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ABSTRACT

IDENTIFICATION AND CHARACTERIZATION OF C/EBP REGULATED GENES
IN MYELOMONOCYTIC DIFFERENTIATION

By

Qiang Tian

The CCAAT/enhancer binding proteins (C/EBP) comprise a family of basic
leucine zipper (bZIP) transcription factors that dimerize through their leucine
zippers and bind to a consensus DNA motif through their adjacent basic regions.
The involvement of C/EBPs in myelopoiesis has been demonstrated by their
temporal pattemn of expression in differentiating 32D clone 3 myeloblasts and by
the complete lack of neutrophils associated with the targeted disruption of
C/EBPo. and C/EBPe in transgenic mice. However, the currently identified target
genes of C/EBP regulation seem inadequate to fully explain the role of these
transcription factors in myelomonocytic differentiation. We sought to elucidate the
regulatory scheme in which C/EBPs act in differentiation by identifying new
targets of their regulation in immature myeloid cells by utilizing differential display
PCR. C/EBPp was overexpressed in 32D clone 3 myeloblasts and differential
display RT-PCR was performed to identify genes induced by C/EBPf
overexpression. Among the four genes identified, two were endogenous retroviral
elements, one encoded a cathepsin G, a primary granule protein of neutrophils
and monocytes, and one encoded a novel gene that we have named CDDP-1 for
C/EBP Difterential-Display Product-1. A CDDP-1 cDNA containing a 453 amino

acid open reading frame was isolated from a Agt11 human bone marrow cDNA



library. The expression of CDDP-1 mRNA is upregulated by the overexpression
of C/EBPq, B, §, or €. An examination of sequences immediately upstream of the
CDDP-1 cDNA reveals several potential C/EBP binding sites suggesting that
CDDP-1 may be a direct target of C/EBP regulation. CDDP-1 displays a biphasic
pattem of expression in the granulocytic differentiation of myeloid progenitor cell
lines: an early period of elevated expression just prior to and continuing through
the induction of myeloperoxidase mRNA and a later second period coincident
with the expression of lactoferrin mRNA. It is also induced upon granulocytic
differentiation of HL-60 cells, but is downregulated upon monocytic
differentiation. This pattem of expression coupled with the finding that CDDP-1 is
most highly expressed in adult bone marrow and fetal liver suggests a role in
myelopoiesis. Constitutive overexpression of CDDP-1 in MPRO promyelocytes
promoted their differentiation toward both the neutrophil and monocyte lineages.
Retinoic acid treatment can further facilitate the neutrophilic differentiation of
CDDP-1 transductants. Subcellular localization studies suggested that CDDP-1
is predominantly a cytoplasmic protein. CDDP-1 mRNA is also modulated during
the course of erythroid and mast cell differentiation suggesting roles for this gene
in the differentiation of these other lineages.

In Chapter 3, | conducted transient transfection assays to confirm that
‘truncated forms of C/EBPf which retain only the bZIP regions can confer LPS
induced activation of an IL-6 promoter. An intact NF-xB binding site on the IL-6
promoter is required for this activation. These results implicate the bZIP domain

in some function other than dimerization with known C/EBP family members.
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Chapter 1: Literature review

Introduction

CCAAT/enhancer binding proteins (C/EBPs) comprise a family of
sequence-specific DNA-binding proteins that are critical in the regulation of
various aspects of cellular differentiation and function in multiple tissues
(reviewed by Williams and Johnson 1994). To date, six different C/EBP isoforms
have been isolated and characterized, designated C/EBPa, C/EBPB, C/EBPS,
C/EBPY, C/EBPg, and C/EBPC.

All of the C/EBP family members share a highly conserved basic region
and leucine zipper domain at the carboxyl terminus whereas the amino terminal
transactivation domains are more diverse (Fig. 1). The basic region is located
immediately to the N-terminal side of the zipper. It is highly positively charged
and responsible for DNA binding. C/EBPs bind DNA as dimers. Dimerization is
required for DNA binding (Landschulz et al., 1989). The sequence recognition
properties of C/EBPs are identical in vitro. They can recognize the same
consensus sequence on the target promoter and form either homodimers or
heterodimers between family members through the leucine zipper region (Vinson
et al., 1993). The transactivation domain is responsible for interacting with
proteins of other transcription factor families as well as the basal transcription
apparatus. However, the unique and sometimes redundant function of each

family member is determined by its tissue- and stage- specific expression,
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altemative ribosomal reading, post-transcriptional modifications, and differential
abilities to interact with other DNA binding proteins on a given promoter. Here, |
will review the characteristics of all the C/EBP isoforms with emphasis on their

roles in myeloid differentiation.

