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ABSTRACT 

Starting from a population of hematopoietic stem cells, myeloid differentiation is 

a highly regulated process that gives rise to mature myeloid cells including granulocytes 

and macrophages. The purpose of this study was to gain insights into the molecular 

control mechanisms imderlying myeloid development through identifying and 

characterizing regulators of myeloid differentiation and proliferation. 

Study of myeloid differentiation has been hampered by the lack of proper cell line 

models. Initially, we have validated the recently established EML-Cl hematopoietic 

progenitor cell line as a good model system for studying myelopoiesis. We have 

achieved this goal through comparing the expression patterns of a spectrum of critical 

myeloid regulator or marker genes during myeloid differentiation in EML-Cl cells to 

their expression patterns in purified hematopoietic progenitor cells and a panel of 

myeloid cell lines arrested at various stages of myeloid development. 

In this study, we have also characterized a novel member (C/EBPs) of the 

CCAAT/enhancer binding protein (C/EBP) family of transcription factors. Our study 

indicates that C/EBPe protein is highly conserved between rodents and humans, and its 

domain structure is very similar to C/EBPa. Our data suggest that C/EBPe is an 

important regulator of myeloid differentiation as its expression is essentially restricted to 

myeloid cells and its mRNA levels increase significantly during myeloid differentiation. 

In addition, C/EBPe may participate in the regulation of cytokine gene expression in 

mature macrophages as its ectopic expression in P388 lymphoblastic cells conferred the 

ability to express cytokines hi response to lipopolysaccharide (LPS) stimulation. We also 

vi 



discovered that a truncated C/EBPe protein isoform besides the full-length protein may 

be produced in myeloid cells due to differential translation initiation. Multiple putative 

C/EBPe target genes were also identified in our study, including macrophage-colony 

stimulating factor receptor (M-CSFR), gelsolin, mouse macrophage N-acetyl-

galactosamine-specific lectin (MMGL), and Gas7. Our data also suggest for the first 

time that C/EBPe may function as a transcriptional repressor in myeloid cells, as ectopic 

expression of C/EBPe in NFS-58 cells suppressed the expression of lactoferrin and 

granulocyte-colony stimulating factor receptor (G-CSFR) genes. 

To identify potential regulators of early myeloid differentiation or proliferation, 

representational difference analysis (RDA) was used to isolate genes that are activated 

during early myeloid differentiation in EML-Cl cells. A novel member (named 

mAKRa/AKRlC12) of the aldo-keto reductase (AKR) superfamily of cytosolic 

NAD(P)(H)-dependent oxidoreductases was identified. mAKRa mRNA was detected in 

multiple hematopoietic tissues. Within the myeloid system, mAKRa was expressed at 

highest levels in cell lines representing promyelocytes. mAKRa mRNA levels increased 

rapidly in response to interleukin-3 during early EML-Cl differentiation, when the cells 

undergo myeloid commitment and extensive proliferation. mAKRa mRNA levels 

decreased dramatically during terminal differentiation of both EML-Cl cells and MPRO 

promyelocytes. AKRs can act as molecular switches by catalyzing the interconversion or 

inactivation of bioactive molecules including steroids and prostaglandins. We propose 

that mAKRa may catalyze the production or catabolism of autocrine factors that promote 

the proliferation and/or lineage commitment of myeloid precursor cells. 
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CHAPTER 1 

INTRODUCTION 

The research described in this thesis involves the regulation of myeloid 

differentiation within the hematopoietic system. There are two regulatory aspects of 

importance in this work. The first is its regulation by transcription factors and the second 

is by small biologically active molecules. Therefore, in this introduction I will provide 

relatively detailed reviews about these two areas of research. A general introduction 

about hematopoietic development, with emphasis on myelopoiesis is presented first. 

Hematopoietic Development and Myeloid Lineage 

While most cells in adult mammals do not proliferate, there are several 

populations of cells that are constantly regenerating. For example, large numbers of 

blood cells, small intestinal cells, and epidermal cells are lost and replaced in our body 

every day. Most of the replacing cells come from populations of stem cells. The most 

impressive feature of stem cells is their pluripotency. These cells are capable of 

extensive proliferation to generate more stem cells as well as differentiation to create 

more mature progeny. The stem cell population that generates all blood cells is called the 

hematopoietic stem cell (HSC). It has the ability to produce many mature blood cell 

types that are morphologically and functionally diverse. These include erythrocytes, 

neutrophils, basophils, eosinophils, platelets, mast cells, monocytes, macrophages, 

osteoclasts, and the T and B lymphocytes. The existence of pluripotential HSCs was first 

shown by Till and McCuUoch (197), who injected bone marrow cells into mice whose 
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hematopoietic cells had been destroyed by irradiafion. Some of these donor cells 

produced discrete nodules on the spleens of the host animals that consisted of 

erythrocyte, granulocyte, and megakaryocyte precursors, suggesting that a single cell 

from the bone marrow was capable of producing many of the different blood cell types. 

Further studies using irradiated bone marrow cells with distinct chromosome 

abnormalities as donor cells showed that the cells within each resultant splenic nodule 

possessed the same chromosome abnormality, confirming the single cell origin of these 

cells. Over the years, immunological studies have found that a number of surface 

antigens appear to be associated specifically with HSCs, such as Sca-1, and high levels of 

CD34 and c-kit. A combination of physical and immunological purification methods 

have been developed that permit the purification of HSCs to near homogeneity from 

mouse bone marrow (184). This advance has been extremely important for cellular and 

molecular studies of HSCs as they represent only 0.01-0.005% of all nucleated cells in 

the bone marrow. The ability to distinguish HSCs from other cell types has also led to a 

better understanding about their embryonic origin in a variety of organisms. In liigher 

vertebrates, HSCs first appear in the yolk sac, and are the origin of the primitive 

hematopoietic cells (primarily nucleated erythrocytes) seen during early embryogenesis 

(81, 138). Stem cells are also found in an intraembryonic structure termed the aortic-

gonadal-mesonephros (AGM) region and this site is likely to be the major source of 

HSCs that populate the adult mammal (128). HSCs are subsequentiy found in the 

embryonic liver, while the primary site of hematopoiesis in adults is in the stroma of the 

bone marrow, and, in mice, also in spleen. 



Over the years, staining and microscopic observation of hematopoietic cells have 

largely uncovered the multiple lineages and the differentiation stages within each lineage 

downstream of the HSCs. A generally accepted hematopoietic differentiation scheme is 

illustrated in Figure 1.1. In general, during development the pluripotent HSCs gradually 

lose their differentiative capacity through multiple commitment events that define the 

various lineages of the system. Two multipotent daughter cell types, the myeloid and 

lymphoid progenitor cells, are first produced from HSCs. Through further commitment 

the myeloid progenitor cells then differentiate along different pathways to give rise to 

mature erythrocytes, megakaryocytes, mast cells, macrophages, and granulocytes. The 

lymphoid progenitor cells are able to produce both B cell and T cell lineages. The 

existence of these two progenitor populations in the bone marrow have been confirmed 

by the isolation of cells that can only give rise to lymphoid or non-lymphoid populations 

(1,90). 

Besides undergoing progressive restriction of lineage potential and gradually 

acquiring the characteristics of mature cells, hematopoietic differentiation is accompanied 

by extensive proliferation at immature stages. This is indicated by the difference between 

the extreme scarcity of HSCs and the enormous amount of mature blood cells produced 

every day in our body. However, as cells progress along the pathway, proliferation stops. 

This is the same for other developmental systems as well. As HSCs differentiate along 

different pathways, they gradually lose the ability to self-renew and eventually become 

mitotically quiescent upon terminal maturation. Therefore the regulation of 

differentiation and the control of proliferation are likely to be closely coupled events 

during hematopoietic development. 
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As one would imagine, hematopoietic differentiation is under extensive regulation 

due to the requirement of producing many different blood cell types for both everyday 

needs and the occasional rapid response to acute stress such as blood loss or infection. 

This notion has been confirmed by the identification of a large number of regulators of 

hematopoiesis over the years. These include both extrinsic factors such as growth factors 

and biologically active molecules, as well as intrinsic factors including transcription 

factors and signal transduction molecules. Normal hematopoiesis is likely to be the result 

of complex interactions among these identified factors as well as many other regulators 

yet to be discovered. Therefore, investigation of the control mechanisms of 

hematopoietic differentiation has become a major focus of the hematopoiesis field. 

Uncovering these molecular control mechanisms will not only expand our understanding 

of developmental biology in general but also have clinical importance. Many life-

threatening diseases are associated with abnormal control of hematopoietic 

differentiation. The most dramatic examples are leukemias, which are believed to be 

caused by clonal expansion of hematopoietic cells whose normal proliferation and/or 

differentiation programs have been disrupted by somatic mutation(s) (61, 116). These 

mutations presumably disrupt the normal function of critical regulatory genes, which in 

turn confer on the affected cells either proliferative or survival advantages over normal 

cells. Therefore, a clear understanding of how normal hematopoiesis is controlled and 

how in leukemias these mutations cause disruption of this control will be very helpful in 

designing better therapeutic strategies. 

Although erythrocytes, platelets, mast cells, granulocytes, and macrophages all 

derive from myeloid progenitor cells, the pathways that give rise to granulocytes and 
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macrophages are generally knovm as the myeloid lineage. Because this thesis work 

concerns the differentiation of the myeloid lineage, it is depicted in more detail in Figure 

1.1. After committing to the myeloid lineage, myeloid progenitor cells first give rise to 

myeloblasts, the common precursor of both monocytic and granulocytic cells, also called 

colony forming imit-granulocyte macrophage (CFU-GM). The myeloid lineage 

subsequently diverges into two different pathways, the granulocytic and monocytic 

pathways. CFU-GMs can differentiate along either pathway to eventually give rise to 

mature neutrophils or macrophages. During these processes, a few morphologically 

distinct intermediate cell types, such as promyelocytes in the granulocytic lineage and 

monocytes in the monocytic pathway are also produced. 

Models for Studying Myelopoiesis 

Efforts in studying myelopoiesis can be divided into two phases, the identification 

of regulators of myelopoiesis and the subsequent characterization of the activities of 

identified factors. These factors have been identified through a variety of approaches, 

such as purification of growth factors from culture medium that promote the survival, 

proliferation, or differentiation of myeloid cells, identification of differentially expressed 

genes during myeloid differentiation using subtractive hybridization or RNA differential 

display, or identification of the gene mutations that cause myeloid leukemias. The 

characterization of these regulators has been carried out in two different model systems, 

the whole animal system and immortalized cell lines. Both systems are very useful, but 

each has its drawbacks. For instance, gene targeting in mice is a great example of using 

the whole animal to assess directly the function of a regulator in vivo. However it is 
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difficult to purify and subsequently maintain, detailed characterization of potential 

defects at the molecular level is technically very difficult. Also the knockout animals 

only reflect the earliest point during differentiation where the factor of interest is 

required, which makes the investigation of its possible role(s) during later differentiation 

impossible if solely dependent on this approach. The advantage of using cell line models 

lies in the ease of obtaining large quantities of an essentially pure population of cells in 

culture, which allows extensive molecular manipulation. However, the major concern is 

that most of these cell lines are originally derived from leukemic sources, and whether 

these cell lines truly mimic cells in vivo is questionable. In addition, many of these 

myeloid cell lines carmot be induced to differentiate in culture. Even though some cell 

lines can, they are only capable of recapitulating a small portion of the myeloid 

differentiation pathway, which greatly limit their usefiilness. For example, human 

promyelocytic cell line HL-60, which has been extensively used in myeloid studies is 

only able to recapitulate later phases of granulocytic differentiation from the 

promyelocyte stage to mature neutrophils, making it unsuitable as a model for studying 

processes of early myelopoiesis such as myeloid commitment. Therefore, the best 

strategy for studying myelopoiesis is the combination of both animal models and 

appropriate cell line models. 

Transcriptional Regulation of Myelopoiesis 

Myeloid differentiation can be fundamentally considered as a process of ordered 

gene regulation that culminates in the expression of specific genes in different 

sublineages and differentiation stages. The concept that transcriptional regulation is of 
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importance in myeloid differentiation is supported by the fact that many transcription 

factor genes, such as AMLl and PLZF, have been found to be altered in a variety of 

myeloid leukemias. In recent years, knockout studies in mice have also shown that 

many transcription factors, such as C/EBPa, PU.l, and SCL, are essential for myeloid 

development, which firmly establishes the significant role played by transcription factors 

in the control of myelopoiesis. These transcription factors are thought to regulate the 

expression of genes that are critical for differentiation along the myeloid lineage, hence 

disruption of their function leads to a block in myeloid differentiation. Therefore, an 

understanding of transcription factor function is essential to the study of myeloid 

development. Regulation by transcription factors is most likely to occur at the 

transcription initiation step. Therefore, before we go into details about the transcription 

factors involved in myeloid differentiation and their functions, I will first provide a 

review of transcriptional initiation controlled by RNA polymerase II and its regulation in 

general. 

The Regulation of Transcription Initiation 

Transcription initiation is one of the most important ways in which gene 

expression is regulated. The mechanism by which an RNA molecule is accurately 

synthesized is highly ordered in both prokaryotes and eukaryotes. While in prokaryotes, 

all RNA synthesis depends on a single RNA polymerase, transcription in eukaryotes is 

accomplished by three different RNA polymerases: I, II, and III. RNA polymerase I is 

responsible for synthesizing ribosomal RNA, RNA polymerase II transcribes protein 

coding genes and most small nuclear RNAs, and RNA polymerase III is in charge of 
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synthesizing tRNAs and ribosomal 5S RNA. The initiation of RNA polymerase II-

directed transcription is a multistep process requiring the coordinated interaction of many 

proteins. These include basal factors assembled proximal to the transcription start site, 

activators bound to more distal enhancer sequences, and accessory factors that function to 

bridge these two groups, all of which make important contributions to transcriptional 

regulation. The region proximal to the transcription start site contains two DNA elements 

that are common for many promoters of protein-encoding genes. They are the TATA 

motif [with consensus sequence TATA(A/T)A(A/T)], which in promoters of higher 

eukaryotes is located approximately 30 nucleotides upstream of the transcription start 

site, and the pyrimidine-rich initiator element, which encompasses the transcription start 

site (217, 228). Although it was initially believed that most protein-encoding genes 

contained a TATA motif, many promoters of genes transcribed by RNA polymerase II, 

particularly those of housekeeping genes and also most myeloid genes, lack TATA 

elements. The TATA and initiator elements constitute the principal DNA target for the 

formation of a protein complex called the preinitiation complex (PIC) which consists of 

RNA polymerase II and accessory proteins known as the general transcription factors 

(GTFs). It was recently discovered that some of these TATA-less genes contain a 

downstream promoter element (DPE) located at about +30 relative to the transcription 

start site. Like TATA elements these DPEs can also serve as a docking site for the PIC 

formation (30, 31). 

To date, five GTFs including TFIIB, TFIID, TFIIE, TFIIF, and TFIIH have been 

identified, and all of them are required for transcription. Each GTF has a distinct 

function and appears to assemble into PIC in an orderiy fashion. TFIID is the only GTF 
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that has been shown to have specific promoter binding activity. TFIID is a multisubunit 

complex consisting of a polypeptide named TATA binding protein (TBP) that binds to 

the TATA element present in most promoters and additional TBP-associated factors 

(TAFs). Eight to twelve TAFs have been found to associate with TBP, and a variety of 

experiments indicate that they can function as promoter-recognition factors, as 

coactivators capable of transducing signals from enhancer-bound activators to the basal 

machinery, and as enzymatic modifiers of other components of PIC (3). In the most 

general cases, transcriptional initiation requires the binding of TFIID to the TATA 

element. On promoters lacking a TATA element, the initiator element can mediate 

nucleation of the PIC. TAFs may play a significant role in this situation due to their 

ability to recognize the initiator element as well as the DPE. TFIIB is the next factor to 

enter the PIC. TFIIB interacts with both TBP and RNA polymerase II and can be thought 

of as a molecular bridge. The interaction between TFIIB and RNA polymerase II is also 

thought to be important in the determination of the transcription start site. TFIIB also 

interacts with TFIIF, which binds RNA polymerase II and delivers it to the PIC (68). 

Finally the resultant complex requires the association of two more GTFs, TFIIE and 

TFIIH, to be able to initiate transcription. The functions of these two GTFs are not 

completely clear. TFIIH is a multiunit complex that supports various catalytic activities, 

including DNA-dependent ATPase, ATP-dependent DNA helicase, and serine/threonine 

kinase activities. The helicase activity of TFIIH is thought to be required for unwinding 

the DNA around the transcription start site. The kinase activity is considered to be 

responsible for phosphorylating the carboxyl-terminal domain (CTD) of the large subunit 

of RNA polymerase II upon transcription elongation. TFIIE stimulates TFIIH kinase and 
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ATPase activities, but inhibits helicase activity. Due to the requirement of TFIIH 

helicase activity, TFlIE-imposed inhibition must be overcome for transcription initiation 

to proceed. One hypothesis is that the phosphorylation of CTD stimulated by TFIIE 

induces conformational changes in the PIC resulting in the departure of TFIIE. This is 

supported by the observations that both TBP (207) and TFIIE (124) interact with the 

nonphosphorylated but not the phosphorylated form of RNA polymerase II. Once PIC 

assembly is complete, and in the presence of nucleoside triphosphates, strand separation 

at the transcription start site occurs to give an open complex, the CTD of the large 

subunit of RNA polymerase II is phosphorylated, and RNA polymerase II initiates 

transcription and is released from the promoter. 

Worth mentioning is another factor called TFIIA which was originally considered 

to be a GTF and to be essential for transcription from many if not all class II promoters. 

However, following extensive mechanistic characterization and cloning of the genes 

encoding the subunits of TFIIA, it is clear now that TFIIA is best defined as a coactivator 

that supports regulation of RNA polymerase II transcription. Early in PIC assembly, 

TFIIA can associate with and stabilize the TFIID-DNA or the TFIIB-TFIID-DNA 

complexes, allowing them to ward off the effects of inhibitory cefaclors and enhance the 

stimulatory effects of transcription activators (25). 

Transcription directed by core promoter elements in the absence of regulatory 

components as described above has been defined as basal transcription. However, basal 

transcription is likely to be an artifact of experimental studies on transcription in vitro and 

the default expression state of any given gene is probably close to silent as a result of 

chromatin structure and the presence of repressors. In eukaryotes, transcription activators 
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that have the ability to recognize specific sequence elements located upstream or 

downstream of the core promoter elements are required to achieve transcription, 

especially when the transcription events are induced by environmental or developmental 

signals. There are a large number of transcription factors that have been identified over 

the years. These transcription factors usually contain at least two domains, a DNA 

binding domain that recognizes specific DNA sequences and an activation domain that 

activates transcription. Transcription factors are often grouped into families based on the 

structures of their DNA binding domains. Some common DNA binding motifs whose 3-

dimensional structures have been solved include the homeobox, the zinc-finger, the basic 

leucine zipper (bZIP), the basic helix-loop-helix (bHLH), the rel homology, the Ets 

homology, and the Myb homology domains (119). 

The binding of specific transcriptional activators to enhancer elements is thought 

to be the catalytic event in activating transcription in vivo. There are a number of 

mechanisms that transcription factors use to stimulate transcription. Transcriptional 

activators can stimulate transcription indirectly by preventing the repressive effects of 

chromatin. Occluding promoter sequences with nucleosomes results in decreased 

accessibility of transcriptional regulatory proteins to the promoter. This mechanism of 

inhibition affects the transcription of all genes. Some transcription activators, such as 

Spl, have the ability to bind to their binding sites in vifro even when they are packaged 

into nucleosomes (107). Transcription activators interact with histone acetylases such as 

Gcn5 (23), or the Swi/Snf complex containing ATP-dependent nucleosome remodeling 

activity (45, 95). Acetylation of histones alters chromatin structure and increases the 

accessibility of chromatin templates to transcriptional regulatory proteins (104, 209). In 
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contrast, TBP is essentially unable to bind the TATA element when template DNA is 

complexed into nucleosomes (224). Therefore, one mechanism that transcription 

activators may utilize to stimulate transcription is to alter the chromatin structure 

surrounding the TATA element allowing more efficient binding of TBP. 

Since transcription activators are also capable of stimulating transcription from 

naked DNA, restructuring chromatin cannot solely account for activation by these 

tianscription activators. In vitro, activation domains of transcription factors have been 

shown to interact directly with a number of components of the general transcription 

machinery. These include TBP (188), TAFs (200), TFIIA (89), TFIIB (112), TFIIF (83), 

and TFIIH (225). Therefore activators may stimulate transcription by directly recruiting 

components of PIC through protein-protein interaction or by stabilizing the PIC. This 

hypothesis may also explain the synergistic effects of activating transcription commonly 

observed for two or more activators. One possibility is that these activators may interact 

with different components of the PIC in concerted fashion, hence greatly promoting the 

assembly and/or stability of the PIC. One such example is demonstrated in Drosophila. 

The synergy between two tianscription activators, Bicoid and Hunchback, was shovra to 

result, at least in part, from specific interactions with two distinct Drosophila TAFs that 

enhance TFIID recruitment (167, 168). Another scenario is that one activator is 

responsible for recruiting factors with chromatin-remodeling activity while the other 

interacts with components of the PIC and promotes its assembly. Evidence for this 

comes from a recent study concerning synergistic activation of myeloid gene expression 

by the two transcription factors C/EBPp and c-Myb. A chimeric protein consisting of c-

Myb and the SWI/SNF-interacting domain of C/EBPp was able to achieve a high level of 
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differentiation. Isolation of factors that bind to myeloid-specific promoters has also 

helped identify regulators of myeloid transcription. Finally, a number of transcription 

factors, including AMLl and SCL (13, 52, 137), have been identified through their 

involvement in leukemias. 

A series of experimental approaches has been used to characterize the function(s) 

of factors identified with these methods. For example, the point in the myeloid pathway 

at which the factor functions can be determined by examining its expression patterns 

during myeloid differentiation in both differentiation-inducible myeloid cell lines and 

purified primary hematopoietic cell populations. The mapping of promoter elements that 

control cell-specific expression of myeloid genes has helped to identify putative target 

genes and also potential functional partners for these transcription factors. The use of 

both loss of function and gain of function approaches has been employed extensively to 

attempt to define the role of these transcription factors in the regulation of myeloid 

differentiation. These later studies, especially the use of targeted gene knockouts in mice, 

have contributed significantly to our understanding of the functions of these transcription 

factors in vivo. 

Many of these transcription factors display differentiation stage specific 

expression patterns. Some are primarily expressed in immature myeloid cells and others 

are restricted to later stages of myeloid differentiation. The differential expression 

patterns of these transcription factors suggest that they may primarily function at specific 

stages of myelopoiesis and may be directiy responsible for modulating gene expression 

profiles along the differentiation pathway. For instance, the expression of SCL is 

primarily detected in immature progenitor cells of multiple lineages, but not in mature 
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cell types (13, 141). Mice lacking SCL died in utero due to a complete lack of blood 

cells, which suggests that this protein functions very eariy in hematopoietic development 

(162, 179). In contrast, MZF-1 is preferentially expressed in neutrophils and, perhaps not 

surprisingly, antisense oligonucleotides targeted against MZF-1 block terminal neutrophil 

differentiation, but do not affect earlier stages of the differentiation process (11). 

Besides differentiation specific expression patterns, many of these transcription factors 

also exhibit myeloid specific expression profiles within the hematopoietic system. These 

factors are likely to contribute significantly to the activation of myeloid specific gene 

expression. This hypothesis has been supported by numerous knockout studies in mice. 

For example, the bZIP protein C/EBPa is only expressed in myeloid cells within the 

hematopoietic system. Mutation of the C/EBPa gene in mice led to a specific block in 

myeloid differentiation at the myeloblast stage of the granulocytic lineage (234). 

Because the work described in the early part of my thesis focuses on 

characterization of a novel myeloid-specific transcriptional regulator named C/EBPe, I 

will give an overview of the currently known transcription factors important for myeloid 

differentiation. These will include transcription factors required for the normal 

development of all hematopoietic lineages as well as factors that are specific for, or 

mainly function within, the myeloid lineage. The focus will be on their expression 

patterns, target genes, and knockout phenotypes within the myeloid lineage. 
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Transcription Factors Required for the Development 
of All Hematopoietic Lineages 

SCL (TAL) 

SCL is a member of the basic helix-loop-helix (bHLH) family of transcription 

factors. It was first identified through the cloning of chromosomal translocation 

breakpoints associated with human acute T-cell leukemia (13, 52). Although SCL is 

primarily expressed in early hematopoietic progenitor cells (13, 141), its expression has 

also been observed in more mature erj^hroid, megakaryocytes, and mast cells (65, 212). 

SCL knockout mice die in utero as a result of the absence of blood formation (162, 179). 

In vitro differentiation assays showed that SCL null embryonic stem cells fail to produce 

all hematopoietic lineages (157), suggesting that SCL fimction is critical very early in 

hematopoietic development. The target genes for SCL in the hematopoietic system are 

still unclear. It is possible that SCL may be important in the determination of 

hematopoietic cell fate and/or the maintenance of hematopoietic stem cells. 

GATA-2 

GATA-2 is a zinc-finger tianscription factor with highest expression levels in 

progenitor cells within the hematopoietic system (1, 152). Experiments initially 

suggested that GATA-2 is involved in the regulation of erythropoiesis. GATA-2 

expression decreases during erythroid differentiation (226), and forced expression of 

GATA-2 promotes proliferation and blocks differentiation in erytiiroid precursor cells 

(22). Knockout studies confirmed this hypothesis as mice lacking GATA-2 die in utero 

due to a marked reduction in the number of red blood cells (RBCs) (202). However, 
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close examination of the embryonic stem (ES) cells from these mutant mice indicated 

that GATA-2 function is important for the production of almost all hematopoietic cells. 

In vivo, GATA-2 null ES cells contribute little to blood cells in chimeric mice produced 

by intioducing these mutant ES cells into wild-type blastocysts (203). Although GATA-

2 null ES cells can give rise to cells of all hematopoietic lineages, except mast cells, in in 

vitro differentiation assays, the rate at which precursors of these lineages are produced by 

mutant cells is significantly lower than by wild-type ES cells (203). These data point to a 

critical role for GATA-2 in regulating the proliferation or maintenance of hematopoietic 

progenitor cells. 

c-Myb 

c-Myb is the cellular covmterpart of v-Myb, which was isolated as a retroviral 

oncogene that can transform chicken hematopoietic cells and thereby cause various 

leukemias (120). The expression of c-Myb is abundant in immature hematopoietic cells 

of all lineages and decreases as these cells differentiate. One function of c-Myb in 

immature hematopoietic cells may be to promote their proliferation. This idea is 

supported by the observation that treatment of hematopoietic progenitor cells with 

antisense c-Myb oligonucleotides leads to growth arrest and inhibition of hematopoietic 

colony formation (60). Within the myeloid lineage, c-Myb regulates the expression of 

the CD 13 gene, an early myeloid marker, and dowoiregulates macrophage-colony 

stimulating factor receptor (M-CSFR) expression (159, 178). Also, c-Myb interacts with 

other transcription factors including the C/EBP proteins and AMLl (71, 133). The 

interaction between c-Myb and C/EBPs could account for the synergistic activation of 
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myeloid genes including neutrophil elastase and chicken mim-1 (29, 150). Gene 

targeting of c-Myb in mice resulted in embryonic lethality with a failure of fetal liver 

hematopoiesis (142). The number of mature definitive erythrocytes and progenitors of 

other hematopoietic lineages in mutant animals was decreased significantiy when 

compared to normal littermates with the only exception of megakaryocytes. 

Granulocytes and monocytes that were produced appeared to be morphologically and 

functionally normal, suggesting a quantitative rather than a qualitative differentiation 

defect in the myeloid lineage. 

AMLl and CBF Family 

AMLl is a member of the core binding factor (CBF) or polyma enhancer binding 

protein 2 (PEBP2) family of transcription factors. The CBF factors consist of two 

subunits, CBFa and CBFp, that form a heterodimer. The a subunit binds DNA while the 

P subunit enhances the binding of the a subunit without binding the DNA directly. The a 

subunit genes include: CBFal, AMLl (CBFa2), and CBFa3. AMLl is normally 

expressed in a number of tissues including hematopoietic tissue, nervous tissue, skeletal 

muscle, and reproductive tissue (136). The implication that AMLl plays an important 

regulatory role during myeloid differentiation comes from its frequent involvement in 

chromosomal rearrangement in acute myeloid leukemia (51, 132, 135, 137). Expression 

studies show that AML expression increases during myeloid differentiation in U937 cells 

(192). Potential target genes for AMLl within the myeloid lineages include M-CSFR 

and granulocyte macrophage-colony stimulating factor (GM-CSF) (191, 230). AMLl 

has also been indicated as a regulator of the expression of IL-3 and T cell receptors in T 
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cells (71, 195). Interaction with other critical transcription factors may play an important 

role in AMLl fimction as it interacts with C/EBPs and c-Myb (71, 232). These 

interactions are potentially essential for the proper regulation of myeloid gene expression. 

Knockout studies targeting AMLl confirmed its critical role in hematopoietic 

development, as these animals displayed a block in the development of all definitive 

hematopoietic lineages (151,215), although primitive hematopoiesis was not affected. 

Similar defects were also observed in CBFp depleted animals, suggesting CBFp is also 

essential for AMLl function (216). 

Transcriptional Regulators Functioning Mainly 
in Myelopoiesis 

CCAAT/Enhancer Binding Protein (C/EBP) Family 
of Transcription Factors 

The first member of the C/EBP family (C/EBPa) was identified by Steven 

McKnight's group in crude nuclear extracts from adult rat liver (82). Isolation of the 

C/EBPa gene led to the discovery of a distinct bipartite DNA binding domain consisting 

of a leucine repeat structure and a positively charged segment located immediately to its 

N-terminal side (96, 97). The leucine repeat structure, or leucine zipper, was 

hypothesized to function as a dimerization domain which has been confirmed by a 

number of studies. The positively charged segment defined as the basic region has been 

shown to directly contact DNA (96, 211). Together these two domains are known as the 

basic:leucine zipper (bZIP) domain, and they form a continuous a helix when bound to 

DNA. Although binding to DNA is not required for dimerization, dimerization was 

shown to be prerequisite for the DNA binding activity of C/EBPa (96). After the 
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discovery of C/EBPa, a number of transcription factors highly similar to C/EBPa in the 

bZIP domain were identified. These sequence homologies suggested that C/EBPa is a 

member of a family of proteins that share similar DNA binding and dimerization 

specificities. This family of transcription factors is now identified as the C/EBP family. 

Today the C/EBP family consists of four highly related members, designated C/EBPa, 

C/EBPp, C/EBP5, and C/EBPe, and two less related members, C/EBPy (Ig/EBP) and 

C/EB?C, (CHOP). All six C/EBP proteins can form homodimers and heterodimers in all 

combinations. With the exception of C/EBPd;, dimers formed by other members of the 

family recognize an optimal DNA sequence which is an inverted palindrome composed 

of directly abutted GCAAT half-sites (165, 166, 221). Naturally occurring C/EBP sites 

rarely match this consensus site precisely. Instead they usually contain a well conserved 

half-site paired with a more divergent one that maintains at least two base pairs of 

homology to the consensus, frequently the G and A at nucleotides 1 and 4 of the GCAAT 

consensus. In addition, C/EBP proteins can also interact through their DNA binding 

domains with other transcription factors including CREB/ATF, Fos-Jun family, NF-KB, 

and c-Myb to regulate gene expression (79, 103, 133, 186, 210). 

C/EBPa, C/EBPp, and C/EBP5 have been shown to be important regulators of 

both cellular function and differentiation in a number of cell types, such as hepatocytes 

and adipocytes. C/EBPa and C/EBPp are also involved in the control of cell growth. 

Specifically, ectopic expression of C/EBPa in NIH-3T3 fibroblasts led to growth 

inhibition through increasing expression of the cyclin-dependent kinase (CDK) inhibitor 

p21 and stabilizing p21 protein (198, 199) while C/EBPp expression can block 

hepatocyte proliferation (28). C/EBPe is a relatively new member of the C/EBP family 
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and was first cloned by Johnson's group from a genomic DNA library by hybridization to 

C/EBPa. The function of C/EBPe was uncharacterized for a period of time due to the 

fact that neither mRNA nor protein products of this gene could be detected in any cells or 

tissues examined (221). My work described in this dissertation has started to define the 

function of C/EBPe. The two less related members of the C/EBP family, C/EBPy and 

C/EB?C„ are both ubiquitously expressed (165, 166) and their physiological fimctions are 

not clear. Due to the lack of transcriptional activation domains, C/EBPy has been 

proposed to negatively regulate the transactivation of their target genes through 

dimerization with other C/EBPs (43). C/EBP^ readily dimerizes with other C/EBPs, 

however the presence of two prolines in its DNA binding region prevents the dimers from 

binding to the consensus C/EBP-binding sequence (166). It has since been thought to 

function as an inhibitor of other C/EBP proteins. However, recent experiments indicated 

that heterodimers containing CfEBVC, and C/EBPp bind to DNA elements different from 

normal C/EBP binding sites, suggesting that C/EBFC, may activate a distinct set of target 

genes in a cell (204). C/EBP^ expression is induced by growth arrest and DNA damage, 

suggesting that it may play a role in mediating the cell's response to environmental stress 

(54). 

An interesting feature of the differentiation function of C/EBP factors is that 

different members appear to collaborate in a cascade fashion to regulate differentiation. 

This feature is best exemplified during adipocyte development. Although knockout 

studies in mice have provided strong evidence that C/EBPa, C/EBPp, and C/EBP5 are all 

important regulators of adipocyte differentiation (194, 214), these C/EBPs are expressed 

at different stages of adipocyte differentiation. The expression of C/EBPp and C/EBP5 
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increases rapidly in 3T3-L1 preadipocytes during differentiation. However these two 

C/EBPs diminished during the late phase of differentiation concordant with the 

appearance of high levels of C/EBPa expression (227). These experiments also indicated 

that although C/EBP proteins shared identical DNA-binding specificity, they were likely 

to have distinct functions even during the same differentiation process. 

Within the hematopoietic system, the expression of C/EBP proteins is primarily 

restricted to the myeloid lineage with the exception that C/EBPp is also expressed in B 

cells. C/EBPp was the first C/EBP shown to be expressed in the hematopoietic system. 

Kishimoto's group first reported cloning the human C/EBPp gene from a human 

monocyte cDNA library (2), and further showed that C/EBPp is expressed in purified 

human monocytes and its expression increased during monocytic differentiation in a 

number of myeloid cell lines (145). The expression of C/EBPa and C/EBP5 in 

hematopoietic cells was first observed by Friedman's group. Their data indicated that 

C/EBPa, C/EBPp, and C/EBP5 were primarily expressed in myeloid cells within the 

hematopoietic system and that, in contiast to C/EBPp, C/EBPa was expressed at high 

levels in immatvire myeloid cells and its expression decreased with differentiation (173). 

The expression of these C/EBPs in myeloid cells suggested that they might play 

important roles in myeloid differentiation or function. This hypothesis has subsequently 

been confirmed by gene knockout studies. C/EBPa knockout mice were generated in the 

laboratory of Gretchen Darlington. These mice died within the first few hours after birth 

due to impaired glucose metabolism (214). Examination of the hematopoietic system of 

newborn C/EBPa null mice indicated that granulocytic differentiation was blocked at the 

myeloblast stage and no neutrophils and eosinophils were produced in these mice (234). 
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However, cells of other lineages including monocytes, red blood cells, platelets, and 

lymphoid cells appeared quantitatively unaffected. Molecular examination of myeloid 

cells from knockout animals revealed that the level of the granulocyte-colony stimulating 

factor receptor (G-CSFR) mRNA was profoundly and selectively reduced, whereas M-

CSFR and GM-CSF receptor (GM-CSFR) mRNA levels were comparable in wild type 

and mutant mice. However the decreased expression of G-CSFR gene cannot fully 

accovmt for the hematopoietic defects observed in C/EBPa deficient mice as G-CSFR 

knockout mice are still able to produced mature neutrophils (176). Therefore, other 

critical C/EBPa target genes are likely to be present in myeloid cells in addition to G-

CSFR. 

Several studies have suggested that C/EBPp may function primarily in the 

regulation of inducible genes expressed in macrophages during inflammatory responses 

rather than in the regulation of gene expression associated wdth myeloid differentiation. 

