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ABSTRACT

Of key interest In the present study is to identify genes that may be involved in

hematopoiesis. Here, a mutant mouse model system, in which the fetai hematopoietic

development was impaired resulting from a mutated Cmyb proto-oncogene in vivo, is

utilized. The expression levels of four genes, including Gata1, Epor, Scl, and Nfe-2,

were found to be downregulated in the livers of Cmyb mutant fetuses in comparison

to the phenotypically normal littermates. To identify novel genes that may be involved

in hematopoiesis, the differential display technique was conducted to compare the

differences in mRNA expression patterns in Cmyb wild type, heterozygous, and

homozygous mutant fetal livers. Differentially expressed cDNA fragments were

isolated and analyzed. A total of eight putative novel genes that are differentially

expressed were identified. One of these genes, designated DD7A5-7, is expressed

exclusively in cells of the myeloid lineage and was characterized as a member of a

receptor family consisting of seven transmembrane segments. DD7A5-7 maps to

mouse chromosome 17 and was shown to be the murine homolog of human EMR1

gene. DD7A5-7 was therefore renamed Emr1. The amino acid sequence encoded by

Emr1 was found to be identical to that encoded by the F4/80 gene, whose gene

product is expressed specifically on the cell surface of mouse macrophages. The

biological function of the Emr1/F4/80 protein was evaluated using a gene targeting

approach. Emr1 null mutant mice were generated, and no histological abnormality

was observed. These results indicate that the Emr1/F4/80 protein is not required for

mouse embryonic or hematopoietic development.
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Prologue

Our understanding of mammalian hematopoiesis has benefitted greatly from the

study of mouse embryonic and fetal hematopoietic development. Murine embryonic

and fetal hematopoietic development is characterized by rapid and dramatic changes

in the sites of erythropoiesis, erythroblast morphology, and hemoglobin synthesis (1).

The mouse hematopoietic system is derived from the mesodermal germ layer, which

is formed in primitive-streak-stage embryos at 6.5 days postcoitum (dpc). Blood

islands first appear in the extraembryonic mesoderm at 7.5 dpc and hematopoietic

progenitors are first detected in the visceral yolk sac mesoderm of embryos at 8 dpc

(2, 3). By mid-8 dpc, nucleated, primitive red blood cells are visible in the vasculature

of the yolk sac. These primitive red blood cells enter the primitive circulation at

approximately 8.5 dpc when the embryonic and extraembryonic vessels are linked.

The yolk sac remains as the primary hematopoietic organ until approximately 12

dpc. Beyond this stage of development, yolk sac hematopoiesis declines and the fetal

liver becomes the predominant hematopoietic organ for the remainder of fetal life.

Erythropoiesis finally shifts to bone marrow around the time of birth. Yolk sac-derived

erythrocytes, termed primitive erythrocytes, are nucleated, while those produced

later in development, termed definitive erythrocytes, are non-nucleated. The changing

patterns of globin proteins synthesized during development, termed globin switching,

have been demonstrated in all vertebrate species (1). In mice, three embryonic globin

tetramers, designated El (x2y2). Ell (a2y2), and Elll (a2z2) are found (4). The globin

proteins x, y ,and z are the products of the genes pHI, and ey2, respectively (5). In

addition to these embryonically expressed genes, there are two very similar adult p-

globin cluster genes, p major snj p minor (P"^'"), and two adult a-globin cluster
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genes (a1 and a2). Primitive erythrocytes arising from the yolk sac contain largely

embryonic hemoglobins (El, Ell, and Elll) and a small quantity of adult hemoglobins (6).

Definitive erythrocytes formed later in the fetal liver, spleen, and bone marrow contain

only adult hemoglobin a2p2'^''^) (7).