1.1 Overview of C/EBP isoforms
1.1.1 C/EBPa

C/EBPa is the founding member of the C/EBP family. It was first identified
by Steven McKnight's group in 1986 from adult rat liver in a search for cellular
DNA-binding factors that can recognize viral gene regulatory sequences, such as
the CCAAT box and “"enhancer core" elements of retroviral LTRs, thus named
- CCAAT/Enhancer Binding Protein (C/EBP) (Graves et al., 1986; Johnson et al.,
1987; Landschulz et al., 1988). C/EBP«. is highly expressed in liver and adipose
tissue where it transactivates hepatocyte and adipocyte specific gene
expression, such as albumin, 422/aP2 (Christy et al., 1989), PEPCK (Park et al.,
1990). It functions in fully differentiated non-proliferative cells and regulates
adipogenesis. Overexpression of C/EBPoa in immature adipocytes induces
differentiation whereas anti-sense to C/EBPa mRNA blocks adipocyte
differentiation (Freytag and Geddes, 1992; Lin and Lane, 1992). As will be
discussed later, C/EBPa also plays a critical role in myelopoiesis (Zhang et al.,
1997, Radomska et al., 1998).

C/EBPo. can undergo autoregulation. The murine C/EBPa promoter

contains a functional C/EBP binding site that can be transactivated by C/EBPa



(Christy et al., 1991). Two isoforms of C/EBPa can be generated from its mRNA
by a ribosomal scanning mechanism. One is a 42 kd full-length protein which
contains three transactivation domains (Nerlov and Ziff 1994; Nerlov and Ziff
1995). The other one is a 30 kd truncated protein which retains its dimerization
and DNA-binding domains (Lin et al., 1993; Ossipow et al., 1993). Two activation
domains (ADI and ADII) have been identified in the N-terminal region of C/EBPa
that are required for transcriptional activation of the serum albumin gene

(Friedman and McKnight, 1990).

1.1.2 C/EBPS

C/EBPB, also known as NF-IL6, CRP2, LAP, AGP/EBP, IL-6DBP, and NF-
M ‘in chicken, is an important mediator of the inflammatory response.
Lipopolysaccharide (LPS), Interleukin 6 (IL-6), Interleukin 1 (IL-1),
dexamethasone, glucagon, and some other stimuli can strongly induce C/EBP
expression. C/EBPP was originally identified as a nuclear factor that binds to the
IL-1 response element of the human IL-6 gene (Isshiki et al., 1990; Akira et al.,
1990). It can bind to IL-6-responsive elements in the promoters of several acute
phase response genes including those encoding IL-8, TNF, and G-CSF. TNFa
can facilitate nuclear localization of C/EBPB and C/EBP$ in response to
inflammatory stress (Yin et al., 1996). Cytokine stimulation can further increase
C/EBP transcriptional activity by enhanced DNA binding (Poli et al., 1990). The
activation of the MAP kinase (Tramley-Stein et al., 1996), protein kinase A and

protein kinase C (Trautwein et al., 1994), and calcium-dependent signal



transduction pathways (Wegner et al., 1992) appears to activate transcription
through the post-translational phosphorylation of C/EBPf. Most recently, Buck et
al showed that phosphorylation of rat serine 105 or mouse threonine 217 in
C/EBPS is required for hepatocyte proliferation induced by TGFa (Buck et al.,
1999).

C/EBPB also has two isoforms due to leaky ribosomal scanning. The
longer form called LAP and the shorter form termed LIP. LIP initiates at Met 132
and lacks activation domains and has been shown to be a transdominant
negative inhibitor of C/EBPB mediated transcriptional activity (Descombes and
Schibler, 1991). However, our own experiments show that LIP can also confer
LPS-induced IL-6 and MCP-1 expression to a lymphoblastoma cell line p388D1.
This indicates that the leucine zipper region of C/EBPB may have some other
functions -in addition to dimerization (See Chapter 3 for more detail).. In at least
some instances, LIP may be a product of certain lysis procedures (Baer et al.,
1998) rather than the aforementioned mechanisms. Thus, the physiological

significance of LIP is unclear.

1.1.3 C/EBPy
C/EBPy, also known as Ig/EBP, is a short intronless gene which encodes
a 16.4 kd protein. It was first discovered by Calame’s group in a search for
transcription factors from B lymphocytes that bind to a cis-regulatory site in the
immunoglobulin heavy chain enhancer (Roman et al.,, 1990). Its mRNA is

ubiquitously expressed and C/EBPYy protein functions as a dominant negative



inhibitor of C/EBP family transactivators (Cooper et al., 1995). C/EBPy contains
only a leucine zipper dimerization domain and DNA binding region but no
transactivation domain. Although C/EBPy can heterodimerize with C/EBP family

members, it attenuates rather than activates target gene expression.

1.1.4 C/EBPS

C/EBPS is also known as CRP3 and NF-IL6B. Low amounts of C/EBP$S
mRNA can be detected in mouse tissues under normal conditions. However, high
level expression occurs in many organs following stimulation by LPS or
inflammatory cytokines, such as IL-6 (Alam et al., 1992; Kinoshita et al., 1992;
Ramiji et al., 1993). The transactivating ability of C/EBP3J is comparable to that of
C/EBPa and C/EBPB. It can also -confer LPS-induced expression of-IL-6 and
MCP-1 when ectopically expressed in a lymphoblastic cell line P388D1,
suggesting functional redundancy with C/EBPB in regulating inflammatory
cytokines (Hu et al., 1998). The DNA binding affinity of C/EBPd is somehow

diminished compared to other C/EBP isoforms (Cao et al., 1991).

