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ABBREVIATIONS (in alphabetical order)
AML ...............................................acute myeloid leukemia
APL ................................................acute promyelocytic leukemia
ATRA .............................................all-trans-retinoic acid
qCHIP.............................................quantitative chromatin immunoprecipitation
CLP.................................................common lymphoid progenitors
CMP ...............................................common myeloid progenitors
DBD ...............................................DNA binding domain
DNMT ............................................DNA methyltransferase
GER ................................................GATA-1 fused with estrogen receptor (ER)
HAT................................................histone acetyl transferase
HDAC.............................................histone deacetylase
HMT ...............................................histone metyltransferase
HSC ................................................hematopoietic stem cell
IL-3.................................................interleukin 3
MEL ...............................................murine erythroleukemia cells
MELGER ..........................................MEL cells transfected with GER
MELPUER .........................................MEL cells transfected with PUER
MEP................................................megakaryocyte/erythroid progenitor
MPP................................................multipotential progenitor
PUER..............................................PU.1 fused with estrogen receptor (ER)
SNP.................................................single nucleotide polymorphism
TAD................................................trans-activating domain
TF ...................................................transcription factor
TSS .................................................transcription start site
URE................................................upstream regulatory element
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ABSTRACT:
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.1dependent 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. GENERAL INTRODUCTION:

TRANSCRIPTIONAL REGULATION DURING DIFFERENTIATION
AND LINEAGE COMMITMENT

1.1 Basic introduction to transcriptional regulation

Cells can recognize and properly respond to molecules in the extracellular
environment. Extracellular signaling molecules are usually able to induce intracellular
responses often mediated by transcription factors. Broad fields of research involving signal
transduction and control of gene expression are nowadays in the center of scientific interest.
The purpose of this thesis is to advance our knowledge and document novel aspects of gene
specific context in transcription factor interactions and regulation/dysregulation of
transcription during normal and leukemic blood formation, a process involving hematopoietic
transcription factors PU.1 and GATA-1.
Diverse arrays of proteins are crucial for successful transcription by RNA polymerase
in eukaryotic cells. These proteins include general transcription factors, cofactors, histones
and chromatin remodeling proteins. Transcription factors recognize specific DNA sequence
and are able to regulate gene expression positively (activators) or negatively (repressors) or
both. Their regulation potency is often dependent on presence of their coactivators, which can
either enhance or stabilize regulatory activity of primary DNA factors. The molecules with
opposite effect are called corepressors. Transcription factors are as those that contain DNA
binding domain (DBD) while other proteins that cooperate with them but lack the DBD are
considered to be transcription cofactors.
The basic function of a transcription factor is to influence site specific activities of
DNA dependent RNA-polymerase responsible for production of RNA. Profiles of different
RNAs are important signatures that establish phenotypic characteristics of the cells during
development and their inappropriate expression is behind disease development .The function
of transcription factors is wide and the activities are tightly regulated. This regulation is often
mediated by small molecules or by posttranslational modifications. In higher eukaryotes, the
nuclear hormone receptors represent paradigms for how small effector molecules can
effectively influence transcription factor function (reviewed in Xu et al., 1999). The
mechanism of action of these small molecules is thought to be via inducing conformational
changes in the target proteins, which leads to a change in their activity and/or inter- and
8

intramolecular interactions. A further key regulatory switch which often concerns
transcription factors is their posttranslational modifications including phosporylation
(Whitmarsh and Davis, 2000). Activities of transcription factors can be regulated by
phosporylation either positively or negatively and determine their DNA binding,
oligomerisation, coregulatory protein binding and, in addition, the structure of chromatin
itself. Furthermore, phosporylation can also regulate the stability and subcellular localization
of transcription factors (Cartwright and Helin, 2000; Desterro et al., 2000).
Transcription factors usually contain other domains that can modify histones in
chromatinized DNA. The changes in chromatin structure are thought to play crucial role in
setting of transcriptional activation or repression. The recruitment of histone acetylases and
deacetylases that can lead to changes in the status of local chromatin acetylation is often
mediated by transcription factors. However, the transcription factors themselves can act as
targets for these modifying enzymes. The groups of proteins that cooperate with transcription
factors and cofactors and regulate structure of chromatin by regulating histones-DNA
contacts are called chromatin remodeling factors. The examples of histone postranslational
modifiers that are recruited by transcription factors include: Histone acetyltransferases
(HATs), Histone deacetylases (HDACs), Histone metyltransferases (HMTs), Histone
demetylases, Histone kinases and possibly others.
Since transcription factors and chromatin remodeling factors (described in detail latter
in the text) are major regulators in both developmental and pathogenic cell fates, this thesis
offers the insight into transcription and chromatin factor-dependent mechanisms in
hematopoiesis that appear to be also candidates for normal state-to-disease transition.
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1.2 Transcription factors

Transcription factors (TFs) are key cellular components that control gene expression.
Their activities determine how cells function and respond to the environment. TFs were
defined as proteins that bind to specific DNA sequences and thereby control the transfer (or
transcription) of genetic information from DNA to RNA (Latchman, 1997). But their role is
more complex; their structure allows them to bind and influence other TFs and to induce
changes in chromatin structure. The automated annotation in the Gene Ontology (GO)
database 27 currently predicts 1,052 TF genes in humans; of these, only 62 have been
experimentally verified for both DNA binding and regulatory functions (Vaquerizas et al.,
2009).
The structure of transcription factors is characterized as modular and includes one or even
more DBDs complementary to specific DNA sequences in promoter region of genes. In some
instances the DNA binding domain provides key to their function; for example,
homeodomain containing TFs are often associated with developmental processes, and those
in the interferon regulatory factor family are generally associated with triggering immune
responses against viral infections (Luscombe et al., 2000). Chemically, TFs interact with their
binding sites using a combination of electrostatic (of which hydrogen bonds are a special
case) and van der Waals forces. Transcription factors typically contain a trans-activating
domain (TAD) carrying binding sites for other proteins including transcription cofactors. The
majority of TFs contain ligand-binding domain which senses external signals and in response
transmits these signals to the rest of the transcription complex resulting in up or down
regulation of the target gene expression. Alternatively the DBD and signal sensing domains
may reside on separate proteins that associate within the transcription complex to regulate
gene expression. As indicated above, TFs perform their function alone or with other proteins
in a complex, by promoting (as an activator), or blocking (as a repressor) the recruitment of
RNA polymerase specific genes (Lee and Young, 2000; Nikolov and Burley, 1997; Roeder,
1996).
The interaction between proteins and DNA is non-specific, or the protein can bind
specifically. TFs bind specifically RNA polymerase responsible for transcription, either
directly or through other mediator proteins; this locates the polymerase at the promoter and
allows it to begin transcription (Myers and Kornberg, 2000). Alternatively, TFs can bind
enzymes that modify the histones at the promoter; this will change the accessibility of the
DNA template to the RNA polymerase (Spiegelman and Heinrich, 2004).
10

TFs can be divided into several classes including (A) general transcription factors
involved in the formation of a preinitiation complex (e.g. those associated with TATA
regulatory elements near transcription start site: TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and
TFIIH). (B) upstream transcription factors are proteins that bind somewhere upstream of the
initiation site to stimulate or repress transcription and (C) inducible transcription factors are
similar to upstream transcription factors but require activation or inhibition.
The most common classification of TFs is based on the structure of their DNA binding
domains (Table 1):

1) Basic helix-loop-helix (e.g. Leucine zipper factors (bZIP), Helix-loop-helix factors
(bHLH), and Helix-loop-helix / leucine zipper factors (bHLH-ZIP)).
2) Zinc coordinated DNA binding domains (e.g. Cys4 zinc finger of nuclear receptor type,
diverse Cys4 zinc fingers – GATA factors, Krüppel factors)
3) Helix-turn-helix (e.g. Homeo domain, Fork head/winged helix, Heat Shock Factors, Ets
domain – PU.1)
4) beta-scaffold Factors (minor goove contact) (e.g. NF-kappaB, NFAT, STS, p53, MAD,
TATA, CCAAT)
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Superclass

Family (motives)

TFs (examples)

Basic helix-loop-helix
bZIPs

bHLH

AP-1-like proteins (ATGAGTCAT)

c-JUN, NFE-2, ATF-3, c-fos, LRF, Fra-2, NRL,
GCN4

CREB (TGACGTCA)

CREB-341, ATF-1, CREM, ICER-II, SKO1, HAC1

C/EBP-like factors (ATTGCGCAAT)

CEBP/a, CEBP/b, CEBP/e, CHOP-10

PAR (5'-GTTACGTAAT-3')

Hlf, VPB, TEF, DBP

Plant G-box biding (CCACGTGG)

TAF1, O2, GBF1, GBF2, GBF3, HBP-1a

ZIP only

GCF, SWI4, SWI6, IREBF

others bZIPs

OPI1, Giant

Ubiquitous (class A) factors (CANNTG)

E2A, ITF-1, HEB

Myogenic TF (CANNTG)

MyoD, Myf-5, MRF4, Esc1, Nau

Achaete-Scute

Scute, Achaete, Asence, MASH-1
SCL, Dermo-1, HEN1, HEN2, Tal-2, Lyl-1, MATH-1,
Ato

Tal/Twist/Atonal/Hen (5'-AACAGATGGT-3')
Hairy

Hairy, HES-1, HES-2, HES-3, PHO4

Factors with PAS domain

AhR, Arnt

INO

INO2, INO4

HLH domain only(CCGGGTCCCTCGGGGCTCCT)

EBF, Id1, Id2, Id3, Id4, Emc

others bHLH
Ubiquitous bHLH-ZIP factors (CACGTG)

CBF1, Delilah
TFE3-L, USF, Mi, SREB-1a, SREB-1b, SREB-2,
AP4

Cell cycle controlling factors (5′-CACGTG-3′)

c-myc, Max, Mad1, L-myc, Mxi-1

AP-2 factors ( 5’-TAGCCCCCAGGCGAT-3’)

AP-2a, AP-2b, AP-2c

steroid hormone receptors
thyroid hormone receptor-like factors

GR, MR, AR, PR, ER
RARA, RARB, RARC, T3RA, T3RB, TR2, COUPTFI

C6 zinc clusters

metabolic regulators in fungi

GAL4, HAP1, LEU3

DM

DM

Dmrt1, Dmrt4, Dmrt5

GCM

GCM (A/G)CCCGCAT

Gcm1, Gcm2

WRKY

2 WRKY domains ((T)(T)TGAC[C/T])

WRKY1, WRKY2, ZAP1, SPF1

1 WRKY domain

WRKY3, WRKY4, WRKY5

GATA (AGATAA)

GATA-1, GATA-2, GATA-3

Trithorax

Ttx, Hrx

others

BUF2

Ubiquitious factors ((G/T)GGGCGG(G/A)(G/A)(C/T))

Sp3, YY1

Developmental/cell cycle regulators (GGGAA)

EKLF, Ikaros, Aiolos, Helios, EGR2, EGR1, Snail

Metabolic regulators in fungi

ACE2, ADR1, MIG1, MSN2

bHSH

Zinc coordinated DNA
biding domains
C4 zinc clusters

Diverse Cys4 zinc fingers

Cys2His2 zinc fingers

NF-6B-like binding factors

MBP-2, KBP-1

Viral regulators

T-Ag (SV40)

Homeodomain only

HOXB9, HOXD10, HOXA4, HOXC5, CDP, EMX1,
En-1, Otx1, Msx-1, MATa1

POU domain factors (ATTTGCAT)

Pit-1a, Pit-1b, Oct-1, I-POU

Homeo domain with LIM region

Lim-1, LH-2, Lin-11, MLP

Homeo domain + zinc finger

PgHZ1, ATBF1-A, ATBF1-B

Paired + homeo domain

Prd, Pax3, Pax6, Pax7

Paired domain only (5′-GTTCC-3′)

Pax5, Pax1, Pax2

Forkhead ((A/G)(T/C)AAA(C/T)A)

FOXO3, FOXO4, fkh, Whn, BF-1

RFX (5'-GTTGGCAGG-3´)

RF-X1, RF-X2, RF-X3

HSF

HSF

HSF1, HSF2, HSF3

Tryptofan clusters

Myb (PyAAC(T/G)G)

c-myb, A-myb, B-myb, RAP1, BAS1

ETS type (GAGGAA)

PU.1, Spi-B, Fli1, SAP-1a, SAP2, PEA3

IRF (AAGTGA)

Pip, IRF1, IRF2, IRF3

Helix-turn-helix
Homeobox

Pairedbox
Forkhead/Winched
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TEA domain

TEA (TGTGGTATG)

Superclass

TEF1, TEC1

Family (Motives)

