hours 

post induction. This experiment is supported by other data showing that GATA-1 directly 

regulates a well known cell cycle inhibitor p21 gene expression during erythroid 

differentiation (Papetti et al., 2010). Moreover, experiments using human myeloma cell line 

U266tetPU.1 brought evidence that PU.1 activates p21 gene expression (Ueno et al., 2009). In 

contrast, our data showed, that in MELPUER  PU.1 inhibits p21 expression while stimulating 

other cell cycle inhibitors including that many other cell cycle inhibitors, such as p16, p15, 

p18, p27, Pak1 (p21-activated kinase) are induced in MELPUER cells by 17b-Estradiol (see 

S3). Morphology of stimulated MELGER and MELPUER cells was further documented by 

cytology and cytochemistry analyses documenting either a significant shift of the cell 

proportions towards basophilic erythroblast stage or a novel appearance of a new population 

of atypical cells with an irregular shape of nuclei, mildly basophilic and azurophilic granular 

cytoplasm, and other similarities with monocytes (Fig. 2 and S2). This paragraph overall 

demonstrates that PU.1 and GATA-1 in an erythroleukemic cell line block cell proliferation. 

Oligonucleotide expression arrays consistently brought evidence that induced PUER 

activates its endogenous target gene program and represses GATA-1 targets in MEL cells. 

Our data analysis identified 3,109 significant genes positively regulated by PU.1 and 

negatively by GATA-1 and 4,292 significant genes positively regulated by GATA-1 and 

negatively by PU.1 (Fig. 3 and S3). Considering these numbers do not represent all primary 

target genes of PU.1 and GATA-1, the overall gene expression change is impressive 

representing roughly 10% of the genome. Such activities would likely require rapid 

remodeling of the nuclear chromatin, a fact supported by multiple observations indicating 

involvement of chromatin remodeling genes in activities of PU.1 and GATA-1 (reviewed in 

Burda et al., 2010; Kokavec et al., 2008). Among newly found PU.1 target transcription 

factors and cofactors possibly involved as “targets of targets”, that are also reciprocally 

regulated by GATA-1 and PU.1, belong genes encoding well known myeloid transcription 

factors Cebpa, Cbfb and also its established partner Runx1 (Wang et al., 1996b). It is well 

known that Runx1 cooperates with Cbfb on DNA and its expression is required for normal 

myelopoiesis while its mutations predispose to leukemia (de Bruijn and Speck, 2004; Ganly et 
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al., 2004; Kundu et al., 2005). Another PU.1-dependent target Meis1 represents a known 

heterodimeric partner of Hoxa9 that is involved in myelopoiesis and also in leukemias 

harboring translocations with the mixed lineage leukemia gene (MLL) (Faber et al., 2008; Jin 

et al., 2007). PUER (but not GER) also significantly upregulated Inhibitor of DNA binding 2 

(Id2), a known modulator of PU.1 and GATA-1 activities via interacting with transcription 

factor PU.1 (Ji et al., 2008). Id2 is known negative modulator of B-cell development that 

further supports our observation of monocyte-like phenotype reached after PUER activation 

in MEL cells. PUER activation in MEL cells also induced Ets1, another Ets family protein 

and regulator of hematopoietic cell differentiation. The Ets1 expression is mainly connected 

with lymphoid tissues (Ghysdael et al., 1986). Nevertheless some data show the upregulation 

of Ets1 during erythroid differentiation (Clausen et al., 1997). Among targets of PU.1 and 

GATA-1 we consistently found also previously characterized differentiation-associated 

hematopoietic markers of monocytes (Cd14, Itgam), granulocytes (Mpo, Mmp9) and 

lymphocytes (Il7r, Thy1). This paragraph overall demonstrates that gene expression changes 

imposed by PU.1 and GATA-1 in MEL cells contain very specific gene targets of PU.1 and 

also of GATA-1 that might represent secondary events of cell fate imposed by the primary 

determinants PU.1 and GATA-1 during leukemia differentiation. Cebpa and Cbfb represent 

very early targets of PU.1 and GATA-1 and thus become our focus in the molecular studies to 

determine how exactly PU.1 and GATA-1 regulate their targets in leukemic cells. 