1.1.5 C/EBP{

C/EBPC, also known as CHOP and Gadd153, is another dominant
negative inhibitor of the C/EBP family. It was originally cloned in hamster and
named growth arrest and DNA damage-inducible gene (Gadd153) (Fomace et
al., 1989). It is also induced as a result of glucose deprivation in differentiating

adipocytes. C/EBP{ can form heterodimers with the other members of the C/EBP



family. However, the presence of two prolines in the DNA-binding region disrupts
its helical structure and prévents the binding of C/EBP{-containing heterodimers
to classic C/EBP binding sites (Ron and Habener, 1992). A subsequent study
showed that CHOP-C/EBP dimer can actually bind to some other specific DNA
sequences and CHOP possesses a transcriptional activity which is inducible by
cellular stress (Ubeda, et al., 1996). Also of note is that CHOP can specifically
block C/EBPa. activity and induce increased apoptosis of myeloid 32D cells

(Friedman, 1996).

1.1.6 C/EBPe

C/EBPe is the human homologue of rat CRP1 (Williams et al., 1991). The
full-length cDNA - of G/EBPe has only been isolated recently. It is expressed .
exclusively in hematopoietic lineages (Antonson et al., 1996; Chumakov et al., -.
1997; Williams et al.,, 1998). The human C/EBPe gene is transcribed from two
alternative promoters. Four C/EBPe mRNA isoforms have been identified due to
altemative splicing and differential use of promoters. They encode four proteins
of 32, 30, 27, and 14 kDa (Yamanaka et al., 1997). The 32 kDa protein is an
activator of transcription of granulocyte colony stimulating factor receptor (GCSF-
R), while the 14 kDa protein is not. The transcriptional activation function of
C/EBPe is mediated through a bipartite activation domain located in the N
terminus with a minimal requirement of the first 18 amino acid residues. The
highest activity of transcription was conferred by the amino acid residues 1-77

(Williamson et al., 1998). An intrinsic repression domain was also identified



between amino acid 116 and 162. A form of C/EBPe in which this region is
deleted can enhance gene transcription from a neutrophil elastase promoter-
luciferase reporter. Thus, C/EBPe may regulate gene expression by utilizing both

transcriptional activation and repression depending upon its associated factors.

1.2 HEMATOPOIESIS

The main question that will be addressed in this thesis is: what are the
roles of C/EBP family of transcription factors in the regulation of hematopoiesis,
especially myelopoiesis? Hematopoiesis is the process by which blood cells
acquire a defining phenotype as a result of coordinated, cell specific gene
expression. During this process, pluripotent hematopoietic stem cells undergo a
se_ries ~of progress_iv_e restriction of lineage potential, and acquire the
characteristics of mature, terminally differentiated cells. In 1961, Till and
McCulloch first demonstrated the existence of pluripotent hematopoietic stem
cells (HSCs) that had the property, at the single cell level, of (i) self-renewal as
well as (ii) multilineage differentiation (Till and McCulloch, 1961). Then in the
1980s, Irving Weissman's group first identified and isolated HSCs by cell sorting
using monoclonal antibodies against cell surface markers (Muller-Sieburg et al.,
1986; Spangrude et al., 1988). A subset of this stem cell population perpetually
self renews, and these cells are long term stem cells (LT-HSCs). In mice, LT-
HSCs give rise to short-term HSCs (ST-HSCs), which give rise to multipotent
progenitors (MPPs), whose further progeny are oligolineage-restricted

(Weissman, 2000). HSCs give rise altemnatively to the clonal common
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lymphocyte progenitor (CLP), or the clonogenic common myeloid progenitor
(CMP). CLPs are restricted to give rise to T lymphocytes, B lymphocytes, and
natural killer (NK) cells. CMPs are progenitors for the myeloerythroid lineages.
Single CMPs give rise to myelomonocytic progenitors (GMPs) and
megakaryotic/erythoid progenitors (MEPs) (Akashi et al., 2000). All of these
populations are separable as pure populations using cell surface markers (Fig.

2).

1.2.1 Overview of myelomonocytic development

In the case of myeloid differentiation, the terminal stages include
granulocytes (neutrophils, eosinophils, and basophils), monocytes/macrophages,
as well as erythrocytes and megakaryocytes. The main focus of my research has
been placed on the development of myelomonocytic lineages that eventually give
rise to neutrophils and monocytes/macrophages, both of which play crucial roles
in host defense against bacterial infections. Interruption of their normal
developmental process may also cause myelogenous leukemia.