Differentiation of hematopoietic cells involves the progressive restriction of

developmental potential as pluripotent hematopoietic stem cells give rise to

multipotential progenitors that subsequently mature along single lineages. Functional

hematopoietic assays have been developed to determine the lineage potential of

hematopoietic progenitors and stem cells. These assays have demonstrated that the

most committed progenitors (colony forming units - culture, CFU-C), including colony

forming units - erythroid (CFU-E), colony forming units - granulocyte and macrophage

(CFU-GM), and colony forming units - megakaryocyte (CFU-Meg), are near the final

stages of cell expansion and lineage differentiation. The cells of CFU-C can lead to

mature blood cell production in 5-14 days in in vitro culture. More primitive progenitors

(colony forming units - spleen, CFU-S), some of which can self-renew, generate

many committed progenitors and lead to mature hematopoietic cells after 7-14 days in

in vitro culture (8, 9).

Although the mechanisms responsible for decision-making in hematopoietic

development are not well defined, it is likely that they involve two distinct, but

interrelated pathways, one involving nuclear regulatory proteins that directly control

and coordinate gene expression, and a second involving signal transduction from

growth factors through their cognate surface receptors (10). Recent progress in

genetic analysis using mouse mutants generated by gene targeting in embryonic stem

(ES) cells and transgenic mice containing marker genes have provided valuable

information on hematopoietic development in mice (11-14). Data from these mouse

models and from functional assays have suggested that there are two types of stem
2



cell activity in the developing mouse embryo, primitive and definitive (2). Although the

origins of the two activities in the mouse have not been unequivocally demonstrated,

it was known that the primitive hematopoietic stem cells function differently from the

definitive hematopoietic stem cells. For example, the hematopoietic stem cells of the

adult bone marrow require many weeks for full multilineage engraftment, while

embryonic hematopoiesis is much more rapid, with the primitive erythrocytes

appearing only days after mesoderm formation (2). With precise identification of the

molecular events that lead to the hematopoietic defects, the genetically engineered

mutant mouse models can be used to pinpoint the mechanism whereby hematopoietic

stem cells develop and differentiate.

One of the mutant mouse models used for studying hematopoietic development is

the Cmyb homozygous mutant (-/-) mice (12). The Cmyb proto-oncogene is the

cellular homolog of the v-myb oncogene that was initially identified as the oncogenic

agent in two replication-defective avian acute leukemia viruses, avian myeloblastosis

virus (AMV) and E26 leukemia virus (15). Both viruses are able to induce leukemia in

vivo and transform cells of erythroid (E26) and/or myeloid (E26, AMV) lineages in

vitro (16,17). The precise structures of the v-myb oncogenes of AMV and E26 virus

have been determined by molecular cloning and nucleotide sequencing (18-20). The

v-myb gene of AMV encodes a 45 KDa product which lacks 71 and 199 amino acids

from the amino- and carboxy-terminal ends of the Cmyb gene product, respectively.

The v-myb gene of E26 is expressed as part of a 135 KDa gag-Myb-Ets fusion

protein, in which the v-Myb portion lacks 80 and 278 amino acids from the amino- and

carboxy-terminal ends of the Cmyb protein, respectively. Taken together, these data

indicate that the oncogenic activation of the Cmyb gene by virus transduction is

accomplished by extensive truncation of the Cmyb protein. Diseases involving cells

of the hematopoietic lineages such as B lymphomas and plasmacytoid
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lymphosarcomas are also associated with the expression of an altered Myb gene

product (21-23).

The Myb gene product is a 75 kDa nuclear protein that contains three functional

domains : a DNA-binding domain, a transactivating domain, and a negative regulatory

domain (22, 23). The DNA binding domain, located near the amino terminus of the

protein, consists of three imperfect 50-52 amino acid repeats that are designated R1,