We next found that activated PUER induces active chromatin structure near Cebpa 

and Cbfb genes while activated GER inhibits this effect (Fig. 4A, B, third panels). This is very 

important observation that is supported by data often documenting repressed Cebpa and Cbfb 

expression during human leukemogenesis (Jost et al., 2009; Kundu et al., 2002). Importantly, 

low Cebpa expression predicts worse prognosis in human acute myeloid leukemia 

(Preudhomme et al., 2002). Firstly, the co-occupancy of PU.1 and GATA-1 was determined 

by quantitative chromatin immunoprecipitation (qChIP). Indeed PU.1 and GATA-1 associate 

with PU.1 binding sites at Cebpa and Cbfb genes in MEL cells (Fig. 4A, B). The co-

occupancy of PU.1 and GATA-1 was previously shown at GATA-1 target genes in MEL cells 

(Rekhtman et al., 2003; Stopka et al., 2005). Histone H3K9 acetylation represents well known 

mark of actively transcribed genes while methylation of this residue represents a repressive 

mark (reviewed in Kouzarides, 2007). Importantly, marks of active chromatin structure, levels 

of Histone H3K9 acetylation near the candidate genes correlated with mutual antagonism of 

GATA-1 and PU.1 and with its disruption, at both PU.1 and GATA-1 target regulatory 

regions (see Fig. 4A, B and 5A, B, third panels). To determine whether DNA binding sites 
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recognized by either PU.1 or GATA-1 indeed mediate the activities at amplicons measured by 

ChIP assay we prepared DNA constructs carrying these DNA binding sites in plasmids 

containing also a reporter gene, in this case Luciferase (Fig. 4A, B, right panels). By titrating 

GATA-1 or PU.1 using expression plasmids that contain eukaryotic regulation of 

transcription, the reporter plasmids were tested in several cellular systems including MEL 

cells or HeLa cells (see S4). We generated several sets of data demonstrating that PU.1 

binding sites subcloned into a reporter vector respond to PU.1 and that GATA-1 can occupy 

these regions in the presence of PU.1 (Fig. 4C, D). However, induction of MELPUER results in 

depletion of GATA-1 from its association with PU.1 on DNA (Fig. 4E, F). These data further 

supported results from GATA-1 binding sites stably inserted in MEL cells that could 

reciprocally respond to GATA-1 and PU.1 (in presence of GATA-1) (Stopka et al., 2005). 

Our observations strongly support our major hypothesis that PU.1 and GATA-1 mediate their 

activating repressing activities on DNA at their DNA binding sites. These sites are enriched 

with transcriptionally regulated chromatin structure directly influenced by presence of 

GATA-1 and/or PU.1. 

This fact stated above was in our experiments further confirmed by data demonstrating 

that activated GER induces active chromatin structure near Zfpm1 and Nfe2 genes while 

activated PUER inhibits this effect. This is very important observation that is supported by 

data documenting blocked erythroid program in human erythroleukemias (Lam et al., 2000). 

Firstly, GATA-1 binding region near Nfe2 gene containing 5 putative GATA-1 binding sites 

that was previously demonstrated to be negatively regulated by PU.1 was used as positive 

control (Stopka et al., 2005). Next, another putative GATA-1 target gene Zfpm1 was 

confirmed to be directly repressed by PUER and directly activated by GER (Fig. 5A, B). 

Furthermore, ChIP performed at relatively large portion of the Zfpm1 gene revealed 

significant co-occupancy of GATA-1 and PU.1 and induction of MELPUER cells resulted in 

marked deacetylation near Zfpm1 and Nfe2 genes (Fig. 5A, B). An inverse pattern was 

observed at Nfe2 and Zfpm1 genes after induction of GER. These data consistently 

demonstrate that GATA-1 target genes are in MEL cells negatively regulated by PU.1. This 

indicates that PU.1 in MEL cells not only relieves leukemic blockade but also inhibits 

erythroid differentiation as published elsewhere (Rao et al., 1997). PU.1 is a well known 

regulator of non-erythroid differentiation (Laslo et al., 2006) however there also exists 

evidence that at least at very early stages PU.1 is also required for erythroid differentiation 

(Kim et al., 2004). This fits with the concept of MEL cells that are produced from 

downregulated but consistently expressed levels of PU.1 initiated by viral insertion at 
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upstream regulatory element (URE) of PU.1 gene (Moreau-Gachelin et al., 1988). 