Bone marrow is the major site of de novo myelopoiesis. Cells of the
monocytes/macrophage series and neutrophilic granulocytes are derived from a
common progenitor cell, namely the colony-forming unit granulocyte-macrophage
(CFU-GM). The development of neutrophlic granulocytes proceeds through a
series of intermediate stages. Morphologically recognizable myeloid precursor
cells can only be found in the bone marrow under steady-state conditions. They

include myeloblasts, promyelocytes and myelocytes which are all still capable of
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cell division. Cells that mature beyond the myelocyte stage no longer have the
capacity of cell division. These include metamyelocytes, band forms, and mature
neutrophils. Each of these developmental stages has a distinctive morphology
with the most striking morphological features of mature neutrophils being
multilobed nuclei, an abundance of cytoplasmic granules, prominent deposits of
particulate glycogen, and the paucity of other cytoplasmic organelles (Fig. 3). In
addition to morphological features, each stage can also express a distinct set of
molecular markers. For example, the promyelocyte stage of granulocyte
development extends from the initiation of primary (azurophil) granule formation
to its completion. The major components of the primary granules include acid
hydrolases (B-glucuronidase, pB-galactosidase), neutral proteases (cathepsin G,
elastase, collagenase), cationic proteins, myeloperoxidase, and some
lysozymes. The myelocyte stage extends from the initiation of secondary
(specific) granule formation to its completion. The secondary granule contains
lysozyme, lactoferrin, and in some species, alkaline phosphatase. The most
commonly used molecular markers for granulocytic differentiation are
myeloperoxidase and neutrophil elastase of primary granules for classification of
promyelocytes and lactoferrin of secondary granules for classification of
myelocytes.

The development of the monocytic lineage involves three different stages:
monoblast, promonocyte, and monocyte. The monocytes migrate from circulatory
system to various tissues and become tissue macrophages. Several genes

primarily expressed in macrophages have been used as markers for the
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classification of this lineage. These include M-CSF receptor (c-fms), macrophage
scavenger receptor (MSR), LPS receptor (CD14), monocyte specific esterase,
and macrophage metalloelastase (Reviewed in Clarke and Gordon).

Several myeloid specific cell lines have been established, representing
different stages of myeloid development. 32Dcl3 is a murine myeloblastic cell
line. Its growth depends on interleukin-3 and can be induced to differentiate into
mature neutrophils by treatment with G-CSF (Valtieri et al., 1987). MPRO is a
murine promyelocytic cell line that grows in the presence of GM-CSF. Treatment
with high concentration of all-trans retinoic acid (ATRA) can induce its terminal
differentiation into neutrophils (Tsai et al, 1993). HL-60 is a human bipotential
promyelocytic leukemia cell line that can differentiate into either neutrophils or
monocytes/macrophages following treatment by ATRA or TPA, respectively
(Collins et al, 1987). U937 and M1 are promonocytic cell lines that can be
induced to differentiate into monocytes/macrophages by treatment with TPA or

IL-6, respectively (Sundstrom and Nilsson, 1976).

1.2.2 Hematopoietic growth factors in hematopoiesis
Hematopoietic growth factors play important roles at different stages of
development (Fig. 4). The cytokines interleukin 3 (IL-3), interleukin 6 (IL-6) and
stem cell factor (SCF) have been shown to act on stem cells and multipotential
progenitors (reviewed in Watowich et al., 1996). IL-3 has the broadest specificity
of any known cytokines, as it stimulates survival, proliferation and differentiation

of hematopoietic stem cells (HSCs) and progenitor cells of all known
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Figure 4. Regulation of hematopoiesis by cytokines that stimulate the proliferation
and/or differentiation of various hematopoietic cells.



hematopoietic lineages (reviewed in Schrader, 1994). However, targeted
disruption of IL-3 or its receptor revealed that IL-3 is not required for steady-state
hematopoiesis, but is needed for proliferation of mast cells during parasitic
infections (Nishinakamura et al., 1996; Lantz et al., 1998). SCF probably
provides the missing IL-3 activity in these knock-out mice. IL-6 stimulates
survival, proliferation and differentiation of HSCs and at high concentrations can
induce proliferation of committed granulocytic progenitors (reviewed in Kishimoto,
1989; Liu et al., 1996). Targeted mutation of IL-6 causes selective reduction in
granulocytic progenitors (Liu et al., 1997). SCF promotes survival, proliferation
and differentiation of stem cells and progenitors of multiple lineages (reviewed in
Lyman and Jacobsen, 1998).