R2, and R3. The specific target for DNA binding is the consensus nucleotide

sequence PyAAC(G/T)G (24). Deletion and linker insertion analysis of Cmyb, as well

as v-myb, have revealed a 50-residue trans-activation domain located downstream of

the DNA-binding domain. In addition, a negative regulatory domain has been defined,

which is carboxy-terminal to the activator region (25-27). A potential a-helical 'leucine

zipper'-like structure, which is assumed to mediate protein-protein interaction, has

been localized to the negative regulatory domain of Myb protein. A similar structure

has been identified in other DNA-binding proteins including Cmyc, Cfos, and Cjun

(24). Additionally, a major phosphorylation site has been mapped near the amino

terminus of the protein. Phosphorylation of this site by casein kinase II down-

modulates the binding of immunoenriched Myb to a Myb response element (MRE) in

vitro. Loss of this region in most oncogenically activated Myb proteins suggests a

possible regulatory role of this phosphorylation site.

The Cmyb gene is highly expressed in immature cells of the myeloid, erythroid

and lymphoid lineages and the level of expression decreases markedly as these cells

differentiate (28, 29). Expression of Cmyb proto-oncogene is also found in acute

myelogenous leukemia, chronic myelogenous leukemia, acute lymphocytic leukemia,

F9 teratocarcinoma stem cell line, breast and colon carcinoma cells and chicken

embryo fibroblasts (CEF) (15). Down-regulation of Cmyb proto-oncogene during the

differentiation of a myeloid tumor cell line suggested a role in either initiation of growth
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arrest or differentiation (28). Antisense oligonucleotides to Cmyb have been used to

inhibit endogenous Myb protein expression, resulting in the inhibition of growth of

various human myeloid leukemia cell lines (30-33). Constitutive expression of

exogenously introduced Cmyb cDNA blocks chemical- or erythropoietin-induced

terminal differentiation in mouse erythroleukemia (MEL) cell lines (34-36). However, an

alternatively spliced Cmyb mRNA encoding an amino- and carboxy-terminally

truncated Myb protein which retains the DNA-binding domain and the nuclear

localization signal but lacks the activation domain has been shown to induce MEL cell

differentiation (37). These studies suggest that Cmyb gene product is involved in the

cellular proliferation and/or differentiation of hematopoietic cells.

To study the biological function of Cmyb gene in vivo, the Cmyb proto-oncogene

has been disrupted by targeted mutagenesis in murine embryonic stem (ES) cells

(12). Germline chimeric animals were generated. Heterozygous (+/-) progeny from

germline chimeric mice appear to be phenotypically normal. However, homozygous

mutant (-/-) mice from heterozygous matings died at approximately 15.5 dpc due to

anemia. The Cmyb -/- mice were phenotypically indistinguishable from wild type (+/+)

and heterozygous (+/-) littermates up to day 13.5 of gestation, when most of the

major phases of organogenesis have been completed. However, by day 15 of

gestation, the Cmyb -I- fetuses are very pale in color, though grossly normal in form

and size. Histological analysis showed that yolk sac erythropoiesis is unaffected, but

fetal hepatic erythropoiesis is reduced significantly in Cmyb -/- fetuses. In addition, p

major globin gene expression is highly reduced in the Cmyb -I- fetal livers. Further

studies using in vitro methocellulose assays, which determine the progenitor potential

of various hematopoietic lineages, show that erythropoiesis and myelopoiesis in

Cmyb -I- fetuses are dramatically reduced in comparison to phenotypically normal



littermates (38). It Is concluded that the Cmyb gene is required for normal murine fetal

hepatic hematopoiesis (12).

Since the Cmyb gene product contains DNA-binding and transcriptional

activation domains, and since Myb consensus DNA-binding sites are found in the

promoter regions of hematopoietic and non-hematopoietic genes (39-41), Cmyb is

strongly implicated as a transcriptional regulator. Indeed, several genes have been

identified that are transcriptionally regulated by Myb. The Mim1 gene, whose gene

product is found in the granules of normal promyelocytes, was identified by using

differential hybridization screening in cells transformed by a temperature sensitive

mutant of the oncogene (39). Other examples of Myb modulated genes include Gata1

(42), Cd34 (43), and Cd4 (44). These observations suggest that the Cmyb proto-

ongene may play an essential role in hematopoietic development by regulating the

expression of other genes.