Downregulation of PU.1 has been demonstrated to be critical event in acute leukemia 

formation (Rosenbauer et al., 2004) indicating that reduction of PU.1 bellow approximately 

20% of its levels mediates tumor suppression. Our work adds to this notion that repressive 

mechanisms between PU.1 and GATA-1 exist near coding regions of the two critical 

hematopoietic transcription factors: Zfpm1 and Nfe2 and that these target genes may cooperate 

with GATA-1 during erythroleukemia differentiation. 

Our further work demonstrated that inhibition of GATA-1 results in a non-erythroid 

differentiation of MEL cells and does not affect the binding of PU.1 to Cebpa and Cbfb. We 

used siRNA-mediated inhibition of GATA-1 levels in MEL cells that resulted in efficient 

derepression of the PU.1 target genes (Fig. 6A). Conversely, PU.1-specific siRNA treatment 

resulted in accumulation of the mRNAs of GATA-1 target genes (Fig. 6B) as previously 

suggested elsewhere (Stopka et al., 2005). Our data indicate that GATA-1 is required in MEL 

cells to hold repressive state of PU.1 target genes and that both mechanisms of PU.1 

repressing GATA-1 as well as GATA-1 repressing PU.1 are functional in MEL cells and that 

leukemia differentiation can be achieved by manipulating either of these two factors. Our 

experiments also demonstrated that PUER overrides GATA-1-mediated repression of Cebpa 

and Cbfb by binding to DNA and that GATA-1 is not further able to associate with these 

regions (Fig. 4E, F). This is also supported by our other data showing that depletion of 

GATA-1 near Cebpa and Cbfb genes results in their transcriptional activation (Fig. 6A).  

Collectively, work presented in this PhD thesis enforces potential use of transcription 

factors PU.1 and GATA-1 or their modulators including growth factors in the development of 

the differentiation approaches of leukemia therapy. Relatively large extent of PU.1 and 

GATA-1 activities within the genome and their ability to operate differently at distinct levels: 

at low levels as oncogenes and at high levels as pro-differentiation molecules and tumor 

suppressors, make them very attractive to become specific disease markers of leukemogenesis 

as well as therapeutical targets. 
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6. SUMMARY 
 

The physical interaction between PU.1 and GATA-1 and the resulting mutual 

antagonism of each factor's transcriptional activity is considered to be the crucial event 

influencing the proper development of the myeloid (non-erythroid) and erythroid 

compartments of the hematopoietic system.    

Previous work from our laboratory described the repression mechanisms in MEL cells 

when PU.1 inhibits the erythroid program by binding to GATA-1 on DNA. We added to this 

model a novel aspect that includes PU.1 bound to its DNA sequence interacting with GATA-1 

leading to GATA-1-mediated inhibition of PU.1 targets. Both mechanisms are functional in 

MEL cells and leukemia differentiation can be achieved by manipulating either of these two 

factors. Conditional activation of PUER transgene induces non-erythroid differentiation of 

MEL proerythroblasts into the cell cycle arrested non-erythroid like cells. Using gene 

expression arrays we have identified specific set of genes regulated positively by PU.1 and 

inhibited by GATA-1, among them two key hematopoietic transcription factors, Cebpa and 

Cbfb. Furthermore, we identified these two genes to be the sites of GATA-1 mediated 

repression of PU.1 on DNA. We also described on chromatin level the mechanisms involving 

the transcriptional block of these genes in MEL cells. We also demonstrated that manipulation 

of stoichiometry between PU.1 and GATA-1 results in changes of chromatin architecture. The 

newly described mutual repression mechanism is believed to be as important as gene 

activation in guidance of hematopoietic and leukemia differentiation. 

In the future I will focus on identification of functional importance of Cebpa and Cbfb 

in MEL differentiation (by overexpression of these proteins in MEL cells). The studies of 

chromatin structure of Cebpa and Cbfb (and also other targets of GATA-1/PU.1-mediated 

antagonism) in human leukemia patients are candidate approaches that will enable us to reveal 

more detailed mechanisms playing role during leukemia differentiation. Differentiation 

therapy of leukemia is expected to involve in the future manipulation of PU.1 a GATA-1. 
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