Within the myeloid lineages, granulocyte-macrophage colony stimulating
factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), and
macrophage colony stimulating factor (M-CSF) represent a set of myeloid
specific cytokines that are important for the development of granulocytes and
macrophages (reviewed in Metcalf, 1995). GM-CSF stimulates the survival,
proliferation and differentiation of bipotential granulocyte-macrophage
progenitors as well as unipotent macrophage or granulocyte progenitors.
However, targeted disruption of GM-CSF or its receptor does not disrupt
hematopoiesis in vivo (Dranoff et al., 1994; Stanley et al., 1994; Nishinakamura
et al., 1995) suggesting functional redundancy with other growth factors of similar
function. G-CSF stimulates survival, proliferation and maturation of granulocytic

progenitors (Suda et al., 1987). Targeted mutation of G-CSF or its receptors
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causes a selective and profound reduction in the number of circulating
granulocytes in mice (Lieshke et al., 1994; Liu et al., 1996). M-CSF stimulates
survival, proliferation and maturation of committed monocytic progenitors
(Stanley, 1985). It is required for development of macrophages and monocyte-
derived lineages such as osteoclasts. Targeted mutation of M-CSF gene results
in greatly reduced numbers of tissue macrophages, as well as osteopetrosis
(Yoshida et al., 1990). Similarly, erythropoietin (EPO) and EPO receptor are
crucial for erythropoieisis (reviewed in Adamson 1988), whereas thrombopoietin
(TPO) is important for megakaryocytic development (Murone et al., 1998).
Currently, there are two models for lineage commitment and
hematopoietic differentiation. The first model is the “instructive model”, which
proposes that lineage commitment is regulated by external signals such as
hematopoietic growth factor and/or progenitor-stromal cell interactions. The
second one is the “stochastic model” which proposes that the fate of lineage
commitment is intrinsically determined; growth factors can only expand already
committed cell types but do not bias the cells toward a specific lineage. A third
one that combines the first two models has also been proposed. Whichever of
these models is correct, undoubtedly, transcription factors are likely to play

pivotal roles in specifying lineage commitment and differentiation.

1.3 Transcription factors in hematopoiesis and leukemia

Hematopoiesis is a highly regulated process in which the growth and

differentiation of pluripotent hematopoietic stem cells into specific cell lineages
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are controlled by the coordinated regulation of gene expression. The genetic
switches which control blood cell development are obvious sites of malfunction in
the formation of leukemia. Transcription factors make up many, if not most, of
these genetic switches. Abnormality in either the abundance or activity of these
factors can result in inappropriate expression of genes critical to the process of
growth and differentiation. The characterization of these transcription factors is of
great significance in the study of leukemia.

Several important questions need to be addressed when studying
transcriptional regulation of hematopoiesis: How is gene expression restricted in
certain lineages? What controls the temporal expression of lineage-specific
genes? Why does a common progenitor cell differentiate into one cell type but
not another? The answers to all of these questions involve transcription factors.
Several transcription factor families have been found to be involved in
hematopoiesis. Those that are thought to be important in myelopoiesis include
the C/EBP family, the GATA family, the PU-1 family, Egr-1, retinoic acid
receptors (RARs), myeloid zinc finger factor (MZF-1), AML-1, and Myb. Since the
question that interests us most is the role of the C/EBP family of transcription
factors in myelomonocytic differentiation which gives rise to monocytes and
neutrophils, emphasis will be placed on reviewing how C/EBPs specify myeloid

lineage and regulate terminal differentiation.
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1.3.1 C/EBPs in myelopoiesis

Early experiments performed by Alan Friedman's group showed the
temporal expression of different C/EBP isoforms during granulocytic
differentiation of 32D clone 3 myeloblast cells (Scott et al., 1992). In this study,
C/EBPa was highly expressed in proliferating myelomonocytic cells upon
induction of differentiation and down regulated with maturation. In contrast,
C/EBPB and C/EBPJ were upregulated upon differentiation. However, a recent
study showed that C/EBPa mRNA was maintained during granulocytic
differentiation, but markedly down-regulated with monocytic or erythroid
differentiation (Radomska et al., 1998). These pattemns of expression suggest
that different C/EBP isoforms may play a distinct role during myelomonocytic
differentiation.

Several lines of evidence suggest that C/EBPp is an important regulator
for the activation and/or terminal differentiation of macrophages. C/EBPf
expression is dramatically induced during macrophage differentiation (Natsuka et
al.,, 1992; Scott et al., 1992). Several genes commonly expressed by activated
macrophages contain functional C/EBP binding sites in their promoter regions,
such as IL-6, IL-1a, IL-8, TNFa, G-CSF, NO synthase, and lysozyme genes
(Natsuka et al., 1992; Zhang and Rom, 1993; Mukaida et al., 1990; Lowenstein
et al., 1993, Pope et al.,, 1994). Previous studies by our lab have shown that
ectopic expression of C/EBPp, as well as C/EBPa and C/EBPS, in a lymphoblast
cell line P388D1, which has no endogenous C/EBP expression, can result in