C/EBPp expression is strongly induced in macrophages activated by stimuli such as 

lipopolysaacharide (LPS) and C/EBP-binding motifs are present in the functional 

regulatory regions of genes specifically induced in activated macrophages, such as 

interleukin-6 (IL-6), interleukin-la (IL-la), interleukin-8 (IL-8), tumor necrosis factor a 

(TNFa), G-CSF, nitric oxide synthase, and lysozyme genes (117, 143, 145, 236). In 

support of this hypothesis, it has also been demonstrated tiiat ectopic expression of 

C/EBPp confers on a lymphoblastic cell line the ability to induce the inflammatory 

cytokines, IL-6 and monocyte chemoattractant protein 1 (MCPl), in response to LPS 

(21). Disruption of the C/EBPp gene in mice led to serious defects in the bactericidal and 

tumoricidal activities of macrophages. Somewhat surprisingly, LPS-stimulated cytokine 
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production was largely intact in the C/EBPp deficient macrophages, with the exception of 

granulocyte-colony stimulating factor (G-CSF) (193). It is possible that the inconsistency 

between knockout and in vitro studies is due to functional redundancy amongst C/EBP 

family members in macrophages (193). This idea is supported by the observation that 

C/EBPa, C/EBP5, and C/EBPe (see below) can indeed substitiite for C/EBPp in the 

lymphoblastic cell line studies mentioned above (80). Although the role of C/EBPp in 

activating cytokine gene expression in activated macrophages is still under debate, the 

results from these studies suggest that C/EBPp is unlikely to play a significant role in the 

regulation of myeloid differentiation since no myeloid differentiation defects were 

observed in these C/EBPp knockout animals. In a separate knockout study, disruption of 

the C/EBPp gene led to increased serum levels of IL-6 and hyperproliferation of a 

number of different hematopoietic lineages in aged animals, symptoms resembling 

Castleman's disease (175), however it is not clear whether these are direct effects of loss 

of C/EBPp fimction. 

The role of C/EBP5 in myeloid cells is still not clear. So far no defects in the 

hematopoietic system has been reported in C/EBP5 knockout mice. 

PU.l 

PU.l is a hematopoietic specific member of the Ets transcription factor family 

(88). PU.l is expressed at highest levels in myeloid and B cells, but not in T cells (38, 

88). During hematopoietic differentiation, PU.l mRNA is expressed at low levels in 

murine ES cells and human CD34+ stem cells and is specifically upregulated during 

myeloid differentiation (213). The timing of this upregulation coincides with the first 
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detection of early myeloid maturation. PU.l expression is maintained throughout 

myeloid differentiation, and high levels of PU.l mRNA are also detected in mature 

neutrophils and monocytes (38). These expression studies suggest that PU.l may play a 

significant role in the commitment of multipotent hematopoietic stem cells to the myeloid 

lineages, as well as in the further differentiation and maturation of these cells. Over the 

years, cell line studies have shown that many myeloid genes are regulated by PU. 1. 

These PU.l targets include growth factor receptors such as M-CSFR (231), G-CSFR 

(181), and GM-CSFR (74), cytokines such as macrophage inflammatory protein-la 

(MIP-la) (67), signal transduction molecules such as c-fes (158), and markers for 

maturing myeloid cells such as CDl lb (153), myeloperoxidase (53) and proteinase 3 

(189). PU.l appears to regulate the expression of these genes in collaboration with other 

transcription factors. Physical interactions between PU.l and some of these factors as 

well as with GTFs such as TBP have been demonstrated in vitro (8, 69, 144, 235). 

Although the significance of the interaction with TBP is still not clear, it is possible that 

PU. 1 may directly recruit the basal transcription machinery to myeloid promoters, many 

of which lack TATA boxes. Other transcription factors shown to interact with PU.l 

include C/EBP5 (144), c-Jun (8), GATA-1, and GATA-2 (235). These factors could 

regulate the activity of PU.l in either a positive or negative way. For example, the 

interaction between c-Jun and PU.l enhances the ability of PU.l to transactivate the M-

CSFR promoter (14), whereas the binding of GATA-1 or GATA-2 to the Ets domain of 

PU.l inhibits PU.l transactivation of myeloid genes (235). 

Loss-of-function studies have confirmed the important role of PU.l in myeloid 

differentiation. Addition of antisense oligonucleotides directed against PU.l to human 
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CD34+ cells specifically blocked myeloid CFU formation (213). Several groups have 

also used gene targeting approaches in mice to address the function of PU.l. In one 

study, mice lacking PU.l died 1 to 3 days before their expected birth (172). The 

principal hematopoietic defects in these mice were the absence of monocytes, 

granulocytes, and B and T cells. In a separate knockout study, less severe defects in the 

hematopoietic system were observed and the mutant animals remained alive for up to a 

few days after birth (126). These animals lacked monocytes and mature B cells and had a 

reduced number of neutrophils, however T cells were not affected. The reason behind the 

phenotypic discrepancy between these two knockout models is not clear, but both 

demonstrate that PU.l is important for the development of cells of the myeloid lineage 

including monocj^tic and granulocytic cells. 

Worth mentioning is another Ets family member named TEL. TEL is 

ubiquitously expressed, but was found to be involved in a number of chromosomal 

translocations associated with myeloid leukemia (63, 64). Although the role of TEL 

during myeloid differentiation is not clear, it could also be an important regulator. 

PLZF 

The promyelocytic leukemia zinc finger (PLZF) gene is a zinc finger transcription 

factor and was first identified as a component of a chromosomal rearrangement in acute 

promyelocytic leukemia (APL) where it is involved in a reciprocal chromosomal 

translocation with the retinoic acid receptor a (RARa) gene (39, 40). Within the 

hematopoietic system, the expression of human PLZF was detected in myeloid cell lines 

but not in lymphoid cell lines (40). Human PLZF gene expression appears to be 
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downregulated during myeloid development as the levels of PLZF mRNA decline during 

terminal granulocytic differentiation in NB4 and HL60 promyelocyte cell lines (40). 

Studies in mouse confirm the decreasing expression pattern of PLZF during myeloid 

differentiation. The murine homologue of PLZF is expressed at highest levels in 

multipotent progenitor cell lines such as FDCP-Mix4 and at lower levels in committed 

cell lines (161). PLZF mRNA levels decrease during myeloid differentiation in FDCP-

Mix4 cells. These expression studies suggest that PLZF may primarily function during 

early myelopoiesis, however its exact role is still very much unclear. It has been shown 

that PLZF can repress transcription from a promoter bearing its binding site in transient 

transfection assays (109). However, whether PLZF truly functions as a transcription 

repressor in vivo is still to be determined. Overexpression of PLZF in 32Dcl.3 

myeloblasts inhibited growth and induced a higher rate of apoptosis in these cells, 

suggesting that PLZF may play a role in the quiescence of hematopoietic precursor cells 

(177). 

MZF-1 

MZF-1 is also a zinc-finger transcription factor that is primarily expressed in 

myeloid cells (11, 77). MZF-1 expression increases during granulocytic but not 

monocytic differentiation in HL-60 promyelocytes, suggesting it may play an important 

role in the regulation of granulopoiesis (77). This hypothesis has been confirmed as 

antisense MZF-1 oligonucleotides block the granulocytic differentiation of human bone 

marrow cells (11). MZF-1 may also be involved in tumorigenesis as its expression can 

rapidly transform N1H-3T3 fibroblasts (78). In addition, overexpression of MZF-1 in 
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FDCP-1 progenitor cells decreased apoptosis and promoted oncogenecity of these cells 

(76). Although MZF-1 binding sites have been found in the promoter of a number of 

myeloid genes including CD34, myeloperoxidase, c-Myb, and lactoferrin, its role in the 

regulation of these genes is unclear. Another interesting discovery about MZF-1 is its 

chromosome location at 19ql3.4 (73). MZF-1 is the telomeric-most gene on 19q, with its 

promoter region being less than 1 Okb from the telomeric repeats. Aging hematopoietic 

stem cells lose telomeric size with time. Therefore it is possible that the regulatory 

sequence of MZF-1 gene is disrupted with age, which could play a role in the increased 

incidence of hematopoietic disorder in aged populations. 

Egr-1 

Egr-1 also belongs to the zinc-finger transcription factor family and was 

previously known as an early growth response gene (hence its name) induced by stimuli 

that induce cell proliferation. Within the myeloid lineages, expression of Egr-1 increases 

during monocytic but not granulocytic differentiation in myeloid cell lines, implicating its 

main fimction in the monocytic pathway (148). Antisense Egr-1 oligonucleotides block 

macrophage differentiation in a number of myeloid cell lines such as HL-60 

promyelocytes and U937 myelomonocytic cells as well as normal purified myeloblasts 

(93, 148). On the otiier hand, overexpression of Egr-I blocked granulocytic 

differentiation and promote monocytic differentiation in HL-60 cells and 32Dcl.3 

myeloblasts. These studies suggest that Egr-1 is essential for and restricts differentiation 

of myeloid precursor cells along the monocytic lineage. However, Egr-1 knockout mice 

displayed no apparent defects in monocytic differentiation (105). Although the reason 
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behind this controversy is unclear, it is known that Egr-1 belongs to an immediate early 

gene family whose members share a highly homologous zinc finger DNA binding 

domain (190). Therefore, one explanation for this controversy is that it is possible that 

other members of the Egr-1 family may compensate for the loss of Egr-1 in this mouse 

model. 

Homeobox Genes 

The homeobox genes are a group of transcription factors defined by a specific 

helix-tum-helix DNA binding motif, the homeo domain (125, 174). These factors conttol 

body segment identity in species from Drosophila to mouse (94). Their specific roles in 

hematopoiesis is still largely unclear and their target genes remain to be identified. One 

homeobox gene named HoxAlO is expressed in the hematopoietic system wdth a 

myeloid-restricted pattern (118). It is expressed at highest levels in human CD34+ 

progenitor cells and its expression decreases during myeloid differentiation (102, 169). 

Overexpression of HoxAlO using retroviral infection of mouse bone marrow led to 

increased production of myeloid progenitors in vivo and produced acute myeloid 

leukemia (196). HoxAlO knockout mice also showed an increase in peripheral blood 

neutrophils and monocytes compared to wild-type or heterozygote littermates (234). In 

colony assays, the myeloid colonies derived from the bone marrow of HoxAlO knockout 

animals were extremely large in size and mainly consisted of immature myeloblasts. 

These studies point to a role for HoxAlO in regulating tiie proliferation of immature 

myeloid cells. Another homeobox gene expressed abimdantly in myeloid progenitor cells 

is HoxA9. Constitutive expression of HoxA9 leads to immortalization of murine 
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promyelocytes (33). Disruption of HoxA9 resulted in dramatically decreased production 

of mature granulocytes and B lymphocytes (101). The decrease in granulocyte 

production is thought to be caused by defective G-CSF signaling. These data indicate 

that HoxA9 plays an important role in myeloid differentiation. 

Several other homeobox genes are expressed in mature myeloid cells. One such 

example is Hlx which is expressed in macrophages and neutiophils (5). Overexpression 

of Hlx was able to induce partial myeloid maturation in an early myeloid cell line FDC-

Pl. Another example is HoxB7 whose expression is upregulated during monocytic 

differentiation of promyelocytic HL-60 cells (111). Its overexpression inhibited 

neutrophil differentiation of HL-60 cells. 

In summary, over recent years an increasing number of homeobox genes have 

been shown to be involved in the regulation of myeloid differentiation. However, the 

mechanisms they utilize to modulate myelopoiesis and their target genes remain to be 

elucidated. 

Transcriptional Mechanisms Directing 
Myeloid-specific Gene Expression 

Many myeloid promoters differ from previously described tissue-specific 

promoters in two aspects. One is that a relatively small upstteam region is often capable 

of directing cell-type specific expression in tissue culture studies, although additional 

elements are required for position independent, high-level expression in transgenic 

studies. The best examples are the promoters for genes encoding M-CSFR, G-CSFR, and 

GM-CSFR. Myeloid specific promoter activity is contained within 80, 74, and 70 bases 
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upstream of the transcription start sites for these genes, respectively (74, 181, 230). A 

few other examples are neutrophil elastase (150) and CD14 (233). Another feature that 

distinguishes many myeloid promoters from other tissue-specific promoter is that they 

lack a TATA box or defined initiator sequence. Therefore, it is still not clear how these 

promoters recruit the basal transcription machinery. Some of the transcription factors 

that are normally expressed in myeloid cells such as PU. 1 and C/EBPa have been shown 

to directly interact with TBP (69, 146). These interactions may help mediate recruitment 

of the basal transcription machinery. Interestingly, functional PU.l binding sites have 

been found at approximately the same position in many of these TATA-less myeloid 

promoters as the TATA box occupies in other tissue-specific promoters. This is 

consistent with the idea that PU.l may be responsible for recruiting the basal 

transcription factors to these promoters. In addition, it has also been shovwi for the FcyRl 

gene that a TATA element can substitute for a PU. 1 site that is normally absolutely 

required for its myeloid specific expression (49). Some TATA-less myeloid promoters, 

such as those of CDl lb and CD 14 genes, require a functional Spl site for their activity 

(37, 233). In these cases, the ubiquitously expressed Spl may also help recruit the basal 

tianscription machinery as Spl has been shovm to interact with TBP as well as a TBP-

associated factor, TAFl 10 (50). However it is not clear how cell type specificity is 

determined in these cases as Spl is ubiquitously expressed. 

There are, however, a few myeloid promoters that contain a TATA box. The 

promoters of genes encoding the primary granule proteins such as myeloperoxidase, 

neutrophil elastase, and proteinase 3, contain TATA like elements (139, 149, 150, 189). 

Unlike most myeloid genes, these primary granule genes also display a distinct pattern of 

31 



expression during myeloid development. Their mRNA levels are dramatically 

upregulated at the promyelocyte stage but rapidly downregulated with terminal myeloid 

differentiation. How this unique expression pattern is regulated is unclear. Many of 

these promoters also have functional PU.l binding sites. Perhaps the regulation of these 

genes by PU.l uses a different mechanism than it does for the promoters that do not have 

a TATA element. 

Collaboration between lineage restricted factors and less lineage-restricted factors 

seems to be a common theme in regulating lineage specific gene expression. For 

instance, the M-CSFR gene is exclusively expressed in the cells of the myeloid lineage. 

Characterization of its promoter indicates that three transcription factors are required for 

its promoter activity, C/EBPa, a myeloid specific factor and also two factors with less 

restiicted expression patterns, PU.l which is expressed in myeloid and B cells, and 

AMLl which is expressed in all white blood cells (230, 231). These collaborations in 

some cases have been shown to be mediated by direct interaction between these factors. 

For example, C/EBPa has been shovm to interact with AMLl, and this direct interaction 

may help stablize the transcription complex formed on the promoter. The collaboration 

between different tianscription factors may also reflect the requirement for multiple 

cofactors that specifically associate with different transcription factors. One such 

example is the previously mentioned collaboration between C/EBP p and c-Myb in 

activating myeloid genes where the main function of C/EBPp is to recruit the SWI/SNF 

chromatin remodeling activity, as c-Myb alone is unable to do so (91). 
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Regulation of Hematopoiesis by Small 
Biologically Active Molecules 

Many small molecules have been found to modulate hematopoiesis. These 

molecules include retinoids, prostaglandins, and steroids. However, the mechanisms by 

which they regulate hematopoiesis are largely uncharacterized. Since one of my projects 

concerns a novel gene that may be involved in the processing of these molecules in 

myeloid cells, I will try to give a overview of the current knowledge on the ftmctions of 

these molecules in the hematopoietic system. 

Retinoic Acid 

Retinoic acid belongs to a group of natural and synthetic compounds named 

retinoids that are metabolites of retinol (vitamin A). Retinoic acid, especially all-tians 

retinoic acid (atRA) and its isomer 9-cis retinoic acid, have been found to have a variety 

of profoimd effects on vertebrate development, cellular differentiation, and homeostasis 

(46, 115, 129). The signaling pathways activated by these retinoic acid isomers have 

been extensively characterized. The biological activity of these isomers is mediated by 

two different families of nuclear hormone receptors named retinoic acid receptors 

(RARs) and retinoid X receptors (RXRs). These receptors act as ligand-inducible 

transcription factors that regulate the transcription of direct target genes by binding to cis-

acting retinoic acid-response elements (RAREs) on DNA (206). Each receptor family 

contains three distinct members, a, p, and y. While RARs bind both all-trans retinoic 

acid and 9-cis retinoic acid, the RXRs can only bind efficiently to 9-cis retinoic acid 
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(106, 121). The active receptors are believed to be RXR-RAR heterodimers or RXR-

RXR homodimers (87, 122). 

The initial suggestion that retinoic acid plays an important role during myeloid 

differentiation came from the association between defective hematopoiesis and human 

vitamin A deficiency (72). This hypothesis was supported by experiments that showed 

atRA was able to induce myeloid differentiation in the human leukemia cell line HL-60 

(20). Furthermore, it was shown that RARa is primarily expressed in myeloid cells 

within the hematopoietic system (48, 58, 98). The differentiative effect of atRA is 

mediated through RARa. A differentiation-resistant HL-60 cell line was shown to 

express a mutated RARa and forced expression of the wild-type RARa rescued its 

differentiation ability (42, 163). Studies of acute promyelocytic leukemia (APL) further 

confirm the critical role of atRA in myeloid development. APL is characterized by a 

block at the promyelocyte stage of myeloid differentiation. In most cases of APL, the 

gene of RARa on chromosome 17 is translocated and fused with the PML gene on 

chromosome 15. The leukemic cells from these patients can be induced to differentiate 

into mature neutrophils both in vitro and in vivo by high concentrations of atRA (4, 18, 

47). As a result, atRA treatment, the paradigm for cancer differentiation therapy, has 

been used as a standard procedure for treating APL. A fusion protein PML-RARa 

resulting from the translocation is always expressed in leukemic cells. PML-RARa has 

been shown to possess altered DNA binding and transcriptional activities, and to block 

the effect of wild-type receptors on many promoters in a dominant negative maimer (47, 

154, 155). Therefore the presence of PML-RARa may disrupt retinoic acid signaling. 

Three other APL-associated chromosomal translocations involving the RARa gene have 
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been identified. These translocations fuse the RARa gene with the PLZF gene (39), the 

nucleophosmin (NPM) gene (24, 160), and the nuclear matrix associated (NuMA) gene 

(218). These translocations lead to the production of fusion proteins similar to PML-

RARa in the leukemic cells. Transgenic mice expressing the PML-RARa, PLZF-RARa, 

or NPM-RARa fusion proteins developed APL-like symptoms confirming that these 

fusion proteins are directly responsible for the development of APL (70). These 

transgenic studies pointed to a critical role for retinoic acid signaling in the regulation of 

myeloid differentiation. 

Not much is known about the direct target genes for RARa in myeloid cells. One 

such target is the cyclin-dependent kinase inhibitor p21 (113). Other possible targets 

include the Hox homeobox genes that are also expressed in myeloid cells in a dynamic 

manner and are involved in the regulation of myelopoiesis. The Hox genes were 

previously shown to be activated by atRA in human embryonic teratocarcinoma cells (17, 

99, 180). 

Although RARa knockout mice displayed no apparent defects in their 

hematopoietic system, this may reflect the ability of other family members to compensate 

for its fimction (87). It has been shown that otiier members of the RAR family are able to 

rescue HL-60 cells with a RARa mutation (164). 

Retinoic acid is not the only retinoid that has been shown to affect hematopoietic 

differentiation. Studies have shown that 14-hydroxy-4, 14-retroretinol could promote the 

growth of B lymphocytes in culture while another derivative anhydroretinol could 

antagonize the effects of 14-hydroxy-4, 14-retroretinol and thus inhibited lymphocyte 
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growth (26, 27). However, it is not yet clear whether these molecules function through 

nuclear retinoic acid receptors. 

Steroid/Thyroid Hormones 

Steroids and thyroids have important functions in regulating development, cell 

differentiation, and homeostasis (12). Like retinoic acid, they can regulate transcription 

by binding to and activating nuclear hormone receptors, which are direct modulators of 

transcription. The best examples of the regulation of hematopoiesis by steroids and 

thyroids have come from studies on erythroid differentiation. Steroids, including 

glucocorticoids and estrogen, and thyroid hormone have been shown to modulate the 

proliferation and differentiation of erythroid precursor cells. In addition, evidence also 

suggests that steroids are involved in the regulation of both myeloid and lymphoid 

developments. 

The Regulation of Erythropoiesis by Steroid/Thyroid Hormones 

Glucocorticoids 

Multiple lines of evidence have suggested that glucocorticoids may be involved in 

the regulation of erythropoiesis in two aspects. First, glucocorticoids appear to promote 

the proliferation of immature erythroid cells. In vitro, glucocorticoids enhance the 

formation of erythroid colonies (15, 62). Also, glucocorticoids are able to potentiate the 

proliferative effect of erythropoietin on erythroid cells as, in the presence of 

glucocorticoids, relatively low concentrations of erythropoietin are capable of inducing 

maximal erythroid proliferation (205). In vivo, glucocorticoids could restore normal 
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erythropoiesis in patients with certain types of anemia (34, 35, 110). Second, 

glucocorticoids appear to suppress erythroid differentiation. It has been shown that 

glucocorticoids can efficiently block dimethyl sulfoxide-induced differentiation of 

murine erythroid leukemia cells (86, 114, 170). 

Consistent with above observations, further studies in chicken erythroid cells 

showed that GR activation is required for the sustained proliferation and differentiation 

arrest of primary erythroid progenitors (219). These studies also indicate that the effects 

of glucocorticoids on erythroid cells are achieved by the collaboration between GR and 

ligand-activated receptor tyrosine kinases c-ErbB and c-kit. c-Myb has been implicated 

as a direct target gene for activated GR and a mediator for its effects in these cells 

because immediate upregulation of c-Myb mRNA levels was observed upon GR 

activation. GR has also been shown to interact with GATA-1, a zinc-finger transcription 

factor controlling erythroid differentiation. Through this interaction GR represses the 

activity of GATA-1, which may partially account for the erythroid differentiation block 

induced by GR activation (36). GR knockout mice died at birth, but contradictory to the 

in vitro experiments, these mice displayed no apparent defects in erythropoiesis (41). 

More recent experiments have shovm that mice expressing a mutant GR defective for 

transactivation failed to elicit expansion of the erythroid compartment under stress 

conditions such as erythrolysis or hypoxia. This was also found to be true for lethally 

irradiated mice reconstituted with GR-/- fetal liver cells (10). These studies demonstrate 

that GR activation is required for stress erythropoiesis in mammals. 
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Estrogen 

Estrogen appears to negatively regulate erythroid differentiation. It has been long 

knovm that administering high-doses of estrogen can induce anemia in mammals (57, 

134). In chickens, the estrogen receptor (ER) has been shovm to cooperate with the 

TGFa receptor in stimulating outgrov^h of bone marrow-derived erythroid progenitor 

cells and blocking differentiation (171). It has also been demonstrated that ligand 

activated ER can interact with GATA-1 and repress its transcription activity, which may 

contribute to the biological effects of estrogen on erythropoiesis (16). 

Thyroid Hormone 

The role of thyroid hormone in the regulation of erythropoiesis is implied by the 

discovery that the oncoprotein v-ErbA, encoded by the avian erythroblastosis virus, is a 

mutated thyroid hormone receptor a (TRa) that suffers losses of hormone binding 

activity and also transactivation function (7, 208, 229). v-ErbA can cooperate with many 

receptor tyrosine kinases or downstream signal transduction molecules to enhance 

proliferation and differentiation arrest of erjrthroid progenitors in culture (84). It was 

recently shown that unliganded TRa in cooperation with ligand-activated c-kit caused 

long-term proliferation of erythroblasts and blocked differentiation (9), suggesting that 

thyroid hormone may promote erythroid differentiation. This hypothesis is supported by 

the fact that physiological levels of thyroid hormone were able to abolish the 

differentiation arrest induced by unliganded TRa and accelerate terminal differentiation 

(9). Although hematopoiesis was not affected in mice lacking TRa or TRp (55, 56, 220), 

this does not rule out a role for thyroid hormone signaling in erythropoiesis under special 
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physiological conditions (as highlighted in the case of glucocorticoids). In fact, thyroid 

hormone signaling may function in the same pathway with GR in that liganded GR 

transactivates certain reporter genes via the promoter of human TRa (100). 

Steroids in Myeloid and Lymphoid Developments 

Although the mechanism is poorly understood, steroids are also implicated in the 

regulation of both B cell and myeloid development. Sex steroids appear to negatively 

regulate B-cell production in mice. This was initially suggested by the observation that a 

selective reduction in pre-B cells occurred during pregnancy (127). Further studies 

showed that hormone-deficient hypogonadal or castiated mice have increased numbers of 

B-cell precursors, and estrogen replacement reduced them to within the normal range 

(123, 182, 222). In the myeloid system, thyroid hormone and estrone, a derivative of 

estrogen, have been shown to potentiate differentiation in the human promyelocyte cell 

line HL-60 (6, 140). 

Products of Arachidonic Acid Metabolism 

Another group of small molecules that are of potential importance in regulating 

hematopoiesis are the metabolites of the arachidonic acid pathways, including 

prostaglandins and leukotrienes. Prostaglandin h (PGJ2), the natural ligand for the 

nuclear hormone receptor PPARy, has been shovm to induce macrophage differentiation 

in immature monocytes (201). Inhibitors of lipoxygenase activity block in vitro colony 

formation of immature human erythroid and myeloid precursor cells (183). In line with 

this result, leukotrienes B4 and C4 have been found to stimulate expansion of immature 
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human myeloid cells in culture (187). Although the mechanisms by which these 

molecules modulate hematopoiesis are not clear, it is thought that they may function in a 

similar fashion to retinoic acid and steroids through activating their nuclear receptors. 

One model proposed for this group of molecules is that they may act as autocrine or 

intracrine regulators of hematopoiesis. Thus, the identification of enzymes that catalyze 

the synthesis or catabolism of these molecules in hematopoietic cells is of great interest. 

Other Regulators of Myelopoiesis 

Besides transcription factors and small bioactive molecules, growth factors and 

signal transduction molecules are also important regulators of myeloid differentiation. 

Growth factors were the first known regulators of myelopoiesis. They function by 

recognizing their specific receptors on target cell surfaces, and triggering dovmstream 

signaling events that lead to the stimulation of differentiation, proliferation, and/or 

survival of hematopoietic cells. Some growth factors act on cells of limited lineages. 

For instance, erythropoietin (EPO) primarily affects erythroid cells (185), and 

macrophage-colony stimulating factor (M-CSF) mainly stimulates monocytic cells in the 

hematopoietic system (131). Others regulate a wide spectrum of hematopoietic 

populations. The best example is interleukin-3 (IL-3), also knovm as multi-colony 

stimulating factor, which has been shown to promote the commitment, proliferation and 

survival of granulocytic, monocytic, erythroid, mast, and eosinophilic cells (130). 

Hematopoietic cells commonly bear receptors for multiple grovv1;h factors, suggesting the 

collaboration of growth factors in regulating the differentiation and proliferation of 

individual lineages in vivo. Different grovŝ th factors appear to have redundant functions 
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in terms of eliciting similar effects on the same type of cells when used alone. However, 

different growth factors are likely to activate specific pathways in these cells due to the 

synergistic effects displayed by combining them. One such example is the effects of G-

CSF and GM-CSF on purified human myeloid progenitor cells (19). The combination of 

the two factors resulted in an increase of cell numbers in each colony formed in culture 

and this increase in cell number was greater than achievable by using twdce the 

concentration of either factor alone. 

Intracelluar kinases such as JAK2 and JAK3 of the j anus kinase family (66, 147) 

and members of Src family of tyrosine kinases (44) have also been found to regulate 

hematopoietic development in knockout studies. Although many regulators of 

hematopoiesis have been discovered over the years, more remain to be identified. Using 

retroviral insertional mutagenesis in inbred mice, a wide range of new leukemia 

candidate genes have recently been identified (108). These genes include transcription 

factors, growth factor receptors, signal transduction molecules, kinases and phosphatases, 

structural proteins, and RNA processing factors. Many of these genes are also likely to 

be involved in the regulation of normal hematopoiesis. In addition, during a genome-

wide gene expression analysis of murine fetal liver hematopoietic stem cells, himdreds of 

gene products identified correspond to previously undescribed molecules with properties 

suggestive of regulatory functions (156). Many of these genes are potentially important 

for modulating hematopoietic stem cell function and may also regulate dovmstream 

differentiation events. Although significant progress has been made in the hematopoiesis 

field in recent years, current studies indicate that regulation of hematopoiesis is very 

complex and many distinct and interacting pathways are likely to be involved. Therefore, 
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far more work including both detailed functional characterization of known regulators 

and identification of additional players need to be done before we can fully understand 

the regulation of hematopoietic development. 

Purpose of the Study 

The control mechanisms of lymphoid and erythroid differentiation have been 

studied extensively over many years and our knowledge in these areas has been 

dramatically expanded. However, it has only been in the past few years that we have 

made significant progress in our understanding of myeloid pathways leading to the 

production of mature neutrophils and macrophages. More and more regulators of 

myeloid development, especially transcription factors, are being identified. However, the 

mechanisms that these factors utilize to modulate myeloid differentiation are still largely 

unknown. The purpose of this study is to gain insights into the molecular control 

mechanisms underlying myeloid development through identifying and characterizing 

regulators of myeloid differentiation and proliferation. Detailed characterization of the 

regulators of myelopoiesis at the molecular level has been hampered by the lack of 

suitable cell line models capable of faithful recapitulation of normal myelopoiesis. A 

recently established hematopoietic progenitor cell line named EML-Cl bears many 

features of true hematopoietic progenitor cells purified from bone marrow and may 

represent a good model system for studying myelopoiesis. In the first part of the study, 

we analyzed the expression profiles of a spectrum of genes during induced myeloid 

differentiation of EML-Cl cells and compared them to either bone marrow purified 

hematopoietic progenitor cells or a panel of myeloid cell lines arrested at various stages 
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of myeloid development. Our data indicate that EML-Cl cells are able to faithfully 

recapitulate the full course of normal myeloid differentiation and represent an excellent 

model for studying myelopoiesis. In the second part of the study we characterized a 

novel transcription factor named C/EBPe in the hematopoietic system using EML-Cl as 

one of our models. Our data indicate that C/EBPe is an important regulator of myeloid 

differentiation as it displays a myeloid-restricted expression pattern and its expression 

increases during myeloid differentiation especially along the granulocytic pathway. In 

addition, our results indicate that C/EBPe may also play a role in the fimction of myeloid 

cells as it may be involved in the regulation of cytokine production in macrophages. In 

the third part of the study, in order to understand the role of C/EBPe during myeloid 

differentiation, we have identified a number of potential target genes for C/EBPe in 

myeloid cells. In the last part of the study, we have attempted to identify novel regulators 

of myeloid development in EML-Cl cells. A novel member (named mAKRa) of the 

aldo-keto reductase superfamily was identified. Our initial characterization ofmAKRa 

has suggested that it may be involved in metabolizing an unknovm factor that promotes 

the proliferation of immature myeloid cells. 
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CHAPTER II 

MAPPING GENE EXPRESSION PATTERNS DURING 

MYELOID DIFFERENTIATION USING THE EML-Cl 

HEMATOPOIETIC PROGENITOR CELL LINE 

Abstract 

All mature blood cells arise from an ordered series of commitment steps from a 

common population of precursor cells, the hematopoietic stem cells (HSC). Various 

classes of gene products, including transcription factors, growth factors and their 

receptors, intracellular signaling molecules, and intracellular enzymes have been 

identified as regulators of hematopoietic differentiation, and several groups have begun 

the process of cataloging the normal expression patterns of these genes during the 

differentiation process. These studies have been hampered by the relative scarcity of 

bona fide HSCs and the limited differentiation potential of most established cell lines. 

We have begim to examine genome wide expression pattems using the EML-Cl 

hematopoietic cell line as a model for examining molecular events during myeloid 

differentiation. The EML-Cl cell line was established by blocking retinoic acid signaling 

in murine bone marrow progenitors and is capable of undergoing neutiophil 

differentiation in culture when stimulated witii a grow t̂h factor regimen that includes 

interieukin-3, all trans retinoic acid and granulocyte/macrophage-colony stimulating 

factor. Using a combination of Northern blotting, RT-PCR and representative difference 

analysis, we show that several knovm myeloid genes are expressed in EML-Cl cells in 
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pattems consistent with their proposed functions and demonstrate that EML-Cl may be 

an excellent system for the identification of novel genes involved in hematopoietic 

differentiation. 

Introduction 

Hematopoietic differentiation is a complex process whereby multiple functionally 

and morphologically distinct cell types arise from a population of pluripotent 

hematopoietic stem cells (PHSCs). The replacement of spent mature cells is a 

continuous, tightly regulated process that ensures the maintenance of appropriate 

numbers of each cell type. In addition, the system is responsive to conditions of stress 

and insult, responding wdth the increased production of cells required for recovery. The 

accurate and efficient regulation of hematopoietic development is conttoUed by a large 

number of regulatory proteins that have been identified over tiie past few decades. These 

regulatory molecules include the hematopoietic growth factors (HGFs), soluble proteins 

that recognize specific receptors on the surface of sub-populations of hematopoietic cells, 

thereby initiating signal transduction pathways that modulate the differentiation, 

proliferation, and/or survival of target cells (19). These signal transduction pathways 

generally lead to the activation of specific nuclear tianscription factors, many of which 

are expressed in cell- and/or lineage-specific pattems (26). A growing number of 

transcription factors have been identified tiiat are critical for the differentiation of specific 

subsets of hematopoietic cells (31). Additional factors that are capable of modulating 
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hematopoiesis include intracellular protein kinases (7) and enzymes that process small 

bioactive molecules such as steroids and prostaglandins (5, 9). 

The identification of regulatory genes that control hematopoiesis has been 

achieved via a variety of techniques, including the identification of genes involved in 

chromosomal translocations in leukemia, or by targeted mutation of candidate genes in 

mice. In addition, a significant number of regulatory molecules have been identified in 

studies carried out in hematopoietic cell lines. A number of available cell lines derived 

from the myeloid lineage are capable of recapitulating certain steps in the differentiation 

process, thereby permitting the tentative assignment of functions to specific gene 

products based on their expression profile during experimentally-induced maturation. 

Specific examples include the human HL-60 promyelocytic leukemia cell line that has 

been used to study events during terminal maturation of granulocytes and macrophages 

(3), and the murine 32DC1.3 cell line, that can be induced to differentiate into neutophils 

(33). Unfortunately, these cell lines are only useful for studying events that occur late in 

the maturation process and in the case of HL-60 in particular, may reflect an abnormal 

developmental system due to their leukemic origin. The isolation of bona fide PHSCs 

from normal bone marrow is hampered by their relative scarcity and there have therefore 

been several attempts to establish cell lines that retain pluripotent or multipotent 

potential. For example, the FDCP-Mix cell line is a mutipotent, interieukin-3 (IL-3)-

dependent cell line isolated from long-term mouse bone marrow cultures that is capable 

of undergoing multilineage differentiation in response to stroma or various cytokines (10, 

28). However, FDCP-Mix cells appear to represent an early progenitor cell that, unlike 
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bona fide PHSCs, is dependent on IL-3 for survival and expresses markers of myeloid 

and lymphoid lineages (10). 

Recently, another multipotent hematopoietic cell line named EML-Cl was 

generated from murine bone marrow by ectopic expression of a dominant negative 

retinoic acid receptor a (RARa) molecule (32). EML-Cl cells proliferate in the presence 

of stem cell factor (SCF) the ligand for the c-kit receptor, and express multiple surface 

markers characteristic of primitive hematopoietic progenitors (32, 35). Myeloid 

differentiation is specifically blocked in EML-Cl cells by the dominant negative RARa 

protein, but this block can be overcome by culturing in the presence of IL-3 and all trans 

retinoic acid (atRA). Under these conditions, EML-Cl cells differentiate predominantly 

into promyelocytes, and terminal neutrophil maturation can be stimulated by substituting 

granulocyte/macrophage colony stimulating factor (GM-CSF) for IL-3 and SCF after 

three days. A small proportion (10-15%) of macrophages can be detected in 

differentiated cultures and although cells belonging to other hematopoietic lineages arise 

spontaneously at low frequencies in EML-Cl cultures, culture conditions that direct 

mono-specific differentiation for these other lineages have not been reported. 