Human TFs in hematopoesis and
leukemogenesis (examples)

beta-scaffold Factors
(minor goove contact)
RHR

Rel/ankyrin (5'-GGGRNYYYCC-3')

NF-kappaB1, NF-kappaB2, RelA, RelB

ankyrin only

IkappaBalpha, I kappaBbetha

STAT

STAT
STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B
P53 (5'-GGGCTTGCTT GACGTCCA GAACAGGGTC-

p53-like factors

3)

p53

MADS

differentiation regulators

RSRFC4, RSRFC9, MEF2A, GLO, ZEM1, NAG1

responders to external signals

SRF, RLM1

Metabolic regulators

ARG RI

b-barrel-a-helix domain

E2

E2, EBNA-1

TBPs

TBP (ATATAAGC)

TBP

HMG

SOX ((A/T)(A/T) CAA(A/T)G)

SRY, Sox-2, Sox-4, Sox-5, Sox-8

TCF-1 ((A/T)(A/T) CAAAG)

TCF-1, TCF-3, TCF-4

HMG2-related

SSRP-1, DSP-1, Ixr1

UBF

UBF1, UBF2

MATA

mat-Mc

Grainyhead

Grainyhead, CP2, LBP-1a

Cold shock domain

Csd

DbpA, DbpAV, DbpB

Runt-like domain

Runt (TGTGGT)

AML1, AML2, AML3, Runt

SMAD/NF-1

SMAD (5'-GTCT-3')

Smad2, Smad3, Smad4

NF-1 (TGGA/C(N)5GCCAA)

NF-1A1, NF-1B1, NF-1X

T-Box domain

T, Tbr1, Tbx1, Tbx2, Tbx3, Tbx4

Histone Fold
Grainyhead

T-Box domain

Table 1. Classification of transcription factors according to their DNA binding domains.
Table was compiled with help of BKL TRANSFAC® database.
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1.3 Transcription factor PU.1 and its role in hematopoiesis

Hematopoiesis is a highly orchestrated multi-step process regulated by transcription
factors that involves the proliferation, differentiation and maturation of a very small
population of self-renewing, pluripotent hematopoietic stem cells into various specialized and
distinct blood cell types. During this process, cellular specification is initiated by primary
lineage determinants, such as the transcription factor PU.1. At sub-threshold levels, primary
determinants can ‘transcriptionally prime’ multi-potential progenitors to establish a low-level
expression of a mixed lineage pattern of gene expression (Cross and Enver, 1997; Hu et al.,
1997; Laslo et al., 2006). Upon reaching a critical threshold of activity, the primary
determinants will differentiate the multi-potential progenitors along a particular cell-fate and
this commitment is regulated by secondary regulators (transcription factors that cooperate or
antagonize with primary determinants) which function to “lock in“ the decision by repressing
the alternate lineage and aide in promoting the uni-lineage choice (Krysinska et al., 2007;
Laslo et al., 2006).
PU.1 is encoded by the Sfpi1 (Spi-1) gene and produces a protein consisting of 272
amino acids (predicted MW of 31 kDa), and is related to the Spi-B and Spi-C Ets-family
factors (both sharing approximately 40% amino acid homology). PU.1 contains various
distinct functional domains namely an Ets domain that exhibits a winged helix-turn-helix
domain and recognizes DNA sequence harboring the core GGAA motif (Kodandapani et al.,
1996). Additional domains include an N-terminal acidic domain and a glutamine-rich
domain, both involved in transcriptional activation, as well as a PEST domain involved in
protein-protein interactions. PU.1 protein can be modified post-translationally by
phosporylation at serines 41 (N-terminal acidic domain) and 142 and 148 (PEST domain)
which results in augmented activity.
The PU.1 protein can physically interact with a variety of regulatory factors including
(i) general transcription factors (TFIID, TBP), (ii) early hematopoietic transcription factors
(GATA-2 and Runx1), (iii) erythroid factor (GATA-1) and (iv) non-erythroid factors
(CEBPA, CEBPB, IRF4/8, and c-Jun). Interestingly, such protein-protein complexes can
modify PU.1 overall transcriptional activity. As such, these interactions can be employed to
modulate PU.1-dependent cell fate decisions and provides context-dependent decision to be
dictated based on the specific nature of PU.1 interactions with other proteins.
PU.1 is key differentiation regulator that, in concert with its transcriptional partners,
can modulate the expression of at least 3,000 genes expressed in hematopoietic cells (Burda
14

et al., 2009; Laslo et al., 2006), including known cell-surface proteins (CD11b, CD16, CD18
and CD64), cytokines and their respective receptors (G-CSF, GM-CSF and M-CSF) and
many others gene targets expressed during myelopoiesis and HSC homing (as reviewed in
Gangenahalli et al., 2005). Recent ChIP-Chip approaches utilizing tiled promoter arrays have
identified >1,000 direct target genes of PU.1 within terminal macrophages (murine RAW264
cell line) locating the majority of PU.1 occupied regions within the proximal core promoter
region (Weigelt et al., 2009). Several examples document that some PU.1 binding sites are
located close to the transcriptional start of TATA-less genes (e.g. M-CSFR and FcγR1b) and
play important role in gene activation by recruiting the transcriptional machinery (Krysinska
et al., 2007; Ross et al., 1998). These data are supported by experimental exchange of the
PU.1 cis-binding site to that of a TATA box leading to activation of myeloid promoters by
mechanism involving direct interaction with TBP and with a set of TATA associated factors
(Eichbaum et al., 1994). Interestingly, PU.1 binding sites are often accompanied by other
DNA cis-elements of known transcriptional hematopoietic co-regulators (e.g. SP1, IRF,
RUNX1 and CEBP) indicating gene regulation by a combinatorial manner consisting of
various transcription factors (Hagemeier et al., 1993; Hoogenkamp et al., 2007; Liu and Ma,
2006; Petrovick et al., 1998; Rehli et al., 2003; Ross et al., 1998). Examples of such
combinatorial regulation include PU.1 in conjunction with Sp1 to regulate the c-fes gene
(Heydemann et al., 1996) or with IRF-4 during direct activation of immunoglobin light and
heavy chain genes (Eisenbeis et al., 1993; Pongubala et al., 1992). The nature of the PU.1protein complexes formed at the regulatory sites of target genes dictates the extent to which
genes are transcribed and thus altering the composition of the PU.1-protein complex can be
used to regulate lineage specific gene expression of PU.1 target genes.
PU.1 mRNA and protein expression begins within hematopoietic stem cells (HSC)
and is attenuated in common lymphoid and myeloid progenitors and also within subsequent
daughter cells. PU.1 is expressed in mature monocytes, granulocytes, B and NK cells yet
absent in T cells, reticulocytes and megakaryocytes (Back et al., 2005; Nutt et al., 2005). The
PU.1 gene itself is transcriptionally regulated by several mechanisms. The proximal promoter
of Spi1 contains binding sites for PU.1 indicating a self autonomous regulatory mechanism of
gene expression (Li et al., 2001) as well as binding sites for Oct-1, Sp1, GATA-1 and Spi-B
which likely mediate initial regulation (activation or repression) of PU.1 during
hematopoietic development. Despite the presence of numerous cis-regulatory elements, the
proximal Spi1 promoter alone is insufficient to drive PU.1 expression in a correct tissuespecific manner unless the distal regulatory enhancer (URE, upstream regulatory element) is
15

also present (Li et al., 2001; Okuno et al., 2005). The distal enhancer is located within a
DNAse I hypersensitivity site located 14 kb and 17 kb upstream of the PU.1 transcription
start site in mouse and humans respectively (Okuno et al., 2005). While the URE is required
for optimal PU.1 expression, its molecular regulation of transcription is complex. Deletion of
URE in mouse has detrimental effect on the PU.1 protein level reducing it to 20% of normal
levels (Rosenbauer et al., 2006; Rosenbauer et al., 2004). Various transcription factors can
bind to the URE including PU.1 itself, Elf1, FLI-1, Runx1 and CEBP (Hoogenkamp et al.,
2007; Hoogenkamp et al., 2009; Okuno et al., 2005; Yeamans et al., 2007). The URE
regulates transcription of both sense as well as antisense non-coding transcripts and this
provides an additional layer of modifying PU.1 activity via the regulation of protein
translation (Ebralidze et al., 2008).
The expression of PU.1 is regulated post-transcriptionally as the 3’untranslated region
of PU.1 mRNA can be inhibited by the microRNA miR-155 (Vigorito et al., 2007) which is
generated from a precursor pri-miR-155 encoded by the BIC gene (Eis et al., 2005). The
miR-155 can negatively regulate an array of approximately 400 target mRNAs with diverse
function in hematopoietic progenitors, B and T-cells and also in precursors of macrophages
and granulocytes (Rodriguez et al., 2007; Vigorito et al., 2007). Previous studies have shown
that miR-155-deficient mice display defects in both B and T cell-mediated immune response
(Rodriguez et al., 2007) and reduced numbers of B-cell germinal centers (Eis et al., 2005).
The requirement of PU.1 during hematopoiesis has been addressed by various
experimental approaches, however, the most definitive are those involving highly specific
mouse models produced by genetic manipulation at the levels of embryonic stem cells.
Deletion of PU.1 in mice results in a relatively late embryonic lethality (around E17.5) (Scott
et al., 1994). PU.1-/- mice have a reduced pool of HSC and progenitors (Dakic et al., 2005;
Iwasaki et al., 2005; Kim et al., 2004) leading to the loss of mature macrophages, neutrophils,
B-cells, T-cells and mast cells (McKercher et al., 1996; Scott et al., 1994; Walsh et al., 2002)
and to the mild defect of erythropoiesis (Kim et al., 2004). Interestingly, PU.1 null
hematopoietic progenitors express diminished levels of the myeloid growth-factor receptors
(G, GM, M) yet can be expanded in vitro upon addition of the IL-3 cytokine indicating that
their growth survival can be regulated in a PU.1-independent fashion (DeKoter et al., 1998;
Olson et al., 1995; Walsh et al., 2002). Conditional deletion of the PU.1 gene in adult bone
marrow progenitors demonstrated its requirement for both monocyte and lymphoid progeny
while granulocytic-like cells were increased indicating that PU.1 may inhibit adult in vivo
granulopoiesis at latter stages of development (Dakic et al., 2007; Iwasaki et al., 2005).
16

Similarly, PU.1 has only a minor function in advanced differentiation states of B cells (Dakic
et al., 2005; Iwasaki et al., 2005; Medina et al., 2004; Nutt et al., 2001; Rosenbauer et al.,
2006; Ye et al., 2005) and is not required in mature T cells (Hromas et al., 1993; Klemsz et
al., 1990; Nelsen et al., 1993).
Collectively the abovementioned facts reveal an important and crucial role of PU.1 as
a primary transcriptional determinant of hematopoietic cell fate with current evidence
demonstrating its substantial role in the cell fate control of HSC and progenitor populations
rather than the maturation of terminally differentiated cells.
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1.4 Transcription factor GATA-1 and its role in hematopoiesis