LPS-induced expression of IL-6 and MCP-1 (Macrophage Chemoattractant
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Protein 1) (Bretz et al., 1994; Hu et al., 1998). Chicken C/EBPP was shown to
cooperate with Myb to induce transcription of the myeloid-specific mim-1 gene in
heterologous cell types. (Ness et al., 1993). Most recently, it was found that the
N-terminus of the full-length C/EBPB isoform, which is essential for induction of
the mim-1 gene in chromatin, interacts specifically with the SWI/SNF complex to
activate myeloid genes (Kowentz-Leutz et al. 1999). Overexpression of chicken
C/EBPB in multi-potential myeloid progenitor cells promotes eosinophil as well as
myeloid differentiation (Muller et al., 1995; Nerlov et al., 1998). More evidence
has come from murine knock-out analyses. The C/EBPB-deficient mice showed
defective bacterial killing and tumor cytotoxicity by macrophages, as well as
lymphoproliferative disorders (Tanaka et al., 1995; Screpanti et al., 1995). Bone
marrow B cell expansion was impaired, and stromal cell IL-7 mRNA expression
was decreased (Chen et al.,, 1997). However, myelopoiesis was not adversely
affected. Taken together, the data suggest that C/EBPp is essential for mature
macrophage function but less important for the differentiation of various
hematopoietic lineages including granulocytes.

On the other hand, C/EBPa has been shown to be a myeloid specific
switch toward granulocyte differentiation. First, several myeloid specific genes
have C/EBP binding sites in their promoter and can be transactivated by
C/EBPa in transient transfection studies. These include myeloperoxidase (MPO)
and neutrophil elastase (NE) (Ford et al.,, 1996; Oelgeschlager et al., 1996).
Secondly, several important hematopoietic growth factor receptors, such as

granulocyte colony stimulating factor (G-CSF) receptor, macrophage colony
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stimulating factor (M-CSF) receptor, and GM-CSF receptor are regulated by
C/EBPa, in conjunction with other hematopoietic specific transcription factors
such as PU.1 (Hohaus et al., 1995; Smith et al., 1996). Most importantly,
overexpression of C/EBPa in bipotential promyelocytic cell lines (U937 and
HL60) can promote neutrophilic differentiation and inhibit monocytic
differentiation (Radomska et al., 1998). Even more compelling evidence for the
critical role of C/EBPa in neutrophilic differentiation came from targeted
disruption experiments. C/EBPa knock-out mice display a complete lack of
mature neutrophils in both embryonic and newbom mice. This is due, in part, to
the absence of G-CSF signaling because of a significant reduction in G-CSF
receptor mRNA expression (Zhang et al., 1997). More recently, it was found that
the IL-6 receptor mMRNA expression was also greatly reduced in the C/EBPa
deficient mice (Zhang et al., 1998). The G-CSF and IL-6 receptors are clearly
major target genes of C/EBPa. All the above evidence has established that
C/EBPa is a key regulator of granulocyte differentiation.

Recently, accumulating evidence has suggested that the newly cloned
C/EBP family member, C/EBPs, is essential for terminal differentiation and
functional maturation of already committed granulocyte progenitor cells. First of
all, C/EBPe is preferentially expressed in myeloid lineages. It is upregulated
during neutrophil differentiation and downregulated upon monocytic
differentiation (Chin et al., 1997; Morosetti et al., 1997). C/EBPgt significantly
upregulates mim-1 and human myeloperoxidase (MPO) promoters (Chumakov et

al.,, 1997). It directly interacts with the DNA binding domain of c-myb and

20



cooperatively activates transcription from myeloid promoters including those of
mim-1, neutrophil elastase (NE), and GCSF receptor (Verbeek et al., 1999).
C/EBPe is also involved in the positive regulation of lactoferrin gene expression
in neutrophils (Verbeek et al., 1999). Specific disruption of the C/EBPs gene in
mice prevented the maturation of neutrophils in blood (Yamanaka et al., 1997).
The fact that C/EBPe is also a putative retinoic acid target gene suggests that
C/EBPe is a downstream effector of RA-induced granulocytic differentiation of
acute promyelocytic leukemia (APL) cells (Park et al., 1999). Consistent with the
above described data, overexpression of C/EBPe in immature myeloid U937 cells
can induce neutrophilic differentiation (Park et al., 1999). C/EBPg is another
important regulator of granulopoiesis and probably acts downstream of C/EBPa.
because C/EBPa-deficient animals accumulate cells of a less mature phenotype

than C/EBPe-deficient animals (Yamanaka et al., 1997).

1.3.2 Other important transcription factors that play a role in myelopoiesis
Egr-1 can induce monocytic differentiation: Another transcription factor with an
important role in myelomonocytic differentiation is the early response gene Egr-1.
Egr-1 was cloned as an early response gene during TPA treatment of human
myeloid cell lines and was noted to be up-regulated during monocytic but not
granulocytic differentiation of these bipotential lines (Nguyen et al., 1993). The
Egr-1 gene was found to be transcriptionally silent in HL-60, but active in U-937

and M1 cells. The latter two cell lines preferentially differentiate toward the
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monocyte/macrophage lineages. Overexpression and anti-sense studies
implicated Egr-1 as an inducer of monocytic differentiation.