A limited number of studies have evaluated EML-Cl cells as a model system for 

the molecular analysis of myeloid differentiation by examining expression pattems for 

genes proposed as important regulators of the differentiation process, or required for the 

function of the mature cells. For example, we previously demonstrated that expression of 

the myeloid-specific transcription factor CCAAT/enhancer binding protein e (C/EBPe), is 

activated during the later stages of granulocytic differentiation, particularly after addition 
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of GM-CSF to the culture medium (8). This pattem agrees with studies in other cell lines 

and in C/EBPe-deficient mice that indicate that C/EBPe is required for terminal 

neutrophil maturation. Other genes that have been studied in EML-Cl cells include 

markers of neutrophil granules (lactoferrin and neutrophil gelatinase (14)), a putative 

transcription factor named D3 (35), the receptor for macrophage colony stimulating factor 

(M-CSFR, (37)) and a novel member of the aldo keto reductase superfamily of 

oxidoreductases (8). Although the expression pattems of these genes are consistent with 

their proposed roles in myelopoiesis (where knovm) the number of examples is too small 

to assess the utility of EML-Cl as a model system. Therefore, we have undertaken an 

examination of gene expression pattems of multiple genes knovm to be expressed in 

myeloid cells in EML-Cl cells. In addition, we have used representational difference 

analysis to identify additional genes whose expression increases during the initial stages 

of myeloid differentiation. These studies demonstrate extensive correspondence between 

expression pattems in EML-Cl and other cell systems for multiple genes and establish 

EML-Cl as a powerful model for analyzing molecular control of differentiation of 

neutrophils. We also identified genes that are proposed markers for macrophages and 

mast cells indicating that EML-Cl may be a usefiil model system for the analysis of 

multiple hematopoietic lineages. 
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Materials and Methods 

Cell Culture 

P388 (B lymphoblast), P388D1(IL-1) (macrophage). Ml (myeloblast), WEHI-3 

(myelomonocyte) and IC-21 (macrophage) cell lines were maintained in RPMI 1640 

(BioWhittaker, Walkersville, MD) supplemented with 5% Fetal Bovine Serum (FBS, 

Atianta Biological, Norcross, GA), penicillin and streptomycin. 32DC1.3 (myeloblast), 

FCDP-1 (myeloid progenitor), and NFS-58 (promyelocyte) cell lines were cultiired in the 

same medium supplemented with 20% WEHI-3 conditioned medium (CM) as a source of 

IL-3. M-NFS-60 cells were maintained in RPMI containing 10% FBS supplemented 

with 10% L cell CM as a source of macrophage-colony stimulating factor (M-CSF). 

GG2EE (macrophage) and WEHI-274.1 (monocyte) cell lines were maintained in RPMI 

containing 10% FBS. BHK-MKL (stem cell factor (SCF)-producing cell line), BHK-

HM5 (GM-CSF-producing cell line) and NIH3T3 (fibroblast) cells were cultured in 

Dulbecco's Modified Eagles Medium (DMEM, BioWhittaker) supplemented with 10% 

FBS. MPRO (promyelocyte) cells were cultured in DMEM containing 10% BHK-HM5 

CM. EML-Cl and EPRO cells were maintained in Iscove's modified Dulbecco's 

medium (IMDM) containing 20% Horse Semm (HS, Atlanta Biological) and 10% BHK-

MKL CM or 10% BHK-HM5 CM, respectively. Myeloid differentiation of EML-Cl 

cells was initiated by washing and replating EML-Cl cells at 1 X 10' cells per ml in 

IMDM containing 20% HS, IL-3, SCF and 1 X lO"' M all trans retinoic acid (atRA, 

Sigma, St. Louis, MO) for 6 days. Terminal granulocytic differentiation was induced by 

washing cells after 72 hours in culture under the conditions described above and replating 
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in the same medium except for the replacement of 10% BHK-HM5 CM for WEHI-3 CM. 

Cultures were harvested at various times for RNA preparation. 

Isolation of Hematopoietic Progenitor Cells 

To obtain lineage negative cells (Lin") unseparated murine BM cells were 

incubated for 30 min at 4°C with RA3-6B2 (B220 antigen), GR-1 (Pharmingen), Mac-1 

(Boehringer-Mannheim, Indianapolis, IN), Lyt-2 (CD8), and L3T4 (CD4) (Becton 

Dickinson, Rochelle Park, NJ) antibodies which recognize myeloid and lymphoid-

specific cell surface antigens. Cells were then washed twice and incubated for 30 min at 

4°C with anti-rat IgG-coated magnetic beads (Dynal Corp., Oslo, Norway) at a bead-to-

cell ratio of 40:1. Cells were then separated with a magnetic particle concentrator 

(Dynal) and the Lin" cells were recovered in the supematant and resuspended in IMDM 

supplemented with \0% FBS, penicillin (100 U/ml), streptomycin (100 U/ml), and 3 

mg/ml L-glutamine (complete medium). Lin", Kit^, Sca-T cells were purified by 

fluorescence-activated cell-sorting using anti-c-kit-FITC, Sca-l-PE antibodies and 

isotype matched controls (Pharmingen). These cells were subcultured in complete 

IMDM containing 30 ngs/ml mIL-3 (SOURCE) and 200 ngs/ml mSCF (Peprotech) at 5 x 

10' cells/ml for 3 and 7 days. 
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Total RNA Isolation and Reverse Transcription-PCR (RT-PCR) 

Total RNA was prepared from tissues and cells using a modified Guanidine 

Isothiocyanate (GITC)/phenol extraction procedure as described previously (20). RT-

PCR was carried out using an air-driven thermal cycler essentially as described (30). 

Briefly, l|a,g of total RNA was reverse transcribed using 0.2|ag oligo (dT)i8 and 400 Units 

of M-MLV reverse transcriptase (Life Technologies, Gaithersburg, MD) in a total volume 

of 50 |j,l for 1 hour at 37°C. 2^1 of the RT reaction was then mixed with l|u,l of lOX 

Buffer [500mM Tris-HCl (pH8.3), 2.5mg/ml crystalline BSA and MgCl̂  at 10, 20 or 30 

mM] (Idaho Technology Inc., Idaho Falls, ID), 0.2 mM each dNTP, 150 ng of each 

primer and 1.25 Units Taq DNA polymerase (Fisher Scientific, Pittsburgh, PA) in a total 

volume of 10 îl. Reactions were loaded into a capillary tube and PCR cycles were 

carried out using the Rapidcycler Thermal cycler (Idaho Technology). Annealing 

temperatures and Mg^^ concentrations were initially optimized for each primer pair 

(Table 2.1). In a typical reaction, PCR was carried out at 2 mM MgCl, with the 

following cycle parameters: 94°C, 15 sees, 1 cycle; 94°C, 0 sees, 60°C, 0 sees, 72°C, 25 

sees, 30 cycles; 72°C, 30 sees, 1 cycle. Reaction products were visualized in etiiidium 

bromide stained agarose gels, and images were captured as PICT files using UVP 

ImageStore 7500 Gel Documentation software, cropped in Adobe Photoshop v5.0, and 

annotated using Canvas v5.0. 
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Representational Difference Analysis (RDA) 

RDA was carried out to identify genes expressed at higher levels in EML-Cl cells 

cultured in the presence of IL-3 and atRA for 72 hours versus unstimulated EML-Cl 

cells. Briefly, total RNA was prepared from EML-Cl cells cultured in the presence of 

SCF, or in the presence of SCF, IL-3 and atRA, and poly A^ RNA was isolated using the 

polyA spin mRNA isolation kit (New England Bioloabs, Beverly, MA). Double stranded 

cDNA was synthesized from 4|ag of polyA^ RNA using a cDNA synthesis kit (GIBCO 

BRL, Grand Island, NY). Three rounds of RDA were performed using R-Bgl-12, R-Bgl-

24, J-Bgl-12, J-Bgl-24, N-Bgl-12 and N-Bgl-24 adaptors and primers described 

previously (11, 17). The cDNAs described above were digested with DpnIIand ligated to 

the R-Bgl adaptors. Representations were synthesized by 23 cycles of PCR amplification 

of the R-ligated cDNA fragments using the R-Bgl-24 oligonucleotide. Driver cDNA was 

generated by /)/?«//digestion of the representation derived from EML-Cl cells cultured 

in the presence of SCF alone. Tester cDNA was prepared by DpnII digestion of the 

representation derived from EML-Cl cells cultured in the presence of SCF, IL-3 and 

atRA for 72 hours and ligating on tiie J-Bgl adaptors. The first subtractive hybridization 

was performed combining 40|Lig of driver cDNA and 0.4|ag of tester cDNA (tester:driver 

= 1:100). An aliquot of the hybridization mix was amplified by PCR using the J-Bgl-24 

primer. The PCR products were then digested wdth mung bean nuclease (New England 

Biolobs) at 30°C for 35 minutes to remove single stranded products. The first difference 

products (DPI) were prepared by a fiirther 18 cycles of PCR amplification of the digested 
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PCR products. The procedure was repeated twice using different adaptors and 

tester:driver ratios to obtain DP2 (1:800) and DP3 (1:400,000). Difference products were 

visualized on ethidium bromide stained agarose gels, excised and subcloned into 

dephosphorylated BamHI digested vector. All subclones were sequenced at the Texas 

Tech University Biotechnology Institute using an ABI Prism Genetic Analyzer 310 

(Perkin Elmer Biosystems, Foster City, CA). Sequence analysis was carried out using the 

OMIGA and Genetics Computer Group (GCG) suite of software packages (Oxford 

Molecular Group Inc., Campbell, CA). Six unique clones were isolated that displayed the 

expected differential expression pattem in EML-Cl cells. 

Northern Analysis 

12ug of total RNA samples were electrophoresed through 1% agarose-

foraialdehyde gels and transferred to nylon membranes (Micron Separations, 

Westborough, MA). Hybridizations were performed as described previously. (20) The 

probes for C/EBP family members were as follows: C/EBPa: lOOObp Ncol fragment 

encompassing amino acids 1-333 from the rat gene; C/EBPp: a 400bp Ncol fragment 

(amino acids 1-133 from the rat gene); C/EBP5: a 200bp Ncol fragment (amino acids 1-

66 of the mouse gene); C/EBPe: a 850bp Ncol/Hindlll fragment (amino acids 1-281 of 

the mouse gene). All the otiier probes were generated by subcloning the PCR products 

synthesized by the primers listed in Table 2.1. The size of each probe is also listed. The 
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probes for each of the genes identified by RDA were the cDNAs isolated in the original 

screening procedure. 

Results 

The primary goal of these studies was to determine how accurately gene 

expression pattems in EML-Cl recapitulate pattems observed in primary hematopoietic 

cells and/or in more established cell line models of hematopoietic development. For this 

purpose RNAs were prepared from a set of immortalized murine hematopoietic cell lines 

that roughly spanned the chronology from immature myeloid precursor cells to mature 

macrophages and FACS purified murine HSCs (Sca-T, c-kit^, lin) that were grovm for 

up to seven days in the presence of IL-3 to induce myeloid differentiation. Two different 

sets of RNA were prepared from EML-Cl. The first consisted of RNA prepared at 

various times from cells grovm for up to six days in the presence of SCF, IL-3 and atRA, 

which permits cells to mature to the promyelocyte stage of the granulocytic lineage. The 

second set was prepared from cells that were grown under identical conditions for the 

first three days, followed by three days of culture in the presence of GM-CSF and atRA, 

conditions that promote terminal neutrophil maturation. Quantitative Northem blots were 

used where possible, however, in some cases a semi-quantitative RT-PCR procedure was 

used to detect transcripts that were present at low levels or in cases where the amount of 

RNA available was limiting. 

Our initial studies focused on four members of tiie CCAAT/enhancer binding 

protein (C/EBP) family of transcription factors, C/EBPa, C/EBPp, C/EBP5, and C/EBPe. 
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These genes were chosen because they have been shovm to be expressed, and to fimction, 

at different stages of the myeloid differentiation process. C/EBPa and C/EBPe are 

required at early and late stages of granulocytic differentiation, respectively, while 

C/EBPp and C/EBP5 appear to function primarily in mature macrophages. The four 

genes exhibited very different expression pattems in the series of immortalized cell lines 

(Fig. 2.1 A). C/EBPa mRNA was present in most cell lines, with highest levels in cells 

representative of the promyelocyte stage of granulocytic differentiation, includmg MPRO 

and NFS-58 cells. C/EBPa mRNA levels were also high in M-NFS-60, an M-CSF-

dependent derivative of NFS-60 cells and WEHI274.1 monocytes. C/EBPp mRNA was 

detected only in cells characterized as mature monocytes and macrophages (WEHI-274.1, 

GG2EE, P388D1(IL-1) and IC-21). Low levels of C/EBP5 mRNA were found in many 

of the cell lines tested and highest levels of C/EBPe mRNA were detected in the 

promyelocyte cell lines EPRO and MPRO in agreement with our previous RT-PCR data 

(37). In non-myeloid samples, low levels of C/EBPa and C/EBPe mRNA were detected 

in P388 lymphoblastic cells, and C/EBP p and C/EBP5 mRNAs were detected in the 

NIH3T3 fibroblast cell line. 

Next, mRNA levels for each C/EBP were examined by RT-PCR in the purified 

HSC samples mentioned above (Fig. 2.IB). C/EBPa, C/EBPp, and C/EBP5 mRNAs 

were each detected in the vmtreated purified cells. C/EBPa and C/EBPS mRNAs did not 

vary dramatically after three or seven days of cultiire in the presence of IL-3, particularly 

when the slightly lower levels of mRNA in lane 1 (as demonstrated by tiie GAPDH 

control) were taken into account. C/EBPp mRNA levels increased gradually over the 
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timecourse while C/EBPe mRNA was essentially undetectable in unstimulated cells, 

reached maximal levels at the intermediate three day stage and exhibited a subsequent 

decrease after seven days. 

Three separate experiments were carried out in EML-Cl cells to compare 

expression pattems for each C/EBP with those observed in immortalized cell lines and 

purified progenitors. First, RNA samples from EML-Cl cells cultured in the presence of 

IL-3 and atRA (i.e. conditions that permit differentiation to the promyelocyte stage) were 

analyzed by RT-PCR and by Northem blotting (Fig. 2.2A and B). In agreement with the 

data from progenitors shovm above, C/EBPe mRNA levels displayed the most dramatic 

changes, reaching highest levels at the intermediate stages of the differentiation process 

(48-120 hours). C/EBPa and C/EBP8 mRNA levels remained relatively constant 

throughout, while C/EBPp mRNA levels increased at intermediate and later timepoints. 

As similar pattems were observed using both techniques (compare Figure 2.2 A and B), 

we have used RT-PCR to examine the expression of some genes later in the manuscript. 

Additional Northem blots were performed using RNA from EML-Cl cells that had been 

cultured in the presence of GM-CSF after the initial IL-3 tteatment to elucidate 

expression pattems for these genes during terminal stages of neutiophil maturation (Fig. 

2.2C). Although C/EBPa mRNA levels again did not change significantly (except for a 

slight increase just after culture conditions were changed (96 hour timepoint) mRNA 

levels for the other three C/EBPs did mcrease after stimulation of terminal maturation. 

This presumably reflects the requirement for these three proteins either for maturation of 

neutrophils (C/EBPe) or for function of macrophages (C/EBPp and C/EBP5). It should 
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be noted that part of the reason for the apparent large increase in C/EBPe mRNA levels is 

due to the death of a significant proportion of cells (i.e., those cells that were dependent 

on IL-3 and/or SCF for survival) after the change in culture conditions. 

These data demonstrate that the expression pattems of the four C/EBPs are similar 

in each cell population examined (HSCs, EML-Cl, immortalized cell lines) and are 

consistent with the proposed functions of each protein. To extend these studies to give a 

more balanced view of the extent to which normal pattems of myeloid-specific gene 

expression are recapitulated in EML-Cl cells, a series of additional genes were examined. 

As a first step, the expression pattems of a series of knovm marker genes that are 

activated at terminal sages of macrophage and neutrophil differentiation were examined 

to demonstrate that the cells were indeed undergoing terminal maturation. Expression 

pattems of three genes, Mac-1 (CDl lb/CD18, a marker of mature leukocytes), proteinase 

3 (PR3) and neutrophil elastase (NE), two markers of maturing neutrophils (2) were 

examined. RT-PCR analysis revealed that each mRNA was undetectable in EML-Cl 

cells grovm in SCF alone, but the level of each mRNA increased in cells cultured in tiie 

presence of SCF, IL-3 and atRA (Fig. 2.3 A). Mac-1 andNE mRNAs appeared sHghtly 

later that PR3 mRNA. Northem blot analysis for NE using the same RNA samples 

revealed essentially identical results (Fig. 2.3B), confirming that the RT-PCR data 

provide an accurate representation of the expression pattem of these genes. In addition, 

Northem analysis of NE mRNA levels in EML-Cl cells simulated to undergo the fiill 

spectrum of differentiation to mature neutrophils revealed a significant increase after the 
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96 hour timepoint (Fig. 2.3C), as would be expected for a gene whose product is a 

component of azurophil granules of neutrophils. 

Many transcription factors outside the C/EBP family have been implicated as 

regulators of myeloid differentiation, therefore, the expression of a panel of transcription 

factor genes was next examined in EML-Cl cells. RT-PCR and Northem blots were used 

in combination and the expression pattems of six of the genes analyzed are shovm in 

Figure 2.4. Although this represents a subset of the genes examined, they were chosen as 

they clearly demonstrate differences in expression pattems for genes whose products 

function in different hematopoietic lineages or at different stages of myeloid 

differentiation. For example, SCL is a bHLH transcription factor that functions in early 

myeloid progenitors and is also required for normal erythroid differentiation (27). In 

EML-Cl, SCL mRNA was detected in cells grovm in SCF alone and for the first 72 hours 

when cells were cultured in IL-3 and atRA. SCL mRNA was undetectable after culture 

conditions were changed to induce terminal granulocytic differentiation, as cells 

committed to the erythroid lineage would die under these conditions. Similar pattems of 

expression were observed for two members of the GATA family of zinc finger 

transcription factors, GATA-1 and GATA-2, consistent with the fact that both of these 

proteins are required for erythroid rather than granulocytic differentiation. mRNAs for c-

Myb and CBFp, two factors whose function is required in multiple lineages and at 

different stages of hematopoietic differentiation, were detected throughout the 

timecourse, although c-Myb mRNA levels decreased at the later stages. Finally, PU.l 

mRNA levels remained relatively high through the first 72 hours of the experiment and 
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then increased after commencement of terminal granulocytic differentiation, as PU.l 

function is required for macrophage differentiation. 

The experiments described thus far indicate that EML-Cl represents an accurate 

model system for the examination of gene expression pattems of genes proposed as 

regulators of, and markers of specific lineages within, the hematopoietic system. To 

expand these studies we used the representational difference analysis (RDA) technique to 

attempt to identify novel genes that are differentially regulated during myeloid 

differentiation. RDA was carried out using RNA from EML-Cl cells grown in SCF 

alone (0 hours) as the driver and from 72 hours after stimulation with IL-3 and atRA as 

the tester. Six unique cDNAs were isolated after three rounds of RDA that represented 

mRNAs expressed at higher levels in the 72 hour sample ((8) and data not shovm). The 

identities of the genes encoded by these cDNAs and their differential expression in the 

starting samples are shown in Table 2.2. Three of the genes were derived from known 

genes, one of which, lysozyme M, is expressed at high levels in mature macrophages and 

neutrophils. The other two knovm genes encoded enzymes involved in histamine 

(histidine decarboxylase, HDC) or serotonin (Tryptophan hydroxylase, TPH) 

biosynthesis. Both of these genes are normally expressed only in the mast cell/basophil 

lineages of hematopoiesis although HDC mRNA has also been reported to be present in 

macrophages. The three imcharacterized cDNAs were derived from an novel member of 

the aldo keto reductase (AKR) superfamily of oxidoreductases (8), a putative Rab5-

interacting protein (1611) (34), and a novel gene (fix-2) that displays sequence similarity 
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to fix 1, the murine homolog of the Drosophila melanogaster regulatory protein, four 

jointed (1). 

The expression pattem of the genes encoded by each cDNA in EML-Cl cells was 

examined by Northem blotting (Fig. 2.5). 1611 mRNA levels did not change more than 

two-fold in either timecourse, however, each of the other genes displayed unique 

expression pattems that are presumably related to their function(s) in myeloid cells. For 

example, lysozyme mRNA was present at very low levels in the early stages of both 

timecourses but, as expected, increased dramatically as cells matured, particularly in 

those cells cultured in the presence of GM-CSF and atRA. Fjx-2 mRNA was 

undetectable in cells cultured in SCF alone, but increased early after IL-3 and atRA 

stimulation and remained relatively constant thereafter in both timecourses. HDC 

mRNAs exhibited a biphasic pattem in cells grown in IL-3 and atRA consisting of an 

early increase at the 4-8 hour period, a decrease to, or below, beginning levels at 

intermediate stages followed by a second increase after 96 hours. TPH mRNA levels 

displayed a similar pattem to fix-2, increasing after 4 hours and remaining high thereafter. 

HDC and TPH mRNA levels both decreased to below basal levels after culture conditions 

were changed to stimulate terminal neutrophil maturation, perhaps because these genes 

are not normally expressed in this lineage. 

Discussion 

Cell line models have yielded a wealtii of important information concerning the 

molecular mechanisms contiolling hematopoietic differentiation, particularly of cells of 
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the myeloid lineage. However, the leukemic origin and limited differentiation capacity of 

most cell lines has limited the information gained from these studies. Previous studies on 

the EML-Cl cell line indicate that it may prove to be a very useful system for analyzing 

regulatory events that occur at all stages of the differentiation process from the 

pluripotent stem cell to the mature neutrophil. EML-Cl cells express many markers of 

bona fide hematopoietic progenitors and, like bona fide PHSCs, express high levels of the 

c-kit receptor and require its ligand SCF, for survival. Once myeloid differentiation is 

initiated by the addition of IL-3 and atRA, with the subsequent exchange of GM-CSF for 

IL-3, neutrophilic differentiation is achieved in approximately six or seven days. This 

timing is similar to that observed in purified PHSCs cultured under similar conditions. 

Previous studies have demonstrated that markers of terminal granulocytic maturation 

such as lactoferrin and neutrophil gelatinase are expressed appropriately in differentiating 

EML-Cl cells (15). In addition, D3, a gene encoding a putative tianscription factor, 

displayed similar expression pattems in EML-Cl cells and purified bone marrow 

progenitors (35). 

The primary objectives of this study were to examine the expression pattems of 

various classes of genes in EML-Cl and to determine how accurately these pattems agree 

with those expected from other studies. Thirteen genes were chosen because they were 

previously knovm to exhibit differential expression pattems during myeloid 

differentiation. In each case the expression pattem observed in EML-Cl reflected the 

proposed function of each protein in hematopoietic differentiation and indicated that 

lineage commitment decisions in EML-Cl were accompanied by appropriate changes in 
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gene expression. Recent technological advances have made it possible to examine 

changes in gene expression for hundreds or thousands of genes in a single experiment, 

and several studies have been carried to examine genes expressed specifically in 

hematopoietic progenitors (23) and in promyelocytic cell lines induced to terminal 

neutrophilic differentiation (18, 29). In particular, the cataloguing of genes actively 

expressed in hematopoietic stem cells isolated from fetal liver revealed the presence of 

many previously unidentified or uncharacterized genes that appear to encode proteins 

with regulatory ftmctions (23). The EML-Cl cell line may be an excellent experunental 

model for examining the potential fimctions of these and other genes proposed to fimction 

during hematopoietic differentiation. 

The critical roles that transcription factors play in regulating commitment, 

proliferation and terminal maturation of individual hematopoietic cell lineages are well 

established from studies performed in vitio and in vivo (reviewed in (21, 26, 27)). The 

tianscription factors chosen for this study include those that fimction primarily in 

progenitors or in non-myeloid lineages (SCL, GATA-1 and GATA-2), those that function 

at either early (C/EBPa, c-Myb) or late (C/EBPe, PU.l) stages of myeloid differentiation, 

and those that appear to be more important for the functional status of mature cells 

(C/EBPp, C/EBP5). In each case the expression pattem observed agreed closely witii the 

proposed function of the encoded protein. This was particularly clear once terminal 

neutrophilic maturation was induced through the replacement of IL-3 and SCF with GM-

CSF. Under these conditions, expression of SCL, GATA-1 and GATA-2 was rapidly 

lost, while mRNA levels for genes required at the later stages increased, with the most 
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dramatic changes being observed for C/EBPe and PU.l. Combined with the observed 

upregulation of neutrophil and macrophage-specific genes observed in this and other 

studies, these pattems confirm that EML-Cl should prove to be a powerful system for 

analyzing the function of transcription factors in neutrophil, and probably, macrophage 

development. 

However, the appearance of transcription factors characteristic of other lineages 

raises the possibility that EML-Cl may also be useful for the molecular analysis of other 

hematopoietic lineages. Previous studies have shown that EML-Cl cells give rise to cells 

of multiple different lineages in the presence of IL-3 (32, 35). Specifically, the 

appearance of pre-pro B lymphocytes and erythroid cells was shovm by detection of 

rearrangements in immunoglobulin loci, and the increase in the number of erythropoietin-

responsive cells in the culture, respectively (32, 35). In addition, mast cells and 

megakaryocytes were shovm to be present in small numbers by cell staining (32). We 

show here for the first time that regulatory proteins required for erythroid development 

are appropriately expressed in EML-Cl. Although many erythroid-derived cell lines are 

in common use, such as tiie K562 erytiiroleukemic cell line, EML-Cl may provide a 

system in which early stages of erythroid development can be studied. Unfortimately, 

this is not yet possible, as culttire conditions that promote differentiation solely along the 

erythroid lineage have not yet been developed. 

Another lineage that may be stiidied using EML-Cl cells is the mast cell lineage. 

Mast cell differentiation is promoted by IL-3 and, as mentioned above, these cells can be 

detected in EML-Cl cells grown in the presence of this cytokine. However, the detection 
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of molecular markers of mast cell differentiation had not previously been reported. In our 

RDA screening, we obtained cDNAs derived from the genes encoding histidine 

decarboxylase (HDC) and tryptophan hydroxylase (TPH). HDC is the rate-limiting 

enzyme in histidine biosynthesis and is thought to be primarily expressed in mast cells 

and basophils within the hematopoietic system (39). TPH catalyzes the rate-limiting step 

in serotonin biosythesis (12) and is also primarily a product of mast cells. Although it is 

certainly possible that these genes could be expressed in other lineages, these results 

suggest that, given the right culture conditions, EML-Cl may also prove to be a useful 

model system for studying mast cell differentiation. 

Finally, the identification of three novel genes in EML-Cl using the RDA 

procedure indicates that EML-Cl may be used to identify and characterize the function of 

genes whose fimction in hematopoiesis is unknovm. The first of these novel genes (1611) 

is identical to a cDNA isolated in a yeast two-hybrid screen for proteins that interact with 

Rab5 (34). The protein encoded by this gene may play a role in endocytosis in myeloid 

cells although the fact that its mRNA levels do not vary dramatically in EML-Cl cells. 

Therefore, apart from demonstrating the high degree of selectivity in our RDA procedure, 

it is of little interest for our studies and will not be considered further. The other two 

genes are of significantly more interest as they both are likely to have regulatory 

functions in hematopoiesis. mAKRa is an enzyme that we believe may catalyze the 

interconversion of active and inactive small molecules (steroids, prostaglandins, etc, see 

Chapter V). The other gene, which we have named fix-2 has not been well characterized 

thus far but is so-named because of sequence similarity to a mouse gem,fix-] (1). Fjx-1 
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was named because of sequence similarity to the Drospohila protein, four-jointed, which 

is a secreted protein involved in axis formation (4). Therefore, although the analysis of 

fix-2 function in hematopoiesis is in its infancy, the current evidence suggests that it may 

have a regulatory role, perhaps in cell-cell signaling. Ongoing studies will hopefiiUy 

clarify the role oi fix-2 in hematopoiesis. 
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Table 2.1. Oligonucleotides used for RT-PCR and Northem probe synthesis 

Gene Name 

C/EBPa 

C/EBPp 
C/EBP8 
C/EBPE 

CBFp 

PU.l 
c-Myb 
SCL 
GATA-1 
GATA-2 
PR3 
NE 
Mac-1 
GAPDH 

Sense Primer 

TGCGTCTAAGATGAGGGAGT 

CGCCCGCGCACCACGACTTCCTCT 
CGGGCAGAGGGCGGGTCGTTCC 
TGTGGCGGTGAAAGAGGAGCCT 

GCAAGGTATACTTGAAGGCT 

TGGAAGGGTTTTCCCTCACC 
GAGCTTGTCCAGAAATATGGTCCGAAG 
TATGAGATGGAGATTTCTGATG 
CATTGGCCCCTTGTGAGGCCAGAGA 
GGCGTCAAGTACCAAGTGTCAC 
AACAATTACAACCCCGAGGAGAACC 
CATGTGCCCCCGTCGTGTGA 
ATTGAGGGCACGCAGACAGGAAGTA 
AAGGTCGGAGTCAACGGATT 

Antisense Primer 

GATTAGGAGCCCTCCACCTC 

CGTCGCTCAGCTTGTCCACCGTCTT 
GCCGGCCGCTTTGTGGTTGCTGTT 
GGCTCAGCTGCAGCCCCC 

TGAGATCATCACCGCCACCT 

TGCTGTCCTTCATGTCGCCG 
GGCTGCCGCAGCCGGCTGAGGGAC 
GCTCCTCTGTGTAACTGTCC 
ACCTGATGGAGCTTGAAATAGAGGC 
CTCCCGGCCTTCTGAGCAGGAG 
ATACATGGACACCCGGGCGAAGAAA 
CAAGGGGAGCGGGGTGGGAGTA 
TAGTAATGAGGGGCCCCAATGAGGA 
TTGATGACAAGCTTCCCGTT 

Size 
(bp) 

400 

432 
448 

307, 
276, 
180 
552 
523 
396 
289 
258 
396 
297 
446 
256 

Temp 
./Mg^* 
63/2 

65/4* 
65/2 
60/2 

50/3 

63/2 
60/2* 
60/3 
55/2 
55/3 
60/3* 
55/3 
60/2* 
60/2 

Refs 

(16) 

(6) 
(6) 
(36) 

(25) 

(38) 
(22) 
(24) 
(13) 
(22) 

(37) 

(*, 10% DMSO is included in the PCR buffer.) 
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Table 2.2. cDNAs isolated by RDA from EML-Cl cells 

Clone' 

1601 

1603 

1611 

1614 

1618 

1623 

Identity^ 

Histidine decarboxylase 

AKR1C12 (mAKRa) 

Putative Rab5 binding 
protein 

Lysozyme M 

Tryptophan hydroxylase 

Fjx-2 

Induction^ 

4 

12-16 

2 

4 

>2 

>2 

Function'* 

Histamine biosynthesis 

Interleukin 3 regulated aldo keto 
reductase 

Endocytosis 

Bacterial killing 

Serotonin biosynthesis 

Unknown 

Reference 

(8) 

(34) 

1. The original clone number identifies each cDNA isolated by RDA. 
2. The identity of cDNA clones was determined by comparing the sequence of the cDNA 
insert with entries in the GenBank database. 
3. The fold-increase in mRNA levels for each gene at the 72-hour timepoint was 
determined by Northem blotting using the RNAs utilized for RDA. The absence of signal 
in the 0 hour sample prevented the assignment of a specific value for 1618 and 1623. 
4. Known and predicted functions for each identified gene. 
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Figure 2.1. Expression of C/^BP genes in cell lines and during myeloid differentiation of 
bona fide mouse hematopoietic progenitors. A. Total RNA was purified from the 
indicated cell lines and analyzed by Northem blotting using probes specific for the four 
C/EBP genes, C/EBPa, C/EBPp, C/EBP5, C/EBPe. The developmental stage of each 
cell line is described in materials and methods. The position of the major transcript 
corresponding to each mRNA (C/EBPa: 3.0kb, C/EBPp: 1.8kb; C/EBP5: 1.7kb; C/EBPe: 
1.8kb) is indicated to the right of each panel and the migration of 28S and IBS ribosomal 
RNAs are depicted to the left of each panel. The C/EBPa probe has a high G/C content 
and displays significant cross-hybridization to ribosomal RNAs. B. RNAs prepared from 
bona fide hematopoietic progenitor cells (as defined by surface marker expression) 
cultured in the presence of IL-3 for the indicated times were analyzed by RT-PCR using 
primers specific for each of the C/EBP genes. 
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Figure 2.3. Expression pattems of genes characteristically activated during the differenti
ation of macrophages and granulocytes. A. RT-PCR was used to assess the mRNA levels 
for Mac-1, a gene expressed at later stages of macrophage development, and PR3 and NE, 
two genes expressed in more mature granulocytic cells, during promyelocyte differenti
ation of EML-Cl cells. cDNA from MPRO cells was again used as a positive control for 
the RT-PCR reaction. B. As the NE RT-PCR reaction yielded some additional bands 
that likely represented cryptic amplification products, a Northem blot was performed to 
confirm its expression pattem during the differentiation process. C. The expression of 
NE during neutrophil differentiation of EML-Cl cells was also analyzed by Northem 
blotting. 
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Figure 2.4. Expression profiles of genes encoding transcription factors expressed in 
myeloid cells. Northem blotting analyses were carry out to examine the expression of 
indicated transcripfion factors during neutrophil differenfiafion of EML-Cl cells. 
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Figure 2.5. Expression profiles of genes identified by RDA analysis of EML-Cl cells. 
The expression of indicated RDA-identified genes during promyelocyte differentiation 
(A) and neutrophil differentiation (B) of EML-Cl cells was analyzed by Northem 
blotting analyses. 
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CHAPTER III 

C/EBPe IS A MYELOID-SPECIFIC ACTIVATOR OF CYTOKINE, 

CHEMOKINE AND MACROPHAGE-COLONY STIMULATING 

FACTOR RECEPTOR GENES 

Abstract 

C/EBPe is a member of the CCAAT/enhancer binding protein family of basic 

region/leucine zipper transcriptional activators. The C/EBPe protein is highly conserved 

between rodents and humans and its domain stmcture is very similar to C/EBPa. In mice 

C/EBPe mRNA is only detected in hematopoietic tissues, including embryonic liver and 

adult bone marrow and spleen. Within the hematopoietic system, C/EBPe is expressed 

primarily in myeloid cells, including promyelocytes, myelomonocytes, and their 

differentiated progeny. To identify potential fimctions of C/EBPe, cell lines over-

expressing the C/EBPs protein were generated in the P388 lymphoblastic cell line. In 

conttast to the parental cell line, C/EBPe-expressing cell lines displayed 

lipopolysaccharide-inducible expression of the interleukin-6 (IL-6) and monocyte 

chemoattractant protein 1 (MCP-1) genes as well as elevated basal expression of the 

MIP-la and MIP-1 p chemokine genes. In the EML-Cl hematopoietic stem cell line, 

C/EBPs mRNA levels increased as the cells progressed along the myeloid lineage, just 

preceding activation of the gene encoding the receptor for macrophage-colony 

stimulating factor (M-CSFR). M-CSFR expression was stimulated in C/EBPe-expressing 

P388 cell lines, when compared to either the parental P388 cells or P388 cell lines 
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expressing either C/EBPa or C/EBP p. These results suggest that C/EBPe may be an 

important regulator of differentiation of a subset of myeloid cell types and may also 

participate in the regulation of cytokine gene expression in mature cells. 