Hematopoiesis is an excellent model system to investigate how particular
transcription factors influence the establishment of lineage-specific expression profiles and
how their activity is regulated. Beside PU.1 there exists protein GATA-1 with specific
relationship to PU.1 and with the responsibility for erythroid/megakaryocytic development.
The biological functions of GATA-1 have been already outlined. GATA-1 (also NF-E1, NF1, Ery-1, GF-1) is a member of GATA family comprises 6 members, from GATA-1 to
GATA-6. They all recognize consensus sequence (A/T)GATA(A/G) by two typical C4 zincfinger motifs (Ko and Engel, 1993; Martin and Orkin, 1990). All GATA family members are
highly homologous in their DNA bindings domain, outside this regions the homology is low
(Orkin, 1992; Yamamoto et al., 1990). GATA-1, GATA-2 and GATA-3 are further divided
into hematopoietic subfamily, because of their expression mainly in hematopoietic system
(Weiss and Orkin, 1995).
GATA-1 was first identified in 1988 as a protein specifically binding to β-globin 3'
enhancer (Wall et al., 1988) and cloned from a mouse erythroleukemia cell line cDNA
expression library (Tsai et al., 1991) and also from chicken erythrocytes (Evans and
Felsenfeld, 1989). Both human and mouse GATA-1 genes are located on the X-chromosome
(Zon et al., 1990). At least three basic functional domains were identified within GATA-1:
N-terminal activation domain, the N-terminal zinc finger (N-finger), and the C-terminal zinc
finger (C-finger). The C-finger is essential for GATA-1 function, since it is responsible for
the recognition of the GATA consensus sequence and consequent binding to DNA (Martin
and Orkin, 1990). N-finger in GATA-1 function plays a crucial role in GATA-1’s ability to
induce terminal erythroid differentiation (Weiss et al., 1997). N-finger also mediates the
interaction with cofactors. These interactions can involve only the N-finger, as is the case
with ZFPM1 (Fox et al., 1998), or occur in cooperation with C-finger, for example, with Sp1
and EKLF (Gregory et al., 1996; Merika and Orkin, 1995) and GATA-1 itself (Mackay et al.,
1998).
GATA-1 is expressed in primitive and definitive erythroid cells (Fujiwara et al.,
1996), megakaryocytes (Martin and Orkin, 1990), eosinophils (Zon et al., 1993), mast cells
(Martin et al., 1990) and in the Sertoli cells of the testis at critical stages of spermatogenesis
(Ito et al., 1993). Systematical experiments concerning GATA-1 revealed its essential role for
normal erythropoiesis. GATA-1 null erythroid cells fail to mature beyond the stage of
proerythroblast (Pevny et al., 1995). GATA-1 null mouse embryos die from severe anemia at
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embryonic day 11 (E11) (Fujiwara et al., 1996). GATA-1 knockdown embryos expressing
approximately 5% of the wild-type GATA-1 levels also show an arrest of the primitive
erythropoiesis and die between E11.5 and E12.5 (Takahashi et al., 1997). Other GATA-1 low
mice (McDevitt et al., 1997) which express about 20% of the wild-type GATA-1 levels, show
a milder phenotype. Despite the fact that the majority of GATA-1-low mice die between
E13.5 and E14.5 due to ineffective primitive and definitive erythropoiesis, some are born
alive (about 2%) and a small number survive to adulthood. These mice are anemic at birth,
but they recover from the anemia. Further analysis also confirmed indispensable role of
GATA-1 in megakaryocytic (Shivdasani et al., 1997) and eosinophil development (Kulessa et
al., 1995) and possible important role in terminal differentiation of mast cells (Harigae et al.,
1998). Based on observation, that GATA-1 null erythroid cells undergo apoptosis, it is
believed that GATA-1 is directly involved in cell survival. For example erythropoietin
signaling important for the survival of erythroid progenitors is driven by GATA-1 activated
expression of the erythropoietin receptor (EpoR) (Chiba et al., 1993). Another possible
GATA-1 function is the regulator of G1/S cell cycle progression (Whyatt et al., 1997).
GATA-1 is now known to interact with variety of proteins including other
transcription factors- among them PU.1 fills a special role. It has been shown that GATA-1
can self-associate in vitro (Crossley et al., 1995), as well in solution as bound to DNA. The
sense of GATA-1 dimerization may be to establish contact between promoters and enhancers.
Through N-terminal zinc finger GATA-1 interacts with its cofactor Zfpm1 (Fog-1) which is
coexpressed with GATA-1 in the erythroid and megakaryocytic lineages and cooperates with
GATA-1 during differentiation (Tsang et al., 1997). Zfpm1 null mice express the phenotype
resembling the GATA-1 knockout phenotype (Tsang et al., 1998). Further GATA-1 has been
shown to interact with retinoblastoma RB, Krüppel-like factors (EKLF), Sp1 (Gregory et al.,
1996; Merika and Orkin, 1995) or with histone acetyltransferase P300/CBP (Boyes et al.,
1998; Hung et al., 1999).
GATA sequences are abundant in the genome and can be found in the promoters of
many genes. The most relevant for occupancy by GATA-1 are α- and β-globins (Dubart et
al., 1996; Martin and Orkin, 1990; Wall et al., 1988) and genes encoding the enzymes
involved in heme biosynthesis (ALA-S, ALA-D, PBG-D) (Orkin, 1992; Rylski et al., 2003),
erythropoietin (Epo) and Epo receptor (EpoR) (Zon et al., 1991), cell cycle core components
and proliferation-related genes (ex. Cyclin D2 and Cdk6) (Ferreira et al., 2005) and many
others. Relevant to work described in this thesis we have to mention NFE2 gene, key
regulatory molecule in hematopoiesis, targeted by GATA-1. NF-E2 is expressed in
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erythroid/megakaryocytic/mast cell trilineage controlling pathways of heme and globin
synthesis, leading to balanced production of the components of hemoglobin (Andrews, 1998).
The activity of GATA-1 in vivo is tightly regulated. Deregulation of GATA-1 activity can
lead to phenotypes as strong as embryonic lethality (Whyatt et al., 2000).
Transcription unit of GATA-1 consists of two alternative untranslated first exons IT
and IE (Ito et al., 1993) and five translated exons (Tsai et al., 1991). Exon IT asserts oneself
in Sertoli cells and exon IE in hematopoietic cells. The testis promoter and exon IT are
located 8 kb upstream of exon IE. Disruption of the erythroid promoter leads to an arrest in
primitive erythropoiesis without affecting the expression from the testis promoter (Takahashi
et al., 1997). Both GATA-1 promoters lack TATA box (Hannon et al., 1991; Tsai et al.,
1991).
The biological function of GATA-1 in hematopoiesis is partially described but yet
many questions remain to be answered. However, the mutual relationship between GATA-1
and PU.1 seems to be one of the most interesting regulation relationships in hematopoietic
differentiation and its identification at specific stages of cell maturation could contribute to
better understanding of leukemia and hematopoietic differentiation.
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1.5 PU.1 and GATA-1 interact during early hematopoietic cell decisions

Work from laboratories of A. Skoultchi, D. Tenen and T. Graf demonstrated that PU.1
and GATA-1 proteins physically interact with each other within hematopoietic cells. It was in
subsequent studies that elucidated how this process is accomplished and, more importantly,
the molecular consequences of this protein-protein interaction during normal and
pathological hematopoiesis (Nerlov et al., 2000; Rekhtman et al., 1999; Zhang et al., 1999).
The initial findings that GATA-1 and PU.1 proteins are components of a minimal
gene regulatory network regulating the erythroid cell fate choice came from their unnatural
co-expression in erythroleukemic cells (MEL cells) of mice that harbor the Friend virus
integration within the URE of the Spi-1 gene. This viral integration caused the aberrant and
constitutive expression of PU.1 throughout the erythroid compartment resulting in the
erythroleukemic pathology (Moreau-Gachelin et al., 1988). These findings were subsequently
corroborated by experiments with PU.1-overexpressing transgenic mice that develop
erythroleukemias at a high rate (Moreau-Gachelin et al., 1996).
MEL cells can be cultured in vitro and by treatment with certain chemical inducers
(DMSO, HMBA) can enter, albeit not completely, the process of terminal erythroid
differentiation followed by a proliferation block (Marks and Rifkind, 1978; Marks et al.,
1987). During this differentiation process, PU.1 expression declines whereas GATA-1
remains expressed. Similar to the chemical inducers, expression of exogenous GATA-1 can
induce MEL differentiation along the erythroid lineage (Choe et al., 2003). Conversely, the
transgenic overexpression of PU.1 in MEL cells can block the GATA-1 mediated
differentiation of MEL cells and induces an oncogenic phenotype (Rao et al., 1997).
Collectively, these observations demonstrate that the dysregulation of PU.1 expression is
responsible for the oncogenic properties of MEL cells. Despite these findings, it is curious to
note that PU.1 is mainly pro-differentiation factor in monocytes, granulocytes and Blymphocytes and thus to explain its possible pro-oncogenic function within erythroid
progenitors required further detailed structural analyses.
The ability of PU.1 and GATA-1 proteins to physically interact was first
demonstrated using in vitro GST-pull down assay and by co-immunoprecipitation assays
using overexpressed proteins within mammalian cell lines (Rekhtman et al., 1999). Using
various sets of protein-deletion mutants (employed in the abovementioned assays) it was
demonstrated that PU.1 directly interacts with the zinc-finger region of GATA-1 through its
C-terminal DNA binding domain (Nerlov et al., 2000; Rekhtman et al., 1999; Zhang et al.,
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1999). Homologs of GATA-1 (GATA-2 and GATA-3) and PU.1 (SPI-B) can also interact
with each other, however, display significant lower affinities (Rekhtman et al., 1999).
In reporter assays using MEL, as well as non-hematopoietic cells, PU.1 efficiently
inhibits GATA-1 transactivation of plasmid constructs and this effect is dependent on the
presence of both DNA-binding as well as the transactivation domain of PU.1 (Rekhtman et
al., 1999). As PU.1 can block erythroid MEL differentiation (Rao et al., 1997) and GATA-1
stimulates erythroid differentiation (Choe et al., 2003) it seems quite possible that the
stoichiometry between PU.1 and GATA-1 determines whether MEL cells remain arrested in
an erythroleukemic state or are able to be withdrawn from this block and consequentially
induce the gene expression program associated with erythroid differentiation. The mechanism
of such stoichiometry can operate in the absence of DNA-binding sites and therefore the
transcription factors can either mutually block each others accession to DNA (Zhang et al.,
2000) or can coexist on DNA and block the each others transactivation by protein-protein
interactions within chromatin (Nerlov et al., 2000; Rekhtman et al., 2003).
Initially it was thought that PU.1 prevents binding of GATA-1 to DNA as
demonstrated by electrophoretic mobility shift assays (Zhang et al., 2000). However, by
using DNase-I footprinting such inhibition was observed at a non-physiologic molar ratio
(20:1) while at a 1:1 ratio PU.1 actually altered the GATA-1 generated footprint near the
GATA-1 binding site thereby arguing for the possibility that both PU.1 and GATA-1 coexists
on DNA (Rekhtman et al., 2003). The GATA-1 reporter construct was transfected into U2OS
cells, a human osteosarcoma cell line, and in this in vivo assay it clearly responded positively
to GATA-1 and negatively following the addition of PU.1 (Rekhtman et al., 2003).
Chromatin immunoprecipitation studies demonstrated the co-occupancy of both PU.1 and
GATA-1 proteins to DNA (Rekhtman et al., 2003) and that this co-occupancy was dependent
on the presence of both a GATA-1 cis-binding site and the Ets domain on the PU.1 protein.
Interestingly, the N-terminal portion of PU.1 does not affect the occupancy of PU.1 and
GATA-1 on its DNA binding site (Rekhtman et al., 2003) yet is required to bind with the
Retinoblastoma protein (pRb) for repression of GATA-1 (Rekhtman et al., 2003).
Conversely, PU.1 is able to repress GATA-1 mediated transcription even when the Cterminal zinc-finger region of GATA-1 was replaced by GAL4 DNA binding domain which
does not interact with PU.1 (Rekhtman et al., 2003). Data of several laboratories collectively
demonstrates that PU.1 inhibits GATA-1 on DNA (Rekhtman et al., 2003; Stopka et al.,
2005), although effects of PU.1 binding GATA-1 outside DNA cannot be excluded.
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Despite these biochemical studies, the question still remained as to how exactly is the
repressive activity of PU.1 being generated and executed. Abovementioned experiments
identified that the acidic subdomain of PU.1 binds the C-pocket of pRb and that this
interaction is required for repression of GATA-1 mediated erythroid differentiation
(Rekhtman et al., 2003). The most obvious question arose as too how and with whom pRb
mediates the repressive activities of PU.1? Detailed analyses of both endogenous and
transgenic integrated GATA-1 DNA binding sites revealed that PU.1 represses GATA-1 by
recruiting pRb, Suv39h and HP1α leading to local histone H3K9 methylation (Stopka et al.,
2005). This multi-protein complex is detected within close proximity of GATA-1 binding
sites of important erythroid genes (e.g. Hbb-b1 and HS2, HS3 of locus control region, Hbba2, Alase, Zfpm1, Nfe2 and Eklf) and its formation requires presence of GATA-1 protein
(Stopka et al., 2005). Derepression of GATA-1 target genes can, in turn, be efficiently
achieved following the inversion of H3K9 methylation near repressed genes to those of
H3K9 acetylation, a mark of transcriptionally active chromatin. Such exchange in the
modification of the histone proteins can be induced by both activation of endogenous GATA1 or inhibition of PU.1 expression in MEL cells (Stopka et al., 2005). Based on these
observations (as depicted in Scheme 1, left panel), it is very likely that PU.1 uses similar
mechanism (as identified in MEL cells) to repress the erythroid transcriptional program
during normal myeloid/lymphoid differentiation.
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Scheme 1. (A) Mechanism of repression of GATA-1 target genes by PU.1: GATA-1 recruits under
normal erythroid differentiation a histone acetyltransferase (CBP) to stimulate active chromatin
structure. PU.1 by interacting with GATA-1 on DNA recruits pRB and Suv39h (a histone H3K9
methyltransferase) and creates a repressed chromatin structure that is further occupied by H3K9Me3
binding protein HP1α. (B) Mechanism of repression of PU.1 target genes by GATA-1: PU.1 during
myelopoiesis stimulates target gene transcription together with its coactivator c-Jun. GATA-1
interacts with PU.1 and blocks transcription by inhibiting histone H3K9 acetylation.