Given that the Myb protein can transactivate various target genes and that fetal

hepatic hematopoiesis is severely affected in the Cmyb -I- fetuses, Cmyb -I- mice

might be a useful model system for the identification of additional Myb target genes or

genes that are responsible for the anemic phenotype. Furthermore, the disturbed fetal

hematopoiesis in Cmyb -/- fetuses also provides us an excellent opportunity to

identify genes that may be involved in this important developmental process.

Identification of genes whose expression levels are altered by the inactivation of

Cmyb gene in vivo was therefore conducted in the present study. Numerous gene

cloning techniques, including subtractive hybridization (45, 46) and differential

hybridization (39), have been developed to identify genes whose expression patterns

were altered due to the physiological changes, such as overexpression of

oncogenes and/or down-regulation of tumor suppressor genes in cancer cells. The

subtractive hybridization technique uses a cDNA library from cells of interest and
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hybridizes the cDNAs with RNA from the cells whose genes were not being

selected. Unhybridized cDNAs that represent unique mRNAs of the cells of interest

are analyzed further, while the cDNA/RNA hybrids are removed (45). Similarly, the

differential hybridization technique compares the differences in hybridization intensity

between two normalized cDNA libraries and the unique cDNAs are isolated for

further analysis. Although potentially powerful, these techniques are laborious and

technically difficult.

The recent invention of the differential display technique has simplified the

identification of differentially expressed genes (47). The method is based upon

comparisons of mRNAs expressed in two or more cell populations, by running their

reverse transcribed PGR products on sequencing gels in adjacent lanes. The

differentially expressed cDNA fragments can be easily detected, eluted out of the

gels, and amplified by PGR to use as probes in Northern blots for verification. By

using four 3' oligo(dT) primers (TijMA, T12MG, T12MG, and T12MT) in the reverse

transcription reactions, the differential display technique divides the expected 10,000-

15,000 different mRNAs into four groups. The 5' arbitrary decamer primers used in

this technique hybridize with complementary sequences located at varying distances

from the 3'-end of each cDNA strand. The carefully chosen primers and PGR reaction

conditions of differential display analysis usually result in cDNA fragments of 100-600

base pairs, which are easily detected on DNA sequencing gels. Gomparisons of the

differentially displayed RT-PGR products of different samples in parallel offers an

advantageous selection strategy for isolating differentially expressed genes. Since its

introduction, differential display has been successfully used to identify a number of

genes, including a candidate tumor suppressor gene (48) and a transcriptional target

of the p53 protein (49). Differential display is thus the method of choice in this study

to unravel the molecular events resulting from the inactivation of Cmyb gene in vivo.
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The disruption of genes in mouse ES cells (gene targeting) has been widely used

in recent years to study the biological functions of specific genes in vivo (50, 51).

Gene targeting in ES cells was made possible by the isolation of pluripotent ES cells

from mouse blastocysts (52, 53), and by the ability of the cellular recombination

machinery to mediate homologous recombination (54-56). Pluripotent ES cells are

derived from the inner cell mass (ICM) of mouse blastocysts and retain their ability to

contribute to all mouse tissues after they are reintroduced into a blastocyst (52, 53).

The pluripotency of ES cells results in the generation of germ-line chimeric mice,

which can transmit the genome of ES cells to the offspring. For example, when

pluripotent ES cells that were derived from a mouse homozygous for the black coat

color allele were introduced into a blastocyst that was isolated from a mouse

homozygous for the albino allele, the resulting chimeric mice would be composed of

cells of both genotypes throughout the body, including germ cells. The chimeric mice

thus would be able to transmit the black coat color allele of the original ES cells

through germ line to generate black offspring when they were mated with albino mice

(57).