Introduction 

The CCAAT/enhancer binding protein (C/EBP) family of transcription factors 

consists of four highly related members, named C/EBPa, C/EBPp, C/EBP5 and C/EBPs, 

along with the less closely related Ig/EBP (C/EBPy) and CHOP (gaddl53) proteins 

(reviewed in Ref. 17). The C/EBP proteins are basic region/leucine zipper transcription 

factors that bind to the consensus sequence 5' ATTGCGCAAT 3' and variants thereof 

(16). Individual members of this family have been implicated as regulators of 

differentiation in multiple cell types, including hepatocytes, adipocytes, and certain blood 

cell types. In the hematopoietic system, C/EBPs are expressed primarily in myeloid cells, 

including monocytes, macrophages, granulocytes and their precursors (23, 28). C/EBPa 

mRNA has been detected in primitive (CD34^, CD38") progenitor cells and its expression 

is specifically upregulated when these cells are induced to differentiate along the 

granulocytic lineage but not the monocytic lineage (6). Analysis of granulocytic 

differentiation of the 32DC1.3 hematopoietic progenitor cell line suggested that C/EBPa 

acts prior to the terminal stages of differentiation in this cell lineage (28). In support of 

this hypothesis, C/EBPa nuUizygous mice lack mature granulocytes and contain large 

numbers of immature myeloid blast cells in their blood (38). 
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Expression of both C/EBPp and C/EBP5 is upregulated during terminal 

differentiation of cells in both the granulocytic and monocytic lineages and C/EBPp 

appears to be the predominant C/EBP protein in mattxre granulocytes and macrophages 

(23, 28). Differentiation-specific fimctions for C/EBPp and C/EBP6 have not been 

clearly defined as yet although both are capable of collaborating with wild type and 

oncogenic forms of the Myb transcription factor to activate macrophage-specific genes in 

heterologous cell types (24). The primary fimctions of C/EBPp and C/EBP5 within the 

hematopoietic system appear to be in the regulation of a number of cytokine and other 

genes during inflammatory responses (2, 13, 21, 23, 39). Mice carrying a null mutation 

in the C/EBPp gene display essentially normal myeloid development but exhibit marked 

defects in bacterial killing and cytostatic functions (29, 33). Despite the fact that C/EBPp 

has been proposed to be a critical regulator of cytokine gene expression in activated 

macrophages, LPS-dependent induction of cytokine gene expression was essentially 

identical in macrophages isolated from vsdld type and mutant mice. The relatively normal 

pattem of cytokine gene expression in C/EBPp null mice is likely to be due to fimctional 

redundancy amongst family members (14). 

A detailed molecular analysis of the roles of individual C/EBP proteins over the 

entire spectmm of myeloid differentiation has been hampered by technical difficulties in 

isolating and culturing progenitor cells from bone marrow, and by the transformed 

phenotype of most immortalized cell lines. An altemative approach is now possible with 

the recent establishment of an immortalized hematopoietic progenitor cell line, named 

EML-Cl (34). The EML-Cl cell line was derived by infecting mouse bone marrow cells 
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with a retrovims expressing a dominant negative (DN) retinoic acid receptor a molecule 

and proliferates in culture in the presence of stem cell factor (SCF). The DN retinoic acid 

receptor molecule specifically blocks differentiation along the myeloid lineage; however, 

the addition of relatively high levels of retinoic acid (10"̂ M) overcomes this block and 

induces granulocytic and monocytic differentiation. Consequently, using the EML-Cl 

cell line, it is possible to determine the temporal pattem of expression of any gene over 

the entire myeloid differentiation process and to predict functions for genes of interest 

based on this information. 

We previously reported the cloning and partial characterization of a gene 

encoding rat C/EBPs, then named C/EBP related protein 1 (CRPl) (36). We have now 

completed the characterization of the C/EBPe gene and report that it encodes a 281 amino 

acid transcriptional activator that binds to the same DNA target as other C/EBPs. 

C/EBPe is expressed almost exclusively in hematopoietic tissues in mouse, specifically in 

myeloid cells, and its expression is upregulated during myeloid differentiation of the 

EML-Cl cell line. Ectopic expression of C/EBPe confers novel transcriptional properties 

on a heterologous, lymphoid cell line, including the ability to support LPS-stimulated 

expression of multiple cytokine genes and activation of the gene encoding the receptor 

for macrophage-colony stimulating factor. 
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Materials and Methods 

Cloning and Sequencing 

Isolation of the rat C/EBPe genomic clone was described previously (36). A 

mouse C/EBPe cDNA was isolated by PCR amplification of cDNA generated from total 

RNA isolated from the P388D1(IL-1) macrophage cell line using the amplimers CRPl 

ATG-4 (GACGGCCCATGGCCCACGGGACCTAC) and SlPCRpl 

(GACGGCAAGCTTGGCTCAGCTGCAGCCCCC). This PCR product was 

subsequentiy used to screen a mouse 129SV genomic library (Stratagene, La Jolla, CA) 

and nine positive clones were isolated which together spanned 18Kb of the C/EBPe locus, 

including the complete coding sequence. DNA sequencing was carried out using the 

Sequenase kit (Amersham, Arlington Heights, IL) under standard conditions, except that 

in double sfranded sequencing reactions, non-specifically terminated fragments were 

extended by incubation in the presence of terminal deoxynucleotidyltransferase and all 

four nucleotides prior to addition of the stop solution. DNA sequences were analyzed 

using the SEQED, BESTFIT, PILEUP and GELASSEMBLE programs of the Univ. of 

Wisconsin Genetics Computer Group package. 

The 5' end of C/EBPs mRNA molecules was mapped by 5' RACE using 

Marathon-Ready cDNA from mouse spleen (Clontech, Palo Alto, CA). The first round of 

PCR reactions (see below for details) were carried out using 0.1 ng of cDNA and 150ng of 

a C/EBPs-gene specific primer (CRPl 100-80: CTTCAGGCGTTGGCTTCATGG) and 

adaptor primer 1 (API) provided with the cDNA. A second round of PCR was then 

carried out on an aliquot of the first reaction using two nested primers (CRPl 64-44: 
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TAGCTGTTCTTCCCCAGACTC and AP2), the products were subcloned into the 

pGEM-T vector (Promega, Madison, WI) and positive subclones were sequenced. 

Although several potential cap sites were identified by this procedure, only those that 

appeared in several (n>3) independent clones were considered to represent bona fide 

transcriptional start sites. 

Total RNA Isolation and Northem Analysis 

Total RNA was prepared from tissues and cells using a modified Guanidine 

Isothiocyanate (GITC)/phenol extraction procedure and analyzed by Northem blotting 

and hybridization as described previously (22). The C/EBPs probe was a 850 bp 

Ncol/Hindlll fragment containing the complete murine cDNA and the MCP-1 probe was 

a 580 bp murine cDNA (25). 

Reverse Transcription-PCR 

RT-PCR was carried essentially as described (32). Briefly, lyig of total RNA was 

reverse transcribed using 0.2M,g oligo (dT),8 and 400 Units of M-MLV reverse 

transcriptase (Life Technologies, Gathersburg, MD) in a total volume of 50 ^1 for 1 hour 

at 37°C. 3|il of tiie RT reaction was then mixed with 1 ̂ il of 1 OX Buffer (500mM Tris-

HCl (pH8.3), 2.5mg/ml crystalline BSA and MgClj at 10, 20 or 30mM (Idaho 

Technology Inc., Idaho Falls, ID), 0.2 mM each dNTP, 150 ng of each primer and 1.25 

Units Taq DNA polymerase (Fisher Scientific, Pittsburgh, PA) in a total volume of 10 |il. 

Reactions were loaded into a capillary ttibe and PCR cycles were carried out using the 
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Rapidcycler Thermal cycler (Idaho Technology). Aimealing temperatures and Mĝ "" 

concentrations were initially optimized for each primer pair. In most cases, PCR was 

carried out at 2 mM MgClj with the following cycle parameters: 94°C, 15 sees, 1 cycle; 

94°C, 0 sees, 60°C, 0 sees, 72°C, 25 sees, 30 cycles; 72°C, 30 sees, 1 cycle. Reaction 

products were visualized in ethidium bromide stained agarose gels, and images were 

captured as PICT files using UVP ImageStore 7500 Gel Documentation software, 

cropped in Adobe Photoshop v3.0.4, and armotated using Macromedia Freehand v7.0. 

Accuracy and linearity of RT-PCR results was confirmed by varying input cDNA 

concentration, cycle number, and by comparing results with those from quantitative 

Northem blots (see Fig. 3.2 for example). The sequence of primers used in this study are 

shown in Table 3.1. 

Cell Culttire 

P388, P388D1(IL-1), Ml, WEHI-3 and IC-21 cell lines were maintained in RPMI 

1640 (Mediatech, Hemdon, VI) supplemented with 5% Fetal Bovine Semm (FBS, 

Hyclone, Logan, UT), penicillin and streptomycin. 32DC1.3, FDCP-1, NFS-58 and DA-3 

cell lines were cultured in the same medium supplemented with 20% WEHI-3 

conditioned medium (CM) as a source of IL-3. M-NFS-60 cells were maintained in 

RPMI containing 10% FBS supplemented with 10% L cell CM as a source of M-CSF. 

GG2EE and WEHI-274.1 were mamtained in RPMI containing 10% FBS. MPRO cells 

were cultured in Dulbecco's Modified Eagles medium (DMEM) containing 20 ng/ml 

GM-CSF (PeproTech, Rocky Hill, NJ). EML and EPRO cells were maintained in 
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Iscove's modified Dulbecco's medium (IMDM) containing 20% Horse Semm (HS) and 

200ng/ml SCF (PeproTech) or 20ng/ml GM-CSF, respectively. Myeloid differentiation 

of EML-Cl cells was initiated by washing and replating EML cells at 1 X 10' cells per ml 

in IMDM containing 20% HS, IL-3, SCF and 1 X 10"' M retinoic acid (Sigma) for 6 days. 

Cultures were harvested at various timepoints for RNA preparation. For LPS inductions, 

cells were washed twice with Phosphate buffered saline and fed with fresh medium 

containing 20|ig/ml LPS {E. coli serotype 026:B6, Sigma, St. Louis, MO). 

Purification of Primary Blood Cells 

Normal murine bone marrow cells were aspirated from BALB/c mouse femurs 

with IMDM. Animal care was provided in accordance with the procedures outlined in 

the Guide for the Care and Use of Laboratory Animals (NIH publication No. 86-23, 

1985). Granulocytes and erythroid cells were purified by fluorescence-activated cell-

sorting (FACS) from normal BM cells stained with GR-1-FITC (20-30% of BM) or TER-

119-FITC (20-30% of BM) antibodies respectively with their isotype matched controls to 

gate for brightly stained cells. B cells were purified by FACS from a cell suspension 

made from spleens stained with B220-FITC antibodies and an isotype matched control to 

gate for positively stained cells. T cells were purified by FACS from a cell suspension 

made from thymus stained with CD-3-FITC antibodies and an isotype matched control. 

Bone marrow derived macrophages were purified as described (14). 
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Western Blotting and Electrophoretic 
Mobility Shift Assays (EMSA) 

Total cellular protein was prepared from selected cell lines, and Westem blotting 

was performed as described previously (22). Westem blots were probed with a C/EBPs-

specific antiserum (C-22, Santa Cmz Biotechnology, Inc., Santa Cmz, CA). Preparation 

of nuclear extracts and EMSA procedures have been described previously (4) and the 

oligonucleotide probe used here contains a consensus C/EBP DNA binding site. 

Supershift assays were carried out by preincubating the nuclear extract with a rabbit 

polyclonal C/EBPs-specific antiserum directed against amino acids 266-279 of the rat 

polypeptide. 

Plasmid Constmction 

The complete C/EBPe coding sequence, including the intron, was amplified from 

the rat genomic clone by PCR using two oligonucleotide primers (CRPl ATG-4 and 

SlPCRpl, see above) that overlap the initiation codon and termination codon 

respectively. The resultant PCR product was digested with NcoIznA Hindlll 

(incorporated as part of the amplimers) inserted into the pMEX eukaryotic expression 

vector (36) to generate pMEXC/EBPep34. The amplified region was sequenced to check 

for errors and shown, after fransient transfection into a number of cell types, to direct the 

synthesis of a 34,000 mol v^ protein that was recognized by a C/EBPe-specific antisemm 

(data not shown). pMEXC/EBPsp34 was digested with Hindlll, the 5' overhangs were 

made blunt using Klenow and a BamHI linker was added. This construct was then 
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digested with BamHI and the full coding sequence was inserted into the pSV(x) 

expression vector (4) to generate pSV(x)C/EBPsp34. Inserted genes in pSV(x) are 

expressed from the Moloney murine leukemia vims LTR with a subgenomic splicing 

product expressing the neomycin resistance gene for selection of stably transfected cell 

lines. 

Generation of C/EBPs Expressing P388 Cell Lines 

10* P388 cells were fransfected with 5)ig of pSV(x)C/EBPsp34 expression vector 

using 40 \xg of Lipofectin (Life Technologies) as described previously for the generation 

of C/EBPp expressing P388 cell lines (4). Selection was carried out at three 

concentrations of G418 (150, 250 and 350|j.g/ml), and four independent pools of resistant 

cells (named P388-CE-1 to Cs-4) were established. Expression of the C/EBPs transgene 

was confirmed by RT-PCR, Westem blotting, and EMSA. 

Results 

Characterization of the C/EBPs Gene 

The sequence of 2391 bp of a rat C/EBPs genomic clone is presented in Fig. 3.1A 

along wdth the predicted peptide sequence of the C/EBPs protein. The C/EBPs gene 

contains a single intron with two potential splice acceptor sites (indicated as underlined 

AG dinucleotides). Sequencing of RT-PCR products generated using C/EBPe specific 

primers confirmed that the more 5' splice acceptor sequence is apparently exclusively 

utilized, at least in hematopoietic cells (see below). Examination of the 5' end of the 
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C/EBPs coding sequence revealed an in frame translation initiation codon located 96bp 

upstream of the AUG codon described previously (36). Consequently, conceptual 

translation of the longest open reading frame predicts that the full length C/EBPs protein 

is 281, rather that 249, amino acids in length. The 5' end of C/EBPs mRNA was 

determined by sequencing of 5'RACE products generated from adult mouse spleen 

cDNA. Several potential start sites were identified, however, only two of these appeared 

in multiple subclones and are indicated in Fig. 3.1 A. These sites are likely to be bona 

fide start sites as they map close to start sites identified for the Pp promoter of the human 

C/EBPs gene (37). The sequences around the cluster of cap sites are purine-rich and lack 

common promoter elements such as TATA and CCAAT boxes, a feature shared with 

many genes expressed in myeloid cells. 

The complete coding sequence of the C/EBPs gene has now been determined in 

three species, rat, mouse and human, and the sequences of these tiiree proteins are 

compared in Fig. 3. IB. The sequence of the C/EBPs protein is highly conserved, 

displaying 98% identity between rat and mouse, and 93% between rat and human. The 

most highly conserved regions are the first 50 amino acids, which contain sequences that 

function as a transcriptional activation domain (35), and the C-terminal sequences that 

contain the DNA binding domain (36). A stmcttiral comparison of the four members of 

the C/EBP family is shown in Fig. 3.1C, with regions of significant similarity indicated 

by shading. The stmcture of C/EBPs displays greatest similarity to C/EBPa and C/EBP5, 

containing an N-terminal tti-partite activation domain, and a second activation domain 

close to the center of the protein. 
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C/EBPs Is Expressed in Hematopoietic Tissues 

Previously, we were unable to detect C/EBPs mRNA in a number of aduh mouse 

tissues, suggesting that C/EBPe is expressed in a limited temporal or spatial pattem or in 

tissues omitted from our original survey. In an expanded Northem blot survey, we 

detected a strong signal at approximately 1.8kb in RNA prepared from adult bone marrow 

(Fig. 3.2A, lane 5), with weak signals in embryonic liver and aduh spleen (lanes 1 and 3). 

Because C/EBPs appears to be expressed at low levels, even in positive tissues, we used 

reverse transcription-PCR (RT-PCR) to carry out a more extensive survey. Primers were 

chosen to flank the single intron within the C/EBPs gene to ensure that PCR products 

generated from cDNA could be distinguished from products synthesized from a genomic 

template. In agreement with the Northem analysis, C/EBPe mRNA was detected in 

embryonic liver and adult bone marrow and spleen, each of which are hematopoietic 

tissues. C/EBPs mRNA was essentially absent from all other tissues analyzed although 

low levels were detected in adult lung, which may be due to infilttation of this tissue with 

blood cells (see below). In this and all subsequent RT-PCR assays, a single amplified 

product was observed which corresponds to a spliced mRNA utilizing the 5' splice 

acceptor site described above. 

C/EBPe Is Primarily Expressed in Myeloid Cells 

Having shown that C/EBPe is expressed in hematopoietic tissues, and at highest 

levels in bone marrow, RNA from a panel of rodent cell lines were analyzed by RT-PCR 

to determined which cell types within the hematopoietic system express C/EBPe (Fig. 
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3.3). C/EBPe mRNA was detected in 12 out of 13 cell lines of myeloid origin, the lone 

exception being the immature myeloid FDCP-1 cell line (Fig. 3.3A). The highest level of 

C/EBPe mRNA was detected in cell lines arrested at the promyelocyte stage of myeloid 

development (EPRO and MPRO), and two IL-3-dependent myeloid cell lines (NFS-58 

and DA-3), while lower levels were detected in two myelomonocytic leukemic cell lines 

(Ml and WEHI-3). Further, C/EBPs mRNA was also detected in five 

monocytic/macrophage cell lines including M-CSF-dependent M-NFS-60 cells, WEHI-

274.1, GG2EE, P388D1(IL-1) and IC-21 cell lines. C/EBPs mRNA was not detected in 

cell lines representative of erythroid, mast cell, basophil, or T cell lineages and was 

present in only one cell line (P388) derived from the B cell lineage (Fig. 3.3B). As further 

confirmation of the restricted pattem of expression of C/EBPs, RNA was prepared from 

purified populations of primary murine blood cells (Fig. 3.3C). High levels of C/EBPe 

mRNA were detected in granulocytes and macrophages, but not in B cells, T cells or 

erythrocytes. 

We next performed Westem blot analysis to examine the expression of C/EBPe at 

the protein level in selected rodent cell lines. Whole cell protein extracts from a subset of 

the cell lines described above were analyzed by Westem blotting using a C/EBPe -

specific antiserum (Fig. 3.4). A single 34,000 MW protein was detected in the Ml 

myelomonocytic cell line, and the P388D1(IL-1) macrophage cell line but not in other 

cell lines, including some that contain C/EBPe mRNA. The inability to detect C/EBPs 

protein in all cell lines containing C/EBPe mRNA may simply be due to the fact that the 

amount of C/EBPe protein in these samples is below the level of senshivity of our 
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Westem blotting procedure or may indicate that C/EBPs expression is regulated at a post-

ti-anscriptional stage. Comparison of the size of the C/EBPs protein detected in 

P388D1(IL-1) cells with recombinant C/EBPe proteins confirmed that the methionine 

residue indicated as amino acid 1 in Fig. 3.1 A is the primary site of translational initiation 

(data not shovra). 

Establishment of C/EBPe-Expressing P388 Cell Lines 

The P388 cell line is a murine B lymphoblastic cell line that does not express 

detectable levels of any C/EBP proteins, despite the presence of C/EBPe mRNA (see Fig. 

3.4 and below). We previously utilized this cell line for analyzing the fimctions of 

C/EBPa, C/EBPp and C/EBP8 (4, 14) and established four G418 resistant lines using a 

C/EBPe-expression vector. C/EBPe mRNA levels in three of the four cell lines (P388-

Ce-1, Cs-3 and Ce-4) were elevated compared to the level in P388-Neo and P388-Cp cell 

lines as assessed by RT-PCR (Fig. 3.5A) and Northem blotting (data not shovra). To test 

whether the elevated mRNA levels resuhed in expression of C/EBPe protein in these cell 

lines an EMSA was performed using a radiolabeled oligonucleotide containing a perfect 

C/EBP binding site and a representative resuh showing P388-Ce-3 is shovra in Fig. 3.5B. 

A number of protein-DNA complexes were observed in nuclear extracts from conttol 

P388-Neo cells, however, none were affected by addition of a C/EBPs-specific antiserum 

(compare lanes 1 and 2), or antisera recognizing other C/EBP family members (14). Two 

new complexes were observed using nuclear extracts from P388-Cs-3 cells (open arrow 

heads, lane 3). The upper complex was completely supershifted by addition of C/EBPs 
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antisemm (closed arrow head, lane 4) and, based on its co-migration with bacterially-

produced, recombinant C/EBPs (data not shovra), appears to correspond to a C/EBPs 

homodimer. The mobility of the lower complex, which presumably represents a 

heterodimer with an unidentified C/EBP partner (4, 35), was only slightly affected by the 

C/EBPs antisemm. Similar binding pattems were observed in both P388-Ce-1 and P388-

Ce-4 (data not shown). 

C/EBPe Participates in LPS-regulated Expression of 
IL-6 and MCP-1 Genes 

The expression of a number of inflammatory cytokine genes is upregulated 

following lipopolysaccharide treatment of macrophage cell lines such as P388D1(IL-1) 

while these genes are not normally affected in P388 lymphoblasts. To test whether 

C/EBPs might participate in the regulation of these genes, culttires of each of the cell 

lines described above were exposed to LPS for 18 hours, RNA was prepared and 

analyzed by RT-PCR using oligonucleotides specific for MCP-1 and IL-6. IL-6 and 

MCP-1 mRNAs were barely detectable in conttol P388-Neo cells and were essentially 

unresponsive to LPS stunulation (Fig. 3.6A, lanes 1 and 2). Basal expression levels of 

IL-6 or MCP-1 were elevated in each C/EBPs-expressing cell line witii the relative level 

of target gene mRNA being approximately proportional to the level of C/EBPe mRNA 

and protein in each cell line (i.e., higher in lanes 5, 9 and 11 than in lane 7). C/EBPs-

expressing lines also displayed LPS-dependent increases in both mRNAs, a feattu-e that is 

most evident in the P388-Cs-2 cell line for IL-6 (lane 8) and P388-Cs-2, Ce-3 and Ce-4 
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for MCP-1 (lanes 8, 10 and 12). Finally, in support of our previous results (4), both 

genes were also induced in the P388-Cp cell line (lanes 3 and 4). 

We next compared the kinetics of MCP-1 induction in control, C/EBPs and 

C/EBPp-expressing lines and P388D1(IL-1) macrophages. P388-Cs-4 was chosen as the 

representative C/EBPe-expressing line as it displayed the most robust increase in MCP-1 

mRNA levels (Fig. 3.6A). Each cell line was incubated in the presence of LPS for 

various times up to 24 hours, and MCP-1 expression was analyzed by Northem blotting 

(Fig. 3.6B). In agreement with the RT-PCR data, MCP-1 mRNA was essentially 

undetectable in P388-Neo cells under all conditions and displayed slightly elevated basal 

levels in both unstimulated P388-Ce-4 and P388-Cp. MCP-1 mRNA levels increased 

coordinately in both the P388-Ce-4 and P388-CP cell lines, reaching maximal levels at 

approximately 8 hours and decreasing again after 24 hours. A similar pattem was seen in 

P388D1(IL-1) cells although the initial increase was observed at the 2 hour timepoint. 

Ectopic C/EBPe Expression Increases Basal Level 
Expression of MIP-la and MIP-1 P 

Having shown that C/EBPe was capable of regulating genes previously identified 

as C/EBPp target genes, we attempted to identify unique target genes for C/EBPe using 

the P388 cell lines. From a survey of several potential targets, we determined that both 

C/EBPs and C/EBPp were capable of activating expression of the genes encoding the p-

chemokines, MlP-la and MIP-1 p (Fig. 3.7). MlP-la mRNA was detected at low levels 

in control P388-Neo cells but was significantly increased after exposure to LPS for 2 
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hours (lanes 1-2). The basal level of MlP-la mRNA was significantly increased in botii 

P388-Ce-4 and P388-Cp in comparison to P388-Neo cells but were relatively unaffected 

by LPS treatment, a pattem similar to that seen in P388D1(1L-1) cells (lanes 3-8). MIP-

1 p mRNA was undetectable in P388-Neo cells and slightly increased by LPS tteatment. 

Again basal rather than LPS-dependent mRNA levels were primarily affected by ectopic 

C/EBPe and C/EBPp, although levels did not approach those observed in P388D1(IL-1) 

cells (compare lanes 3-6 with 7-8). 

Regulation of C/EBPs Expression during 
Myeloid Differentiation 

Having shovra that C/EBPe is capable of activating the expression of genes 

expressed primarily in mature cells, we next examined whether it might also play a role in 

regulating gene expression during myeloid differentiation. As a first step, we determined 

the temporal pattem of C/EBPs expression during myeloid differentiation using the 

EML-Cl hematopoietic progenitor cell line. EML-Cl cells were incubated in the 

presence of SCF, IL-3 and retinoic acid, which induces their differentiation along both 

the macrophage and neutrophil lineages. Cells were harvested for RNA preparation at 

various timepoints over a 6-day period and C/EBPs mRNA levels were determined by 

RT-PCR (Fig. 3.8). Low levels of C/EBPs mRNA were detected in the uninduced 

parental cells and remained low during the first 8-16 hours after retinoic acid addition. 

C/EBPe mRNA levels began to increase after approximately 16 hours and reached 

maximal levels at the 120 hour timepoint which were similar to the level seen in the 
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MPRO promyelocyte cell line. The low level of C/EBPe mRNA at early time points may 

be explained either by low level expression of C/EBPe in hematopoietic progenitor cells 

or by the presence of a small nimiber of myeloid precursors that escape the dominant 

negative retinoic acid receptor block. However, because the initial rapid proliferation of 

EML-Cl cells slows and appearance of myeloid progenitors occurs around 24 hours after 

RA addition, the increase in C/EBPs mRNA levels at this time suggests that it may 

activate the expression of genes required for establishment of certain myeloid cell 

lineages. 

To identify potential target genes that might be regulated by C/EBPs we analyzed 

the expression of other myeloid specific or restricted genes in the same EML-Cl RNA 

samples. The best candidate to arise from these studies was the gene encoding the 

receptor for macrophage-colony stimulating factor (M-CSFR) (Fig. 3.8). M-CSFR 

mRNA levels displayed a transient increase at 2 and 4 hours after RA addition, a feature 

that is shared by a number of other genes (Y.D. and S.C.W. unpublished observations) 

but later shows a similar, but slighfly delayed, pattem as C/EBPs. As expected M-CSFR 

mRNA was undetectable in MPRO cells, which are restricted to tiie granulocytic lineage 

and are arrested just prior to terminal differentiation, but was present at high levels in 

P388D1(IL-1) macrophages. 

M-CSFR Expression Is Specifically Activated by C/EBPe 

Based on their similar expression pattems, and the fact that the promoter of the 

M-CSFR gene is known to contain a fimctional C/EBP binding site, we tested whether 
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M-CSFR expression was affected by ectopic C/EBPe expression in P388 cells. For 

comparison, we included both the P388-CP cell line described above, and four 

independent cell lines expressing C/EBPa (P388-Ca-1 to Ca-4). M-CSFR mRNA levels 

were assessed by RT-PCR using RNA prepared from unstimulated cells (Fig. 3.9). M-

CSFR mRNA was undetectable in control P388-Neo cells but was present in each of the 

four C/EBPe-expressing cell lines at levels proportional to the level of C/EBPs mRNA 

(see Fig 3.6A), albeh at significantly lower levels than in P388D1(IL-1) cells. M-CSFR 

mRNA levels were only slightly elevated over background levels in the P388-Ca or 

P388-CP cell lines, despite the fact that both cell lines attain the ability to activate other 

C/EBP-dependent genes (see Figures 3.7 and 3.8 and Ref. 14). 

Discussion 

Our understanding of the molecular mechanisms conttoUing the development of 

mature blood cells from imcommitted progenitor cells has greatiy advanced over the past 

few years with the identification of transcription factors that display temporally and 

spatially restricted pattems of expression and which are, in many cases, absolutely 

required for the development of specific cell types or lineages (30). Three members of 

the C/EBP family C/EBPa, C/EBPp and C/EBP5 have previously been shown to be 

expressed primarily, but not exclusively, within tiie myeloid lineage in the hematopoietic 

system (9, 23, 28), and to fimction botii in the maturation of specific cell types, and in the 

activation of cytokine gene expression in macrophages. In this report, we show that a 

fourth member of the C/EBP family, named CRPl or C/EBPs, is also expressed in the 
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hematopoietic system. Apart from sharing, with C/EBPp, the ability to confer 

lipopolysaccharide-responsive expression of subsets of cytokine genes onto a 

heterologous lymphoid cell line, C/EBPe is also capable of activating the expression of 

the M-CSFR gene, indicating that C/EBPe may be required for both the function and 

development of macrophages. 

Structural Analysis of the C/EBPe Gene in Rodents 

Unlike in humans, where multiple C/EBPe mRNA species have been detected (3, 

8, 37), Northem analysis has revealed the presence of a single C/EBPe mRNA species of 

approximately 1.8 kb in murine hematopoietic tissues and cell lines. The simpler pattem 

in mice appears to be due to lack of altemate splicing, combined with the use of a single 

promoter. In addition, despite the existence of intemal translational initiation codons in 

the C/EBPe coding sequence, we have only detected a single C/EBPe protein in exttacts 

from murine cells. This protein is 32 amino acids longer than previously reported due to 

the presence of an in frame methionine codon located 96 nucleotides upstteam of the site 

utilized in our previous study (36). Although a detailed examination of the stmcture of 

the C/EBPe protein has not been reported, our preliminary data indicates that it is an 

efficent transcriptional activator, and its domain stmcture is very similar to C/EBPa (N. 

Angerer and S.C.W. unpublished observations). The differential expression of C/EBPe 

mRNA and protein in P388 cells suggests that expression of the C/EBPe gene may be 

controlled at the post-transcriptional levels in certain cell types. The mechanisms 

underlying this mode of regulation are unclear although the fact tiiat a C/EBPe ttansgene 
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lacking the 5' untranslated region (UTR) is efficiently expressed in stably transfected 

P388 cells suggests that other sequences in this region may participate in this process. 

However, examination of the 5' UTR of C/EBPs mRNAs failed to reveal the presence of 

short open reading frames such as those proposed to modulate translation of both the 

C/EBPa and C/EBPp mRNAs (5). 

Myeloid Specific Expression and Functions of C/EBPe 

The highly restricted pattem of expression of C/EBPe in both mouse and human 

strongly supports the idea that its primary fimction is within the myeloid lineage of 

hematopoietic cells. However, before detailing the putative myeloid-specific functions of 

C/EBPs, it may be worthwhile to consider the possibility that it may also be expressed, 

and function, outside the myeloid lineage. For example, C/EBPe mRNA has been 

detected at low levels in tissues such as mouse lung or human ovary (3); however, these 

signals could theoretically be due to infiltration of these tissues with blood cells. To date, 

there are two exceptions to the myeloid-specific expression of C/EBPe in hematopoietic 

cell lines, namely the human Jurkat T cell line (3) and murine P388 lymphoblasts as 

described above. We have confirmed the presence of C/EBPe mRNA in Jurkat cells, 

however, we have not detected C/EBPs mRNA in any other human lymphoid cell lines 

(data not shown) and it is not expressed at significant levels in the tiiymus. The C/EBPe 

gene has been mapped in both human and mouse and is located on human and mouse 

chromosome 14 close to a compound locus containing the T-cell receptor a/5 genes and 

other genes expressed in T cells (3, 15). Multiple rearrangements within this region have 
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been associated with T-cell leukemias or lymphomas in humans and it is possible that the 

presence of C/EBPe mRNA in Jurkat cells is related to the origin or activation state of 

this T cell line (12). The significance of the presence of C/EBPe mRNA in P388 cells is 

unclear particularly as Westem analysis, gel shift assays and functional tests indicate that 

C/EBPe protein is not expressed in these cells. However, the strong expression of 

C/EBPe in mouse spleen, a major source of B cells, and the reported existence of a 

common precursor for both macrophages and B cells (10), may indicate a role for 

C/EBPe in the development and/or function of this cell type. 

Redundant Functions of C/EBP Proteins: the Involvement 
of C/EBPs in Cytokine and Chemokine Gene Expression 

The promoters of many cytokine genes contain composite DNA elements 

consisting of binding sites for C/EBP proteins and NFKB transcription factors that are 

required for activation of expression from these promoters during inflammatory responses 

(1). Functional cooperativity between C/EBP proteins and NFKB requires physical 

interaction between their bZip and Rel homology domains, respectively (19, 31). A 

number of lines of evidence, including our demonsttation that ectopic expression of 

C/EBPp in the P388 lymphoblastic cell line conferred LPS-responsiveness onto the IL-6 

and MCP-1 genes (4) suggested that C/EBPp was tiie primary family member involved in 

cytokine gene regulation. However, it now appears that other family members must be 

capable of participating in cytokine gene regulation in vivo because LPS-inducible 

expression of most cytokine genes, including IL-6, is not greatly affected in C/EBPp null 
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mice (33). C/EBPs is a good candidate for performing these functions in mice because, 

like C/EBPp it is capable of conferring LPS-inducibility on both lL-6 and MCP-1 genes 

in P388 cells. The generation of mice carrying targeted mutations in multiple C/EBP 

genes should address the relative importance of each protein in cytokine gene regulation. 

C/EBPs and C/EBPp were also both capable of activating expression of the genes 

encoding the chemokines MIP-la and MIP-1 p. The chemokines are a family of small 

secreted molecules that attract white blood cells to sites of inflammation (27) and are 

expressed by a number of hematopoietic cell types including macrophages and activated 

B and T cells (41). Expression of MIP-la, MIP-lp, and RANTES is activated in 

macrophages by inflammatory inducers, including LPS and Interferon-y (20), and C/EBP 

binding sites have been identified in the promoter of the MlP-la gene (13). Ectopic 

expression of C/EBPe and C/EBPp increased basal level expression of both MIP-la and 

MIP-1 p genes in P388 cells but did not affect LPS-dependent regulation. These results 

implicate C/EBP proteins, including C/EBPe, as regulators of basal, cell-specific, 

chemokine gene expression but suggest that LPS-dependent stimulation of chemokine 

gene is regulated via a different mechanism. 

C/EBPs as a Critical Regulator of Macrophage Development: 
Activation of M-CSFR Expression 

The specific functions of each C/EBP protein within the hematopoietic system are 

rapidly being determined through the combinatorial use of experimentally manipulatable 

cell culture systems and the dismption of c/ebp genes in mice. From these studies, it has 
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been shown that the C/EBP proteins are expressed in temporally distinct pattems during 

myeloid differentiation, and have implicated C/EBPa as a critical regulator of neutrophil 

development, and C/EBPp as an important factor for macrophage function (23, 28, 37, 

38). The activation of C/EBPs expression in EML-Cl cells at a critical timepoint during 

myeloid differentiation when CFU-GM first become evident in the culture, along with tiie 

coordinate activation of M-CSFR expression, has led us to predict that C/EBPe may be a 

critical regulator of macrophage development. This hypothesis is further supported by 

the specific activation of M-CSFR gene expression by C/EBPe in P388 cells, when 

compared to either C/EBPa and C/EBPp. The promoter of the M-CSFR gene also 

contains binding sites for PU.l, AML-1, and probably other unidentified factors, and the 

activation of M-CSFR expression may be dependent upon selective interactions between 

C/EBPs and other promoter-bound transcription factors. Elucidation of the specific 

functions of C/EBPs during myelopoiesis should be achieved through analysis of cellular 

systems such as EML-Cl in combination with the dismption of the C/EBPe gene in mice. 
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Table 3.1: Sequence of primers used in RT-PCR assays. 