The mechanism of mutual GATA-1 and PU.1 repression has been examined and
corroborated in several different cellular systems. In chicken myeloblasts GATA-1
downregulates the myeloid marker MHCIIγ without altering PU.1 levels (Nerlov et al.,
2000). Validating the earlier findings (as described above), mutation of GATA-1 C-terminal
sequence could inhibit GATA-1-mediated repression of PU.1 in luciferase reporter assays
and furthermore, this same region is sufficient for the activation of GATA-1–mediated
transcription (Nerlov et al., 2000).
While the cross-antagonistic model between PU.1 and GATA-1 is simplistic in its
nature, the presence of additional binding partners for both proteins creates a far more
complex regulatory network that now includes additional inputs. For example, c-Jun, a bZIP
transcription factor which is part of the AP-1 transcription factor complex, functions as a
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critical co-activator of PU.1 transactivation of various myeloid promoters including the MCSF receptor (Behre et al., 1999). Repression of the M-CSF receptor can be caused by
GATA-1 whereby it displaces c-Jun from PU.1 leading to the reduction of PU.1 activity
(Zhang et al., 1999). This mechanism is supported by abilities of GATA-1 and c-Jun to
specifically bind to the Ets domain of PU.1 and therefore they can both compete for their
respective interaction with the DNA binding domain of PU.1 (Zhang et al., 1999).
Collectively these, and the aforementioned studies, strongly support the molecular
model that mutually interacting PU.1 and GATA-1 proteins represent an integral component
in the specification of multi-potential hematopoietic cells along the myeloid and erythroid
lineages respectively and, furthermore, functions as a minimal cross-antagonistic gene
regulatory network that dictates the development of early multi-potential progenitors to
activate its own lineage-specific gene expression programs and concomitantly repress
alternate-lineage gene expression profiles. Recent genetic studies have validated the proposed
regulatory model by using GATA-1 and PU.1 endogenous reporters in mouse (Arinobu et al.,
2007). GATA-1 and PU.1 expression was detected within multi-potential progenitors (MPPs)
with the GATA-1-positive population displaying a restricted myelo-erythroid potential
lacking the potential to produce lymphocytes. Alternately, PU.1-positive MPPs displayed
granulocyte/monocyte/lymphoid-restricted progenitor activity lacking the developmental
potential for megakaryocyte/erythroid differentiation.
It is important to note that the combinatorial effect of PU.1 and GATA factors (not
only GATA-1, but also GATA-2 and GATA-3) represent highly cell-context dependent
mechanism of cell fate specification. For example, despite their inclination for crossantagonism, during eosinophil and mast cell development the GATA and PU.1 factors
actually synergize together to promote differentiation (Du et al., 2002; Walsh et al., 2002).
Additional factors that interact with GATA-1 or PU.1 can also modulate the cell-dependent
specificity of their activities. The nuclear factor ZFPM1 (FOG-1) is a coactivator of GATA-1
(Cantor et al., 2008; Sugiyama et al., 2008; Tsang et al., 1998) and is coexpressed with
GATA-1 during embryonic development within erythroid and megakaryocytic cells
(reviewed in Cantor and Orkin, 2005). Surprisingly, in eosinophil and mast cells, ZFPM1 can
antagonize GATA-1 activity thereby functioning as a corepressor within this cellular
dependent context (Cantor et al., 2008; Querfurth et al., 2000).
The widely explored model of cell fate decisions during hematopoietic stem and
progenitor development is based on the cross-antagonistic relationship between the PU.1 and
GATA-1 transcription factors. However, once multi-potential progenitors differentiate into
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latter precursor stages such as monocyte/granulocyte development, GATA-1 is no longer
expressed and the process of cell specification depends on PU.1 and another primary lineage
determinant, CEBPα (Dahl et al., 2003). The cellular commitment into the monocyte or
granulocyte lineage relies on the engagement of counter-antagonistic secondary lineage
determinants, Gfi-1, Egr-1, 2 and Nab-2, in the process of activation and repression of
macrophage and neutrophil genes respectively (Krysinska et al., 2007; Laslo et al., 2006).
Striking similarities are observed in the regulatory circuit described for the development and
subsequent lineage differentiation from megakaryocyte/erythroid progenitors (MEP). The
generation of the bipotential MEP progenitor arises from the loss of PU.1 with the ensuing
process of erythrocytic versus megakaryocytic commitment dependent upon the EKLF and
Fli-1 transcription factors respectively (Starck et al., 2003). While the precise mechanism of
how EKLF and Fli-1 can direct lineage commitment remains to be determined, recent studies
have demonstrated the EKLF-mediated repression of megakaryopoiesis by the inhibition of
Fli-1 recruitment to megakaryocytic-specific promoters as well as to its own promoter
(Bouilloux et al., 2008). Based on these observations, mutual cross-antagonism between
transcription factors is a common and re-occurring mechanism in regulating cell fate choices
during hematopoiesis.
PU.1 can regulate cell fate choice not only by (i) antagonistic or synergistic interplay
with other primary determinants (GATA-1, Cebpa), (ii) interaction with secondary lineage
determinants but also by (iii) concentrations of its own expression where substantial evidence
strongly suggests that higher levels of PU.1 preferentially promotes myeloid development
whereas lower levels is required for efficient B-cell development (Cross et al., 1994; DeKoter
and Singh, 2000; Nerlov and Graf, 1998; Zou et al., 2005). Moreover, lowering levels of
PU.1 within multi-potential progenitors can enhance B lymphopoiesis (Spooner et al., 2009)
establishing a role for PU.1 concentrations in the regulation of myeloid versus B lynphocyte
cell fate choice.
PU.1 and GATA-1 are often described as ‘master regulators’ largely based on their
hierarchical position during hematopoiesis as well as their ability to induce cellular
transdifferentiation when expressed transgenically. The effects of ectopic expression of PU.1
and Cebpa was studied in committed T-cells and revealed that Cebpa (or Cebpb)
reprogrammed these cells into inflammatory macrophages whereas PU.1 generated myeloid
dendritic-like cells (Laiosa et al., 2006). The mechanism of the T-cell re-commitment by
required the antagonistic actions between Notch1 and another GATA factor, GATA-3
factors. Recent studies have demonstrated that even the simple ectopic expression of both
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PU.1 and Cebpa within mesenchymal stem cell-derived fibroblasts is sufficient to activate the
myeloid program resulting in an induced macrophage-like phenotype capable of phagocytosis
(Feng et al., 2008). Finally, enforced expression of GATA-1 leads to reprogramming of
myeloblasts and CD34+ bone marrow cells into eosinophils (Hirasawa et al., 2002; Kulessa et
al., 1995), while within mouse granulocyte-monocyte progenitors ectopic GATA-1 can
reprogram these cells to adopt erythroid, eosinophilic or basophile-like properties (Heyworth
et al., 2002).
The above-described observations demonstrate that PU.1 and GATA-1 act as "the
motors for reprogramming" and this correlation could be very useful with regards to the
application of ‘differentiation therapy’ whereby re-establishing the correct expression of
PU.1 and-or GATA-1 within immature leukemic cells, or those attempting to mature into an
unwanted lineage, should reprogram and differentiate these cells back into their respective
cellular lineage.
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1.6 GATA-1 and PU.1 levels are determinants of leukemogenesis

Several key studies have demonstrated that dysregulation of either PU.1 or GATA-1
activity can contribute to leukemogenesis (Li et al., 2005; Rosenbauer et al., 2006;
Rosenbauer et al., 2004; Wechsler et al., 2002). Targeted disruption of the URE in mice
significantly reduces PU.1 expression and results in the development of acute myeloid
leukemia (AML) with frequent cytogenetic aberrations (Rosenbauer et al., 2004). The URE
structure is dynamically regulated by chromatin loops associated with the chromatin
remodeling regulator SATB1 bound directly to the URE. SATB1 binds to special AT-rich
sequences and its expression appears to be a positive regulator of PU.1 expression requiring
an intact URE (Steidl et al., 2007). Mice deleted of the Satb1 gene demonstrated lower levels
of PU.1 in progenitor cells but not in the terminally differentiated progeny indicating that
Satb1 may cooperate in early stages of myeloid development (Steidl et al., 2007). Satb1-/mice, unlike URE-/- mutants, do not develop myeloid leukemia. However, it should be noted
that Satb1-/- mice die prematurely (early postnatal) and the limited life-span may not be of
sufficient time for any myeloid leukemias to develop. Interestingly, a single nucleotide
polymorphism (SNP) within the URE has been identified which significantly diminishes
binding of SATB1. The SNP is frequently associated with poor prognosis of human
leukemias (Steidl et al., 2007) and strongly suggests that the altered URE enhancer activity is
coupled with reduced PU.1 levels within developing myeloid progenitors thereby
contributing to the pathogenesis of human myeloid leukemias.
Regulation of PU.1 at the post-transcriptional level by miR-155 provides an additional
example of how dysregulation of PU.1 expression could contribute to human
leukemo/lymphomagenesis.

Elevated

levels

of

miR-155

have

been

found

in

myeloproliferative and lymphoproliferative diseases such as acute myeloid leukemia, chronic
lymphocytic leukemia, diffuse large B-cell lymphoma, primary mediastinal B-cell lymphoma
and Hodgkin’s lymphoma (Eis et al., 2005; Metzler et al., 2004; O'Connell et al., 2008; van
den Berg et al., 2003). As PU.1 mRNA is a direct target of miRNA-155 it is likely that this
dysregulation of PU.1 expression, among other crucial gene targets, contributes to the
development of certain hematologic malignancies.
Mutations of the GATA-1 gene can generate a truncated protein, which contributes to
development of transient myeloproliferative disorder and acute megakaryoblastic leukemia in
patients with Down syndrome (Li et al., 2005; Wechsler et al., 2002). Similarly, the
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knockdown of GATA-1 expression to approximately 5% of its wild-type level causes high
incidence of erythroleukemia in mice (Shimizu et al., 2004).
Therefore the manipulation of either PU.1 or GATA-1 levels produces cellular
phenotypic features of blocked differentiation and unlimited proliferation potential.
Collectively, the molecular interaction between GATA-1 and PU.1 occurs during early
lineage commitment of multi-potential progenitors and enable rapid cell fate choices between
the development of leukocytes or red cells from a common progenitor. Once this decision is
made within erythroid cells, the PU.1 gene becomes repressed and conversely in developing
leukocytes the production of GATA-1 is inhibited. Perturbations of this process can result in
a leukemic blockade.
As mentioned earlier, both PU.1 and GATA-1 proteins are coexpressed in MEL cells
where the individual levels of each transcription factor are sufficient to initiate specific
changes of chromatin structure within their respective target genes. As such, the promiscuous
activity of PU.1 blocks erythroid differentiation at a proerythroblast stage (Scheme 2). This
developmental arrest is relieved by either PU.1 inhibition or increasing GATA-1 activity
culminating in the restoration of normal erythroid differentiation (Choe et al., 2003; Stopka et
al., 2005). The reciprocal situation is the focus of this thesis: inhibition of GATA-1 or
increased PU.1 activity results in the non-erythroid differentiation of the MEL
proerythroblasts into cell cycle arrested cells with myelo-lymphoid characteristics (Burda et
al., 2009) (Scheme 2). The dynamic relationship between PU.1 and GATA-1 during both the
leukemic state of MEL cells and also upon MEL differentiation can be described in the
following putative steps: at PU.1 target genes, PU.1 binds directly to DNA but its
transactivation is antagonized by GATA-1 binding directly to PU.1 molecules on DNA.
Activation of exogenous PU.1 combined with stable levels of GATA-1 create an excess of
available PU.1, which is not paired by available GATA-1, thus altering the stoichiometry
between these two proteins resulting in PU.1-mediated gene activation associated with
acquisition of active chromatin mark Acetyl H3K9 near the PU.1 binding sites (Scheme 1,
right panels). The reciprocal mechanism is demonstrated for GATA-1 targeted erythroidspecific genes. These findings collectively demonstrate that manipulating the relative
expression of transcription factor levels (e.g. inhibition of GATA-1 or activation of PU.1 (or
vice versa), in erythroleukemias may represent an efficient tool for inducing, and rescuing,
leukemic blasts cells into a differentiated cell state (Burda et al., 2009; Papetti and Skoultchi,
2007).
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In summary, regulation of both PU.1 and GATA-1 expression levels are crucial for
the correct cell fate determination of multi-potential progenitors and that inappropriate
regulation of these primary determinants can cause a block of cell differentiation and
expansion of a clonal population of leukemic cells. The developmental block seems to occur
at the differentiation stage where primary determinants are beginning to specify a cell fate
lineage by activating key target transcription factors. This is clearly exemplified within MEL
cells where PU.1 inhibits GATA-1 mediated transactivation of its target genes such as Zfpm1
and Nfe2, and concomitantly GATA-1 inhibits, albeit incompletely, PU.1 mediated
transactivation of its targets being additional primary myeloid lineage determinants such as
Cebpa and Cbfb (Burda et al., 2009). It is very important to note that most of the PU.1 target
genes are repressed in MEL cells and thus targeting of Cebpa and Cbfb by PU.1 likely
represents crucial PU.1-dependent determinants and reflects an intermediate developmental
process of the myelo-lymphoid cell fate. Conversely, Nfe2 and Zfpm1 are two very important
GATA-1 direct targets and represent early GATA-1-dependent determinants. Understanding
such molecular mechanisms can become useful tools for understanding of both normal
hematopoiesis as well as the pathogenesis of human leukemias.
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Scheme 2. Scheme of erythroleukemia and its differentiation. Upon differentiation from
multipotential progenitor (MPP) the erythroid development may be blocked at the level of
proerythroblasts as exemplified by MEL cell model. Manipulation of either PU.1 or GATA-1 levels
(indicated by arrows) can relieve this block and restore differentiation potential towards erythroid
(basophilic erythroblast) or mixed population of myelo-lymphoid cells with nuclear abnormalities.
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1.7 Chromatin structure – basic principles