The ability of cells to mediate homologous recombination between endogenous

chromosomal DMAs and exogenously introduced DNAs suggested that one can easily

manipulate the genome of cells. Therefore, desired modification of the DNA structure

of specific genes, such as an insertion, deletion, or substitution is possible.

Additionally, selectable exogenous genes, such as the neomycin resistant gene

(NeoO, can be introduced into cells, enhancing the ability to select for targeted cells.

The application of gene targeting techniques in ES cells provides the means to study

the functions of specific genes in vivo and to generate mice of any desired genotype

to serve as potential animal models for a variety of human diseases (11, 51). It is
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therefore of interest in our study to adapt this technique to study the biological

function(s) of the differentially expressed genes that are identified.

The present study was designed to use Cmyb -I- mice as a model system in an

attempt to identify genes that may be involved in hematopoiesis, and to characterize

the function of the identified gene(s). The first issue to be addressed is to verify

whether Cmyb -I- mice could be used as a model system for the purpose of this

study, and to develop the differential display technique. Chapter 1 and 2 describe the

validity of using Cmyb -I- mice as a model system and the differential display

technique for the identification of novel genes that may be involved in hematopoiesis.

Chapter 3 pertains to the second issue of the present study, that is to characterize

the function of the novel differentially expressed gene(s). In order to address this

question, a null homozygous mutant mouse strain with an inactivated Emr1 gene was

generated by gene targeting in ES cells. Finally, a new screening strategy for

selecting targeted ES cell clones, developed in the course of this study, is presented

in Chapter 4.



Chapter 1 Alteration of gene expression of known and putative novel

genes in Cmyb wild-type, heterozygous, and homozygous mutant fetal

livers

Abstract

The expression level of 25 genes previously shown to be expressed in the

mouse fetal liver at 14.5 days postcoitum (dpc) was determined in Cmyb wild-type

(+/+), heterozygous (+/-), and homozygous mutant (-/-) mice by the reverse

transcriptase-mediated polymerase chain reaction (RT-PGR) and Northern blot

analysis. These studies showed that four of these genes, Gata1, Epor, Scl, and

Nf-e2 were expressed at much lower levels in the livers of Cmyb -I- fetuses in

comparison to the Cmyb +/+ and +/- fetuses at 14.5 dpc. The differential expression

patterns of these hematopoietic genes suggest that Cmyb -/- mice could be used as a

model system for the identification of genes that may be involved in hematopoiesis. To

test this hypothesis, differential display was successfully carried out utilizing total

liver RNA from Cmyb +/+, +/-, and -/- fetuses at 14.5 dpc. Eight putative novel genes

were identified. The chromosomal location and the expression pattern of each

differentially expressed gene were determined by chromosomal mapping and

Northern blot analysis, respectively. While five of these eight putative novel genes

were shown to be expressed in all hematopoietic cell lineages tested, the other three

genes had a more restricted pattern of expression. These results demonstrate the

validity of using the unique Cmyb -/- fetuses and differential display to identify novel

genes involved in hematopoiesis.
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Introduction

The Myb proto-oncogene gene product is a 75 kilodalton (kDa) nuclear protein

that contains three functional domains : a DNA-binding domain, a trans-activation

domain, and a negative regulatory domain (15). Three imperfect tandom repeats (R1,

R2, R3) of 51-52 amino acids that are highly conserved in various Myb-related

proteins are located in the DNA-binding domain, which is in the amino-terminus of the

Myb protein (22). A concensus nucleotide sequence, PyAAC(G/T)G, has been

identified as the specific Myb DNA-binding target site (24). Through the deletion and

linker insertion analyses, the ability of Myb protein to trans-activate gene expression

has been defined to a trans-activation domain of 50 amino acid residues located

immediately adjacent to the DNA-binding domain (25,27). In addition, a negative

regulatory domain has also been identified, which is located 3' to the trans-activation

domain (26). The expression of several genes, including Mim1 (39), Cd34 (43), and

Gata1 (42), has been found to be modulated by Myb protein. Collectively, these data

indicate that Myb protein is a sequence-specific transcription factor that modulates

the expression of its target genes.