Gene Sense Primer Antisense Primer Reference 

C/EBPe TGTGGCGGTGAAAGAGGAGCCT GGCTCAGCTGCAGCCCCC (36) 

IL-6 ACTTCACAAGTCCGGAGAGG GTTGAAGATATGAATTAGAG (7) 

MCP-1 AGCAGGTGTCCCAAAGAAGC ACAAAGTTTACCCATTCATC (18) 

M-CSFR ATCCCCCTAAACAGTGACTTCC GGTCAGATTATTCCAGCC (26) 

MlP-la ACTGCCCTTGCTGTTCTTCTCT AGGCAATCAGTTCCAGGTCAGT (33) 

MIP-ip CCTGCTGTTTCTCTTACACC AATAGAAATAATACTCCCC (40) 

GAPDH AAGGTCGGAGTCAACGGATT TTGATGACAAGCTTCCCGTT (11) 
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Figure 3.2. C/EBPe is expressed in hematopoietic tissues. A. Total RNA was isolated 
from the indicated embryonic and adult mouse tissues and analyzed by Northem blotting 
using probes specific for C/EBPe or a control gene, glyceraldehyde 3-phosphate dehydro
genase (GAPDH). The positions of the relevant RNA species are indicated as are the 
positions of 188 and 288 ribosomal RNAs. B.M.: bone marrow. B. Total RNA from a 
more extensive series of embryonic and adult tissues was reverse transcribed into cDNA 
and amplified by PCR using primers specific for either C/EBPe or GAPDH. PCR 
products were analyzed by standard agarose gel electrophoresis followed by Ethidium 
Bromide staining and the position of the specific bands is indicated. The B.M. sample 
(lane 10) was underioaded due to the high level of C/EBPe expression in this tissue and 
two spleen samples were screened to confirm C/EBPe expression in this organ. M. DNA 
molecular weight markers. 
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Figure 3.3. C/EBPe is primarily expressed in cells of the myeloid lineage. RNA was 
prepared from the indicated rodent cell lines, or purified primary blood cells, and assayed 
by RT-PCR for the presence of C/EBPe as described in Fig. 3.2. The cell lines are all of 
murine origin except where indicated and have been characterized as follows: A. Myeloid 
cell lines: FDCP-1: myeloid progenitor (grown in the presence of either IL-3 (A) or IL-4 
(B)); WEffl-3: myelomonocyte; 32DC1.3, Ml: myeloblast; EPRO, MPRO, NF8-58, M-
NF8-60, DA-3: promyelocyte; WEHI-274.1: monocyte; GG2EE, P388D1(IL-1), IC-21: 
macrophage. B: Non-myeloid cell lines: RBL-1: rat basophilic leukemia; P815: masto
cytoma; 32DC1.23: mast cell; HCD57: erythroleukemia; P388: B lymphoblast; EL-4: 
lymphoma; CTLL: T cell leukemia; NIH3T3: fibroblast. C. Purified primary blood cells 
as indicated. 
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Figure 3.4. Western blot analysis of C/EBPe expression in hematopoietic cell lines. 
Whole cell protein extracts were prepared from the indicated cell lines and analysis by 
immunoblotting using a C/EBPe specific antiserum. The position of molecular weight 
markers and the 34,000 mol wt. C/EBPe protein are indicated. 
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Figure 3.5. Analysis of C/EBPe expression in stable P388-derived cell lines. A, RT-PCR 
analysis of C/EBPe and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA 
levels in established cell lines. The plasmids used to establishe each line were as follows: 
P388-Neo, p8V(x); P388-Cp, p8V(x)CRP2 (see Ref 20); P388-Ce-1 to Ce-4, pSV(x)-
C/EBPep34. The level of C/EBPe mRNA in lanes 3, 5, and 6 is approximately equal to 
that detected in an equal amount of RNA from P388D1(IL-1) macrophage cells. B, gel 
shift analysis of C/EBPe protein levels in nuclear exttacts prepared from P388-Neo 
control cells and P388-Ce-3 cells. Nuclear extracts from the indicated cell lines were 
incubated with an oligonucleotide containing a perfect C/EBP binding site in either the 
absence (lanes 1 and 3) or presence (lanes 2 and 4) of C/EBPe-specific antisemm. The 
positions of novel binding species in P388-Ce-3 nuclear extracts are indicated with open 
arrowheads, and the position of the supershifted C/EBPe-DNA complex is indicated with 
a closed arrowhead. 
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Figure 3.7. MlP-la and MIP-lp are also targets for C/EBPe. Specific primers were used 
in RT-PCR assays to measure MIP-la and MIP-1|3 mRNA levels in the indicated cell 
lines in the absence (odd numbered lanes) or presence (even numbered lanes) of LPS. 

136 



Hours (RA) 

120 144 S £ 

C/EBPe 

M-CSFR 

GAPDH ^m0 mm. • * • ^mm MNiji a ^ 

Figure 3.8. Coordinate induction of C/EBPe and M-CSFR mRNA levels in EML-Cl cells 
induced to differentiate along the myeloid lineage. Separate cultures of EML-C 1 cells 
were incubated in the presence of SCF, IL-3 and RA and RNA was prepared at the 
indicated times. C/EBPe and M-CSFR mRNA levels were assayed by RT-PCR and RNA 
from MPRO promyelocytes and P388D1(IL-1) cell RNAs were included as controls for 
C/EBPe and M-CSFR, respectively. GAPDH was again used to ensure equivalent 
loading of intact RNA samples. 
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Figure 3.9. Specific activation of M-CSFR expression in C/EBPe-expressing P388 cell 
lines. M-CSFR mRNA levels were analyzed by RT-PCR in RNA prepared from 
unstimulated cultures of the indicated cell lines. RNA from P388D1(IL-1) cells was used 
as a positive control. 
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CHAPTER IV 

FURTHER EXAMINATION OF THE ROLE OF C/EBPe 

DURING MYELOID DIFFERENTIATION 

Abstract 

C/EBPe is a myeloid-specific transcription factor and its mRNA levels increase 

during myeloid differentiation of EML-Cl progenitor cells, suggesting that it may play 

an important role during this process. In this study, we examined C/EBPe protein levels 

in a number of myeloid cell lines to compare with its mRNA levels. Westem blotting 

revealed the presence of two cross-reacting species, a Mr 34,000 protein which 

corresponds to the full-length protein and a shorter protein that migrated at Mr 29,000. 

This shorter protein may represent a C/EBPe isoform produced by altemative ttanslation 

initiation. In addition, C/EBPs protein levels increase during myeloid differentiation in 

both EML-Cl cells and MPRO promyelocytes, consistent with its mRNA levels. We 

have also attempted to identify its target genes in NFS-58 promyelocyte cell lines 

ectopically expressing C/EBPe to gain a better understanding of C/EBPe fimction during 

neutrophil maturation. Gelsolin, MMGL, and Gas7 mRNAs were elevated in C/EBPe-

expressing cells and thereby represent putative target genes for C/EBPe in mature 

myeloid cells. However, these three genes were expressed at similar levels in the bone 

marrow of C/EBPe knockout mice compared to their wild type siblings, suggesting that 

they are not specific targets for C/EBPe but may represent common targets for the C/EBP 

family. Furthermore, the expression of previously identified C/EBPs target genes 

including lactoferrin and G-CSFR were found to be repressed in C/EBPe-expressing 
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NFS-58 cells, suggesting that C/EBPe may also fimction as a ttanscriptional repressor. 

The major inhibitory domain of C/EBPs (RD-ls) is not involved in the repression of 

lactoferrin expression as this repression was also observed in NFS-58 cells ectopically 

expressing a mutated C/EBPs lacking a fimctional RD-ls domain. Finally, atRA 

treatment was shown to partially relieve the repression of lactoferrin mRNA levels in 

C/EBPe-expressing NFS-58 cells. 

Introduction 

Our studies in Chapter II and III have indicated that C/EBPe may play an 

important role during myeloid differentiation as it is almost exclusively expressed in 

myeloid cells and its mRNA levels increase dramatically during myeloid differentiation 

in the EML-Cl progenitor cell line and also in purified progenitor cells. This hypothesis 

is also supported by experiments from other groups showing that human C/EBPs mRNA 

is highly expressed in promyelocyte and late myeloblast like cell lines and that C/EBPs 

mRNA levels increase during granulocytic differentiation of NB4 promyelocytes (7, 25). 

Although it is apparent from these studies that C/EBPe mRNA levels increase during 

myeloid differentiation, not much is known about hs protein expression during this 

process. P388 lymphoblasts express C/EBPs mRNA but have no detectable levels of 

C/EBPs protein (Chapter III), suggesting that one cannot simply assume that C/EBPe 

mRNA and protein levels will vary coordinately. It is well known that the expression of 

otiier C/EBP proteins closely related to C/EBPe, including C/EBPa and C/EBPp, is under 

post-transcriptional control. For instance, several isoforms of C/EBPa and C/EBPp 

corresponding to fiiU-length and amino-terminally truncated and extended proteins are 
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produced in multiple cell types while only one single mRNA species is detected for each 

of the two C/EBP genes (8, 21, 26). The different isoforms of C/EBPa or C/EBPp appear 

to possess distinct activities (8, 21, 26) and the ratio between different isoforms appears 

to change during a number of cellular processes such as the acute phase response (1) and 

liver development (9), suggesting that the generation of different isoforms of C/EBPa 

and C/EBPp is closely controlled and the balanced production of different isoforms could 

be important for the regulation of cell function, proliferation, and differentiation by these 

C/EBPs. The production of these C/EBPa and C/EBPp isoforms has been proposed to be 

due to differential translation initiation events (8, 21, 26). The murine C/EBPs mRNA 

contains multiple in fi"ame AUG codons, suggesting that altemative initiation could also 

occur during its translation in myeloid cells. Therefore, besides permitting the 

comparison of C/EBPe protein and mRNA levels during myeloid differentiation, 

investigation of C/EBPs protein expression in myeloid cells should also determine 

whether differential isoform production is involved in the regulation of C/EBPs function. 

In this study we have carried out Westem blotting analysis to examine the expression of 

C/EBPs protein in myeloid cell lines and also during myeloid differentiation. Our results 

suggest that a trancated C/EBPs isoform is produced in addhion to the fiiU-lengtii protein 

in myeloid cells, possibly by an attemative ttanslation imtiation mechanism. Our data 

also indicate that C/EBPs protein levels increase during myeloid differentiation in both 

EML-Cl progenitors and MPRO promyelocytes, mimicking its mRNA levels in these 

cells. 

Besides gene targeting in mice, over-expression studies in cell lines are also 

powerfiil approaches for identifying tiie functions of tianscription factors. Over the 
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years, this approach has been successfully employed to gain critical insights into the roles 

of a number of transcription factors during hematopoietic differentiation. For instance, 

overexpression of C/EBPa in U937 myelomonocytic cells induces granulocytic 

differentiation, confirming that C/EBPa is a master regulator of granulopoiesis (27). In 

addition, by identifying genes activated in overexpressing cells, this approach can also 

help to identify putative target genes for transcription factors. For example, using this 

approach, it has been found that C/EBPa may directly activate the expression of another 

transcription factor PU.l during granulocytic differentiation (35). In the second part of 

this study, we have attempted to use this overexpression approach to investigate the 

function of C/EBPs and also to identify its putative target genes during myeloid 

differentiation. Three novel putative C/EBPe target genes were identified in NFS-58 

promyelocytes that ectopically express C/EBPe protein. The expression of these genes in 

differentiating MPRO promyelocytes and in C/EBPe knockout mice was further 

characterized to validate their C/EBPs target gene status. During the further 

characterization of previously identified C/EBPe target genes, we also discovered that 

C/EBPs might function as a transcriptional repressor in myeloid cells. 

Materials and Methods 

Plasmid Constmction 

The rettoviral expression vector pLXSN (Clontech Laboratories, Palo Alto, CA), 

which is derived from the Moloney murine leukemia vims, was used to ectopically 

express the fiill length C/EBPs protein (C/EBPeP^^), a tmncated C/EBPe protein 

(C/EBPsP^^) initiated from a AUG codon 96 bp down stream of the predicted initiation 
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site in C/EBPs mRNA, and a mutant form of C/EBPe"^^ (C/EBPe'^'^^) in NFS-58 cells. 

To generate these constructs, the cDNAs encoding the C/EBPSP^'^, C/EBPS"^^, and 

C/EBPs'^'^^ were released from their respective pMEX constmcts (2) with an EcoRI/XhoI 

digestion and inserted into the same restriction sites located in the polylinker region of 

pLXSN (the resultant constmcts are designated as pLXSNe34, pLXSNs29, and 

pLXSNsl21/3). The retroviral vector pLXSH (a gift from Dr. Schickwann Tsai, Mt. 

Sinai School of Medicine) was used to express C/EBPSP^'* and C/EBPSP^^ in EML-Cl 

cells. pLXSH is closely related to pLXSN but contains a hygromycin B resistant gene 

Qiph) instead of the neo gene. pLXSH and pLXSN share an identical polylinker region 

and the pLXSH constmcts (pLXSHs34 and pLXSHs29) capable of expressing C/EBPe''̂ '' 

or C/EBPeP^^ were generated the same way as the pLXSN constmcts. 

Cell Culture 

The rettoviral packaging cell lines, PE501, PA317, and PT67, were maintained in 

Dulbecco's modified Eagle's medium (Mediatech, Hemdon, VI) supplemented with 10% 

fetal bovine serum (Hyclone, Logan, UT) and IX penicillin/streptomycin. The EML-Cl, 

MPRO, and NFS-58 cells were maintained under culture conditions as previously 

described (Chapter III). Myeloid differentiation of EML-Cl cells was induced as 

described previously (Chapter II). Neutrophil differentiation of MPRO cells was induced 

by culttu-ing cells at 10̂  cells per ml in Dulbecco's modified Eagle's medium containing 

10% FBS, 10% BHK-HM5 conditioned medium, and 10'̂  M atRA for 6 days. 
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Preparation of Protein Extracts and Westem Blotting 

Whole cell exttacts were prepared by directly lysing cell pellets in hot Laemmli 

sample buffer (100°C) and boiling the cell lysate immediately afterwards for 5 minutes. 

Different cell fractions including nuclear extracts, cytoplasmic fraction, and nuclear 

debris were prepared using a standard hypotonic lysis procedure (19). Briefly, cells were 

washed twice in phosphate buffered saline (PBS), resuspended in 1 packed cell volume 

(PCV) of ice-cold buffer A [10 mM Hepes (pH 7.9), 1.5 mM MgCb, 10 mM KCl, 0.5 

mM dithiothreitol (DTT), and 0.1% NP-40], and allowed to swell on ice for 20 minutes. 

Cells were then lysed by vortexing vigorously for 10 seconds and cmde nuclei were 

subsequently pelleted by centrifugation at 5000 rpm for 30 seconds. The supematant was 

collected as the cmde cytoplasmic fraction. The nuclear pellet was then resuspended in 

0.5 PCV of buffer C (20 mM Hepes [pH 7.9], 25% glycerol, 0.42 M NaCl, 1.5 mM 

MgCl2, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], and 0.5 mM 

DTT) and rocked at 4°C for 30 minutes. The mixture was then centrifuged at 14,000 rpm 

for 5 minute, and the supematant was collected as nuclear extracts. The nuclear debris 

was prepared by sonicating the resultant pellet in same volvune of 2 x Laemmli sample 

buffer as buffer C. Protein concentration was determined using Bradford reagent (4) and 

equal amovmts of protein were loaded for each sample when used for Westem blotting 

analysis. Immune detection was carried out using a C/EBPs-specific rabbit polyclonal 

antiserum (C-22, Santa Cmz Biotechnology, Santa Cmz, CA). 
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Preparation of Recombinant C/EBPs Proteins 

pMEX expression constmcts containing cDNAs encoding either C/EBPe''̂ '' or 

C/EBPs''̂ ^ downstream of a murine sarcoma vims (MSV) long-term repeat (LTR) 

promoter were transfected into COS-1 cells using a standard calcium phosphate co-

precipitation method (37). Nuclear extracts were prepared 48 hours after transfection as 

described above except that cells were lysed by passaging 8-10 times through a 26-gauge 

needle. Purified nuclear extracts were used as sources for recombinant C/EBPe"'̂ '' and 

C/EBPs"^^ proteins. 

Generation of C/EBPs-expressing EML-Cl Cell Lines 

Rettoviral packaging cell lines stably producing retroviruses carrying the cDNAs 

for the C/EBPs'''̂ '* or C/EBPs''^^ isoform or control vims were first generated. 

pLXSHe34, pLXSHe29, or the empty pLXSH constmct was ttansfected into PE501 

ecotropic packaging cells using a calcium phosphate precipitation method. The 

transfected cells were washed twice with PBS 18 hours after transfection and fed with 

fresh medium (5 ml per 100 mm plate). After a further 30-hour incubation, the culture 

medium of cells transfected with each constmct was collected, filtered through a 0.45 nM 

polysulfonic fitter (Gelman Laboratory, Ann Arbor, MI), and added to a culture of PA317 

amphotropic packaging cells. To increase viral infection efficiency, 4|.ig/ml polybrene 

was subsequently added to the PA317 cultures. After incubation with the vims-

containing medium for 48 hours, infected PA317 cells were selected in the presence of 

hygromycin B. After dmg resistant cell colonies formed, they were picked and expanded 

into cell lines. To determine tiie vhal titer for each vims-producing PA317 cell line, the 
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culture medium collected from each line was diluted at 1:10"*, 1:10^ and 1:10̂  ratios with 

fresh medium in the presence of 4ng/ml polybrene and 1ml of each diluted vims-

containing medium was used to infect N1H-3T3 cells. After selection in the presence of 

hygromycin B, the number of dmg resistant NIH-3T3 colonies was counted for each 

dilution ratio and the viral titer of each line was calculated based on the dilution ratio that 

yielded between 10 and 100 colonies. The PA317 cell line with the highest titer for each 

of the three constmcts was chosen as the source of vims for infecting EML-Cl cells. The 

viral titers were Ix 10 ,̂ 0.8 x 10 ,̂ and 1.5x10^ colony-forming units per ml (cfu/ml) for 

the chosen PA317 cell lines established from pLXSHe34, pLXSHe29, and pLXSH, 

respectively. Whole cell extracts from NIH-3T3 cells infected by retrovimses produced 

from these selected PA317 lines were also analyzed by Westem blotting to confirm that 

the vims produced from these stable lines are able to produce C/EBPs proteins in infected 

cells (Figure 4.3). For infecting EML-Cl cells, the culture medium from these vims 

producing PA317 lines was collected and filtered as previously described, and directly 

added to EML-Cl cell culture in the presence of 4|ig/ml polybrene. After incubation for 

48 hours, 500ng/ml hygromycin B was added to the culture of infected cells for selection. 

Stable lines were cloned by culturing dmg resistant EML-Cl cell pool at 30 cells/ml 

concentration in semisolid Iscove's medium containing 2% methylcellulose, 10% BHK-

MKL cell conditioned medium, 20%) heat-inactivated horse serum (Life Technologies, 

Inc.), IX penicillin/streptomycin and 200^g/ml hygromycin B. Individual colonies were 

picked and expanded in EML-Cl liquid culture medium with 200|ig/ml hygromycin B. 
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Establishment of C/EBPs-Expressing NFS-58 Cell Lines 

Retroviral expression constmcts pLXSNs34, pLXSNe29, pLXSNel21/3, or the 

empty vector pLXSN were transfected into PT67 retroviral packaging cells using a 

calcium phosphate co-precipitation procedure described previously. Vims-containing 

medium was prepared as described previously for PE501 cells and in each case, 2mls of 

the collected medium was added to the 2ml cultures of NFS-58 cells at 10̂  cells/ml 

concentration supplemented with an 40% WEHI-3 conditioned medium. Forty-eight 

hours after infection, infected NFS-58 cells were selected in the presence of 400|ag/ml 

G418. Dmg-resistant lines were cloned by plating on semisolid RPMI medium 

containing 2% methylcellulose and 20% WEHI-3 conditioned medium, 20% fetal bovine 

semm (Hyclone, Logan, UT), and IX penicillin/streptomycin. 

Total RNA Isolation and Northem Blotting Analysis 

Total RNA was prepared from cells and tissues using a modified guanidine 

isothiocyanate/phenol extraction procedure and analyzed by Northem blotting and 

hybridization as described previously. Twelve ^g of total RNA for each sample was used 

to carry out Northem blotting analysis. The mouse lactoferrin and gelatinase B probes 

were 600bp and 700bp cDNA fragments excised with a BamHI/EcoRI digest from their 

respective pBlueScript constmcts provided by Dr. Nancy Berliner (Yale University). The 

probes for gelsolin, gas7, and mouse macrophage galactose and N-acetylgalactosamine-

specific lectin (MMGL) were the cDNA fragments isolated by RDA. 
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Representational Difference Analysis (RDA) 

Total RNA was prepared from the NFSe34-5 cell line, which expresses high 

levels of the C/EBPs''̂ '* protein, and also a control cell line (NFSneo-8) that was 

generated using the pLXSN vector. Poly(A)'^ RNA was then isolated from both total 

RNA samples using the poly(A) spin mRNA isolation kit (New England Biolabs, 

Beverly, MA) and converted to double-stranded cDNA using a cDNA synthesis kit (Life 

Technologies, Inc., Rockville, MD). cDNAs from NFSs34-5 cells and NFSneo-8 cells 

were used as tester and driver respectively and the RDA procedure was carried out as 

previously described (Chapter II). 

Results 

Examination of C/EBPe Protein Levels 
in Myeloid Cell Lines 

To start characterizing C/EBPe protein expression during myeloid differentiation, 

C/EBPe protein levels were examined in myeloid cell lines. Whole cell exttacts were 

prepared from a number of myeloid cell lines arrested at different stages of differentiation 

and analyzed by westem blotting analysis using an C/EBPe-specific antisemm (Figure 

4.1 A). A band (indicated as x) that migrated at the predicted position of the full-length 

C/EBPs protein (approximate Mr 34,000) was detected at high levels in MPRO and 

P388D1(IL-1) cells (Figure 4.1 A, lanes 6 and 11), and at low levels in Ml, 32Dcl.3, 

EPRO, and IC-21 cells (Figure 4.1A, lanes 3, 4,5, and 12). Two additional faster 

migrating bands (indicated as y and z respectively) were also detected at varying mtensity 

in MPRO and EPRO cells (Figure 4.1 A, lanes 5 and 6), with predicted molecular weight 
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of 29,000 and 23,000 respectively. The y protein band was also present in P388D1(IL-1) 

cells (Figure 4.1A, lane 11). Examination of the sequence of the murine C/EBPs gene 

revealed the presence of an in frame AUG codon (Figure 4.1C, indicated as AUG2) 96 bp 

downstream of the predicted translation start site (Figure 4.1C, indicated as AUGl) for 

the full-length protein, that is conserved in the himian C/EBPs gene. Translational 

initiation at this AUG codon could theoretically produce a C/EBPe isoform that is 32 

amino acids shorter than the full-length Mr 34,000 C/EBPe protein. To test whether the y 

protein band detected in MPRO cells correspond to a protein initiating at this intemal 

AUG, expression vectors were constmcted that were capable of producing C/EBPe 

polypeptides initiating at either AUGl or AUG2, hereafter referred to as C/EBPe''̂ '* and 

C/EBPs''^ . The recombinant proteins were synthesized in COS-1 cells and 

electrophoresed alongside different cellular fractions prepared from MPRO cells (Figure 

4.IB). The recombinant proteins comigrated with bands x and y, suggesting that they 

represent bona fide C/EBPs ttanslation products, particularly as both were predominantly 

localized in the nuclear fraction (Figure 4.IB, lane 2). There is another intemal in frame 

AUG (Figure 4.1C, AUG3) present 81 bp downstteam of AUG2 in the murine C/EBPs 

gene and translation initiation from this site could theoretically produce a C/EBPe protein 

that is similar in size to band z. However, tiie fact that the faster migrating protein 

species primarily localized to the nuclear debris pellet (Figure 4.IB, lane 3) and that this 

site is not conserved in the human gene suggest that the faster migrating proteins, 

including band z, are likely to represent either non-specific cross-reacting material, or 

C/EBPs degradation products. They will not be considered fiirther. Finally, a slower 

migrating band detected in M-NFS60 cell exttacts (Figure 4.1 A, lane 8) may represent a 
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C/EBPs isoform initiating at a CUG codon located in the 5' UTR of C/EBPe mRNA 

(Figure 4.1C). Similar non-canonical initiation codons are utilized in both C/EBPa and 

C/EBPp mRNAs (6) although mutational studies will be required to confirm whether this 

also occurs in the case of C/EBPs. 

Examination of C/EBPs Protein Levels 
During Myeloid Differentiation 

We have previously shown that C/EBPs mRNA levels increased during myeloid 

differentiation. To test whether C/EBPs protein levels also increase during myeloid 

differentiation, the levels of C/EBPs proteins in differentiating EML-Cl cells were 

examined by Westem blotting (Figure 4.2A). EML-Cl cells were induced to 

differentiate along the myeloid pathway and whole cell extracts were prepared at various 

time points over a 6-day period. Westem blotting revealed low levels of a Mr 34,000 

protein at early time points (Figure 4.2A, lane 1, 2 and 3), which increased significantly 

after 48 hours, and reached highest levels between 96 to 120 hours (Figure 4.2A, lane 5 

and 6), a pattem similar to the changes in C/EBPe mRNA levels in these cells (Figure 

3.8). A faster migrating band (indicated by an asterisk) was also detected tiiat migrated at 

a position between C/EBPs"^'' and C/EBPs^^^ and appears to represent non-specific cross-

reacting material. 

As EML-Cl cells primarily develop into promyelocytes in the presence of IL-3 

and atRA, the MPRO promyelocyte cell line was used to examine C/EBPs protein 

expression during terminal myeloid development. MPRO cells are blocked at the 

promyelocyte stage by the same dominant negative RARa gene used to generate the 
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EML-Cl cell line and can be induced to differentiate into mature neutrophils in the 

presence of atRA (10"^M) over a period of about 5 days (32). The Mr 34,000 and 29,000 

bands were both detected at significant levels in uninduced MPRO cells by C/EBPs-

specific antiserum (Figure 4.2B, lane 1), confirming our previous results (Figure 4. IB). 

The levels of these two proteins further increased after atRA treatment, reached highest 

levels at 3 days (Figure 4.2B lane 4), and stablized thereafter. This result indicates that 

the protein levels of C/EBPe further increase during terminal myeloid differentiation and 

are present at highest levels in mature neutrophils. 

Efforts in Establishing EML-Cl Hematopoietic Progenitor 
Cell Lines Ectopically Expressing C/EBPe 

Our previous data have shown that C/EBPs mRNA levels increase significantiy 

within the first 48 hours of myeloid differentiation in EML-Cl cells, suggesting that 

C/EBPs may have important functions during early steps of myeloid differentiation such 

as myeloid commitment. To test the effects of C/EBPs expression on early myeloid 

differentiation, we attempted to generate C/EBPs-expressing EML-Cl progenitor cell 

lines. In order to introduce DNA into EML-Cl cells, a variety of transfection reagents 

from different commercial sources were tested, including Lipofectamine (Life 

Technologies), Superfect (Qiagen), Fugene (Boehringer Mannheim), and Transfast and 

Tfx (Promega). However, none worked with satisfying transfection efficiency on EML-

Cl cells. Therefore, a hygromycin B resistant retroviral expression vector carrying the 

cDNA for C/EBPs" '̂* or C/EBPs"^^ was inttoduced into these cells by infection. A total 

of 12 hygromycin B resistant EML-Cl cell clones for each C/EBPs expression constmct 
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were selected and subsequently expanded into lines. However, neither C/EBPe protein 

nor mRNA expression was detected at increased levels in any of these cell lines. The 

reason for this negative result is unclear. It was unlikely to be due to defects in the viral 

constmcts as NIH-3T3 cells infected by the same retroviral vectors expressed abundant 

C/EBPe proteins (Figure 4.3). This result caimot be explained by the inefficiency of 

retroviral infection of EML-Cl cells either because EML-Cl cells were successfully 

infected with a similar retroviral vector encoding the green fluorescence protein (GFP). 

One possible explanation is that premature C/EBPe expression in progenitor cells may be 

detrimental to the survival and/or proliferation of these cells. This problem could also be 

due to the ability of EML-Cl cells to survive in the presence of extremely high 

concenttations of hygromycin B. In my experiments, 1.5 mg/ml of hygromycin B was 

required to kill uninfected EML-Cl cells, a concentration that was almost 3-fold higher 

than the concentration necessary to kill NIH-3T3 fibroblasts (400ug/ml). This resistance 

of EML-Cl cell is not just towards hygromycin B as similar problems were experienced 

by our collaborator (Dr. Jonathan Keller, FCRDC) in attempts to establish EML-Cl cell 

lines expressing a different myeloid-expressed gene in the presence of puromycin. 

Therefore, it is possible that the dmgs commonly used for selecting stable cell lines are 

not suitable for generating stable EML-Cl cell lines. 

Estabhshment of NFS-58 Cell Lines 
Expressing C/EBPs p34 

During the course of my studies, the generation of C/EBPe-deficient mice was 

reported by Kleanthis Xanthopoulos and colleagues (40). Reports on these animals 

152 



showed that there were no major defects in early stages of myeloid differentiation but that 

the neutrophils and eosinophils produced in these mice were not fully ftinctional. 

Putative C/EBPs target genes identified in these deficient mice, including lactoferrin and 

gelatinase B, were also markers of mature neutrophils (20). These data suggested that 

C/EBPs primarily functions in the terminal maturation of granulocytes rather than in 

early myeloid differentiation. Our studies in MPRO cells supported this hypothesis as 

highest levels of C/EBPs protein were detected in mature neutrophils. Therefore, we 

decided to switch our focus to the characterization of C/EBPs functions during neutrophil 

maturation through the identification of novel putative C/EBPe target genes. 

The approach chosen was to ectopically express C/EBPe protein in a 

promyelocyte cell line that normally lacks C/EBPs, and to clone cDNAs representing 

genes that are activated in these cells using RDA. As promyelocytes are immediately 

upstream of neutrophils along the myeloid differentiation pathway, genes activated by 

C/EBPe in these cells should be relevant targets for C/EBPe in maturing neuttophils. The 

promyelocytic cell line NFS-58 was chosen to carry out this study as it appeared to be the 

best available cell line. This cell line expresses high levels of C/EBPe mRNA resembling 

normal promyelocytes, but does not produce detectable levels of C/EBPe protein in 

Westem analysis (compare Figure 3.3A and Figure 4.1 A). NFS-58 cells were infected 

with either an empty retroviral vector (pLXSN) or a vector carrying the cDNA for full 

length C/EBPs protein (pLXSNs34). After selection in the presence of neomycin, several 

independent lines were established that expressed varying levels of C/EBPe'' protein 

(data not shown). The NFSe34-5 was chosen as a representative cell line for use in RDA 
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as it expresses high levels of the C/EBPs''-''' (Figure 4.4A). The NFSneo-8 cell line 

generated from the empty constmct was chosen as control (Figure 4.4A). 

Putative C/EBPs Target Genes Were Identified 
in NFSs34-5 Cells 

cDNA samples prepared from NFSs34-5 and NFSneo-8 cells were used as tester 

and driver respectively to carry out successive rounds of subtractive hybridization in 

RDA to identify genes that are activated by C/EBPe. Three cDNA fragments were 

identified and their sequences were found to match with gelsolin, mouse macrophage 

galactose and N-acetylgalactosamine-specific lectin (MMGL), and Gas7 genes 

respectively in the Genbank database. Northem blotting analyses confirmed that these 

genes were tmly differentially expressed in NFSe34-5 cells versus NFSneo-8 cells 

(Figure 4.4B). 

To confirm that the activation of gelsolin, MMGL, and Gas7 genes in NFS-

58e34-5 cells was not an artifact of cell line establishment, the mRNA levels of these 

genes were also analyzed in two additional independent NFSe34 cell lines, NFSe34-3 and 

NFSe34-6 (Figure 4.5A, lane 2 and 4). Increased mRNA levels for each of the three 

genes were also detected in NFSe34-3 cell line, confirming that the transcriptional 

activation of gelsolin, MMGL, and Gas7 in NFS-58 cells was likely to be due to ectopic 

expression of C/EBPe. The NFSs34-6 cell line differed from the other two C/EBPs"^^ 

expressing cell lines due to the presence of significant levels of the C/EBPe'' isoform 

(Figure 4.5B, lane 3). Interestingly, gelsolin and MMGL mRNA levels were lower and 

Gas7 mRNA was undetectable in this cell line compared to tiie other two (Figure 4.5A, 
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lane 4), even though the level of C/EBPs''^'' in NFSe34-6 is actiially higher than the other 

two cell lines. This observation suggests that C/EBPe''̂ ^ may also behave as an 

antagonist for the activhy of the full-length C/EBPe''-''' protein. 

To examine the potential differences in activity between C/EBPe''̂ '̂  and 

C/EBPsP^ ,̂ NFS-58 cell lines expressing C/EBPs''̂ ^ were established and the expression 

of these tiiree genes were also analyzed in these cells alongside tiie C/EBPs''^''-expressing 

cells (Figure 4.5A, lane 5-7). Increased gelsolin and MMGL mRNA levels were also 

observed in the C/EBPs''^^-expressing cell lines although at significantly lower levels 

compared to the C/EBPs''^'' expressing lines, suggesting tiiat both gelsolin and MMGL 

may serve as common targets for C/EBPs''^'' and C/EBPe''̂ ^. By contrast, Gas7 mRNA 

was not detected in any of the C/EBPe''̂ ^ expressing cell lines, suggesting that Gas7 may 

be a specific target for C/EBPs''^''. These data provide the first indication that the 

C/EBPs'' and C/EBPe''-̂ ^ isoforms might have different activities in regulating gene 

expression. 

Examination of the Expression of Putative C/EBPs 
Target Genes during MPRO Cell Differentiation 
and in C/EBPe Knockout Mice 

Having shown that gelsolin, MMGL and Gas7 mRNA levels are elevated in 

C/EBPe-expressing NFS-58 cells, two approaches were utilized to attempt to validate 

their C/EBPs target gene status. First, their expression pattems during neutrophil 

differentiation in MPRO cells were analyzed and compared to that of C/EBPs protein 

(Figure 4.6). Second, their expression in the bone marrow of wild type and C/EBPe 

knockout mice was examined (Figure 4.7). Also included in these studies were three 
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putative C/EBPe target genes previously identified by other researchers, including 

lactoferrin (20), neutrophil gelatinase (NG) (20), and G-CSFR (30) (Figures 4.6 and 4.7). 

The inclusion of these genes allowed us to confirm the status of our C/EBPs knockout 

mice (which had not previously been published) and to provide direct comparisons with 

the newly identified target genes. 

In differentiating MPRO cells, the mRNA levels of four of these genes 

(lactoferrin, neutrophil gelatinase, gelsolin, and Gas7) increased (Figure 4.6), consistent 

with the increase of C/EBPe protein levels (Figure 4.2B), thereby indicating that C/EBPe 

could potentially regulate their transcription. However, each of these four genes 

displayed distinct expression pattems. Both lactoferrin and neutrophil gelatinase mRNAs 

were not detected in uninduced MPRO cells. Lactoferrin mRNA was first detected 2 

days after atRA treatment and neutrophil gelatinase mRNA was detected slightly later at 

4 days. In contrast, gelsolin and Gas7 mRNAs were both detected in untreated MPRO 

cells, although at low levels. Gelsolin mRNA levels gradually increased after the third 

day of MPRO differentiation while Gas7 mRNA levels dramatically increased at 6 days. 

Neither G-CSFR nor MMGL mRNAs were detected in MPRO cells throughout the 

differentiation process. The varying expression pattems of these 6 putative C/EBPe 

target genes suggest that their mRNA levels may be controlled by different mechanisms 

during neutrophil differentiation. 

The preceding experiments indicate that ectopic expression of C/EBPe is 

associated with the activation of at least three genes in NFS-58 cells, two of which 

(gelsolin and Gas7) are expressed in pattems consistent with C/EBPs protein levels in 

differentiating MPRO cells. However, it was possible that these genes were not specific 
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targets for C/EBPs but represented generic targets for any C/EBP protein. To address 

this question, we examined the expression of all 6 putative C/EBPe target genes in 

C/EBPs knockout mice. The C/EBPs deficient mice used in our study was generated by 

Dr. Peter Johnson's group and were previously uncharacterized. Therefore, Northem 

blotting analysis using the full length C/EBPs cDNA as a probe was first carried out to 

examine C/EBPs expression in the bone marrow of these mutant animals. As shown in 

tiie top panel of Figure 4.7, the 1.8 kb C/EBPs mRNA was only detected in the bone 

marrow from a wild-type mouse, but not in any of the samples prepared from C/EBPs 

deficient animals, confirming that these C/EBPe deficient mice tmly lack C/EBPe 

expression. Two basic expression pattems were observed for the 6 putative target genes 

in C/EBPe knockout mice compared to wild-type animals. First, lactoferrin and 

neutrophil gelatinase mRNAs were essentially undetectable in the knockout animals 

(Figure 4.7), consistent with the previous studies conducted in an independently derived 

C/EBPe knockout mouse model (20). Therefore, these two genes appear to be bona fide 

C/EBPs targets. Second, mRNA levels of gelsolin, MMGL, Gas7, and G-CSFR were 

either similar or slightly higher in C/EBPe knockout mice compared to their wild-type 

siblings (Figure 4.7). These data suggest that expression of each of these genes is not 

uniquely dependent on C/EBPe, possibly because other C/EBPs can substitute for 

C/EBPs ftmctions. 
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C/EBPe Represses Lactoferrin and G-CSFR Expression 
in NFS-58 cells 

The differences in the pattems of expression of bona fide C/EBPe target genes 

and our RDA-identified clones in C/EBPe-deficient mice prompted the examination of 

lactoferrin, NG, and G-CSFR expression in C/EBPs-expressing NFS-58 cell lines (Figure 

4.8A). Total RNA was prepared from 5 independent lines that express varying levels of 

C/EBPe''^'' (Figure 4.8B) and examined by Northem blotting analyses. NG mRNA was 

not detected in any cell lines examined, and lactoferrin and G-CSFR mRNA was present 

in the control cell line (Figure 4.8A, lane 1). Surprisingly, both lactoferrin and G-CSFR 

mRNA levels were either lower or undetectable in each of the C/EBPs''^''-expressing 

lines, and the magnitude of the decrease appeared to directly correlate with the level of 

C/EBPs protein. Therefore, the suppression of lactoferrin and G-CSFR mRNA levels 

does not appear to be an artifact of cell line establishment, but rather appears to be a 

direct consequence of C/EBPs expression. 