Chromatin is a term designating the structure in which DNA exists within cells. The
structure of chromatin is determined and stabilized through the interaction of the DNA with 2
classes of DNA-binding proteins. The histones are the major class of DNA-binding proteins
involved in maintaining the compacted structure of chromatin. There are 5 different histone
proteins identified as H1, H2A, H2B, H3 and H4. The other class of DNA-associated proteins
is a diverse group of proteins called simply: non-histone proteins. This class of proteins
includes various transcription factors, polymerases, hormone receptors and other nuclear
enzymes. Every cell contains more than 1000 different types of non-histone proteins bound to
DNA.
The binding of DNA by the histones generates basic repeat element of chromatin
called the nucleosome. Two neighboring nucleosomes are interconnected by sections of
linker DNA. The nucleosome core contains an octamer protein structure consisting of 2
subunits each of H2A, H2B, H3 and H4. Histone H1 occupies the internucleosomal DNA and
is identified as the linker histone. The nucleosome core is wrapped by 147bp of DNA. The
linker DNA between each nucleosome can vary from 20 to more than 200bp. These
nucleosomal core structures would appear as "beads-on-a-string" if the DNA were pulled into
a linear structure and observed under an electron microscope. In a broad view on the
chromatin structure there exist two forms: heterochromatin and euchromatin which were
originally designated based on cytological observations of how darkly the two regions were
stained. (1) euchromatin or “active/open chromatin”, is characterized by a low level of
nucleosome compaction that permits the access of protein involved in transcriptional
machinery, which allows transcription; (2) heterochromatin or “inactive/closed chromatin”,
in which the high level of nucleosome compaction prevents the access of transcriptional
machinery and thus forbid transcription. The nucleosome cores themselves coil into a
solenoid shape which itself coils to further compact the DNA. These final coils are
compacted further into the characteristic chromatin seen in a metaphase karyotyping spread.
The protein-DNA structure of chromatin is stabilized by attachment to a non-histone protein
scaffold called the nuclear matrix.
There are two primary mechanisms operating in a dynamic manner to alter chromatin.
These mechanisms are methylation of cytidine residues in the DNA that are found in the
dinucleotide, –CG– (most often written as a CpG dinucleotide and repetition is called "CpG
island") and histone modification. When determining which C residues in DNA are targets
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for methylation it was discovered that greater than 90% of methyl-C is found in the
dinucleotide, CpG. This is not to say that all CpG dinucleotides contain a methylated C
residue. Nuclear chromatin architecture and its structure at specific loci are determined by
heritable mechanisms that cause changes in gene expression without altering the DNA
sequence, named epigenetics. These include besides earlier mentioned DNA methylation,
also histone tail modifications, rearrangement of nucleosomal positioning and mechanisms of
epigenetic targeting guided by noncoding RNAs. During mitosis, while most of the
chromatin is tightly compacted, there are small regions that are not as tightly compacted.
These regions often correspond to promoters and other regulatory regions of genes that were
active in that cell type prior to entry into mitosis. The structure of chromatin during
metaphase is optimized for physical strength and manageability, forming the classic
chromosome structure seen in karyotypes. The structure of the condensed chromosome is
formed by loops of 30 nm fiber to a central scaffold of proteins. The physical strength of
chromatin is vital for this stage of division to prevent shear damage to the DNA as the
daughter chromosomes are separated. The chromatin structure in interphase allows easy
access of transcription and DNA repair factors to the DNA while compacting the DNA into
the nucleus. Interestingly, during spermiogenesis, the spermatid's chromatin remodels into a
more spaced packaged, widened, almost crystal-like structure and the transcription is
blocked. This process is accompanied by nuclear protein exchange. DNA usually preserves
the majority of all information in the cell (genetic information) substantial component is
believed to be "encoded" outside DNA (epigenetic information). The polymer of DNA made
from repeating nucleotides is 2.2 to 2.6 nm wide exists in many possible conformations that
include A-DNA, B-DNA, and Z-DNA forms, although, only B-DNA and Z-DNA have been
directly observed in functional organisms. A and B forms are similar, both right-handed
helixes, while Z-DNA is an unusual left-handed helix with a zigzag phosphate backbone. ZDNA probably plays a specific role in chromatin structure and transcription because of the
properties of the junction between B- and Z-DNA. At the junction between B- and Z-DNA
one pair of bases is flipped out from normal bonding. These structural properties play a dual
role of as a site of recognition by many proteins and as a sink for torsion stress from RNA
polymerase or nucleosome binding.
Different types of enzymes are associated with chromatin. They are involved in DNA
transcription, replication and repair, and in post-translational modification of histones. They
include various types of nucleases and proteases. Scaffold proteins encompass chromatin
proteins such as insulators, domain boundary factors and cellular memory modules.
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1.8 Modifications of chromatin and their function

The functionality of cell genome is controlled mainly epigenetically on the level of
chromatin. Wide variety of post-translational modifications of histone proteins together with
DNA methylation plays a key role in directing distinct functional states of chromatin.
Histones can be modified in a number of ways. The examples include acetylation,
monomethylation, dimethylation, trimethylation, and ubiquitination of lysine residues;
monomethylation, symmetrical dimethylation, and asymmetrical dimethylation of arginine
residues as well as phosphorylation of serine and threonine residues. Combinations of
chromatin marks regulate chromatin structure, thereby defining different functional domains
of chromatin. Not only the specificity of histone modification but also its exact timing of
appearance dependent on the signaling conditions within the cell regulates the specific
functional outcome. To this day were described over than 60 different residues on histones
where modifications have been detected either by specific antibodies or by mass
spectrometry.
Although the vast majority of these modifications remain poorly understood, recent
years have seen considerable progress in the understanding of lysine acetylation and
methylation. Lysine acetylation is almost always associated with chromatin accessibility and
therefore with transcriptional activity, lysine methylation has ordinarily different effects
depending on which residue the modification occurs (reviewed in Kouzarides, 2007).
To the complexity of histone modifications contribute results from sequence-specific
and gene expression pattern-specific variants of histones that can both substitute or change
histone content within a nucleosome. Therefore, histone modifications provide spatially very
important signals to many nuclear processes and represent so called “histone code”
(Jenuwein and Allis, 2001).
Work from many different laboratories revealed the existence of histone modification
enzymes able to attach to chromatin either to DNA or histones or can be recruited by
sequence-specific transcription factors (for the summary of them see Table 2). Most
modifications are very dynamic and enzymes able to remove the modification have been
identified. Two well characterized mechanisms for the role of modifications in chromatin
architecture are distinguished. The first one is the disruption of contacts between
nucleosomes, ‘unraveling’ chromatin and the second is the recruitment of non-histone
proteins. In dependence on the composition of modifications on histone, a set of strictly
specific proteins are recruited to chromatin. These proteins carry with them enzymatic
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activities (e.g., remodeling ATPases) that can further modify chromatin. The need to recruit
an ordered series of enzymatic activities comes from the fact that the processes regulated by
modifications (transcription, replication, repair) have several steps. Each one of these steps
may require a distinct type of chromatin-remodeling activity and a different set of
modifications to recruit them.
Chromatin as the physiological template of eukaryotic cells must be dynamically
modified to meet fast demands of fate-telling transcription factors that initiate transcription of
specific fate-executing molecules. Histone modifications are both mediators but also operate
in preservation of transcriptional information imposed by specific transcription factors. Some
transcription factor recruitment is influenced by preexisting histone modification pattern
which may be important in the cell that is prone to highly specific transcriptional and cellular
change.
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Histone modifying
enzymes
Histone
acetyltransferases
(HATs)
GNAT
MYST

CBP/p300

Enzyme (Human)

GCN5
PCAF
MOF
TIP60
MOZ
MORF
HBO1

Place of histone modification

Associated effect on
transcription

CBP/p300

H3K14
H3K9; H3K14; H4K8
H4K16
H3K14; H4K5; H4K8; H4K12; H4K16
non-specific H lysines
H3 and H4 lysines
H4K5; H4K8; H4K12 and H3 lysines
H2AK5; H2BK12; H2BK15; H3K14; H3K18;
H4K5; H4K8

Activation
Activation
Activation
Activation
Activation
Activation
Activation

SRC-1

CBP/p300 and PCAF recruitment

SRC-2

CBP/p300 and PCAF recruitment

SRC-3

CBP/p300 and PCAF recruitment

HDAC1
HDAC2
HDAC3
HDAC8
HDAC4
HDAC5
HDAC6
HDAC7
HDAC9
HDAC10
SIRT1
SIRT2
HDAC11

non-specific acetylated H lysines
non-specific acetylated H lysines
non-specific acetylated H lysines
non-specific acetylated H lysines
non-specific acetylated H lysines
non-specific acetylated H lysines
non-specific acetylated H lysines
non-specific acetylated H lysines
non-specific acetylated H lysines
non-specific acetylated H lysines
H3K9ac; H3K14ac; H4K16ac
H4K16ac
non-specific acetylated H lysines

Repression
Repression
Repression
Repression
Repression
Repression
Repression
Repression
Repression
Repression
Repression
repression
repression

SUV39H1
SUV39H2
G9a
ESET/SETDB1
RIZ1
MLL1
MLL2
MLL3
MLL4
MLL5
SET1A/B
ASH1
EZH2
SET2
NSD1
SYMD2
DOT1

H3K9me
H3K9me
H3K9
H3K9
H3K9
H3K4
H3K4
H3K4
H3K4
H3K4
H3K4
H3K4
H3K27
H3K36
H3K36
H3K36
H3K79

repression
repression
repression
repression
repression
activation
activation
activation
activation
activation
activation
activation
repression
activation
activation
activation
activation

CARM1

H3R2; H3R17; H3R26

activation

PRMT4

H4R3

Activation

HATs recruiters
p160 family

Histone deacetylases
(HDACs)
class I

class II

class III
class IV
Histone
metyltransferases
(HMTs)
SET domain family

non-SET domain family
arginin methyltransferase
family I
Histone modifying
enzymes
arginin methyltransferase
family II

Enzyme (Human)
PRMT5

activation through
recruitment
activation through
recruitment
activation through
recruitment

activation

Place of histone modification
H4R8; H4R3
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Associated effect on
transcription
activation

Histone demetylases
KDM1-type demetylases
JumC domain containing
proteins

KDM1 (LSD1)
KDM2A/B
(JHDM1a/b)
KDM3A/B
(JHDM2a/b)
KDM4A/B
(JHDM3A/B)
KDM5
KDM6
JARID1A-D
JMJD2B/C/D
JMJD6

H3K4me(di-me)

repression

H3K36me (di-me); H3K4di-me (tri-me)

repression

H3K9me(di-me)

activation

Bmi/Ring1A
RNF20/RNF40

H2AK119
H2BK120

repression
activation

MSK1
MSK2

H3S28
H3S28

activation
activation

H3K9di-me(tri-me); H3K36di-me (tri-me)
H3K4di-me(tri-me)
H3K27di-me (tri-me)
H3K4di-me(tri-me)
H3K9di-me(tri-me)
H3R2di-me; H4R3di-me

activation (K9), repression
(K36)
repression
activation
repression
activation
repression