The Cmyb proto-oncogene is highly expressed in immature cells of the myeloid,

erythroid, and lymphoid lineages and the levels of expression decrease markedly as

these cells differentiate (28, 29). Gene expression has also been detected in acute

myelogenous leukemia, chronic myelogenous leukemia, lymphocytic leukemia, breast

and colon carcinoma cells (15). Endogenous Myb protein expression and the growth

of various human myeloid leukemia cell lines are inhibited by antisense oilgonucleotide

to the Cmyb proto-oncogene (30-33). Two avian acute leukemia viruses, AMV (avian

myeloblastosis virus) and E26, which contain a truncated version of the Cmyb proto-

oncogene, designated the v-myb oncogene, can induce leukemia in vivo and

11



transform cells of erythrold and/or myeloid lineages in vitro (16, 17). These studies

suggest that Myb protein is involved in the cellular proliferation and/or differentiation

of hematopoietic cells.

The direct evidence of the involvement of Myb protein in hematopoietic

development in vivo came from the targeted metagenesis study of the Cmyb proto-

oncogene. Mouse embryos that are homozygous for the mutated Cmyb proto-

oncogene display a severe anemia phenotype and die at approximately 15.5 dpc (12).

Molecular and histological analyses revealed that yolk sac erythropoiesis was not

affected by the inactivation of the Cmyb gene in vivo, however, fetal liver

erythropoiesis was severely impaired. Moreover, using in vitro methocellulose

assays, erythropoiesis and myelopoiesis in Cmyb -I- fetuses were shown to be

dramatically reduced in comparison to phenotypically normal littermates (38).

Mouse embryonic and fetal hematopoietic developments are characterized by

rapid and dramatic changes in the site of erythropoiesis, erythroblast morphology,

and hemoglobin synthesis (1). The hematopoietic system is established early during

embryogenesis from the extra embryonic mesoderm of the yolk sac (9). The yolk sac

remains the primary hematopoietic organ until approximately day 12 of gestation.

Beyond this stage of development, yolk sac hematopoiesis declines and the fetal liver

becomes the predominant hematopoietic organ for the remainder of fetal life.

Erythropoiesis finally shifts to the bone marrow around the time of birth. Yolk sac-

derived erythrocytes, termed primitive erythrocytes, are nucleated, while those

produced later in development, termed definitive erythrocytes, are non-nucleated.

Differentiation of hematopoietic cells involves progressive restriction of developmental

potential as pluripotent hematopoietic stem cells give rise to multipotential progenitors

that subsequently mature along lineage-specific pathways. Although mechanisms

responsible for decision-making in hematopoietic development are not well defined, it
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is likely that they involve nuclear regulatory proteins that directly control and/or

coordinate gene expression and signal transduction pathways transmitted from

hematopoietic growth factors through their cognate surface receptors (10).

Identification of genes for the nuclear regulatory proteins and growth factors

and/or their receptors that are involved in hematopoiesis will help to elucidate the

complex mechanism(s) whereby hematopoietic stem cells proliferate and differentiate

into mature blood cells of various lineages. In this study, we describe the continued

analysis of Cmyb -I- fetuses and the attempt to identify novel genes that may be

involved in hematopoiesis using these fetuses as a model system.

Materials and methods

Cell lines

Hematopoietic cell lines of various cell lineages were maintained as described

(96-99). Briefly, lymphoid cell lines including NFS 70 (pre-B cell), NFS 112 (B cell),

EL4, DA2, DA25, and CTLL (T cell) were cultured in RPM11640 medium (Life

Technologies) supplemented with 10 % fetal bovine serum (FBS). Exogenous

cytokine, IL-2 (20 ng/ml), was added in the medium for CTLL cells. Myeloid cell lines,

including NFS 60, NFS 78, WEHI-3, DAI, DA33, and FDCP-1, were cultured in RPMI

1640 medium with 10% FBS and 20 U/ml IL-3. The fetal liver cell line, FLB-Myb, was

maintained in the same medium as the myeloid cell lines. The erythroid cell line, MEL-

019, was cultured in DMEM plus 10% FBS.