C/EBPe RD-le Domain Is not Involved in the Repression 
of Lactoferrin Expression 

Although C/EBPs is generally considered to be a transcriptional activator, the 

presence of two transcriptional inhibitory domains (RD-ls and RD-2s) within the 

C/EBPe polypeptide (2) suggest that it may be capable of functioning as a ttanscriptional 

repressor by recmiting transcriptional corepressors to these inhibitory domains. In the 

case of lactoferrin and G-CSFR, it is possible that their decreased mRNA levels in 

C/EBPs-expressing NFS-58 cells are due to ttanscriptional repression by C/EBPs with 

putative corepressors binding to its inhibitory domains. To address this question, we 
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tested the effects of a C/EBPs protein lacking a functional RD-ls inhibitory domain on 

lactoferrin expression. NFS-58 cell lines were generated that ectopically expressed a 

mutant form of C/EBPs''^'' (C/EBPs'^'^^) in which the RD-ls domain was destroyed by 

mutating a three amino acid motif (KEE) to three alanine residues (2). Expression of the 

lactoferrin gene was subsequently examined in the control NFSe34-5 cells expressing the 

wild-type C/EBPs''-''' protein and 8 lines expressing varying levels of C/EBPs'^"^ (Figure 

4.9). Lactoferrin mRNA was only detected at significant levels in the parental cells and 

two cell lines (NFSsl21/3-13 and -16) that express very low levels of C/EBPs'^''^ protein 

(Figure 4.9A, lane 9 and 10; Figure 4.9B, lane 7 and 8) but not in NFSs34-3 cells (Figure 

4.9A, lane 2) and cell lines that express high levels of the C/EBPs'̂ '̂ ^ (Figure 4.9A, lane 

3-8; Figure 4.9B, lane 1-6). This result indicates that mutation of the RD-le domain did 

not relieve the repression of lactoferrin gene expression in C/EBPe-expressing NFS-58 

cells. 

atRA Can Partially Rescue Lactoferrin Expression in 
C/EBPe-expressing NFS-58 cells 

We next considered the possibility that the inttacellular repertoire of transcription 

factors or other signaling molecules in NFS-58 cells is not conducive to C/EBPe-

dependent activation of lactoferrin and G-CSFR expression due to the lack or inactivity 

of specific signaling pathway(s). To start addressing tiiis possibility, we tested whether 

stimulation of C/EBPe-expressing NFS-58 cells witii factors known to promote terminal 

maturation of myeloid cells would reverse the negative effects of C/EBPe expression on 

lactoferrin expression. The NFSe34-5 cells were tteated with atRA (lO'^M), GM-CSF, or 
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M-CSF alone or in combinations for 24 hours and the levels of lactoferrin mRNA were 

examined in these cells by Northem blotting analysis (Figure 4.10A). Lactoferrin mRNA 

was stimulated in cells treated with atRA although the level remained lower than in the 

control cells (Figure 4.10A, compare lanel and 3). M-CSF and GM-CSF had no 

stimulatory effect and appeared to decrease the effect of atRA (Figure 4.10A, lane 4-7). 

To characterize the pattem of lactoferrin expression early after atRA treatment, its 

mRNA levels were analyzed in NFSE34-5 cells treated with atRA for different time 

periods up to 24 hours in comparison to the control NFSneo-8 cells. atRA-dependent 

increases in lactoferrin mRNA levels were observed within one hour of treatment of 

either control or C/EBPs-expressing cells (Figure 4.1 OB), perhaps indicating that the 

lactoferrin gene is a direct target for retinoic acid receptors. Lactoferrin mRNA levels in 

the control cells displayed a similar increasing pattem as in NFSe34-5 cells, further 

suggesting that the partial relieving effect of atRA on lactoferrin expression in NFSs34-5 

cells is likely to be independent of C/EBPs. 

Discussion 

Protein Expression of C/EBPe 

In murine myeloid cell lines we have detected three protein species of 

approximate sizes Mr 34,000, Mr 29,000, and Mr 23,000 using an antiserum raised against 

mouse C/EBPs. The Mr 34,000 protein is likely to be the fiill-length 281 amino acid 

C/EBPs protein as it comigrates v^th the corresponding recombinant protein and its 

levels exhibit a similar pattem to C/EBPs mRNA levels during myeloid differentiation of 

EML-Cl progenitor cells and MPRO promyelocytes. The Mr 29,000 protein may 
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represent a tmncated C/EBPs isoform. The fact that it comigrates with the recombinant 

C/EBPe''^^ protein in Westem analysis suggests that it may be produced by altemative 

translation initiation at the second in frame AUG codon (AUG2, Figure 4.1C) located 96 

nucleotides dovmstream of the predicted translation start site in C/EBPe mRNA. In 

support of this conclusion, a similarly sized human C/EBPe isoform was also observed in 

human myeloid cell lines and has been proposed to originate from translation initiation at 

the equivalent intemal AUG site in human C/EBPe mRNA (33). This conclusion is also 

not without precedent within the C/EBP family. Besides the "full-length" proteins 

originally predicted for the C/EBPa and C/EBPp genes, additional protein isoforms of 

C/EBPa and C/EBPp including both N-terminal truncated and extended forms were also 

foimd to be present in a variety of cell types. These C/EBPa and C/EBPp isoforms have 

been shovm recently to be produced from altemative translation initiation at 

evolutionarily conserved in frame AUGs and also a CUG in the case of C/EBPa (6). An 

evolutionary conserved upstream open reading frame (uORF) in C/EBPa and C/EBPp 

mRNAs has been shown by mutation analysis to direct the production of both tnmcated 

and extended isoforms. Examination of the 5' unttanslated region (5'UTR) of rat 

C/EBPe mRNA identified a uORF starting with a CUG codon located in a context 

matching with the optimal Kozak sequence (Figure 4.11). Although this uORF is not 

conserved in the human C/EBPe mRNA, it would be interesting to test whether tiiis 

uORF has similar function in regulating the production of the murine C/EBPs"^^ isoform. 

The identity of the Mr 23,000 band detected in EPRO and MPRO cells is not 

clear. A third in frame AUG codon (AUG3, Figure 4.1C) is present 81 nucleotides 

further down stream of the second in frame AUG site in the murine C/EBPs mRNA and 
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translation initiation from this site would theoretically produce a C/EBPe isoform similar 

in size to the Mr 23,000 protein. However, this AUG codon is not conserved in the human 

gene, making it unlikely to be a genuinely utilized initiation site in myeloid cells. It 

remains possible that this protein band may be produced by proteolytic degradation of 

C/EBPs''-''' or C/EBPs''"^. However, the fact that h is tightly associated with the nuclear 

debris of MPRO cells rather suggests that it is likely to be significantly different from the 

other two putative C/EBPs protein isoforms localized primarily in the nuclear extracts. 

In support of the idea that this Mr 23,000 protein may not be related to C/EBPs is the fact 

that it was only detected in EPRO and MPRO cells but not in other C/EBPe-expressing 

cell lines tested. Since both EPRO and MPRO cell lines were generated from mouse 

bone marrow cells utilizing a similar approach (32), it is possible that this Mr 23,000 

protein may represent a cross-reactive protein specifically associated with the common 

parental cells shared by these cell lines. Using antibodies that recognize different 

epitopes within the C/EBPs polypeptide in Westem analyses should help to clarify 

whether this Mr 23,000 protein is derived from the C/EBPs gene in the future. 

Are C/EBPe''^'' and C/EBPe''̂ ^ Functionally Redundant? 

Our overexpression sttidies in NFS-58 cells suggest that C/EBPe''̂ ^ may be a 

weaker activator than the full-length C/EBPs p34 as the expression of gelsolin, MMGL, 

and Gas7 was activated to much higher levels in C/EBPs''^" expressing cells than in the 

C/EBPs''^^ expressing cells. This resuh is also consistent with current knowledge of the 

fimction of the 32 amino acids tiiat are lacking in C/EBPs"^^. The murine C/EBPs protein 

contains two transcriptional activation domains, ADl (amino acids 1 to 70) and AD2 
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(amino acids 140-162) (2). ADl consists of three modules and function as a strong 

activation domain in transient transfection assays. These 32 amino acids contain the first 

module of the tripartite ADl and their loss is likely to result in a reduction in the 

transactivation activity of C/EBPe''^^. This conclusion is based on the observation that a 

hybrid transcription factor with a similarly tmncated C/EBPe ADl fused to the DNA 

binding domain of the yeast transcription factor Gal4 is an significantly weaker activator 

than a Gal4 fusion containing the fiiU-length C/EBPs ADl in transient ttansfection assays 

(2). The fimctional significance of producing such a weaker activator in myeloid cells is 

not clear at the moment. However, the fact that the presence of C/EBPe'''̂ ^ in NFSe34-6 

cells led to lower expression levels of gelsolin and MMGL and eliminated Gas7 

expression compared to other C/EBPe''̂ '* expressing cell lines suggest that C/EBPe''̂ ^ may 

antagonize the activity of C/EBPe''^''. This idea is also supported by the studies of the 

truncated isoforms of C/EBPa and C/EBPp. These proteins either display weak or 

completely lack transactivation ability due to tmncation. A number of studies have 

proposed that they may behave as antagonists for the full-length proteins (5, 21, 28). For 

instance, LIP, a N-terminal tt^mcated C/EBPp isoform lacking the activation domain, was 

shovm to inhibit C/EBP-dependent ttanscription of reporter genes and also to block 

growth arrest induced by the full-length C/EBPp protein when expressed in HepG2 

heptoma cells (5). It is also becoming clear that the ratio between the truncated and the 

full-length isoforms is critical for tiie proper execution of both C/EBPa and C/EBPp 

fimctions. A recent study has shovm that deregulated ttanslational control leading to 

aberrant C/EBPa and C/EBPp isoform expression or overexpression of truncated 

isoforms dismpts adipocyte differentiation and induces transformation in 3T3-L1 cells 
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(6). It will be interesting to determine whether maintaining a specific ratio of C/EBPs''^'' 

and C/EBPs"^^ isoforms is also important for C/EBPe function in maturing myeloid cells. 

Putative C/EBPs Target Genes Activated 
in C/EBPe-expressing NFS-58 cells 

During our attempt to identify novel putative C/EBPe target genes, three genes 

were found to be activated in C/EBPe-expressing NFS-58 cells, gelsolin, MMGL, and 

Gas7. The protein products of these three genes appear to be unrelated and diverse in 

activity. Gelsolin belongs to a stmcturally related class of proteins that regulate actin 

filament length by severing preexisting filaments, capping the fast growing filament end, 

or both (18). MMGL belongs to the calcium-dependent c-type lectin family which 

possesses carbohydrate-binding activity (29). Gas7, as indicated by its name (growth 

arrest-specific gene 7), was first cloned in gro-wth arrested NIH-3T3 fibroblasts, and its 

function is not clear (14). However, the current knowledge about the expression pattems 

and functions of these three genes is not inconsistent with the hypothesis that they might 

be relevant C/EBPs targets during terminal myeloid differentiation. Within the 

hematopoietic system, gelsolin is expressed most abundantly in mature myeloid cells, 

including neutrophils and macrophages (11,41), consistent with the data presented here 

from MPRO cells. Gelsolin contiibutes to the motility of neutrophils and macrophages 

and is also involved in the regulation of apoptosis in neuttophils (17, 38). The available 

evidence indicates that MMGL is primarily expressed in mature macrophages and the 

MMGL cDNA was first cloned from a macrophage-derived cDNA library (29). MMGL 

has been found to bind carbohydrate chains tiiought to be present on proteins expressed 
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on the surface of malignant cells (31, 36, 39), and has been proposed to participate in the 

binding of the macrophages to tumor cells (13). The reported macrophage-specific 

expression of MMGL may explain our failure to detect its expression in MPRO cells 

since neutrophils are the primary cells produced during MPRO differentiation. However, 

our data indicated that C/EBPs is also expressed in mature macrophages (Chapter III), 

and tiierefore, MMGL could be a target gene for C/EBPs in macrophages. In non-

hematopoietic systems, Gas7 appears to associate with decreased proliferation as its 

expression was activated in NIH-3T3 cells under growth arrest and also during terminal 

differentiation of cerebellar Purkinje neurons (14). Although the expression of Gas7 in 

the hematopoietic system was previously uncharacterized, it was recently found that a 

chromosomal translocation characteristic of a form of acute myeloid leukemia involves 

the Gas7 gene, suggesting that Gas7 may also have a role in normal myelopoiesis (23). 

Our results for the first time showed that its mRNA levels increased during terminal 

myeloid differentiation in MPRO cells suggesting it may play a role in terminal myeloid 

differentiation and fimction and thus represent a potential target gene for C/EBPe. 

Our current data do not address the question of whether the gelsolin, MMGL, and 

Gas7 genes are direct targets of C/EBPe in NFS-58 cells, or whether they are expressed 

as a consequence of physiological changes that result from prolonged expression of 

C/EBPe. Unfortunately, the promoters of these genes have not been characterized, so we 

are unable to determine whether potential C/EBP binding sites reside therein. In the 

future, the generation of inducible C/EBPe expressing NFS-58 cell lines should help to 

address this question as the expression of these genes could be monitored closely and 

directly compared to the expression of C/EBPs. 
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Another question need to be addressed in the future is whether these genes are 

specific C/EBPs targets or could be targets for more than one C/EBP protein. The 

mRNA levels of these three genes were relatively unchanged in the bone marrow of 

C/EBPs knockout mice compared to the wild-type mice, indicating that C/EBPs is not 

essential for their expression in myeloid cells. The four closely related C/EBP proteins 

are all expressed in myeloid cells, and have previously been shovm to activate the same 

set of genes in overexpression studies (12). Therefore, it is possible that functional 

redundancy amongst C/EBP family members could account for the relatively normal 

expression of these genes in C/EBPs deficient mice. The generation of NFS-58 cell lines 

expressing other members of the C/EBP family and the examination of the expression of 

these three genes within these cells should directly test this hypothesis. 

Possible Physiological Relevance of the Repression of 
Lactoferrin and G-CSFR Expression by C/EBPe 

Muhiple lines of evidence have suggested that C/EBPs directiy activates the 

expression of lactoferrin and G-CSFR genes in myeloid cells. First, the expression of 

lactoferrin diminishes in the bone marrow of C/EBPs knockout mice (20). Second, 

recombinant C/EBPs binds to a critical element in the lactoferrin promoter in vitro (16). 

In addition, overexpression of C/EBPs increases the levels of lactoferrin mRNA in U937 

myeloblastic cells (34). In the case of G-CSFR, h was similarly shown that C/EBPe can 

bind to a critical C/EBP binding element on G-CSFR promoter and tiiat overexpression 

of C/EBPs can lead to increased levels of G-CSFR mRNA in immature myeloid cells. 

Ratiier surprisingly, our studies showed that ectopic expression of C/EBPe led to a 
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suppression of lactoferrin and G-CSFR gene expression in NFS-58 cells. More and more 

evidence suggests that repression is an equally important mechanism as activation for 

proper regulation of gene expression. The repression of lactoferrin and G-CSFR 

expression by C/EBPe may have its physiological relevance. In the case of lactoferrin, h 

is only expressed in mature neutrophils within the hematopoietic system (3); therefore, it 

is possible that its expression is repressed in immature myeloid cells or other non-

permissive hematopoietic cells. Consistent with this idea, a silencer element has been 

shovm to present within the lactoferrin gene promoter (15). It is possible that C/EBPs 

may direct such repression before terminal myeloid differentiation occurs. In the case of 

G-CSFR, since one of the major functions of G-CSF is to promote proliferation of 

granulocytes (22), it is possible that dovmregulation of G-CSFR expression by C/EBPs 

may help to promote gro-wth arrest which in tum facilitates terminal differentiation in 

myeloid cells. The evidence indicating that C/EBPs may directly activate G-CSFR 

expression comes from studies in myeloblasts (30), a relatively immature stage of 

myeloid differentiation. Therefore, the discrepancy between our data and this study may 

suggest that C/EBPe may function as an activator for G-CSFR expression during early 

myeloid differentiation, but repress hs expression during termmal differentiation. 

Is C/EBPe Capable of Functioning as a Transcriptional 
Repressor? 

There are many possible mechanisms that could explain the repression of 

lactoferrin and G-CSFR gene expression by C/EBPe. For example, C/EBPs may 

somehow decrease the stability of lactoferrin and G-CSFR mRNAs, thereby leading to 
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lower steady-state levels of both mRNAs in NFS-58 cells. However, we favor the idea 

that this repression is directly mediated by C/EBPe at the transcriptional level, 

particularly as C/EBPs has been shown to bind to both promoters. Two possible 

scenarios may account for the transcriptional repression of these two genes by C/EBPs. 

In the first scenario, this repression of lactoferrin and G-CSFR expression may be 

due to squelching of transcriptional coactivators by excessive C/EBPs protein present in 

NFS-58 cells. A number of transcription factors, including the herpes simplex vims 

protein VP16, have been found to inhibit their own activity when overexpressed in cells 

(10). Sequestration or squelching of specific limhing coactivators by the excess 

transcription factors has been proposed to explain such phenomenon. In such case, one 

might expect to see upregulation of target genes when the transcription factor is 

expressed at lower levels as the coactivators proposed above would not be limiting. 

However, in our studies there was no increase in lactoferrin expression observed in NFS-

58 cell lines that express lower levels of C/EBPs protein, suggesting that the observed 

repression is probably not due to sequesttation of ttanscriptional coactivators. 

It is well established that promoter activity tends to require the coordinate action 

of multiple transcription factors bound to their cognate recognition sequences. This is 

certainly tme of the G-CSFR and lactoferrin promoters where numerous additional 

positively and negatively acting elements have been described in addition to the 

aforementioned C/EBP binding sites. Therefore h is possible that the intracellular 

repertoire of transcription factors in NFS-58 cells is not conducive to the positive effects 

of C/EBPs on these two promoters and that tiie effect of C/EBPe binding is actually to 

decrease expression of both genes. In such a scenario, C/EBPe could be acting as an 
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active repressor (although mutation of the major negative regulatory domain in C/EBPe 

did not reverse this effect) or in a passive manner by simply blocking access of other 

transcription factors to these promoters. Further studies will be required to address this 

question. 

Irrespective of the actual explanation, the repression of two positive target genes 

by C/EBPe in NFS-58 cells is certainly an unusual and unexpected result. In the worst-

case scenario, it suggests that NFS-58 cells may not have been the best choice of parental 

cell line for these studies. Although NFS-58 cells are characterized as promyelocyte-like, 

they are dependent on IL-3 for survival. IL-3 activity is associated with commitment and 

proliferation of myeloid precursor cells and not with terminal maturation (24). Therefore, 

the absence of signaling pathways characteristic of terminal maturation may be the most 

important feature determining C/EBPs activity in these cells. The three genes isolated in 

our screen may still respond positively because they are generic C/EBP targets and do not 

require other neutrophil-specific signals, while lactoferrin and G-CSFR respond 

differently due to the absence of additional required stimulus. However, all is not lost. 

These cell lines could still prove to be useful for testing the activity of additional, 

myeloid-specific transcription factors to rescue C/EBPs-dependent repression of 

lactoferrin and G-CSFR expression, thereby provide a system for the molecular 

characterization of combinatorial transcription factor complexes required for neutrophil 

specific gene expression. 
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Figure 4.1. Expression of C/EBPe protein in myeloid cell lines. A. Whole cell extracts 
were prepared from myeloid cell lines arrested at different stages of myeloid differenti
ation and analyzed by Westem blotting using an antiserum raised against mouse C/EBPs. 
The cell lines include FDCP.l, myeloid progenitor; WEHI-3, myelomonocyte; 32DC1.3, 
Ml , myeloblast; EPRO, MPRO, NFS-58, M-NFS-60, promyelocyte; WEHI-274.1, 
monocyte; GG2EE, P388D1(IL-1), IC-21, macrophages. B. Different cellular fractions 
including cytoplasmic fraction (C), nucear extracts (N), and nuclear debris (D) were 
prepared from MPRO cells and analyzed by Westem analysis using C/EBPs antibody. 
C/EBPsP34 and C/EBPSP^^ are the recombinant forms of the C/EBPs full-length protein 
and a putative C/EBPs isoform produced due to translation initiation from the second 
AUG site 96 bases downstream of the first translational start site in C/EBPs mRNA. C. 
A schematic diagram of C/EBPs mRNA. The coding region is indicated by boxes. 
Three possible translation start sites are indicated as AUGl, AUG2 and CUG. UTR, 
untranslated region. BR, basic region. LZ, leucine zipper, nt, nucleotides. 
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Figure 4.2. Expression of C/EBPe protein during myeloid differentiation. A. EML-Cl 
progenitor cells were induced to differentiate along the myeloid pathway in the presence 
of atRA (10"^ M) and IL-3, and whole cell extracts were prepared at indicated time points 
over a six-day period. The levels of C/EBPe protein in these samples were subsequently 
analyzed by Westem blotting using anti-C/EBPe antibody. Recombinant C/EBPeP '̂' 
and C/EBPsP^^ proteins were included as positive controls (C). *, cross-reacting materials. 
B. MPRO promyelocytes were induced to differentiate into neutrophils by atRA (10'^ M) 
over a 6-day period. Nuclear extracts were prepared at indicated time points and 
examined for C/EBPe protein expression by Westem blotting analysis. 
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Figure 4.3. C/EBPe protein expression in NIH-3T3 cells infected with retrovims derived 
from constmct pLXSNe34 or pLXSNe29. 4 neomycin resistant NIH-3T3 cell lines (NIH 
-3T3s34-l,-2,-3, and -4) were established for the pLXSNe34 constmct while 5 individual 
lines (NIH-3T3e29-1,-2,-3, -4, and -5) were established for the pLXSNe29 constmct. 
Whole cell extracts were prepared from these cell lines and analyzed by Westem blotting 
analysis using C/EBPs-specific antiserum. Extracts from uninfected N1H-3T3 cells 
(NIH-3T3) were included as control. 
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Figure 4.4. Identification of putafive C/EBPe target genes using RDA in NFSe34-5 and 
NFSneo-8 cells. A. C/EBPe protein levels were examined by Westem blotting in whole 
cell extracts prepared from NFSneo-8 and NFSe34-5 cells. B. Total RNA samples were 
prepared from NFSneo-8 and NFSe34-5 cells respectively and the mRNA levels of 
gelsolin, MMGL, and Gas7 in these samples were analyzed by Northem blotting. 
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Figure 4.5. Expression of gelsolin, MMGL, and Gas7 in multiple NFS-58 cell lines 
expressing C/EBPeP^^ or C/EBPeP^ .̂ A. Total RNA samples were prepared 
from control cell line NFSneo-8, three NFS-58 cell lines expressing p34 including 
NFSe34-3, 5, and 6, and also cell lines expressing p29 including NFSe29-7, 9, and 12. 
Northem blotting analysis was utilized to examine the expression of gelsolin, MMGL, 
and Gas7 in these samples. GAPDH, glyceraldehydes-3-phosphate dehydrogenase. B. 
Whole cell extracts were prepared from indicated NFS-58 cell lines and C/EBPe protein 
levels in these cell lines were examined by Westem blotting analyses. 
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Figure 4.6. Expression of gelsolin, MMGL, and Gas7 during terminal differentiation in 
MPRO cells. MPRO cells were induced by 10'̂  M atRA to differentiate into neutrophils 
over a 6-day period and total RNA samples were prepared at indicated time points. 
Northem blotting was carried out to examine the expression of lactoferrin, neutrophil 
gelatinase, G-CSFR, gelsolin, MMGL, and Gas7 in these samples. 
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Figure 4.7. Expression of C/EBPe target genes in the bone marrow of C/EBPe knockout 
mice. Total RNA was prepared from the bone marrows of 7 C/EBPe knockout mice and 
one wild-type littermate, and examined for the expression of gelsolin, MMGL, Gas7, 
lactoferrin, neutrophil gelatinase, G-CSFR, and C/EBPe using Northem blotting analysis. 
Total RNA samples prepared from uninduced EML-Cl cells (lane 9) and EML-Cl cells 
that have differentiated for 96 hours (lane 10) were included as controls. 
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Figure 4.8. High levels of C/EBPe protein repress the expression of lactoferrin and G-
CSFR in NFS-58 cells. Total RNA was purified from NFSneo-8 control cells, and also 6 
indicated individual NFS-58 cell lines expressing C/EBPeP '̂', and examined for the 
mRNA levels of lactoferrin and G-CSFR by Northem blotting. B. Whole cell extracts 
prepared from above C/EBPeP^''-expressing cells lines was analyzed by Westem blotting 
using C/EBPe antibody. 
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Figure 4.9. Mutation of the KEE mofif of the RD-le domain of C/EBPe does not relieve 
the repression of lactoferrin expression. A. Total RNA samples were prepared from 
NFSneo-8 cells, NFSe34-5 cells, and eight individual NFS-58 lines expressing the mutant 
C/EBPe protein with mutated KEE motif (C/EBPe'̂ '̂ ^)^ and analyzed by Northem 
blotting using lactoferrin specific probe. B. Whole cell extracts were prepared from 
above C/EBPe'^'^^-expressing NFS-58 cell lines and examined for the levels of 
C/EBPe'2'̂ 3 protein using Westem blotting. 
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Figure 4.10. atRA can partially relieve the repression of lactoferrin expression in C/EBPe 
-expressing NFS-58 cells. A. Total RNA was harvested from untreated NFSneo-8 and 
NFSe34-5 cells plus NFSe34-5 cells under indicated treatments for 24 hours, and 
analyzed for the expression of lactoferrin and G-CSFR by Northem blotting. B. Both 
NFSneo-8 and NFS834-5 cells were treated with atRA (lO'^ M) over a period of 24 hours 
and total RNA samples were prepared at indicated time points. Lactoferrin mRNA levels 
were analyzed in these samples by Northem blotting analysis. 
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Figure 4.11. A uORF is present in the 5'UTR of murine C/EBPe mRNA. The uORF 
sequence is underlined and its corresponding peptide sequence is indicated. The coding 
region is indicated by boxes. UTR, untranslated region. BR, basic region. LZ, leucine 
zipper, nt, nucleotides. 
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CHAPTER V 

IDENTIFICATION OF AN INTERLEUKIN-3-REGULATED 

ALDO-KETO REDUCTASE GENE IN MYELOID 

CELLS THAT MAY FUNCTION IN AUTOCRINE 

REGULATION OF MYELOPOIESIS 

Abstract 

The EML hematopoietic progenitor cell line is a model system for studying 

molecular events regulating myeloid commitment and terminal differentiation. We used 

representational difference analysis to identify genes that are differentially expressed 

during myeloid differentiation of EML cells. One gene (named mAKRa) encoded a 

novel member of the aldo-keto reductase (AKR) superfamily of cytosolic NAD(P)(H)-

dependent oxidoreductases. mAKRa mRNA was detected in murine hematopoietic 

tissues including bone marrow, spleen and thymus. In myeloid cell lines, mAKRa was 

expressed at highest levels in cells representative of promyelocytes. mAKRa mRNA 

levels increased rapidly in response to interleukin-3 over the first 24 hours of EML cell 

differentiation when the cells undergo lineage commitment and extensive proliferation. 

mAKRa mRNA levels decreased later in the differentiation process particularly when the 

EML cells were cultured with GM-CSF and retinoic acid to induce terminal granulocytic 

maturation. mAKRa mRNA levels decreased during retinoic acid-induced terminal 

granulocytic differentiation of the MPRO promyelocyte cell line. AKRs act as molecular 

switches by catalyzing the interconversion or inactivation of bioactive molecules 

including steroids and prostaglandins. We propose that mAKRa may catalyze the 
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production or catabolism of autocrine factors that promote the proliferation and/or 

lineage commitment of early myeloid progenitors. 

Introduction 

Starting from a population of pluripotent hematopoietic stem cells (PHSC), the 

process of hematopoietic differentiation culminates in the production of multiple 

functionally and morphologically distinct blood cell types. The mature cells have 

relatively short lifespans and must be continuously repopulated from the pool of PHSC. 

Hematopoietic differentiation is a highly regulated process and a growing number of 

regulatory molecules have been identified that are involved both in the normal 

differentiation process and also in the aberrant hematopoiesis seen in leukemia and other 

hematological disorders. For example, the hematopoietic growth factors (HGFs) 

recognize specific receptors on the surface of subsets of hematopoietic cells at different 

stages of development and stimulate their fiirther differentiation, proliferation and/or 

survival (31). In addition, many transcriptional regulators have been identified that are 

expressed in cell-specific pattems in hematopoietic cells, and which are directly 

associated with hematopoietic differentiation or leukemia (46, 50). 

Another class of factors that modulates hematopoiesis consists of small 

biologically active molecules such as retinoids, particularly retinoic acid (16), 

prostaglandins and steroids (5, 15). With tiie notable exception of retinoic acid, which 

acts as a ligand for a family of nuclear hormone receptors, the mechanisms of action of 

such molecules are poorly understood. One model is that such molecules may act as 

autocrine or intracrine regulators of hematopoietic commitment, proliferation and 
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terminal maturation; thus, the identification of enzymes that catalyze the synthesis or 

catabolism of these molecules in hematopoietic cells is of great interest. Recently, for 

example, a member of a superfamily of intracellular oxidoreductases, the aldo-keto 

reductases (AKRs), has been implicated in the synthesis of autocrine factors that may 

interfere with retinoic acid signaling during granulocytic differentiation (32). 

Various techniques have been used to identify genes that encode regulators of 

hematopoietic differentiation. For example, genetic studies in mice revealed critical 

lineage-specific roles for transcriptional regulators such as C/EBPa (57), GATA-1 (41), 

PU.l (44) and many others (35, 46). Elucidation of the genetic alterations underlying 

certain leukemias, including chromosomal translocations and more subtie mutations, has 

revealed the hematopoietic functions of proteins such as PLZF and AML-1 (46). In 

addition, new techniques have been developed to identify genes that are differentially 

expressed in two cell populations, including PCR-based methods such as differential 

display (29) and Representational Difference Analysis (RDA) (18, 30). These advances 

have permitted the description of additional genes whose expression is regulated during 

hematopoiesis (22, 26, 54). 

The relative scarcity of PHSCs in bone marrow (0.01% to 0.005% of nucleated 

cells) and the difficulty in isolating pure populations of cells at specific stages of 

differentiation has hampered the molecular analysis of hematopoietic development (50). 

To address this problem, cell lines representative of different stages of hematopoietic 

differentiation have been established over the past few decades. In certain cases, 

including the human HL-60 (3) and murine 32DC1.3 (53) and Ml (19) cell lines, 

differentiation may be regulated in culture permitting the analysis of the role of putative 
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regulatory genes. Shortcomings of these studies have included the leukemic origin of 

many immortalized cell lines and their limited differentiative capacity. A pair of recently 

established murine cell lines, named EML and MPRO, permit the analysis of 

hematopoietic development over the whole spectrum of differentiation from the 

pluripotent progenitor cell to terminally differentiated granulocytes and macrophages (51, 

52). 

The EML cell line was established by forcing expression of a dominant negative 

retinoic acid receptor a (RARa) molecule in murine bone marrow cells and subsequently 

selecting cells that were dependent on stem cell factor (SCF) for survival (51). The 

resulting cell line expresses many markers of hematopoietic progenitor cells (Lin'", c-

Kit"̂ , Sca-1^) (28) and grows continuously in the presence of stem cell factor. Although a 

limited number of pre-pro B cells and erythroid progenitors arise spontaneously in 

culture, myeloid differentiation is inhibited by the dominant negative RARa. This block 

can be overcome by culturing in the presence of the multifimctional cytokine interleukin-

3 and pharmacological doses of all trans retinoic acid (atRA) (51, 54). Under these 

conditions, EML cells differentiate into promyelocj^es over a period of 6-7 days and 

differentiation specific genes are expressed in pattems similar to those seen in bona fide 

hematopoietic progenitors (27, 54, 55). Terminal granulocytic differentiation can be 

achieved by removing IL-3 after three days and replacing it with granulocyte/macrophage 

colony stimulating factor (GM-CSF) (27, 51). In this system, IL-3 promotes the survival 

and expansion of cells committed to the myeloid and other lineages (51, 54). atRA 

appears to act at two separate stages, first in combination with IL-3 to promote the 

appearance of early myeloid progenitors, and second in combination with GM-CSF to 
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promote the terminal maturation of committed granulocyte/monocyte progenitors (42, 

51). The MPRO cell line was established using the same dominant negative RARa as 

EML but is arrested at the promyelocyte stage of granulocytic differentiation (51, 52). 

MPRO cells are GM-CSF-dependent and terminal granulocytic differentiation is induced 

using high levels of atRA. Using these two cell lines, it should be possible to identify 

genes involved at various stages of granulocytic differentiation. 

In this study we sought to identify genes that are activated during the initial stages 

of myeloid differentiation by using RDA to isolate genes whose expression is elevated 72 

hours after addition of IL-3 and atRA to the EML culture. This timepoint was chosen 

because although many cells have become committed to the myeloid lineage at this stage, 

as measured by their responsiveness to GM-CSF (54), few cells have reached terminal 

maturation (27). We identified a novel member of the AKR superfamily and named it 

mouse aldo-keto reductase a (mAKRa). Based on its expression pattem in EML and 

MPRO cells, and the ability of AKRs to metabolize molecules such as prostaglandins and 

steroids, we propose it may function in the synthesis or catabolism of autocrine/intracrine 

factors that regulate myeloid differentiation. 

Materials and Methods 

Cell Culture 

BHK-MKL, BHK-HM5, L (fibroblast) and NIH 3T3 (fibroblast cell lines were 

maintained in Dulbecco's modified Eagle's medium (DMEM, BioWhittaker, 

Walkersville, MD) supplemented with 10% fetal bovine semm (FBS, Atianta Biological, 

Norcross, GA). P388 (pre B lymphoblast), P388D1(IL-1) (macrophage). Ml 
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(myeloblast), WEHI-3 (myelomonocyte) and IC-21 (macrophage) cell lines were cultured 

in RPMI 1640 (BioWhittaker) supplemented with 5% FBS. 32DC1.3 (myeloblast), 

FDCP-1 (myeloid progenitor) and NFS-58 (promyelocyte) cells were cultured in RPMI 

1640 plus 5% FBS supplemented with 20% WEHI-3 conditioned medium (CM) as a 

source of IL-3. M-NFS-60 (promyelocyte) cells were maintained in RPMI 1640 medium 

containing 10% FBS and 10% L cell CM as a source of macrophage-colony stimulating 

factor. GG2EE (macrophage) and WEHI 274.1 (monocyte) cell lines were maintained in 

RPMI 1640 containing 10%. FBS. MPRO cells were maintained in DMEM containing 

10% FBS and 10% BHK-HM5 CM as a source of GM-CSF. EML and EPRO cells were 

maintained in Iscove's modified Dulbecco's medium (IMDM) containing 20% horse 

serum (HS, Atlanta Biological) and 10% BHK-MKL CM (as a source of SCF) or 10% 

BHK-HM5 CM, respectively. 

Myeloid differentiation of EML cells was initiated by plating at 1 X 10̂  cells per 

ml in IMDM containing 20% HS, 10% WEHI-3 CM, 10% BHK-MKL CM and 1 X 10"' 

M atRA (Sigma, St. Louis, MO) for a six-day period. Terminal granulocytic 

differentiation was induced by washing cells after 72 hours in culture under the 

conditions described above and replating in IMDM containing 20% HS, 10% BHK-HM5 

CM and 1 X 10"̂  M atRA. Terminal granulocytic differentiation of MPRO cells was 

initiated by replating cells in fresh medium containing 1X10" M atRA. In all 

differentiation experiments cells were fed with fresh medium after 48 hours and every 24 

hours thereafter. Cells were harvested at various times for RNA preparation. 
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RNA Preparation and Northem Blotting 

Cellular RNA was prepared from mouse tissues and cell lines using a modified 

guanidine isothiocyanate/phenol extraction procedure and analyzed as described 

previously (34). Northem blots were analyzed on a Molecular Dynamics 445SI 

phosphorimager for quantitation of relative mRNA levels. mAKRa mRNA levels were 

calculated after normalization to the level of glyceraldehyde phosphate dehydrogenase 

(GAPDH) mRNA. The mAKRa probe was a DpnII fragment that was isolated in the 

RDA procedure (see below) and the GAPDH probe was a 200bp fragment amplified by 

PCR using the following oligonucleotide primers: GAPDH 5' 

AAGGTCGGAGTCAACGGATT, and GAPDH 3' TTGATGACAAGCTTCCCGTT 

(55). The C/EBPe probe was an 850bp NcoIIHindlll fragment containing the entire 

murine cDNA (55). 