Egr-1 can block granulocytic differentiation of HL-60 cells, restricting
differentiation to the monocytic lineage (Nguyen et al., 1993). It can also block G-
CSF induced differentiation of IL-3-dependent 32DclI3 hematopoietic precursor
cells, endowing the cells with the ability to be induced by GM-CSF for terminal
differentiation along the macrophage lineage (Krishnaraju et al., 1995). Ectopic
expression of Egr-1 in the M1 myeloblastic leukemic cell line resulted in
activation of the macrophage differentiation program in the absence of a
differentiation inducer (Krishnaraju et al., 1998). The observed function of Egr-1
as a positive modulator of monocyte/macrophage differentiation varies,
depending on the state of lineage commitment for differentiation of the
hematopoietic cell type beiné examined. Surprisingly, targeted-disruption of Egr-
1 in mice showed no abnormalities of monocytic differentiation or function (Lee et
al., 1996). In this mouse model, it is possible that other members of the Egr-1

family can compensate for loss of the Egr-1 gene.

RAR«a in Myeloid Differentiation and Acute Promyelocytic Leukemia (APL):
Retinoic acid receptor (RAR) has long been known as a key regulator of myeloid
differentiation (reviewed in Lawson and Berliner, 1999). In early 1980s, Breitman
et al (1980) showed that all-trans retinoic acid (ATRA) can induce granulocytic
differentiation of the HL-60 cell line which was derived from a patient with acute

promyelocytic leukemia (APL) and of primary leukemia cells. Retinoic acid (RA)
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exerts its function through RARs that belong to the nuclear receptor superfamily
of transcription factors. RARs control specific gene expression in a ligand
dependent manner. Three APL associated rearrangements of RARa genes have
been identified: t(15:17) results in a fusion protein PML-RAR«a (Kakizuka et al.,
1991), t(11:17) results in PLZF-RARa (Chen et al., 1993) and t(5:17) results in
NPM-RARa (Redner et al., 1996). Both experimental and clinical data indicate
that RARa function is required for the myeloid differentiation process. When a
dominant negative RARa was introduced into mouse bone marrow cells and
cultured in stem cell factor and IL-3, hematopoietic differentiation was blocked at
the hematopoietic stem cell stage. The resultant cell line EML can be induced to
differentiate into erythroid, myeloid and lymphoid lineages depending upon the
exposure to various cytokines and ATRA (Tsai et al., 1994). Treatment with
supra-normal levels of ATRA and IL-3 with stem cell factor leads to the
development of GM-CFU. When further treated with GM-CSF, EML evolves into
promyelocytic cells as represented by the cell line called EPRO whose growth is
GM-CSF dependent. A second ATRA-dependent step in myelopoiesis blocks
EPRO differentiation at the promyelocyte stage. Treatment with supra-
physiological concentrations of ATRA can fully induce neutrophilic differentiation
of EPRO producing polymorphonuclear and “band form” cells (Tsai et al. 1994).
The RARs bind to RA response elements (RAREs) within the promoter of
target genes as heterdimers with RXRs to mediate the RA response. In the
absence of ligand, RAR and RXR can bind to RAREs but repress transcription

from target genes. In this unliganded state, RAR:RXR is associated with co-
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repressors (SMRT or N-CoR), which serve to recruit histone deacetylase-1
(HDAC-1) into a temary complex with RAR and RXR. HDAC-1 can deacetylate
histones providing a closed chromatin structure not accessible to the basal

transcription apparatus, thus inhibiting transcription (Nagy et al., 1997).

1.3.3 Cross-talk between transcription factors determines lineage

Although individual transcription factors have been shown to be crucial for
lineage commitment, myelopoiesis is a more complicated process that is
orchestrated by multiple regulator proteins. The cross-talk between transcription
factors is very important for lineage determination and the regulation of lineage
specific genes by means of either synergism or antagonism. For example, c-Myb
and chicken C/EBPB can combinatorially activate the myeloid specific mim-1
gene. AML-1 is a transcription factc;r and one of thé most frequent targets of
chromosomal translocation in acute myeloblastic leukemia. The resultant fusion
protein AML-1-ETO can inhibit C/EBPa-dependent activation of the myeloid cell
specific rat defensin NP-3 promoter (Westendorf et al., 1998). Since C/EBPa is
important for differentiation, AML-1-ETO may generally block differentiation
through its antagonism of C/EBPq, and thus may contribute to leukemogenesis.
PU.1 controls both cytokine-dependent proliferation and differentiation of
granulocyte/macrophage progenitors (Dekoter et al., 1998). Knock-out studies
demonstrated that PU.1 is required for the development of both the myeloid
(granulocyte, macrophage) and lymphoid (B, T) lineages (Scott et al, 1995). PU.1

can physically interact with C/EBPo. and synergistically activate expression of
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myeloid growth factor receptors such as G-CSF, M-CSF and GM-CSF receptors
(Hohaus et al.,, 1995; Smith et al., 1996; Zhang et al., 1994). PU.1 can also
antagonize GATA-1 in mast cell lineage determination (Singh, personal
communication).