Histone ubiquitylases

Histone kinases

Table 2. Classification of histone modifying enzymes, localization of their activities and effects of
histone modifications on transcription. Histone modifying enzymes are basically classified according
their enzymatic activity on histone molecules, which forms protein core of each nucleosome in
chromatin. Nucleosomal protein core is composed by octamer of four different histone proteins (H2A,
H2B, H3, H4), which contain over 60 known distinct amino acid residues, where modifications occur
(Kouzarides, 2007). These modifications involve acetylation and deacetylation of lysines of H2A,
H2B, H3 and H4 histones, metylation (-mono, -di and –tri) and demetylation of lysines and arginines
of H3 and H4 histones, ubiquitylation of lysine residues of H2A and H2B histones and
phosphorylation of serine on histone H3. Functional groups of histone modifying enzymes are further
divided according enzyme domain structures. Places of histone modification for each individual
enzyme and associated effect of certain modifications on DNA transcription are illustrated. The table
reviews major histone modifying enzymes in Human and doesn’t involve enzymes directing some
modifications like arginin deimination, lysine sumoylation or proline isomeration, where functions are
less known. Histone modifying enzymes, modifications and their effect on chromatin readiness for
transcription are reviewed in: (Gregoretti et al., 2004; Kouzarides, 2007; Martin and Zhang, 2005;
Martin et al., 2007; Ng et al., 2009; Shi, 2007; Yang and Seto, 2007; Yang and Ullah, 2007; Zhang
and Reinberg, 2001).
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1.9 The concept of differentiation therapy by modulating chromatin structure with
GATA-1 and PU.1

The generation and establishment of a leukemic blockade is associated with extensive
gene-specific changes in chromatin structure that represents both a genetic marker of a
dysregulated cell as well as a tool for manipulating the gene expression back into a normal
state in order to rescue the expression of a gene program. Hematopoietic transcription factors
can initiate chromatin changes near their binding sites by recruiting chromatin modification
enzymes including histone acetyltransferases and histone deacetylases (HDACs). The
chromatin modifiers are not specific to any one transcription factor as both GATA-1 and
PU.1 can directly interact with the histone acetyltransferase CBP (CREB binding protein)
resulting in enhanced gene activation (Blobel et al., 1998; Manabe et al., 2003) or interact
with HDACs which enables efficient gene repression and is often accompanied by histone
H3K9 methylation (reviewed in Kouzarides, 2007). Surprisingly, inhibition of the H3K9
methylating enzymes Suv39h or H3K9 binding protein HP1α within MEL cells does not lead
to derepression of GATA-1 target genes unless PU.1 itself is present (Stopka et al., 2005).
However, changing the stoichiometry between PU.1 and GATA-1 during induced erythroid
differentiation of MEL cells have been shown to facilitate an exchange between modified
(H3K9 methylated) H3 with unmodified H3.3 near derepressed GATA-1 DNA target genes
(Stopka et al., 2005). This demonstrates the complexity in attempting to alter the expression
of chromatin modifiers to ‘reset or reprogram’ any gene regulatory network with current
research intensely focused on how specific histone marks can be efficiently and rapidly
reversed. Such mechanisms involves enzymatic cleavage of modified histone residue,
example includes HDACs and histone demethylases (Shi et al., 2004). Demethylase domain
proteins are able to target active mark H3K4Me3 (often associated with recruitment of RNA
polymerase II) to repress transcription (Shi et al., 2004) or to demethylate inactive mark
H3K9 to activate transcription (Metzger et al., 2005).
There are many ongoing clinical trials that use global-operating inhibitors of histone
and DNA modifications in order to manipulate leukemic gene expression profiles. Histone
deacetylase inhibitors (iHDAC) are widely studied anticancer agents which not only inhibit
tumor growth and survival but reinitiate differentiation and-or induce apoptosis (Bhalla,
2005). The molecular mechanism of why tumor cells are more sensitive and susceptible to
iHDAC is not fully understood yet likely includes differences in transcriptional regulation of
genes involved in cell cycle, apoptosis or survival. Notably, in the human breast carcinoma
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cell line MA-11 some iHDAC can cause cell cycle arrest in G1 phase mediated through the
induction of cyclin dependent kinase p21 (Nome et al., 2005) while other inhibitors
(trichostatin) induce a delay at the G(2)/M transition, chromosome missegregation and multinucleation and thereby induce cell death by promoting exit from aberrant mitosis without
spindle checkpoint. Azacitidine is a member of drugs known as DNA demethylating agents
and its anticancer effects are believed to be twofold by its ability to demethylate DNA as well
as prevent the methylation of DNA. By demethylation mechanism, transcription of tumor
suppressor genes can be restored, resulting in recovery of the cell cycle control. Valproic acid
(VA) also displays iHDAC properties that can induce the in vitro differentiation of
transformed hematopoietic progenitors and leukemic blasts in AML patients (Gottlicher et
al., 2001).
Despite the current drug regimes, the effects of HDAC inhibitors and DNA
methyltransferases inhibitors in leukemic patients are not cell specific, do not lead to
significant improvement in overall survival and therefore still remain as an experimental
approach. In this regard it seems that an alternate, and more effective approach for the
clinical applications of ‘differentiation therapy’, would be to specifically manipulate the
expression and-or activities of targeted transcription factor(s) rather than the use of global
inhibitors of chromatin modification enzymes which have low gene specificity.
Targeting transcription factor proteins and miRNA molecules with the aim of restoring
their normal functional activity has significant potential in the ‘differentiation therapy’ of
leukemias. Modification of gene-specific transcriptional activities within tumor cells was first
utilized using all-trans-retinoic acid (ATRA), the acid form of vitamin A, by Zhen Yi Wang
of Shanghai Medical School in late 80's in the treatment of acute promyelocytic leukemia
(APL) (Huang et al., 1988). APL represent an acute myeloid leukemia that is characterized
by a chromosomal translocations involving the transfer of sequence encoding retinoic acid
receptor alpha (RARα) and is unique from other AML subtypes in its specific responsiveness
to ATRA therapy. By inhibiting HDACs and DNA methyltransferases activities,
pharmacological doses of ATRA can modify the chromatin structure as well as the DNA
methylation pattern at specific DNA binding sites on target genes for retinoic acid resulting
in terminal granulocytic differentiation of APL (Di Croce et al., 2002; Fazi et al., 2007;
Grignani et al., 1998; He et al., 1998; He et al., 1997; Lin et al., 1998). ATRA exert its effects
by modulation of gene expression by two distinct classes of nuclear receptors: retinoic acid
receptors (RAR) and retinoid X receptors (RXR). ATRA binds with high affinity to RARs,
but not to RXRs. Binding of retinoids to the receptor dimer complexes induces a
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conformational change that displaces the existing corepressor proteins and recruits
coactivators, thus facilitating initiation of transcription (Allenby et al., 1993). Conditional
expression of PML-RARα (protein encoded by the t(15; 17) translocation) in HT93 acute
promyelocytic cells suppressed PU.1 expression, while treatment of APL cell lines and
primary APL leukocytes with ATRA was capable of restoring PU.1 expression and induced
neutrophil differentiation (Mueller et al., 2006). These observations strongly indicate that
ATRA treatment was capable of inducing differentiation of the developmentally arrested
leukemic cells through re-establishing the underlying gene regulatory network.
The literature discussed in this review strongly supports the concept that dysregulation of
transcription factors is a key contributing factor in the pathogenesis of myeloid leukemias. A
greater understanding of the gene regulatory network that orchestrates normal, as well as
leukemogenic differentiation will be of fundamental importance in achieving critical goals
for the clinical application of these regulatory factors in myelodysplasia and myeloid
leukemias. After all, it is not impossible to imagine that under certain conditions, targeting
transcription factors with the aim of restoring their normal functional activity would result in
the production of mature cells that would restore their normal function within leukocytes andor red blood cells.
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2. SPECIFIC INTRODUCTION TO THE PROJECT

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 lineagespecific 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 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., 1996;
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 erythromegakaryopoiesis by sequence-specific targeting as well as cooperating with lineage specific
cofactors in chromatin such as Nuclear factor (erythroid-derived 2) (Nfe2) and Friend of
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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 (MoreauGachelin et al., 1988). Removal of PU.1 (Papetti and Skoultchi, 2007) or addition of GATA1 (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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3. 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.
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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 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 GATA1 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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4. 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 as described previously (Rao et
al., 1997a; Rekhtman et al., 2003; Stopka et al., 2005). 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-1estrogen receptor (PUER and GER) fusion protein (in the absence or presence of 10-7 M 17bEstradiol for 24 hours) was crosslinked with 1% formaldehyde for 10 minutes at room
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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.

Transfected chromatin immunoprecipitation
Transient transfections were carried out into 105 cells/ml in MELPUER and MELGER cells with
the Lipofectamine
with 10

-7

TM

2000 reagent (Invitrogen) and the cells were simultaneously treated

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
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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 milkPBS-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.

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
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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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5. RESULTS

5.1 PUER activation results in non-erythroid differentiation of MEL cells.

Previous work from our laboratory showed that activation of ectopic GER induces
GATA-1 target genes in MEL cells by a mechanism overriding the repressive block imposed
by PU.1 on GATA-1 on DNA (Stopka et al., 2005). To determine whether PU.1, apart from
its repressive function on GATA-1, can activate also its target genes directly on DNA in
MEL cells we have firstly tested stable transfectants containing PU.1 cDNA driven by strong
EF1α promoter (Rao et al., 1997) and observed mRNA upregulation of known PU.1 target
genes Itgam, Il7r , Rag1 (data not shown). Secondly, we used MEL cells stably transfected
with vector encoding inducible form of PU.1 fused to the ligand-binding domain of the
estrogen receptor (PUER) (Choe et al., 2003) where the control MEL cells contained stable
GER transgene (Choe et al., 2003).
Quantitative reverse transcription polymerase chain reaction (qPCR) analysis
confirmed our initial observation of activation of PU.1 target genes (Itgam, Cd14, Mpo,
Cebpa and Cbfb) in MELPUER cells stimulated for 4 and 16 hours by 17b-Estradiol (Fig. 1A).
Stimulation of MELGER cells with 17b-Estradiol at identical timepoints resulted in rapid
upregulation of GATA-1 target genes: Nfe2, Zfpm1 (Fig. 1C), Hba-a1, Hbb-b1 and Klf (S1).
Induced MELGER cells overtly hemoglobinized between 72-120 hours, whereas MELPUER
cells remained pale in the floating cell fraction. Both MELPUER and MELGER cells inhibited
significantly their proliferation rates following 48 hours of induction (Fig. 1D, E). Flow
cytometry analysis of MELPUER cells revealed significant induction of myeloid surface
markers Itgam (CD11b), Ptprc (CD45) and Ly6g (Gr-1) at indicated timepoints after 17bEstradiol treatment (Fig. 1B). These surface markers were not induced in MELGER cells
stimulated for the same periods of time (data not shown). The MEL cells lacking a transgene,
either untreated or treated with 17b-Estradiol, grew exponentially with a similar doubling
time (Choe et al., 2003). 17b-Estradiol did not affect PU.1 or GATA-1 expression levels in
MEL cells indicating that indeed that either of activated PUER or GER transgenes mediates
the specific effects (Choe et al., 2003).
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Fig. 1. Conditional activation of PUER and GER in MEL cells restarts myeloid and erythroid
program, respectively, and inhibits cell proliferation.
MELPUER (A) and MELGER (C) cells were cultured in the presence or absence of 10-7 17b-Estradiol for
the indicated time periods. Total RNA was purified and subjected to quantitative RT-PCR as
described in Materials and Methods. The Y-axis represents mRNA expression of indicated genes
relative to housekeeping gene Gapdh. (B) Aliquots of MELPUER cells stimulated for indicated time
periods were immunostained using the following panel of antibodies (Itgam, Ptprc, Ly6g and control
isotypic antibodies) as described in Materials and Methods. The Y-axis represents percentage of
immunostained cells by flow cytometry analysis. Standard error bars are calculated for two
independent experiments. Proliferation of MELPUER (D) and MELGER (E) cells unstimulated or
stimulated by 17b-Estradiol for 96 hours. Y-axis represents % of maximum of cell number and X-axis
represents time (days).
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The presence of specific PU.1 dependent transcriptional responses and of protein
markers associated with non-erythroid differentiation of MEL cells led us to examine
morphology of the cells following PUER induction (Fig. 2). Parental MEL cells (clone DS19)
represent heterogeneous cell population [diameter 15-25 µm] of proerythroblasts [26%] and
partially differentiated basophilic erythroblasts [74%], detected by May-Grünwald Giemsa
staining. Similar appearance of these respective populations was found in unstimulated
MELPUER [23%, 77%] and MELGER cells [53%, 47%]. As expected, erythroid differentiation
induced within 72 hours in MELGER cells by 17b-Estradiol induction resulted in a significant
shift of the cell proportions towards basophilic erythroblast stage [4%, 96%] associated also
with the lack of observable mitoses. In turn, the cell line with 17b-Estradiol-activated PUER
(MELPUER) for 72 hours displayed a significant decrease in proerythroblasts [only 8%], little
or no change in proportion of basophilic erythroblasts [64%], and lack of mitoses.
Importantly, we also observed new population of atypical cells [28%] with an irregular shape
of nuclei and with mildly basophilic and azurophilic granular cytoplasm (see Fig. 2 and S2
for summary and details indicated by dashed arrows). These atypical cells stained positive for
alpha-naphtyl butyrate esterase (ANBE) and unlike MEL and MELGER cells, they poorly
destained, retaining diffuse granular positivity after addition of Sodium Fluoride (NaF) (not
shown). This observation indicates that these cells display similarities with monocytes.