Representational Difference Analysis (RDA) 

RDA (18) was carried out to identify genes expressed at higher levels in EML 

cells cultured in the presence of IL-3 and atRA for 72 hours versus unstimulated EML 

cells. Briefly, total RNA was prepared from EML cells cultured in the presence of SCF, 

or in the presence of SCF, IL-3 and atRA, and poly A"" RNA was isolated using the poly 

A spin mRNA isolation kit (New England Bioloabs, Beverly, MA). Double-stranded 

cDNA was synthesized from 4|ag of poly A^ RNA using a cDNA synthesis kit (GIBCO 

BRL, Grand Island, NY). Three rounds of RDA was performed using R-Bgl-12, R-Bgl-

24, J-Bgl-12, J-Bgl-24, N-Bgl-12 and N-Bgl-24 adaptors and primers described 

previously (18, 30). The cDNAs described above were digested with DpnII and ligated 
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to the R-Bgl adaptors. Representations were synthesized by 23 cycles of PCR 

amplification of the R-ligated cDNA fragments using the R-Bgl-24 oligonucleotide. 

Z)/?;?//digestion of the representation derived from EML cells cultured in the presence of 

SCF alone generated driver cDNA. Tester cDNA was prepared by DpnII digestion of the 

representation derived from EML cells cultured in the presence of SCF, IL-3 and atRA 

for 72 hours followed by ligation of J-Bgl adaptors. The first subtractive hybridization 

was performed combining 40fig of driver cDNA and 0.4|ig of tester cDNA (tester:driver 

= 1:100). An aliquot of the hybridization mix was amplified by PCR using the J-Bgl-24 

primer. The PCR products were then digested with mung bean nuclease (New England 

Biolabs) at 30°C for 35 minutes to remove single stranded products. The first difference 

products (DPI) were prepared by a further 18 cycles of PCR amplification of the digested 

PCR products. The procedure was repeated twice using different adaptors and 

tester:driver ratios to obtain DP2 (1:800) and DP3 (1:400,000). Difference products were 

visualized on ethidium bromide stained agarose gels, excised and subcloned into 

dephosphorylated ^aw///digested vector. Eight unique clones were isolated and six of 

these displayed the expected differential expression pattem in EML cells (Y. Du and S.C. 

Williams, manuscript in preparation). 

Database searches v^th the sequence of one subclone (#1603) revealed that it 

encoded a portion of a protein related to members of the AKR superfamily (23). The 

initial clone contained the coding sequence for 86 amino acids at the C-terminus of the 

protein. Two rounds of nested 5' rapid amplification of cDNA ends (RACE) reactions 

were carried out to isolate the 5' end of the cDNA. 5'RACE was carried out on 

Marathon-Ready cDNA from mouse spleen using the Advantage cDNA PCR kit (both 
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from CLONTECH, Palo Alto, CA) as described previously (55). The primers used for 

5'RACE reactions were: Primer 1: CAG AAA TGA TGA TGT TTC CAT TCA CCA G, 

and Nested Primer: CAG GCA GAA GTC ATG ATT AGG TC. The resulting cDNA 

products were subcloned into pGEM-T easy vector (Promega, Madison, WI). 

Sequencing and Data Analysis 

All subclones were sequenced at the Texas Tech University Biotechnology 

Institute using an ABI Prism Genetic Analyzer 310 (Perkin Elmer Biosystems, Foster 

City, CA). Sequence analysis was carried out using the OMIGA and Genetics Computer 

Group (GCG) suite of software packages (Oxford Molecular Group Inc., Campbell, CA). 

Database searches were carried out using the FASTA program from GCG and the 

XREFdb database (2). Sequence alignments were generated using the PILEUP program 

from GCG and pairwise comparisons for identity calculations were performed using the 

BESTFIT program from GCG with a gap creation penalty of 8 and a gap extension 

penalty of 2. 

Results 

Identification of Genes That Are Differentially Expressed 
during Myeloid Differentiation of EML Cells by RDA 

RDA is a recently developed technique that combines tiie selective power of 

subtractive hybridization with the sensitivity of PCR to isolate cDNAs representing genes 

that are differentially expressed in two cell populations (18). Our experimental approach 

was designed to identify genes that encode potential regulators of the myeloid 
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differentiation process, rather than genes expressed in terminally differentiated 

neutrophils and/or macrophages. Therefore, we used RDA to isolate cDNA clones that 

were expressed more robustly in EML cells 72 hours after addition of IL-3 and atRA 

versus unstimulated cells. At least eight distinct bands representing potential 

differentially expressed genes were evident after three rounds of RDA (Fig. 5.1). Six of 

these bands represented bona fide differentially expressed genes as assessed by Northem 

blotting (data not shown). Sequence analysis identified genes knovm to be expressed in 

mature myeloid cells (lysozyme), genes encoding enzymes involved in serotonin and 

histamine biosynthesis, and two genes whose identity is currently unknown (Y. Du and 

S.C. Williams, unpublished observations). However, this report will focus on the gene 

represented by the most intense band in the DP3 lane (indicated with an arrow in Fig. 

5.1 A, lane 5). After subcloning, this band was used to probe an RNA blot comparing 

treated and untreated EML RNA samples. A single mRNA species of approximately 

1400 nucleotides was detected in both EML samples, and the level of this mRNA was 12-

16-foId higher in EML at 72 hours versus 0 hours (Fig. 5. IB). 

The cDNA clone was sequenced and found to contain an 86 amino acid open 

reading frame. Comparison to sequences in public databases revealed that the encoded 

protein had not been previously deposited and that it displayed significant sequence 

similarity to multiple members of the AKR superfamily. The AKRs are cytosolic 

enzymes tiiat catalyze the NAD(P)(H)-dependent reduction of a variety of carbonyl 

compounds, including molecules implicated as regulators of hematopoietic differentiation 

such as steroids and prostaglandins (23, 24). 
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Characterization of the mAKRa cDNA and Peptide 

In order to gain some insight into the identity and potential functions ofmAKRa, 

we characterized the full length cDNA and determined the relatedness of the mAKRa 

polypeptide to other AKR family members. The complete mAKRa sequence has been 

deposited in GenBank under accession number AF177041 and is depicted in Fig. 5.2. 

The 1108 nucleotide mAKRa cDNA includes 34 bases from the 5' untranslated region 

(UTR), and 105 bases from the 3'UTR. The longest open reading frame encodes a 

protein of 323 amino acids with a predicted molecular weight of 38,000 and a pi of 6.6. 

A new nomenclature has recently been introduced for the AKR superfamily that 

assigns names to proteins based on their level of sequence similarity to other family 

members and this information can be usefiil in predicting potential substrates (24). By 

carrying out pairwise comparisons between mAKRa and proteins representative of the 

seven families of AKRs, we determined that mAKRa is likely to be a member of the 

AKRl family (data not shown). The AKRl family is further divided into subfamilies 

(24) and Fig. 5.3 shows the alignment ofmAKRa and representatives of four of the five 

subfamilies within the AKRl subfamily, namely AKR1C9 (3a-HSD) (37), AKR1D2 (rat 

D4-3-ketosteroid-5p-reductase [36]), AKR1B4 (rat aldose reductase [8]) and AKR1A3 

(rat aldehyde reductase [49]). In addition, this comparison includes tiiree relatively 

uncharacterized AKR proteins (rat aldo-keto reductase (RAK)b, RAKd and RAKf) that 

were originally identified based on their cross-reactivity to antisera raised against rat 3a-

HSD (43). This alignment highlights amino acid differences between mAKRa and each 

of the other proteins and it can be seen that mAKRa is most similar to the three RAK 

proteins than to the more characterized family members. Previous studies have identified 
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nineteen amino acids that are either totally or highly conserved within the AKR 

superfamily (23). These positions are shaded in this alignment showing that eighteen of 

the nineteen residues are conserved in mAKRa. The only exception is residue 276, which 

is an arginine in most AKRs but is a glutamic acid in mAKRa. 

Membership in an AKR subfamily is defined at the 60% sequence identity level 

(24). To determine whether mAKRa defines a new subfamily in the AKRl family, or is a 

novel member of an existing subfamily, a dendrogram was constmcted that displayed the 

degree of sequence identity amongst the eight proteins shovm above (Fig. 5.4). As 

expected from the alignment in Fig. 5.3, mAKRa was most similar to the three RAK 

proteins, sharing between 87 and 92 % identity. mAKRa (and each of the RAK proteins) 

shared between 64 and 67%) sequence identity with AKR1C9 (3a-HSD), but less than 

60% identity with each of the other three proteins (AKR1D2 {49-51%}, AKR1B4 {48-

49%} and AKRl A3 {42-43%)}). Similar levels of sequence identity were observed in 

comparing mAKRa with other members of each of these subfamilies (data not shown), 

indicating that mAKRa, along with the three RAK proteins, form a highly related group 

within the AKRIC subfamily. 

mAKRa Expression Profiles in Tissues 
and Hematopoietic Cell Lines 

Having shown that mAKRa was a novel member of the AKR superfamily, we 

carried out RNA blot analyses to identify tissues and cell types that express mAKRa 

mRNA. In a survey of mouse tissues prepared from fetal (14-day post coittim) and adult 

animals, mAKRa mRNA was detected at high levels in fetal and adult liver and at low 
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levels in adult kidney (Fig. 5.5A). Fetal liver is primarily a hematopoietic tissue at 14-

day post coitum, suggesting that mAKRa is expressed in normal hematopoietic cells. 

mAKRa-specific signals were also detected at lower levels in adult bone marrow, thymus 

and spleen (Fig. 5.5B) but were undetectable in fetal lung, and adult heart and brain. 

As the EML differentiation protocol used to isolate mAKRa causes differentiation 

along the myeloid lineage, we examined mAKRa expression in hematopoietic cell lines 

to test whether it is expressed in a lineage- or stage-specific manner. Total RNA was 

prepared from immortalized cell lines representative of various stages of myeloid 

differentiation and was analyzed by Northem blotting (Fig. 5.6). The strongest signals 

were detected in cells representative of the promyelocyte stage of granulocytic 

differentiation (EPRO, MPRO and NFS-58), an intermediate signal was detected in the 

IL-3-dependent FDCP-1 early myeloid progenitor line, and weak signals in Ml 

myelocyte, the WEHI-3 myelomonocyte cell lines, M-NFS-60, a M-CSF-dependent 

derivative of NFS-60 promyelocytes, and three macrophage cell lines (GG2EE, 

P388D1(IL-1) and IC-21). mAKRa mRNA was undetectable in WEHI274.1 monocytes. 

Having shovm that mAKRa mRNA is present in normal hematopoietic tissues and 

is expressed at highest levels in cells at intermediate stages of the hematopoietic 

differentiation process, we returned to the EML cell line to investigate fiirther the 

expression profile ofmAKRa during experimentally-induced differentiation. EML cells 

were cultured in the presence of IL-3 and atRA and total RNA was prepared at various 

timepoints over a period of 144 hours. Relative mAKRa mRNA levels were determined 

by Northem analysis (Fig. 5.7A). mAKRa mRNA levels were low in unstimulated cells 

(0 hours) but increased rapidly to reach maximal levels after 24 hours. In a series of 
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experiments, mAKRa mRNA levels increased 12-16-fold (13.2-fold in this example) over 

the first 24 hours, during which time commitment to the myeloid lineage and extensive 

proliferation occurs. mAKRa mRNA levels remained relatively high over the subsequent 

two days and then decreased over the final three days of the differentiation timecourse to 

approximately 6.5-fold over the initial level (Fig. 5.7A). 

Culturing EML cells in the presence of IL-3 and atRA promotes differentiation to 

the promyelocyte stage of the granulocyte lineage but the addition of the more lineage-

specific growth factor GM-CSF is required to achieve terminal granulocytic maturation 

(27, 51). Therefore, we carried out a second differentiation experiment in which IL-3 and 

SCF were removed after 72 hours and replaced with GM-CSF. Relative mAKRa mRNA 

levels were again determined by Northem analysis (Fig. 5.7B). A similar pattem of 

expression was observed over the first 72 hours; however, mAKRa levels decreased 

significantly after addition of GM-CSF to below basal levels. To demonstrate that the 

cytokines were eliciting the appropriate response in these EML cells, both Northem blots 

was reanalyzed using a probe for C/EBPe, a member of the CCAAT/enhancer binding 

protein family of basic region/leucine zipper transcription factors (55). C/EBPe is 

expressed primarily in myeloid cells and its expression is stimulated during terminal 

granulocytic differentiation (33, 55, 56). C/EBPe mRNA levels were undetectable in 

EML cells cultured in the presence of SCF alone and increased towards the later stages of 

the differentiation pathway under both culture conditions (Fig. 5.7A and B). C/EBPe 

mRNA levels increased dramatically during terminal granulocytic differentiation after 

IL-3 was removed from the culture and replaced by GM-CSF (Fig 5B). 
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The data from the EML cell experiments indicated that mAKRa expression 

decreases during terminal granulocytic differentiation but did not distinguish between the 

relative contribution of atRA and GM-CSF to this effect. In addition, significant cell 

death is commonly observed in EML cell cultures after replacing IL-3 and SCF with GM-

CSF (51). Therefore, it was not clear whether the decrease in mAKRa mRNA levels was 

due to the death of mAKRa-expressing cells, or down-regulation ofmAKRa expression 

in surviving GM-CSF-responsive cells. To address these questions we examined 

mAKRa expression levels during atRA induced terminal granulocytic differentiation of 

the GM-CSF-dependent MPRO cell line. MPRO cells are dependent on GM-CSF for 

survival and previous studies have shovm that greater than 90% of the cells will mature 

into terminally differentiated granulocytes in 4-8 days after atRA stimulation (27, 52). 

MPRO cells were cultured in the presence of GM-CSF and atRA and total RNA was 

harvested at two-day intervals for Northem analysis (Fig. 5.8). High levels ofmAKRa 

mRNA were detected in MPRO cells culttired in GM-CSF alone. However, mAKRa 

mRNA levels decreased during atRA-driven maturation to approximately 30% of tiie 

level in untreated cells after 2 days and to about 10% of maximal levels on subsequent 

days. Reanalysis of this blot with the C/EBPs-specific probe revealed the expected 

differentiation-related increase in C/EBPe mRNA levels after atRA addition and is 

consistent with tiie observation that expression of the cebpe gene is stimulated by atRA 

during terminal granulocyte maturation (9). 
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Factor-Dependent Regulation ofmAKRa Expression 

Having shown that the decrease in mAKRa mRNA levels during terminal 

granulocytic maturation appears to be dependent on atRA, we lastly examined whether 

the initial increase in mAKRa mRNA levels during myeloid differentiation in EML cells 

was dependent on atRA or IL-3. For these studies, EML cells were grown in the 

presence of SCF and stimulated for various times up to 48 hours with IL-3 or atRA alone, 

or the combination of IL-3 and atRA as a positive control. Total RNA was prepared at 

various times after factor addition and analyzed by Northem blotting (Fig. 5.9). mAKRa 

mRNA levels were unaffected by atRA alone, but were significantly and rapidly elevated 

by IL-3 alone. The level ofmAKRa mRNA after IL-3 treatment was similar to that seen 

with both IL-3 and atRA, suggesting that the rapid increase in mAKRa mRNA levels in 

the first 24 hours of the differentiation process is primarily due to IL-3-dependent 

increases in mAKRa transcription. 

Discussion 

The commitment, proliferation and maturation of the multiple blood cell lineages 

from the PHSC is controlled by a growing number of proteins including the 

hematopoietic growth factors (31), cytokines and chemokines (4), intracellular protein 

kinases (11, 17), and nuclear transcription factors (50). In addition, a number of non

protein factors, including prostaglandins (5, 38), steroids and retinoids (16) have been 

implicated as regulators of hematopoiesis. In a search for genes whose expression is 

activated during commitment and proliferation of myeloid progenitors, we isolated the 

gene encoding a novel member of the AKR superfamily of oxidoreductases, named 
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mAKRa. Based on the expression pattem and potential function ofmAKRa, we propose 

that it may play a role in the metabolism of small biologically active molecules, such as 

steroids or prostaglandins that may fimction in the autocrine or intracrine regulation of 

myelopoiesis. 

mAKRa Is a New Member of the AKR Superfamily 

To date, the AKR superfamily contains greater than forty unique members 

isolated from bacteria, yeast, plants, invertebrates and vertebrates (23). The AKRs 

catalyze the metabolism of a diverse array of substrates, and individual family members 

have been implicated in human diseases such as diabetes and asthma (23). Our sequence 

analysis has placed mAKRa into the AKRIC subfamily (24), which includes proteins 

such as 3a-HSD, chlordecone reductase, 20a-HSD and prostaglandin F synthase (23, 40). 

Proteins within this subfamily catalyze the interconversion of weak and potent forms of 

steroid hormones and prostaglandins amongst their many ftmctions and have been 

proposed to act as "molecular switches" by regulating the amount of hormone available 

to bind to a nuclear hormone receptor (40). Potential physiological substrates for 

mAKRa include steroids, prostaglandins and retinoids, and identification of the specific 

substiate(s) for mAKRa will be critical for determining whether it does indeed serve as 

"molecular switch" in the regulation of myelopoiesis. 

Unfortunately, the substrates for the most closely related AKRs, RAKb, RAKd 

and RAKf, are unknown (43). However, stmcttire/fimction analyses of various other 

AKRs has begun to identify residues that may play a role in determining whether the 

enzyme substrate is a sugar or a steroid (23). Position 54 is generally occupied by a 
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leucine or isoleucine residue in HSDs, and by a valine in aldehyde reductases (23), 

however, it is an alanine in mAKRa and each of the RAKs. Likewise, residue 118 is a 

tryptophan in aldose reductases and aldehyde reductases, phenylalanine in HSDs and 

valine or methionine in 5p-reductases (23), but is a tyrosine in mAKRa and the RAKs. 

Therefore, if these residues are indeed substrate selective, this may indicate that mAKRa 

and tiie RAKs utilize similar or identical substrates that differ from the most common 

substrates of related family members. Biochemical analysis of the activity of 

recombinant mAKRa is underway to address this question. 

Regulation ofmAKRa Expression in Hematopoietic Cells: 
Implications for Function 

Our data demonstrate that mAKRa mRNA is present at low levels in murine 

hematopoietic tissues, including fetal liver and adult bone marrow and thymus and is 

expressed robustly in myeloid cell lines, particularly those at the promyelocyte stage. 

However, the strongest evidence that mAKRa may play a role in hematopoietic 

differentiation has come from our studies on the EML and MPRO cell lines. We and 

others have used these cell lines to examine the expression pattem of genes during 

myeloid differentiation and, in general, expression pattems agree with those seen in 

normal hematopoietic cells (27, 47, 54, 55). Therefore, although we have not yet 

examined the expression ofmAKRa in bona fide hematopoietic progenitors, it is likely 

tiiat our findings in EML and MPRO will be relevant to its role in hematopoiesis. 

The initial stages of granulocytic differentiation of multipotent EML cells requires 

the combined action of IL-3 and atRA while the terminal stages of the process occur in 
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the presence of atRA and GM-CSF (51). By examining the relative contributions of each 

of these factors to the regulation ofmAKRa expression, we can begin to predict the likely 

fimction ofmAKRa during the differentiation process. First, IL-3 was responsible for the 

initial increase in mAKRa mRNA levels that resulted in peak levels being achieved after 

just 24 hours. The fact that mAKRa mRNA levels began to increase within the first four 

hours suggests that mAKRa may be a direct target for an IL-3-dependent signaling 

pathway and therefore, may be critical for mediating the early effects of IL-3. IL-3 was 

first identified as a soluble factor synthesized by T cells (21), and has since been shown 

in numerous studies in vitro to be capable of promoting the proliferation and 

differentiation of hematopoietic progenitor cells of the granulocyte, macrophage, 

eosinophil, erythroid and megakaryocytic lineages (20). In the EML cell line, IL-3 

promotes the expansion and lineage commitment of many of these same lineages over the 

first 3-4 days of culture, leading to significant increases in the number of cells responsive 

to more lineage-specific factors such as erythropoietin and GM-CSF (54). Therefore, 

mAKRa may function in the production of factors that promote the proliferation of 

committed myeloid progenitors. 

atRA had no apparent effects on mAKRa mRNA during the first 48 hours of 

culture when the fimction of retinoic acid appears to be to delay the differentiation of 

primitive hematopoietic progenitors (42). However, atRA appeared to be the critical 

factor promoting the decrease in mAKRa mRNA levels during the terminal stages of 

myeloid maturation in EML cells. This effect was most apparent in MPRO cells but was 

also seen in both EML timecourse experiments. There is significant evidence that 

retinoic acid promotes terminal granulocytic differentiation (10). For example, atRA can 
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promote terminal differentiation of human promyelocytic leukemia cell lines such as HL-

60 (3). In addition, atRA has proven to be effective in differentiative therapy of patients 

with acute promyelocytic leukemia (APL) that carry translocations that affect the RARa 

gene (1, 12, 25, 45). Although tiie dominant negative RARa403 molecule used to 

establish the EML and MPRO cell lines differs from the PML-RARa chimeric protein 

associated with the most common form of APL, it is likely that they act via similar 

pathways (14). Thus, the identification of atRA-regulated genes in EML and MPRO 

cells may provide important information about the molecular events underlying APL. 

The mAKRa expression pattems observed in these cell lines are consistent with mAKRa 

being associated wdth proliferation of myeloid precursor cells, and the need to extinguish 

mAKRa expression as terminally differentiated cells exit the cell cycle. Additional 

experiments will clearly be necessary to determine whether atRA directly affects mAKRa 

expression levels, and whether prolonged expression ofmAKRa might delay terminal 

granulocytic differentiation. 

Although the exact function ofmAKRa in hematopoietic cells remains to be 

firmly established, we favor the hypothesis that it fimctions in the production or 

catabolism of factors that act in an autocrine or intracrine fashion to regulate 

hematopoietic development. A similar hypotiiesis has been developed to explain the 

ability of non-steroidal anti-inflammatory drags (NSAIDs) to potentiate tiie retinoic acid-

mediated differentiation of the human HL-60 promyelocytic cell line (6, 7). NSAIDs are 

capable of inhibiting a broad spectrum of enzymes, including the cyclooxygenases that 

convert arachadonic acid to biologically active prostanoids (48), and 3a-HSDs (39). 

However, tiie effects of tiie NSAIDs in HL-60 cells does not appear to be mediated by the 
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prostanoid biosynthetic pathway or by a known 3a-HSD (7). Instead the target for 

NSAIDs is likely to be a member of the AKR family and a novel 3a-HSD-related, 

retinoic acid regulated AKR, HAKRe, has been identified in HL-60 cells (32). In 

addition, ectopic expression of 3a-HSD in HL-60 cells confers increased resistance to the 

differentiation effects of retinoic acid (13). Thus, there is growing evidence that AKRs 

are involved in the regulation of myeloid differentiation, and examination of the 

functions ofmAKRa and other family members may be important for the understanding 

of normal hematopoiesis and the detection and tteatment of certain types of leukemia. 

References 

1. Alcalay, M., D. Zangrilli, P. P. Pandolfi, L. Longo, A. MencareUi, A. 
Giacomucci, M. Rocchi, A. Biondi, A. Rambaldi, F. Lo Coco, and et al. 1991. 
Translocation breakpoint of acute promyelocytic leukemia lies within the retinoic 
acid receptor alpha locus Proc Natl Acad Sci USA. 88:1977-81. 

2. Bassett, D. E., Jr., M. S. Boguski, F. Spencer, R. Reeves, M. Goebl, and P. Hieter 
1995. Comparative genomics, genome cross-referencing and XREFdb Trends 
Genet. 11:372-3. 

3. Breitman, T. R., S. E. Selonick, and S. J. Collins 1980. Induction of 
differentiation of the human promyelocytic leukemia cell line (HL-60) by retinoic 
acid Proc Nati Acad Sci USA. 77:2936-40. 

4. Broxmeyer, H. E., and C. H. Kim 1999. Regulation of hematopoiesis in a sea of 
chemokine family members with a plethora of redundant activities [In Process 
Citation] Exp Hematol. 27:1113-23. 

5. Broxmeyer, H. E., and D. E. Williams 1988. The production of myeloid blood 
cells and their regulation during health and disease Crit Rev Oncol Hematol. 
8:173-226. 

6. Bunce, C. M., P. J. French, J. Durham, R. A. Stockley, R. H. Michell, and G. 
Brovm 1994. Indomethacin potentiates the induction of HL60 differentiation to 
neutrophils, by retinoic acid and granulocyte colony-stimulating factor, and to 
monocytes, by vitamin D3 Leukemia. 8:595-604. 

206 



7. Bunce, C. M., J. C. Mountford, P. J. French, D. J. Mole, J. Durham, R. H. 
Michell, and G. Brovm 1996. Potentiation of myeloid differentiation by anti
inflammatory agents, by steroids and by retinoic acid involves a single 
intracellular target, probably an enzyme of the aldoketoreductase family Biochim 
Biophys Acta. 1311:189-98. 

8. Carper, D., C. Nishimura, T. Shinohara, B. Dietzchold, G. Wistow, C. Craft, P. 
Kador, and J. H. Kinoshita 1987. Aldose reductase and p-crystallin belong to the 
same protein superfamily as aldehyde reductase FEBS Lett. 220:209-13. 

9. Chih, D. Y., A. M. Chumakov, D. J. Park, A. G. Silla, and H. P. Koeffler 1997. 
Modulation of mRNA expression of a novel human myeloid-selective 
CCAAT/enhancer binding protein gene (C/EBP epsilon) Blood. 90:2987-94. 

10. Collins, S. J., S. Tsai, and I. Bemstein 1996. Retinoic acid receptors in 
hematopoiesis Curr Top Microbiol Immunol. 211:7-15. 

11. Corey, S. J., and S. M. Anderson 1999. Src-related protein tyrosine kinases in 
hematopoiesis Blood. 93:1-14. 

12. de The, H., C. Lavau, A. Marchio, C. Chomienne, L. Degos, and A. Dejean 1991. 
The PML-RAR alpha fiision mRNA generated by the t(15;17) translocation in 
acute promyelocytic leukemia encodes a fimctionally altered RAR Cell. 66:675-
84. 

13. Desmond, J. C , J. C. Mountford, E. A. Walker, M. Hewison, and C. M. Bunce 
1999. Elevated expression of 3a-hydroxysteroid dehydrogenase (3aHSD) ny 
HL60 cells is associated with increased resistance to all-ttans retinoic acid Blood. 
94:256a. 

14. Du, C , R. L. Redner, M. P. Cooke, and C. Lavau 1999. Overexpression of wild-
type retinoic acid receptor alpha (RARalpha) recapitulates retinoic acid-sensitive 
transformation of primary myeloid progenitors by acute promyelocytic leukemia 
RARalpha-ftision genes Blood. 94:793-802. 

15. Dupuis, F., V. Desplat, V. Praloran, and Y. Denizot 1997. Effects of lipidic 
mediators on the growth of human myeloid and erythroid marrow progenitors J 
Lipid Mediat Cell Signal. 16:117-25. 

16. Evans, R. M. 1988. The steroid and thyroid hormone receptor superfamily 
Science. 240:889-95. 

17. Gotoh, A., and H. E. Broxmeyer 1997. The fimction of BCR/ABL and related 
proto-oncogenes Curr Opin Hematol. 4:3-11. 

207 



18. Hubank, M., and D. G. Schatz 1994. Identifying differences in mRNA expression 
by representational difference analysis of cDNA Nucleic Acids Res. 22:5640-8. 

19. Ichikawa, Y. 1969. Differentiation of a cell line of myeloid leukemia J. Cell 
Physiol. 74. 

20. Ihle, J. N. 1992. Interleukin-3 and hematopoiesis Chem Immunol. 51:65-106. 

21. Ihle, J. N., L. Pepersack, and L. Rebar 1981. Regulation of T cell differentiation: 
in vitro induction of 20 alpha- hydroxysteroid dehydrogenase in splenic 
lymphocytes from athymic mice by a unique lymphokine J Immunol. 126:2184-9. 

22. Iwama, A., P. Zhang, G. J. Darlington, S. R. McKercher, R. Maki, and D. G. 
Tenen 1998. Use of RDA analysis of knockout mice to identify myeloid genes 
regulated in vivo by PU. 1 and C/EBPalpha Nucleic Acids Res. 26:3034-43. 

23. Jez, J. M., M. J. Bennett, B. P. Schlegel, M. Lewis, and T. M. Penning 1997. 
Comparative anatomy of the aldo-keto reductase superfamily Biochem J. 
326:625-36. 

24. Jez, J. M., T. G. Flyrm, and T. M. Penning 1997. A new nomenclature for the 
aldo-keto reductase superfamily Biochem Pharmacol. 54:639-47. 

25. Kakizuka, A., W. H. Miller, Jr., K. Umesono, R. P. Warrell, Jr., S. R. Frankel, V. 
V. Murty, E. Dmitrovsky, and R. M. Evans 1991. Chromosomal translocation 
t( 15; 17) in human acute promyelocytic leukemia fiises RAR alpha with a novel 
putative ttanscription factor, PML Cell. 66:663-74. 

26. Lawson, N. D., and N. Berliner 1998. Representational difference analysis of a 
committed myeloid progenitor cell line reveals evidence for bilineage potential 
Proc Nati Acad Sci USA. 95:10129-33. 

27. Lawson, N. D., D. S. Krause, and N. Berliner 1998. Normal neutrophil 
differentiation and secondary granule gene expression in the EML and MPRO cell 
lines Exp Hematol. 26:1178-85. 

28. Li, C. L., and G. R. Johnson 1995. Murine hematopoietic stem and progenitor 
cells: I. Enrichment and biologic characterization Blood. 85:1472-9. 

29. Liang, P., and A. B. Pardee 1992. Differential display of eukaryotic messenger 
RNA by means of the polymerase chain reaction Science. 257:967-971. 

30. Lisitsyn, N., and M. Wigler 1993. Cloning the differences between two complex 
genomes Science. 259:946-51. 

208 



31. Metcalf, D. 1993. Hematopoietic regulators: redundancy or subtiety? Blood 
82:3515-23. 

32. Mills, K. I., A. F. Gilkes, M. Sweeney, M. A. Choudhry, L. J. Woodgate, C. M. 
Bunce, G. Brown, and A. K. Bumett 1998. Identification of a retinoic acid 
responsive aldoketoreductase expressed in HL60 leukaemic cells FEBS Lett. 
440:158-62. 

33. Morosetti, R., D. J. Park, A. M. Chumakov, I. Grillier, M. Shiohara, A. F. 
Gombart, T. Nakamaki, K. Weinberg, and H. P. Koeffler 1997. A novel, myeloid 
transcription factor, C/EBP epsilon, is upregulated during granulocytic, but not 
monocytic, differentiation Blood. 90:2591-600. 

34. Nalbant, D., S. C. Williams, D. M. Stocco, and S. A. Khan 1998. Luteinizing 
hormone-dependent gene regulation in Leydig cells may be mediated by 
CCAAT/enhancer-binding protein-beta Endocrinology. 139:272-279. 

35. Ness, S. A., and J. D. Engel 1994. Vintage reds and whites: combinatorial 
ttanscription factor utilization in hematopoietic differentiation Curr. Opin. Genet. 
Dev. 4:718-724. 

36. Onishi, Y., M. Noshiro, T. Shimosato, and K. Okuda 1991. Molecular cloning and 
sequence analysis of cDNA encoding delta 4-3- ketosteroid 5 beta-reductase of rat 
liver FEBS Lett. 283:215-8. 

37. Pawlowski, J. E., M. Huizinga, and T. M. Perming 1991. Cloning and sequencing 
of the cDNA for rat liver 3 alpha- hydroxysteroid/dihydrodiol dehydrogenase J 
Biol Chem. 266:8820-5. 

38. Pelus, L. M. 1989. Modulation of myelopoiesis by prostaglandin E2: 
demonstration of a novel mechanism of action in vivo Immunol Res. 8:176-84. 

39. Penning, T. M., I. Mukharji, S. Barrows, and P. Talalay 1984. Purification and 
properties of a 3 alpha-hydroxysteroid dehydrogenase of rat liver cytosol and its 
inhibition by anti-inflammatory dmgs Biochem J. 222:601-11. 

40. Penning, T. M., J. E. Pawlowski, B. P. Schlegel, J. M. Jez, H. K. Lin, S. S. Hoog, 
M. J. Bennett, and M. Lewis 1996. Mammalian 3 alpha-hydroxysteroid 
dehydrogenases Steroids. 61:508-23. 

41. Pevny, L., C. S. Lin, V. D'Agati, M. C. Simon, S. H. Orkin, and F. Costantini 
1995. Development of hematopoietic cells lacking transcription factor GATA-1 
Development. 121:163-72. 

209 



42. Purton, L. E., I. D. Bemstein, and S. J. Collins 1999. All-Trans Retinoic Acid 
delays the differentiation of primitive hematopoietic precursors (lin-c-kit+Sca-
1(+)) while enhancing the terminal maturation of committed 
granulocyte/monocyte progenitors Blood. 94:483-495. 

43. Qin, K., and K. C. Cheng 1994. Stmcture and tissue-specific expression of the 
aldo-keto reductase superfamily Biochemistry. 33:3223-3228. 

44. Scott, E. W., M. C. Simon, J. Anastasi, and H. Singh 1994. Requirement of 
tianscription factor PU.l in the development of multiple hematopoietic lineages 
Science. 265:1573-1577. 

45. Scott, L. M., L. Mueller, and S. J. Collins 1996. E3, a hematopoietic-specific 
transcript directly regulated by the retinoic acid receptor alpha Blood. 88:2517-30. 

46. Shivdasani, R. A., and S. H. Orkin 1996. The transcriptional control of 
hematopoiesis Blood. 87:4025-39. 

47. Sigurdsson, F., A. Kharma-Gupta, N. Lawson, and N. Berliner 1997. Control of 
late neutrophil-specific gene expression: insights into regulation of myeloid 
differentiation Semin Hematol. 34:303-10. 

48. Smith, W. L., R. M. Garavito, and D. L. DeWitt 1996. Prostaglandin 
endoperoxide H synthases (cyclooxygenases)-1 and -2 J Biol Chem. 271:33157-
60. 

49. Takahashi, M., J. Fujii, T. Teshima, K. Suzuki, T. Shiba, and N. Taniguchi 1993. 
Identity of a major 3-deoxyglucosone-reducing enzyme with aldehyde reductase 
in rat liver established by amino acid sequencing and cDNA expression Gene. 
127:249-53. 

50. Tenen, D. G., R. Hromas, J. D. Licht, and D. E. Zhang 1997. Transcription 
factors, normal myeloid development, and leukemia Blood. 90:489-519. 

51. Tsai, S., S. Bartelmez, E. Sitnicka, and S. Collins 1994. Lymphohematopoietic 
progenitors immortalized by a rettoviral vector harboring a dominant-negative 
retinoic acid receptor can recapitulate lymphoid, myeloid, and erythroid 
development Genes Dev. 8:2831-2841. 

52. Tsai, S., and S. J. Collins 1993. A dominant negative retinoic acid receptor blocks 
neutrophil differentiation at the promyelocyte stage Proc Natl Acad Sci USA. 
90:7153-7. 

210 



53. Valtieri, M., D. J. Tweardy, D. Caracciolo, K. Johnson, F. Mavilio, S. Altmann, 
D. Santoli, and G. Rovera 1987. Cytokine-dependent granulocytic differentiation. 
Regulation of proliferative and differentiative responses in a murine progenitor 
cell line J Immunol. 138:3829-35. 

54. Weiler, S. R., J. M. Gooya, M. Ortiz, S. Tsai, S. J. Collins, and J. R. Keller 1999. 
D3: a gene induced during myeloid cell differentiation of Linlo c-Kit+ Sca-1(+) 
progenitor cells Blood. 93:527-36. 

55. Williams, S. C , Y. Du, R. C. Schwartz, S. R. Weiler, M. Ortiz, J. R. Keller, and 
P. F. Johnson 1998. C/EBPepsilon is a myeloid-specific activator of cytokine, 
chemokine, and macrophage-colony-stimulating factor receptor genes J Biol 
Chem. 273:13493-501. 