The GATA family of transcription factors has been shown to be important
for erythroid differentiation. However, in myeloid cells, GATA-1 is not expressed
at significant levels, and both GATA-1 and GATA-2 are downregulated during
myeloid differentiation. In contrast to monocytic and neutrophilic cells, high levels
of GATA-1 are detected in eosinophils. It appears that GATA proteins do not play
an important positive role in myelomonocyte development, however, their
downregulation may be critical. Consistent with this, activation of GATA-1
represses myelomonocytic gene expression (Kulessa et al., 1995). Since
eosinophils derived either from myelomonocytic cells or from MEP (a chicken
myleloid progenitor celll line) cells showed concomitant expression of c-Myb, in
addition to NF-M (chicken C/EBPB) and GATA-1, while myelomonocytic cells
lack GATA-1 (Kulessa et al.,1995), it is speculated that the balance between
these three transcription factors plays a pivotal role in lineage determination
(Muller et al., 1995). The lineage commitment of MEP cells (and possible also of
normal progenitor cells) is influenced by the presence or absence of NF-M and
GATA-1 on a background of Myb expression. If GATA-1 is expressed in the
absence of NF-M, progenitors can differentiate into the thrombocytic and

erythroid lineage. However, when NF-M is expressed in the absence of GATA-1,
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myelomonocytic differentiation is favored. Furthermore, the combination of both
GATA-1 and NF-M would allow eosinophilic differentiation.

The relative expression levels of an individual transcription factor may add
another level of regulation for lineage determination. One example is PU.1.
Induction of PU.1 gene expression may induce macrophage differentiation since
PU.1 is expressed at significantly higher levels in the monocytic versus B lineage
(Singh and Glimcher, 1999). Graded levels of PU.1 expression may participate in
cell fate decisions with high levels favoring macrophage development,
intermediate levels favoring B cell development, and an absence of PU.1

favoring T cell development.

1.3.4 A model for myelopoiesis

- Given ‘all of the above data, a simplified model of induction of
hematopoietic differentiation by specific transcription factors has been proposed
(Daniel Tenen et al., 1997). In this model, some yet unidentified signaling events
upregulate specific transcription factors in the hematopoietic stem cells. These
transcription factors undergo autoregulation and upregulate lineage specific
growth factor receptors, such as PU.1 for M-CSF receptor, GATA-1 for EPO
receptor, and C/EBPa for G-CSF receptor. Lineage specific growth factors then

in tum lead to further maturation of corresponding lineages (figure 5).
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1.3.5 C/EBPs in erythroid and lymphoid lineages

C/EBP family members have also been implicated in the differentiation of
the erythroid and B cell lineages. Erythropoietin upregulates expression of
CHOP, a C/EBP family member that acts as a dominant negative regulator of
other C/EBP family members (Coutts et al., 1999). Overexpression of CHOP in
Rauscher cells enhanced erythropoietin and DMSO-induced differentiation, while
inhibition of CHOP expression reduced CFU-E formation. In C/EBPa deficient
mice, the erythropoietin receptor was upregulated, albeit erythroid differentiation
was not adversely affected (Zhang et al., 1997). C/EBP is also upregulated in
the course of erythroid differentiation.

Mice deficient in C/EBPP expression are impaired in their generation of
bone marrow B lymphocytes (Chen et al., 1997). These mice show decreased
expression of IL-7 by bone marrow stromal cells as well as defective IL-7
signaling. C/EBPB has also been shown to be a component of a DNA binding
complex that activates the Id1 gene, a negative regulator of differentiation in pro-
B cells (Saisanit et al., 1997). This suggests that C/EBP patrticipates in blocking
differentiation and promoting proliferation at the pro-B cell stage, but promotes

differentiation through the IL-7 pathway at later stages of differentiation.

1.4 OBJECTIVES
Given the fact that the C/EBP family of transcription factors are important
regulators of myelomonocytic differentiation, one legitimate question that many

investigators in the field are trying to answer is:"What are the target genes of
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C/EBPs that are involved in this differentiation process?". Over the past several
years, numerous genes have been shown to be regulated by C/EBPs. Among
myeloid lineages, the most noteworthy ones were the genes encoding the G-CSF
and IL-6 receptors which are regulated by C/EBPa. However, unlike C/EBPa
knock-out mice, both G-CSF receptor and IL-6 receptor knock-out mice, and
even the double knock-out of both receptor genes, can still generate mature
granulocytes, although the number is much reduced (Zhang et al., 1998). This
leads to the hypothesis that some other genes regulated by C/EBPa that play a
role in myelopoiesis remain to be identified. The objective of my research is to
identify target genes regulated by C/EBPs in the course of myeloid differentiation.
By doing this, we can gain a better understanding of the role of the C/EBP family
of transcription factors in normal myeloid development, as well as in acute
myelogenous leukémia in which a block jn differentiation of myeloid precursors is

a key feature of the disease.
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