51

Fig. 2. Distinct cell types are induced by PUER and GER transgenes from MEL cell line.
MEL (A), MELPUER (B) and MELGER (C) cells were cultured in presence of 10-7 17b-Estradiol for 72
hours, fixed, cytospined and stained using May-Grunwald Giemsa. Microscopy (Olympus BX-51
apparatus, E-410 Camera) was done under 1000x magnification according to the manufacturer’s
recommendations. Proerythroblasts are indicated by black arrow, basophilic erythroblasts by dashed
arrows and atypical cells are indicated by empty arrows. The table displays distribution of these cell
types in MEL, MELPUER, MELPUER induced with 17b-Estradiol for 3 days, MELGER and MELGER cells
induced with 17b-Estradiol for 3 days.
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5.2 Induced PUER activates its endogenous target genes and represses GATA-1 targets
in MEL cells.

As shown above, MEL cells can be differentiated by conditional GER and PUER
activation into two distinct cell cycle arrested populations within 96 hours. The mRNA and
protein analyses revealed induction of respective erythroid and non-erythroid expression
programs. To identify complete profiles of PUER and GER activation in MEL cells, we have
used oligonucleotide expression arrays in biologically replicated profiling of MELGER or
MELPUER cells stimulated with 10-7 M 17b-Estradiol for the following time periods: 0, 2, 4, 8,
12, 16, 20, 24 hours. The expression profiling data analysis identified 3109 significant genes
positively regulated by PU.1 and negatively by GATA-1 (S3A and Fig. 3A- left panel) and
4292 significant genes positively regulated by GATA-1 and negatively by PU.1 (S3B and
Fig. 3A- right panel). Subgroups of these genes encode critical lineage-specific regulatory
molecules: transcription factors that are repressed in MEL cells and rapidly induced in
MELPUER but not in MELGER cells, including Cebpa, Cbfb and also its established partner
Runx1 (Fig. 3B- upper panel) (Wang et al., 1996b). 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 al., 2004; Kundu et al., 2005). We also
observed specific PU.1-dependent upregulation of Meis1, 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 upregulated Inhibitor of DNA binding 2 (Id2), a known modulator of PU.1 and GATA1 activities via interacting with transcription factor PU.1 (Ji et al., 2008) and PUER induced
also Ets1, another Ets family protein. We have also identified subgroup of genes regulated by
PUER and not by GER that belong to previously characterized differentiation-associated
hematopoietic markers (Fig. 3B- lower panels). Examples include markers of monocytes
(Cd14, Itgam), granulocytes (Mpo, Mmp9) and lymphocytes (Il7r, Thy1). An expanded set of
the hematopoietic candidate targets of PU.1 and GATA-1 that are mutually inversely
regulated is shown in S3 C-G. In addition, expression analysis also indicates that PU.1 and
GATA-1 regulate two distinct sets of cell cycle genes involved in transcription factorinduced cell cycle arrest (S3 C-G). As shown in Fig. 3B, the majority of GATA-1 targets is
already expressed in MEL cells whereas the PU.1 targets are generally not expressed in MEL
cells indicating that transcriptional program of PU.1 is markedly more inhibited than that of
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GATA-1, a fact also supported by phenotypic appearance of MEL proerythroblasts (See Fig.
2 and S2).
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Fig. 3. Gene expression of MEL cells can be reprogrammed either by PU.1 into mixed nonerythroid or by GATA-1 into erythroid transcriptional programs.
MELPUER and MELGER cells were cultured for 24 hours (X axis) in presence of 17b-Estradiol in a
duplicate experiment. Total RNA was purified and latter the fluorescently labeled cRNA probe was
synthesized according to Affymetrix protocol for subsequent hybridization on the expression chip
(MG-430A 2.0) containing 22602 probes. High throughput data analyses were performed using
GeneSpring (Agilent Technologies) and MeV4 softwares. (A) Box plots of gene expression patterns
of indicated MEL cell lines stimulated for 24 hours (X-axis), (number of probes, N) identified by
expression arrays (for details see the Materials and Methods section and S3A, S3B). The Y-axis
represents relative expression of mRNAs relative to unstimulated cells. (B) Cluster analysis of
selected expression patterns (transcription factors and hallmarks of lineage differentiation) from gene
expression arrays documenting involvement of recognized lineage specific mRNAs (for details see
Materials and Methods section and S3).
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5.3 Activated PUER induces active chromatin structure near Cebpa and Cbfb genes
while activated GER inhibits this effect.

Our data indicated that PU.1 activates large set of genes in MEL cells and inhibits a
set of GATA-1 target genes. In contrast, activated GER induced genes inhibited by PUER
(Fig. 3B). Among these genes were transcription factors previously associated with normal
and leukemia cell differentiation. We have focused on key hematopoietic transcription factors
Cbfb and Cebpa to determine the mechanism by which they are targeted and regulated by
PU.1 and GATA-1. Firstly, we measured co-occupancy of PU.1 and GATA-1 by quantitative
chromatin immunoprecipitation (qChIP) assay that covered 1-kb intervals of the selected
genes (ranging from 10kb upstream to 10kb downstream, relative to transcription start site
TSS). Our data demonstrate co-occupancy of PU.1 and GATA-1 near their PU.1 binding sites
at both Cbfb (Fig. 4A) near PU.1 binding site at +1531 kb downstream TSS and Cebpa (Fig.
4B) near PU.1 binding site at -2977 kb upstream TSS (see Tables 3 and 4, S4 E, F). Cooccupancy of PU.1 and GATA-1 near these early response gene targets Cbfb, Cebpa
indicated that PU.1 and GATA-1 might regulate expression of these target genes directly by a
mechanism that involves regulatory changes in chromatin structure. This notion is also
supported by studies demonstrating that GATA-1 does not block binding of PU.1 to its DNA
binding site (Nerlov et al., 2000). To test this hypothesis, we have determined the levels of
Histone H3K9 acetylation near the candidate genes as this dynamic modification of
chromatin was previously correlated with mutual antagonism of GATA-1 and PU.1 and with
its disruption (Stopka et al., 2005). As shown in Figure 4A and 4B, PUER stimulation
resulted in an increase of H3K9 acetylation near Cbfb and Cebpa genes (up to 2-fold and 3-4fold, respectively) in comparison with GER stimulation or unstimulated MEL cells (not
shown). The direction of H3K9 acetylation pattern correlated with the expression levels of
the genes and the chromatin change was not observed in other portions of the selected genes
indicating that the regulatory regions responded specifically to the activated (PUER and
GER) transgenes.
We than asked whether these PU.1 binding/response regions are functional in reporter
assays. The PU.1 binding sites (see Materials and Methods) were subcloned into pGL3
reporter vector (see Table 4) encoding Luciferase gene (Promega), transfected into MELPUER
cells, and stimulated with 17b-Estradiol for 48 hours. As shown in the right panels of the
Figure 4A and 4B, activated PUER in MEL cells stimulates luciferase activity of these
vectors indicating that they respond to PU.1. The reporters were transfected into MELPUER
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(Fig. 4C) and MELGER (Fig. 4D) and stimulated for 72 hours followed by analysis of
luciferase activity (data not shown) and by transfected qChIP (details of t-qChIP in Materials
and Methods) using antibodies to PU.1 and GATA-1. The data indicate that PU.1 binds and
transcriptionally stimulates the specific PU.1 DNA regions downstream of PU.1 binding sites
Cbfb(+1531) and Cebpa(-2978) cloned in reporter plasmids. The data also indicate that GATA-1
can occupy these regions in the presence of PU.1. However, induction of MELPUER results in
depletion of GATA-1 from its association with PU.1 on DNA (Fig. 4E, F, right panels)
followed by derepression of luciferase expression (data not shown).
Next, we used synthetic trimeric and pentameric PU.1 binding sites cloned into
luciferase vectors (PU3x and PU5x) that were previously used to demonstrate PU.1 activation
as well as its repression by GATA-1 in reporter assays (Nerlov et al., 2000). Figure S4 A, B,
C and D display, that the reporter vectors PU3x, PU5x are stimulated by PU.1 factor cotransfected into HeLa cells (S4 A, C, D) or induced as PUER in MEL cells by 17b-Estradiol
(S4B). S4 C and D demonstrate that GATA-1 can inhibit PU.1 on its binding site in PU3x or
PU5x and override the effect of transcription factor c-Jun, a known co-activator of PU.1 on
DNA (Zhang et al., 1999).

Table 3
GATA-1 and PU.1 binding sites near Zfpm1, Nfe2, Cbfb and Cebpa genes. Numbers indicate their
relative position to transcription start site.
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Table 4
Oligonucleotide sequences of the cloned regions of mouse Zfpm1, Nfe2, Cbfb and Cebpa genes.
Numbers indicate their relative position to transcription start site.
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Fig. 4. PU.1 and GATA-1 colocalization near Cbfb and Cebpa genes and chromatin H3K9
hyperacetylation induced by ectopic PUER activation.
ChIP was carried out on crosslinked chromatin as described in Materials and Methods using the
following antibodies: antiPU.1, antiGATA-1 (both grey bars), anti-acetylated histone H3K9 (black
bars) and control anti-rabbit immunoglobulin G antibody (white bars labeled with letter C on X-axis).
(4A, B) Occupancy of PU.1 and GATA-1 proteins at indicated positions (relative to transcription start
site, in kb) near Cbfb and Cebpa was determined in unstimulated MELPUER cells. Levels of H3K9
hyperacetylation in these cells in presence of 10-7 17b-Estradiol for 24 hours (third panels in 4A, B)
was determined relative to acetylation determined in stimulated MELGER cells under the same
conditions. Primary binding sites of PU.1 are functional in reporter assays: 1.4x 105 MELPUER cells
were lipofected with Cbfb(+1531) (4A, right panel) or Cebpa(-2978) (4B, right panel) reporter plasmids
(1.7µg each). Cells remained unstimulated (-E) or treated with 17b-Estradiol at 24 hours (+E).
Luciferase activity was determined 72 hours after transfection. For detail see Materials and Methods
section. (4C, D) DNA regions (50-60 bp) near Cebpa(-2978) (#1 on X-axis) and Cbfb(+1531) (#2) were
cloned together with a Cebpa(-2978) mutant (#3) into the reporter plasmid pGL3 and transfected into
MELPUER (4C) and MELGER (4D) cells stimulated with 17b-Estradiol for 72 hours. T-qChIP technique
using antibodies to PU.1, GATA-1 and anti-rabbit immunoglobulin G antibody was done as described
in Materials and Methods. PU.1 significantly stimulated luciferase activity of PU.1 binding sites #1
and #2 but not #3 (data not shown). The occupancy of PU.1 near Cebpa (-3.2kb) (4E) and Cbfb
(+2kb) (4F) genes was tested by ChIP in either stimulated (48 hours) (+E) or not stimulated (-E)
MELPUER cells and in MELPUER cells with knockdown of GATA-1 (si). All ChIP bars in 4C-4F
indicate the fold change (Y-axis) of DNA fragment in specific immunoprecipitates above the
immunoprecipitates using control anti-rabbit immunoglobulin G antibody. Error bars indicate
standard error (SE) of at least 2 independent experiments.
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5.4 Activated GER induces active chromatin structure near Zfpm1 and Nfe2 genes while
activated PUER inhibits this effect.