56. Yamanaka, R., G. D. Kim, H. S. Radomska, J. Lekstrom-Himes, L. T. Smith, P. 
Antonson, D. G. Tenen, and K. G. Xanthopoulos 1997. CCAAT/enhancer binding 
protein epsilon is preferentially up-regulated during granulocytic differentiation 
and its fimctional versatility is determined by altemative use of promoters and 
differential splicing Proc Nati Acad Sci USA. 94:6462-7. 

57. Zhang, D. E., P. Zhang, N. D. Wang, C. J. Hetherington, G. J. Darlington, and D. 
G. Tenen 1997. Absence of granulocyte colony-stimulating factor signaling and 
neutrophil development in CCAAT enhancer binding protein alpha- deficient 
mice Proc Nati Acad Sci USA. 94:569-74. 

211 



B. 

Figure 5.1. Identification of differentially expressed genes in EML-Cl cells at 0 hours 
and 72 hours after addition of IL-3 and atRA. A. Three rounds of representational 
difference analysis (RDA) were carried out to identify cDNAs expressed at higher levels 
after 72 hours of culture in IL-3 and atRA. An aliquot of starting cDNA and difference 
products (DP) from the three rounds of RDA were electrophoresed on a 1.2% agarose gel 
and stained with ethidium bromide. A number of distinct bands were evident after the 
third round of RDA and each was isolated from the gel and subcloned. The sizes in base 
pairs of molecular weight markers are shovm on the left of the EtBr stained gel. B. The 
most intensely staining band (indicated with an arrow) was used to probe a Northem blot 
containing RNA from 0 and 72 hour EML-Cl cells. The Northem blot confirmed that 
tills cDNA represented a mRNA that was expressed at significantly higher levels in the 
72-hour sample (12-16 fold as determined by phosphoimage analysis of three repetitions 
of this experiment). 
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1 CTCAGGAAGTGCTTAGCCAGGGC3AGTGAGAGACA 34 

35 ATG AGC TCC AAA CAG CAC TAT GTC AAA CTA AAC GAT GGC CAC TTA ATT OCT GCG CTG GGC 94 

M S S K Q H Y V K L N D G H L I P A L G 

95 TTT GGC ACC TAT AAA CCC AAG GAG GTT CCC AAG AGT AAG TCA CTG GAG GCT GCA TGC CTA 154 

F G T Y K P K E V P K S K S L E A A C L 

155 GCT CTA GAT GTT GGG TAC CGC CAT GTT GAT ACT GCT TAT GCA TAG CAA GTA GAA GAG GAG 214 

A L D V G Y R H V D T A Y A Y Q V E E E 

215 ATA GGA CAG GCC ATT CAA AGC AAG ATT AAA GCT GGG GTT GTA AAG AGA GAA GAC CTG TTC 274 
I G Q A I Q S K I K A G V V K R E D L F 

275 ATC ACT ACA AAG CTT TGG TGC GGT TGC TTT CGA CCA GAG CTG GTC AAG CCT GCT TTG GAA 334 
I T T K L W C G C F R P E L V K P A L E 

335 AAA TCA CTG AAA AGC CTT CAG CTG GAT TAT GTT GAT CTT TAC CTT ATA CAT TAC CCA GTG 394 
K S L K S L Q L D Y V D L Y L I H Y P V 

3 95 CCA ATG AAG CCA GGG GAT AAT GAA TCT CCA TTA GAT GAG AAC GGG AAA TTT CTA TTG GAC 454 
P M K P G D N E S P L D E N G K F L L D 

4 55 ACT GTG GAT TTC TGT GAC ACA TGG GAG AGG TTG GAG GAG TGT AAG GAT GCA GGA TTG GTC 514 
T V D F C D T W E R L E E C K D A G L V 

515 AAG TCC ATT GGG GTG TCC AAC TTT AAC CAC AGG CAG CTA GAG AGA ATC CTC AAC AAG CCA 574 
K S I G V S N F N H R Q L E R I L N K P 

575 GGA CTG AAG TAC AAA CCT GTC TGC AAC CAG GTT GAA TGT CAT CTC TAT TTG AAC CAG AGT 634 
G L K Y K P V C N Q V E C H L Y L N Q S 

635 AAG CTA TTG GAT TAC TGC AAG TCA AAA GAC ATT GTT CTT GTT GCT TAC GGT GCT CTG GGG 694 
K L L D Y C K S K D I V L V A Y G A L G 

695 ACC CAG CGA TAT AAA GAA TGG GTG GAC CAG AAC TCC CCA GTT CTC TTG AAT GAT CCA GTT 754 
T Q R Y K E W V D Q N S P V L L N D P V 

755 CTT TGT GAT GTG GCC AAA AGG AAC AAG CGA AGC CCT GCC CTA ATT GCA CTT CGA TAC CTG 814 
L C D V A K R N K R S P A L I A L R Y L 

815 TTT CAA CGT GGG ATT GTG CCC CTG GCC CAG AGT TTC AAA GAG AAT GAG ATG AGA GAG AAT 874 

F Q R G I V P L A Q S F K E N E M R E N 

8 75 TTG CAG GTT TTT GAA TTT CAG TTG TCC CCT GAG GAC ATG AAA ACA CTA GAT GGC CTG AAC 934 
L Q V F E F Q L S P E D M K T L D G L N 

935 AAA AAC TTT CGA TAC CTT CCA GCA GAG TTC CTT GCT GAC CAC CCA GAG TAT CCA TTT TCA 994 

K N F R Y L P 

9 9 5 GAG GAA TAT 
E E Y 

E F L A D H P E Y P F S 

TAACATGGGGACCTAATCATGACTTCTGCCTGATGTCCCTGTGTGTGGACCATAATGCTGGTGATGT 1070 

1 0 7 2 GACTCGGATGCTGGTGAATGGAAACATCATTTCTGATC 
1108 

Figure 5.2. Sequence of the mAKRa cDNA. 5' RACE was used to isolate the complete 
mAKRa coding sequence. The longest clone of 111 Ibp is shown along with the deduced 
amino acid sequence. The 5' and 3' untranslated regions are 34bp and 105bp in lengtn. 
As the approximate size of the mAKRa mRNA is about 1400 nucleottdes this probably 
represents a close to ftill length Cdna; however, the exact 5' end of the m l ^ A has not 
been accurately mapped and a polyadenylation signal is not present in the i U i K. 
Amino acids that are conserved in all or most AKRs are depicted in boldface type u»;. 
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Figure 5.4. Cluster analysis ofmAKRa and seven members of the AKR superfamily. The 
dendrogram is based on pairwise alignments of the sequences listed in Figure 5.3. and was 
generated using the PILEUP program of the GCG software package. 

216 



Fetal Adult 

$ c « 5 
> 3 > ^ 
i j - I i j ^ 

t 
n 
0) X 

c 

pl
ee

 

(O 
S 
od 

OT 
3 
E 
.c 
f-

c 

ra
i 

CQ 

£ 
C4 
r>» 
_i 

m 

l l ^ 

B. 

a> 
> 

c o _« 
a. 

in 
3 
E 

m 

Figure 5.5. Expression pattem ofmAKRa in mouse tissues. A. Total RNAs were iso
lated from the indicated fetal (14-day post coitum) and adult mouse tissues and analyzed 
by Northem blotting using probes specific for mAKRa and GAPDH. The positions of 
the relevant mRNA species are indicated. The 72-hour EML-Cl sample was included as 
a positive control and the membranes were washed at high stringency to avoid hybridiza
tion to other members of the AKR family. B.M. bone marrow. B. A second Northem 
blot containing three times as much RNA from adult bone marrow, spleen and thymus 
was probed as described above to confirm low level expression ofmAKRa in these 
tissues. The fetal liver sample is the same as in A. 
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Figure 5.6. Expression pattem ofmAKRa in hematopoietic cell lines. Total RNA was 
prepared from murine cell lines that represent various stages of myeloid differentiation 
and analyzed by Northem blotting using probes for mAKRa and GAPDH. The cell lines 
are characterized as follows: FDCP-1, myeloid progenitor; WEHI-3, myelomonocyte; 
Ml, myeloblast; EPRO, MPRO, NFS-58, M-NFS-60, promyelocyte; WEHl-274.1, mono
cyte; GG2EE, P388D1(IL-1), IC-21, macrophage. 
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Figure 5.7. Changes in mAKRa mRNA levels during myeloid differentiation in EML-Cl 
cells. A. Total RNA was prepared from EML-Cl cells at various times after addition of 
IL-3 and atRA to induce myeloid differentiation and analyzed by Northem blotting using 
mAKRa and GAPDH-specific probes. mAKRa mRNA levels were normalized to the 
GAPDH control and are expressed relative to the level at the 0 hour timepoint. This ex
periment has been repeated three times with similar results. For comparison, the same 
blot was hybridized with a probe specific for the retinoic acid-inducible transcription 
factor, C/EBPs, that is a marker for maturing granulocytes. The relative level ofmAKRa 
mRNA in each lane was calculated by quantitating signal intensities using a phospimager 
and normalizing to GAPDH mRNA levels in the same sample. mAKRa mRNA levels in 
EML cells cultured in SCF alone were arbitrarily set at 1.0. B. EML-Cl cells were sub
jected to a different differentiation protocol in which IL-3 is removed after 72 hours and 
replaced with GM-CSF. This protocol induces terminal differentiation of mature neutro
phils. As before, total RNA was prepared at the indicated intervals and mAKRa, C/EBPe, 
and GAPDH mRNAs were detected by Northem blotting. mAKRa mRNA levels were 
calculated as described above. 
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Figure 5.8. mAKRa mRNA levels decrease during atRA-induced granulocytic 
differentiation of MPRO cells. Total RNA was prepared from MPRO cells cultured in 
the presence of GM-CSF plus atRA for the indicated times. The RNA samples were 
analyzed by Northem blotting using mAKRa, C/EBPe, and GAPDH-specific probes. 
mAKRa mRNA levels were calculated as described in Figure 5.4 with the level in 
MPRO cells culttired in GM-CSF alone set at 1.0. 
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Figure 5.9. Factor-dependent regulation ofmAKRa. EML-Cl cells were grown in the 
presence of SCF plus IL-3 or atRA alone or in combination and total mRNA was 
prepared at various times over a 48 hour time period. The RNAs were analyzed by 
Northem blotting using mAKRa and GAPDH-specific probes. 
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APPENDIX 

IDENTIFICATION OF C/EBPe-INTERACTING PROTEINS 

USING THE YEAST TWO-HYBRID SYSTEM 

Abstract 

C/EBPe is a critical regulator of neutiophil maturation. The activity of C/EBPe 

appears to be negatively regulated by its two regulatory domains (RD-le and RD-2s), 

possibly though interactions with other factors. In this study, we have attempted to 

identify the putative RD-le-interacting factor(s) using the yeast two-hybrid system in 

order to understand the mechanism by which these interactions may regulate C/EBPe 

fimction during neutrophil maturation. Four positive yeast colonies were identified in our 

study. However, fiirther examinations indicate that three of them appear to be false 

positives while the identity of last one remains to be determined. Although the specific 

reasons for this negative result was unclear, the possible improvements for fiiture 

experiments were discussed. 

Intioduction 

As discussed in Chapter II, III, and IV, expression studies from our laboratory and 

also other groups have suggested tiiat C/EBPe may play an important role during myeloid 

differentiation. More recent stiidies of C/EBPe knockout mice confirm that C/EBPe 

mainly fimctions within tiie myeloid lineage and fiirther indicate tiiat C/EBPe is critical 

transcriptional regulator of granulocyte mattiration as these deficient mice fail to produce 

fimctional neutt-ophils and eosinophils (4, 6). The domain stmcture of the C/EBPe 
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polypeptide was also characterized by our laboratory in order to understand the 

mechanisms by which C/EBPe activates transcription in myeloid cells (1). Two 

regulatory domains (RD-le and RD-2s) were identified that negatively regulate the 

activity of C/EBPe and also a heterologous activation domain from viral transactivator 

protein VP16. Mutagenesis studies revealed that a short motif in RD-le appears to be a 

target site for protein-protein interactions and is conserved in repressor domains from 

C/EBPp, Sp3, c-Fos, and FosB. The presence of these repressor domains may allow 

differential regulation of C/EBPe activity under various physiological conditions in 

mature myeloid cells or at different stages of myeloid differentiation. Therefore, 

identification of the factors that interact with the repressor domains should help us to 

understand how the activity of C/EBPe is regulated and the fimctional significance of 

such regulation. 

Over recent years, the yeast two-hybrid system has been vsddely used to identify 

protein-protein interactions in many different organisms. It possesses a number of 

advantages over other traditional methods. Since it is based on genetic selection 

performed with a convenient microorganism, it allows for a very large number of 

candidate interacting factors to be assayed at the same time. Also, it is conducted in yeast 

cells, therefore is not limited by tiie artificial conditions of in vitro assays. The 

underlying mechanism behind the GAL4 based yeast two-hybrid system is schematically 

presented in Figure A. 1. The yeast two-hybrid system is designed based on the modular 

stmcture commonly seen in many eukaryotic ttanscription activators (3). These 

activators usually contain two distinct domains: tiie DNA binding domain which 

recognizes specific promoter sequences and the transactivation domain which recmits 
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RNA polymerase II complex and accessory factors to the promoter. Both domains are 

required for transcriptional activation but can fimction independentiy as each domain can 

continue to fimction when fused to heterologous proteins (2). In the GAL4-based library 

screening system, the protein of interest (bait) is expressed as a ftision to the DNA-

binding domain (DBD) of yeast transcription factor GAL4 and a cDNA library (prey) is 

expressed as fusions to the GAL4 activation domain (AD). If a protein from the library 

interacts with the bait protein, the DNA-binding and activation domains of GAL4 will be 

brought together to form a fimctional GAL4 transcription factor which will activate 

transcription of reporter genes imder control of GAL4 responsive promoters. By 

selecting for cells in which the genes dovmstteam of these promoters are activated, it is 

possible to rapidly screen many potential interacting proteins. 

Practically, library screening can be achieved by two different approaches, the 

sequential transformation method and the simultaneous co-ttansformation method. In 

sequential transformation, the plasmid encoding the bait protein is introduced first into 

yeast cells, selected transformants are then grown up and ttansformed with the GAL4 

activation domain fiision library. In simultaneous co-transformation, both types of 

plasmids are introduced together into yeast cells. If the bait protein is not toxic to yeast 

cells, the sequential method is preferred since the transformation efficiency is usually an 

order of magnitude lower using the simultaneous transformation method. 

In this sttidy, we have attempted to use yeast two-hybrid system to clone the 

factors that may interact with the RD-le of C/EBPe as a means of understanding how 

C/EBPe activity is regulated in myeloid cells. Four positive yeast colonies were 

identified using the simultaneous cottansformation procedure. Further examinations 
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indicate tiiat three of them appear to be false positives while the identity of last one 

remains to be determined. 

Material and Method 

Plasmid Constmction 

The cDNAs encoding C/EBPe RD-le (amino acids 64 to 128) and minimal RD-le 

(amino acids 97 to 128) were released from previously constmcted pUCl 12-based 

constmcts by digestion with restriction enzymes Ncol and BamHI and subsequently 

cloned into the same sites in bait plasmid pAS2-l (Clontech Laboratories, Palo Aho, 

CA). 

Yeast Transformation and Library Screening 

The MATCHMAKER GAL4 two-hybrid system (Clontech) was used to carry out 

the library screening. To introduce bait plasmid into the CG1945 sttain of yeast cells, a 

small-scale yeast transformation procedure was used. Briefly, 1ml of YPD medium 

[20g/l peptone, lOg/I yeast extract, and 2% glucose, pH 5.8] was inoculated with several 

yeast colonies (2-3 mm in diameter) and vortexed vigorously to break up any cell clumps. 

The resultant cell suspension was transferred to 50ml YPD medium and subsequently 

incubated at 30°C for 16-18 hours with shaking at 250 rpm. After tiie ODeoo reading 

reached 1.5, the culture (enough to produce an OD6oo= 0.2-0.3) was used to seed 300 ml 

of YPD medium. The large culttire was ftirther incubated for 3 hours with shaking (230-

270 rpm) to allow the ODeoo to reach 0.4-0.6. Then cells were collected by spinning at 

room temperattire in a swinging bucket rotor at 1000 x g for five minutes. After washing 
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once with 25-50ml of sterile H2O, the cells were resuspended in 1.5ml of freshly 

prepared, sterilelx TE/LiAc [O.IM LiAc, O.OIM Tris-HCl, ImM EDTA, pH 7.5] yield 

cells competent for tiansformation. For each individual ttansformation, 0.1 |ig of bait 

plasmid DNA and 0.1 mg of Herring testes carrier DNA were mixed together with 0.1ml 

of competent cells by vortexing in a clean tube. 0.6ml of PEG/LiAc [40% PEG 4000, 

O.IM LiAc, O.OIM Tris-HCl, ImM EDTA, pH 7.5] was subsequently added to each ttibe 

and mixed by vortexing at high speed for 10 seconds. After incubation for 30 minutes 

with shaking at 200 rpm, 70^1 of DMSO was added to each transformation mixture and 

mixed by gentle inversion. DNA uptake by yeast cells was triggered by a subsequent 

heat shock at 42°C for 15 minutes. After being chilled on ice for 1-2 minutes, the 

transformed cells were pelleted at 1000 x g and subsequently resuspended in 0.5 ml TE 

buffer [O.OIM Tris-HCl, ImM EDTA, pH 7.5]. The cells were then plated on synthetic 

dropout medium lacking tryptophan (SD-trp) to select for ttansformants. To introduce 

the human bone marrow GAL4 activation domain fiision library into e64-128-2 cells that 

contain the bait plasmid, 45^g of library plasmid DNA was used and a large-scale 

ttansformation procedure similar to the above protocol was employed according to the 

MATCHMAKER GAL4 two-hybrid system user manual. The transformants were 

subsequently selected for HIS3 reporter gene expression on SD medium depleted of 

tryptophan, leucine, and histidine (SD-ttp/-leu/-his), but containing 2.5mM 3-

aminotriazole (3 AT), which was used to repress the basal expression of the HIS3 gene in 

CGI 945 cells. For simultaneous library-scale co-ttansformation, Img of bait plasmid 

and 500^g of library plasmid were used and a library-scale transformation procedure in 

the user manual, which was also similar to above described protocol, was followed. 
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Transformed cells were also plated on SD-trp/-leu/-his plates containing 3AT. Due to 

high basal level expression of the HIS3 reporter gene in CGI 945 cells, large numbers of 

colonies eventually grew up on SD-trp/-leu/-his plates. Only large colonies (>2mm in 

diameter) were subsequently selected for the fiirther analysis of lacZ gene expression. 

Protein Extract Preparation from Yeast 
and Westem Blotting 

For yeast transformed with the bait plasmid, each colony to be assayed was used 

to inoculate a 10ml of SD medium lacking tryptophan (YPD medium was used for 

untransformed yeast). After incubation at 30°C with shaking (220-250 rpm) ovemight, 

the culture was then transferred to 50ml YPD medium and the incubation was continued 

until the ODeoo reached 0.4-0.6. The culture was then quickly chilled by mixing with 

ice. The yeast cells were collected by spinning at 1000 x g for 5 minutes at 4°C, washed 

once by resuspending in 50ml of ice-cold H2O, and then spun down again. The resultant 

cell pellet was immediately frozen in dry ice-ethanol bath. The frozen pellet was quickly 

thawed by resuspending in cracking buffer preheated to 60°C (100^1 of cracking buffer 

per 7.5 ODeoo units of cells, the ODeoo units was calculated by multiplying the ODeoo 

value by the culttire volume in mis). Every 1.13ml of cracking buffer was prepared by 

mixing 1ml of cracking buffer stock (8M urea, 5% SDS, O.lmM EDTA, 0.4 mg/ml 

Bromophenol blue, and 40mM Tris-HCl [pH6.8]) with lO îl of p-mercaptoethanol, 70^1 

of protease inhibitor solution [O.lmg/ml Pepstatin A, 0.03mM Leupeptin, 0.37mg/ml 

Aprotinin], and 50|il of lOOx PMSF stock [0.01742g/ml]. The resultant cell suspension 

was ttansferred to a ttibe containing 80^1 of acid-washed glass beads per 7.5 ODeoo units 
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of cells and then heated at 70°C for 10 minutes. After being vortexed vigorously for 1 

minute, the cell debris and unbroken cells were pelleted by centrifiigation at 14,000 rpm 

for 5 minutes. The supematant was collected into a clean tube. The pellet left was then 

boiled for 5 minutes and vortexed again for 1 minute. The supematant was then collected 

for the second time by centrifugation and combined with the previous supematant to use 

as yeast protein extracts. For Westem blotting analysis, the prepared yeast protein 

extracts were separated by 12% SDS-polyacrylamide gel electrophoresis and transferred 

to a nitrocellulose membrane. Immune detection was carried out as described previously 

[Angerer, 1999 #26] using two different monoclonal antibodies against the GAL4 DNA 

binding domain, one from Clontech Laboratories (catalogue No., 5399-1) and the other 

from Santa Cmz Biotechnology (RK5C1, catalogue No., sc-510). 

Colony-Lift Filter Assay 

For each plate of yeast colonies to be assayed, a dry sterile Whatman #5 filter was 

placed on the surface of the plate and gently pushed against the plate. Once the filter had 

become evenly wetted, it was carefiiUy lifted off the plates and transferred to a pool of 

liquid nitrogen with the side bearing the colonies facing up. After tiie filter had been 

frozen completely (about 10 seconds), it was removed from liquid nitrogen and allowed 

to tiiaw at room temperatiire. This treatment permeablized the yeast cells attached to tiie 

filter. Then this filter was placed on top of another filter presoaked witii freshly prepared 

Z buffer/X-gal solution {100 ml Z buffer [16.1g/l Na2HP04.7H20, 5.50g/l 

NaH2P04.H20, 0.75g/l KCl, 0.246g/l MgS04.7H20], 0.27 ml p-mercaptoetiianol, and 

1.67 ml 20mg/ml X-gal stock solution.}. The colonies that produce p-galactosidase 
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tumed blue after 30 minutes to 8 hours (dependent on expression levels) after incubation 

at room temperature. 

Plasmid Isolation From Yeast 

Small cultures (2ml) were grown ovemight at 30°C in SD medium lacking leucine 

and cells were collected by a 5-minute centrifiigation at 1,200 x g. The pellets were 

subsequently resuspended in 0.2ml lysis buffer [2% Triton X-100, 1% SDS, lOOmM 

NaCl, lOmM Tris-Cl (pH 8.0), lmMNa2EDTA]. Then, 0.2ml 

phenol:chloroform:isoamyl alcohol (25:24:1) and 0.3g of acid-washed glass beads were 

added to the cell mixture. After being vortexed at high speed for 2 minutes to break the 

yeast cell wall, the mixture was centrifuged at 12,000 x g for 5 minutes. The resultant 

aqueous phase was used directly for bacterial or yeast transformation. 

Results 

The sequential transformation procedure was initially employed to attempt to 

identify RD-le interacting factor in a human bone marrow cDNA library. A yeast 

reporter sttain named CG1945 was chosen as the recipient strain. CG1945 contains two 

different reporter genes: the lacZ gene, which encodes p-galactosidase, expression of 

which will result in yeast colonies tuming blue in the presence of X-gal, and the HIS3 

gene, which allows cells to grow in the absence of supplemented histidine. RD-le has 

been mapped to the region between amino acids 64 and 128 in the C/EBPe polypeptide 

and a minimal region of amino acids 97 to 128 within RD-le has been shown to retain at 

least partial repressor activity. cDNA fragments encoding these two domains were both 
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inserted into the bait plasmid (pAS2-l) where they were fiised in frame with tiie 

downstream GAL4 DBD domain. The resulting plasmids and the pAS2-l parental 

plasmid were transformed into CGI945 cells. Three independent colonies from each 

transformation were selected (e64-128-1, 2 and 3 for constmct pAS2-le64-128, and e97-

128-1, 2, and 3 for constmct pAS2-le97-128) and examined for GAL4 DBD/bait fiision 

protein expression by Westem blotting analysis employing a monoclonal antibody 

against the GAL4 DBD (Figure A.2A). Immunoreactive material was not detected in 

extracts from parental CGI945 cells (Figure 6.2A, lane 1); however, a Mr. 20,000 band 

representing the GAL4 DBD alone was observed in cells transformed with the empty bait 

plasmid (Figure A.2A, lane 8). A single protein band migrating just below Mr. 26,000 

was detected in the three yeast clones ttansformed with the pAS2-le64-128 constmct 

with the highest expression level in clone e64-128-2 (Figure A.2A, lane 3). In conttast, a 

protein species migrating at about Mr. 23,000 was highly expressed in the three clones 

ttansformed with pAS2-1 e97-128 (Figure A.2A, lane 5-7). The sizes of both protein 

species match approximately with the sizes of the expected GAL4 DBD fiision proteins 

produced from the two different bait constmcts respectively, indicating that the desired 

fiision proteins were expressed in these clones. The Mr 26,000 protein band was also 

detected in clone e64-128-2 using a different anti-GAL4 DBD antibody (Figure A.2B, 

lane 3), confirming that it represents tiie GAL4 fiision protein produced in transformed 

cells. Colony-lift filter assays were conducted to confirm that tiiese GAL4 DBD fiision 

proteins were not autonomously capable of activating tiie lacZ reporter gene expression 

in transformed yeast cells. Clone s64-128-2 was chosen to carry out large-scale 

transfonnations with a GAL4 AD fiision library prepared from human bone marrow. The 
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transformants from these transformations were first plated on medium lacking histidine to 

select for clones that are positive in HIS3 reporter gene expression. Due to the leaky 

expression of the HIS3 genes in CGI 945 cells, only clones that strongly activated HIS3 

expression (judge by size of the colony, usually larger than 2mm in diameter) were 

chosen to screen for lacZ gene expression. Clones that were both HIS3 and lacZ positive 

would be considered as putative positives for further analysis. Unfortunately, no such 

putative positive yeast colonies were identified from these screenings. The failure of 

these attempts was due to low transformation efficiency as the efficiencies of these 

transformations were close to 0.5X10 colony forming units per ^g of DNA (cfii/ng). 

This is significantly lower than the efficiency (10'̂ -10^ cfu/^g) that commonly can be 

achieved by this type of transformation. As a result, we were only able to screen 

approximately 2x10'* clones in our transformations, which is likely to be insufficient for 

identifying tiie RD-le interacting factor(s). When performing these transformations, it 

was consistentiy observed that e64-128-2 cells grow extremely slowly in liquid culture. 

The ODeoo value of ovemight culture failed to reach the minimal value required by the 

transformation protocol even after much longer incubation than the standard incubation 

time. Therefore, it is likely that the expression of RD-le is somewhat toxic to the yeast 

cells. The toxic effects of RD-le may be directly responsible for the low ttansformation 

efficiency obtained in our experiments. 

To circumvent this problem, we switched to using the simultaneous 

transformation procedure to pursue library screening. The library-scale transformation 

was successfiil and approximately 2x10^ individual clones were screened. 4 individual 

clones were identified as putative positives after colony-lift filter assays for lacZ 
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expression and the library plasmids were subsequently extracted from each clone. The 

inserts of these library plasmids were sequenced and their identities were determined by 

searching for matches in the Genbank database. As listed in Table A. 1, one library 

plasmid (C1.1925) appeared not to have any insert judging by restriction digestion. Two 

other clones (C1.2000 and C1.2001) contained inserts matching respectively to human 

ribosomal protein s8 and cytochrome c oxidase. The fourth clone (C1.1975) appeared to 

contain a novel sequence (tentatively named SeqX) as no total matches were found in the 

database. Both human ribosomal protein s8 and cytochrome c oxidase are likely to 

represent false positives as they were able to activate lacZ expression when ttansformed 

alone into CGI945 cells. C1.1975 displayed a bait dependent activation of lacZ 

expression, however the sequence of SeqX (Figure A.4) revealed no apparent open 

reading frame. An Alu-like sequence was identified in SeqX (Figure A.5), suggesting 

that it could be derived from genomic DNA instead of an expressed gene. To test 

whether SeqX represents an expressed RNA, Northem blotting analysis of total RNA 

samples prepared from a number of fetal and adult mouse tissues was performed. A short 

RNA molecule (roughly 0.5-0.9 kb) was detected in various mouse tissues (Figure A.3), 

suggesting that SeqX is derived from an expressed gene and that it is conserved between 

human and mouse. The identity of SeqX remains to be determined. 

Discussion 

The yeast two-hybrid system is a powerful tool to identify protein-protein 

interactions under in vivo conditions, however it also has drawbacks (5). One of the 

major shortcomings is that tiiis system tends to produce large numbers of clones witii no 
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biological relevance (false positives) in screens for interacting partners. This problem 

can be attributed to a number of reasons that include leaky expression of the reporter 

genes which causes high background and obscures the identification of tme candidates, 

and the usage of non-directional GAL4 AD fiision libraries that usually produce hybrids 

with irrelevant small peptides fused to the GAL4 AD. In this attempt, we also 

encountered significant problems. Out of four clones that we identified, three appears to 

be false positives and the fourth remains to be fully characterized. 

Although our efforts have not been very successfiil in identifying the RD-le 

interacting protein using the yeast two-hybrid system, it is still too early to conclude that 

such a factor does not exist or that the yeast two-hybrid approach is not useful for this 

study. Several reasons may account for the inefficiency of our screening and changes can 

be made according to these potential problems in our experiments to improve our results 

in the future. 

Incomplete Library Screening 

One factor that may contribute to these negative outcomes is that the number of 

clones screened in our attempt may not be sufficient for the identification of tiie RD-le 

interacting factor. Although our screening has covered 2 million individual clones, there 

are 3 million individual clones in the bone marrow cDNA library used in our study. 

Considering the non-directional nature of this cDNA library, it remains possible that we 

might miss tiie RD-le interacting factor if it is expressed at low levels in bone marrow 

cells. Therefore, to improve transformation efficiency could be helpfiil for fiiture studies. 
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Use of an Inappropriate or Incomplete Library 

A library prepared from human bone marrow was used in our screening and it 

may not be a good choice. It is possible that this factor is expressed at low levels in bone 

marrow, which prevented its efficient detection in our screening. Using a library of a 

different origin could potentially solve this problem. The repressor activity of RD-le is 

initially identified and characterized by transfection studies in HepG2 hepatocarcinoma 

cells (1), it is possible this putative factor is more abundantly expressed in liver cells than 

bone marrow. Therefore, a library prepared from liver cells could be a better source for 

identifying this factor. 

Excessive Number of False positives 

These negative results may be also due to the common drawback associated with 

yeast two-hybrid system: large numbers of false positives. To alleviate this potential 

problem in our library screening, we initially chose the CGI945 yeast strain as it carries 

two GAL4-responsive reporter genes, the lacZ and HIS3, for increased stringency in the 

screening procedure. However we found in our screening that the expression of the HI S3 

gene is leaky and as a result many false positive colonies appear on the initial selection 

witii histidine deficient medium. Since only the larger colonies (>2nim in diameter) were 

picked for fiirther analysis, we could potentially miss the tme positives that are smaller in 

size. Therefore, using a yeast strain with less leaky reporter genes or more reporter genes 

should cut dovm the number of false positives and hence increase the chance for the 

detection of desired clones. 
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Protein-protein Interactions through the KEE-like Motifs 
May Be Conserved in Yeast. 

It is also possible that the KEE-like motifs are fimctionally conserved in yeast and 

some endogenous yeast proteins may be able to bind to RD-le. These putative 

interactions could block access of RD-le interacting factor(s) present in the bone marrow 

library and prevent successful identification of the targets of the screen. These 

interactions may also dismpt the normal functions of endogenous yeast proteins, perhaps 

explaining the apparent growth inhibition of yeast cells expressing RD-le fiision proteins. 

In this case, co-immunoprecipitation approach in mammalian cells such as HepG2 may 

prove to be more valuable. 
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Table A. 1. Putative positive yeast two-hybrid clones. 

Clone No. 
C1.1925 
C1.1975 
C1.2000 
C1.2001 

Insert 
No insert 
Novel (tentatively named SeqX) 
Human ribosomal protein S8 
Human cytochrome c oxidase 

Genbank Accession Number 
N.A. 
Multiple Alu-related sequences 
NM 001012 
AF004339 
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Figure A.l. Schematic diagram of the yeast two-hybrid system. GAL4 DBD, GAL4 
DNA-binding domain. GAL4 AD, GAL4 activation domain. 

238 



A. 

Mr.26,000— 

1 2 3 4 5 6 7 8 

B. 

J" 0> K'^ 

^ <r ^ 

M, 26 ,000-

Figure A.2. GAL4 DBD-C/EBPe fiision proteins are successfully expressed in trans
formed yeast cells. A. Protein extracts were prepared from untransformed CGI945 cells 
and CG1945 colonies transformed with expression constmct pAS2-le64-128 (e64-128-l, 
2, and 3), pAS2-le97-128 (e97-128-l, 2, and 3), or the empty expression vector (pAS2-
1). The expression of GAL4 DB in these extracts was examined by Westem blotting 
using an anti-GAL4 DBD antibody from Santa Cmz Biotechnology, Inc. B. Protein 
extracts harvested from CGI945, e64-128-2, and pAS2-l cells were also analyzed by 
Westem blotting using a different anti-GAL4 DBD antibody purchased from Clontech 
laboratories. Inc.. 
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Figure A.3. A RNA species was detected in mouse tissues using a SeqX probe. Total 
RNA samples were prepared from the indicated fetal (14 days postcoitum) and adult 
mouse tissues, and analyzed by Northem blotting analysis using SeqX as the probe. 
B.M., bone marrow. 
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SeqX: 

1 GCGGCCGCGT CGACTTCTTT CTTTTTTTTT TCAGAGTCTC 

41 ACTCTGTCAC CCAGCCTGGA GTGCAGTGGC GCAATCTCGG 

81 CTCACTGCAA CCTCCACCTC TCGGGTTCAA GCT^ATTCTCA 

1 2 1 TGCCTCAGCC TCCTGAGTAG CTGGGATTAC AGTCGCATGC 

161 CACCACGCCC AGTTAATTTT TGTATTTCTA GTAGAGACAG 

2 0 1 GATTTCGCCA TGTTGGCCAG GCTGGTCTCA AACTCCTGAC 

2 4 1 CTCAAGTGAT CCACCCGCCT CAGCCGCTCA AAGTGCTGGG 

2 8 1 ATTACAGGCA TGAGCCACTG CCCTGGGCCT GCACTGTACT 

3 2 1 TTCTACTTCT TTTATAAACA ATTAAAATAA AATTTTCAAT 

3 6 1 GAAAAGGCAT ACAAGGGAAA TTGAACCCTG AGTTGCCGTT 

4 01 TTATTGAAGA TCCAATTATT ACAAATAAAA ATCTCATCCT 

4 4 1 CCCTTTCCAT TTCTTACAAC TGGGTCCTTT CCAAG/yVAAG 

4 81 AAACTT/yVCT TGAATC 

Figure A.4. Sequence of SeqX. 
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34 gagtctcactctgtcacccagcctggagtgcagtggcgcaatctcggctcactgcaacct 93 
lllllllllillllllll III llllllllll M M llllllllllllllllllllll 

51708 gagtctcactctgtcaoccagtctggagtgcaatggcacaatctcggctcactgcaacct 51767 

94 ocacctctcgggttcaagcaattctcatgcctcagcctcctgagtagctgggattacagt 153 
M I I I I III II I I III I I I III I IIIIllllll llllll Mill II lllllll 

51768 ccgcctcctgggctcaagcaattctcctacctcagcctcctgagtagctgggattacagg 51827 

154 cgcatgccaccacgcccagttaatttttgtatttctagtagagacaggatttcgccatgt 213 
llllll lllllll I I I III I I III II I llllllllll III II II llllll 

51828 tatgcgccaccgcgcccagctaatttttgtatttttagtagagacagggtttcaccatgt 51887 

214 tggccaggctggtctcaaactcctgacctcaagtgatccacocgcctcagccgctcaaag 273 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I l l l l l l l 

51888 tggccaggctggtotcaaactcctgacctcaagtgatctacccgcctcggcctctcaaag 51947 

274 tgctgggat'tacaggca'tgagccactgc 301 
I I I I I I I I I I I I I I I I I I I I I I I I I I I 

51948 tgctgggattataggcatgagccactgc 51975 

Figure A. 5. Comparison of SeqX with an Alu-related sequence on human chromosome 1 
(ALl 37802). 
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