GATA-1 binding region near Nfe2 gene contains 5 putative GATA-1 binding sites (1589, -1532, -1525, -1052, and -804 bp relative to transcription start site, see Tables 1 and 2
and S5 E). This GATA-1 binding region was previously demonstrated to be negatively
regulated by PU.1 on GATA-1 on DNA that resulted in significant depletion of acetylated
H3K9 (Stopka et al., 2005). We used this region as a positive control (Fig. 5B) and tested
whether another putative GATA-1 target gene Zfpm1 is directly repressed by PUER and
directly activated by GER. qChIP performed at relatively large portion of the Zfpm1 gene
revealed significant co-occupancy of GATA-1 and PU.1 (Fig. 5A) near GATA-1 binding site
at the 3’ portion of Zfpm1 gene (+3579, see Tables 1 and 2, and S5D). Furthermore, induction
of MELPUER cells resulted in marked deacetylation near Zfpm1 and Nfe2 genes. An inverse
pattern was observed at Nfe2 and Zfpm1 genes after induction of GER (Fig. 5A and 5B).
Subcloned GATA-1 binding sites were then tested using reporter assays in both MELGER and
HeLa cells and these experiments revealed that they are indeed induced by GATA-1 and its
effect was blocked dose-dependently by PU.1 (see right panels in Fig. 5 and Tables 1 and 2).
As controls we used luciferase reporter constructs containing chicken alpha globin promoter
fragment αD3 and its mutant αD4 (see S5 A, B, C). Significant co-occupancy of GATA-1
and PU.1 near GATA-1 binding sites near Zfpm1 and Nfe2 genes, induction of specific
chromatin modification outcome, and the specific response of the DNA binding sites in
reporter assays collectively indicated that the mutual 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 leukemia
differentiation.
To test if GATA-1 occupancy at GATA-1 binding sites near erythroid genes Nfe2 and
Zfpm1 depends on PU.1 we have performed the following experiment. MELPUER cells were
either stimulated with 17b-Estradiol or treated with PU.1-inhibiting siRNAs for 48 hours as
described previously (Papetti and Skoultchi, 2007a). Fig. 5C demonstrates that GATA-1
occupancy is detectable near Nfe2 (0 kb) and Zfpm1 (+3.5kb) genes independently on PU.1
activation, a finding supported and complemented by previous findings on Nfe2 gene in
MELGER cells (Stopka et al., 2005).

61

Fig. 5. GATA-1 and PU.1 proteins colocalization near Zfpm1 and Nfe2 genes and chromatin
H3K9 hyperacetylation induced by ectopic GATA-1 activation.
ChIP was carried out on crosslinked chromatin as described in Materials and Methods and in legend
to Fig. 4; antibodies: antiPU.1, antiGATA-1 (grey bars), anti-acetylated histone H3K9 (black bars)
and anti-rabbit immunoglobulin G antibody (letter C on X–axis). (5A, B) Occupancy of PU.1 and
GATA-1 proteins at indicated positions (relative to transcription start site, in kb) near Zfpm1 and Nfe2
was determined in unstimulated MELGER cells. Levels of H3K9 hyperacetylation in these cells in
presence of 10-7 17b-Estradiol for 24 hours (third panels) was determined relative to acetylation
determined in stimulated MELPUER cells under the same conditions. Primary binding sites of GATA-1
are functional in reporter assays. (5A, right panel) HeLa cells were transfected with the following
reporter plasmid (Zfpm1, 0.25µg, R) and cDNA constructs (pXM-GATA-1, 0.125µg, G and pXM-
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PU.1, 0.125µg, P; 0.375µg, 3P; 1.125µg, 9P). (5B, right panel) MELGER cells were lipofected with
Nfe2 reporter plasmid (1.7µg) and either further unstimulated (-E) or stimulated with 17b-Estradiol
after 24 hours (+E) followed by measurement of luciferase activity at 72 hours. For detail see
Materials and Methods section. (5C) MELPUER cells were either stimulated with 17b-Estradiol (+E) or
treated with PU.1-inhibiting siRNAs (si) for 48 hours and GATA-1 and PU.1 occupancy was detected
by qChIP near Nfe2 (0kb) and Zfpm1 (+3.5kb) genes. All ChIP bars in 5C indicate the fold change
(Y-axis) of DNA fragment in specific immunoprecipitates above the immunoprecipitates using
control anti-rabbit immunoglobulin G antibody. Error bars indicate standard error (SE) of at least 2
independent experiments.
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5.5 Inhibition of GATA-1 results in non-erythroid differentiation of MEL cells and does
not affect the binding of PU.1 to Cebpa and Cbfb.

Our data indicate that transcription program of PU.1 is inhibited by GATA-1 on DNA
and that upon activation of PU.1 by using PUER transgenes we achieved efficient nonerythroid differentiation. To test whether GATA-1 is responsible for inhibition of PU.1 we
used siRNA oligonucleotides and inhibited GATA-1 expression and measured selected PU.1
target gene expression after 48 hours. As shown in Fig. 6A, inhibition of GATA-1 levels
below 5% in MEL cells resulted in efficient derepression of the PU.1 target genes.
Derepression of Cbfb and Cebpa genes appears to be more efficient after GATA-1 siRNAmediated knockdown compared to stimulation of MELPUER cells by 17b-Estradiol supporting
our observation of GATA-1-mediated repression of PU.1 target genes in MEL cells. In
addition, derepression of Itgam and Cd14 genes after GATA-1 inhibition is achieved with
slightly decreased efficiency compared to stimulation of PUER indicating that full activation
of Itgam and Cd14 may require additional PU.1 co-factors (such as Cebpa and Cbfb) at later
timepoints. Conversely, PU.1-specific siRNA treatment resulted in accumulation of the
mRNAs from GATA-1 target genes: Zfpm1 and Nfe2 (Fig. 6B). Our data newly indicate that
GATA-1 is required in MEL cells to hold repressive state of PU.1 target genes (see also Fig.
3) 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.
To test the mechanism by which PUER overcomes GATA-1 mediated repression on
DNA, the occupancy of PU.1 near Cebpa and Cbfb genes was tested in either stimulated
MELPUER cells (48 hours) or unstimulated MELPUER cells with knockdown of GATA-1.
qChIP technique using antibodies to PU.1 and GATA-1 was carried out as described in
Methods. Activation of PUER (see Figure 4E, letter P on X-axis) or inhibition of GATA-1 by
siRNA (si) resulted in loss of GATA-1 occupancy at the PU.1 binding sites near Cebpa and
Cbfb genes. Manipulation of GATA-1 or PU.1 did not result in a loss of PU.1 occupancy at
these sites. These data strongly suggest 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. In addition, siRNA knockdown-mediated depletion of GATA-1 and its
decreased occupancy near Cebpa and Cbfb genes result in transcriptional activation of Cebpa
and Cbfb genes.
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Fig. 6. Inhibition of GATA-1 derepresses PU.1 target genes and inhibition of PU.1
derepresses GATA-1 targets in MEL cells.
(6A) 8x104 MELPUER cells were transfected with either siRNA oligos inhibiting GATA-1 (si) or with
negative control oligo (CO) using Lipofectamine. The cells were either cultured in absence (CO) or in
presence of 10-7 17b-Estradiol (+E). (6B) 8x104 MEL cells were transfected with either siRNA oligos
inhibiting PU.1 (si) or with negative control oligo (CO) using Lipofectamine and cultured for 72
hours. Total RNA was purified and subjected to quantitative RT-PCR as described in Materials and
Methods. The Y-axis represents mRNA expression of indicated genes relative to housekeeping gene
Hprt1. Error bars indicate standard error (SE) of 2 independent experiments.
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6. 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).
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
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differentiation. Studies 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 MCSF 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
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cells, a GATA-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
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et 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
69

whether DNA binding sites 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
70

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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7. SPECIFIC CONCLUSIONS

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 GATA1-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 differentiation 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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8. 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 GATA1 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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9. SUPPLEMENTARY DATA

S1. Conditional activation GER in MEL cells restarts erythroid program.
MELGER and cells were cultured in presence of 10-7 17b-Estradiol for indicated time. Total RNA was
purified and subjected to quantitative RT-PCR as described in Materials and Methods. The Y-axis
represents mRNA expression of indicated genes relative to housekeeping gene Gapdh. Standard error
bars are calculated for two independent experiments.
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S2. Complete appearance of Figure 2. Distinct cell types are induced by PUER and GER
transgenes from MEL cell line.
MEL (A), MELPUER (B) and MELGER (C) cells were cultured in presence of 10-7 17b-Estradiol for 72
hours, fixed, cytospined and stained using May-Grünwald Giemsa dyes. Microscopy (Olympus BX51 apparatus, E-410 Camera) was done exactly according to manufacturers recommendations under
1000x magnification. Proerythroblasts are indicated by black arrow, basophilic erythroblasts by
dashed arrows and atypical cells are indicated by empty arrows (for details see the Results section).
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S3. Gene expression of MEL cells can be reprogrammed either by PU.1 into non-erythroid or
by GATA-1 into erythroid transcriptional program.
MELPUER and MELGER cells were cultured for 24 hours (X axis) in presence of 17b-Estradiol in a
duplicate experiment. Total RNA was purified and latter the fluorescently labeled cRNA probe was
synthesized according to Affymetrix protocol for subsequent hybridization on the expression chip
(MG-430A 2.0) containing 22602 probes. High throughput data analyses were performed using
GeneSpring (Agilent Technologies) and MeV4 softwares.
Box plots of gene expression patterns positively regulated by PU.1 and negatively by GATA-1 (A)
and patterns positively regulated by GATA-1 and negatively by PU.1 (B) in MEL cell lines stimulated
for 24 hours (X-axis), (number of probes, N) identified by expression arrays (for detail see Materials
and Methods section). (A) The Y-axis represents fold change of relative expression of mRNAs
relative to unstimulated cells. (C-G) Cluster analysis of selected expression patterns (transcription
factors and hallmarks of lineage differentiation) from gene expression arrays documenting
involvement of recognized lineage specific mRNAs (details in Materials and Methods section).
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S4. (A) 1.4x 105 HeLa cells were lipofected with the reporter constructs (see Materials and Methods
section) carrying luciferase gene whose activity was determined 48 hours later. Y-axis represents fold
activation (+/- standard deviation) relative to basal levels of the reporter as described in Materials and
Methods. Reporter plasmids (R on X-axis): (PU3X, 0.5µg; PU5X, 0.5µg; PU.1 cDNA construct:
(pXM-PU.1, 0.25µg (for PU3X cotransfection) or 0.125µg (for PU5X cotransfection), P)). (B)
MELPUER cells were lipofected with the following reporter plasmids (PU3X; PU5X: 1.7µg each, R)
and 17b-Estradiol was added at 24 hours (+E). Luciferase activity was determined 72 hours after
transfection. (C) Reporter plasmid (PU3X, 0.5µg) and cDNA constructs (pXM-PU.1, 0.25µg, P; Jun,
0.2µg and pXM-GATA-1, 0.375µg, G; 0.75µg, 3G) or (D) reporter plasmid (PU5X, 0.5µg) and cDNA
constructs (pXM-PU.1, 0.125µg, P; Jun, 0.7µg, 4Jun and pXM-GATA-1, 0.75µg, 3G) in HeLa cells.
(E, F) Genomic regions of Cbfb, Cebpa genes are displayed by Vista plots (Lawrence Berkeley
National Laboratory) and mapped on UCSC Browser with custom made tracks. PCR amplicons used
for ChIP analyses are shown by grey boxes, DNA binding sites for GATA-1 and PU.1 are indicated
by red and blue boxes respectively.
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S5. (A) 1.4x 105 HeLa cells were lipofected with the reporter constructs (see Materials and Methods
section) carrying luciferase gene whose activity was determined 48 hours later. Y-axis represents fold
activation (+/- standard deviation) relative to basal levels of the reporter. Reporter plasmids: (αD4,
0.5µg; αD3, 0.5µg; GATA-1 cDNA construct: (pXM-GATA-1, 0.25µg, G). (B) MELGER cells were
lipofected with the following reporter plasmids (αD4; αD3: 1.7µg each; and 17b-Estradiol was added
at 24 hours. Luciferase activity was determined 72 hours after transfection. (C) HeLa cells were
transfected with reporter plasmid (αD3, 0.5µg, R) and cDNA constructs (pXM-GATA-1, 0.25µg, G
and pXM-PU.1, 0.25µg, P; 0.75µg, 3P; 2.25µg, 9P). (D, E) Vista plots from Lawrence Berkeley
National Laboratory mapped on UCSC Browser with custom made tracks of the Zfpm1 and Nfe2
genes. PCR amplicons used for ChIP analyses are shown by grey boxes, DNA binding sites for
GATA-1 and PU.1 are indicated by red and blue boxes respectively.
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