RNA isolation

The livers of mouse fetuses at 13.5 dpc and 14.5 dpc were dissected, frozen in

liquid nitrogen, and stored at -80°C until needed. Total RNA was isolated from frozen
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fetal livers according to the methodology of Chomczynski and Sacchi (58). Briefly,

individual frozen tissues were homogenized in 500 |j,l of guanidium thiocyanate RNA

isolation solution (4M guanidium thiocyanate, 25mM sodium citrate, pH 7.0, 0.5%

sarcosyl, 0.1 M 2-mercaptoethanol) by passing each through a 18-gauge needle

several times. The homogenate was then sequentially mixed with 50 |iil of 2M sodium

acetate (pH 4.0), 500 ̂1 of water-saturated phenol, and 200 nl of chloroform-isoamyl

alcohol (49:1), followed by 15 minutes of incubation on ice. Homogenate suspension

was separated by centrifugation at 10,000g for 15 minutes at 4°C. The upper

aqueous phase containing total RNA was collected and mixed with an equal volume

of isopropanol and stored at -20°C for at least 1 hour. RNA was precipitated by

centrifugation at 14,000 g for 15 minutes at 4°C, air dried, and resuspended in

ribonuclease (RNase) free H2O. Total RNA samples used in the expression studies

for differentially expressed genes were isolated from various hematopoietic cell lines

using the same methodology.

Reverse transcriptase mediated - polymerase chain reaction (RT-PCR)

analysis

Total RNA was subjected to a RNase-free deoxyribonuclease (DNase) digestion

step prior to cDNA synthesis by reverse transcriptase. To obtain DNA-free RNA

samples, 5 pg of total RNA was treated with 5 units of RNase-free DNase

(Stratagene) in 10 |j.l of IX DNase reaction buffer (50 mM Tris-HCI, pH7.5, 200 mM

NaCI, 10 mM MgCl2, and 5 mM CaCy at 37 °C for 50 minutes, followed by phenol-

chloroform extraction. DNA-free RNA samples were recovered by ethanol

precipitation.

For the first strand cDNA synthesis, DNA-free RNA was reverse transcribed

using Moloney murine leukemia virus reverse transcriptase (M-MuLV RTase) and
14



random hexamer primers in conditions recommended by the manufacturer

(GeneAmp® RNA PGR Kit, Perkin Elmer Cetus). Briefly, 0.5 pg of total RNA was mixed

with 2.5 pM random hexamer, RNase inhibitor (1U/pl), and M-MuLV RTase (2.5 U/pl) in

a total 20 pi of 1X PGR buffer II (50 mM KGI, 10 mM Tris-HGI, pH 8.3) containing 5 mM

l\/lgGl2 and 1 mM of dNTPs. The reaction mixture was incubated at room temperature

for 10 minutes, followed by 20 minutes of incubation at 42°G and stopped by heating

at 99°G for 5 minutes.

For cDNA amplification, one tenth (2 pi) of the reverse transcribed products was

amplified by PGR using Amplilaq DNA polymerase (Perkin Elmer Getus) in a total

volume of 20 pi. PGR amplification was carried out using a DNA Thermal Gycler 480

(Perkin Elmer Getus). PGR conditions were as follows : hot start at 95°G for 5 minutes,

followed by 40 cycles of denaturation for 30 seconds at 94°G, annealing for 30

seconds at optimal temperature for individual primer sets (see Table 1), and extension

for 2 minutes at 72°G. After the final cycle, an extension step was carried out at 72°G

for 10 minutes. PGR products were analyzed using 1.2% agarose gels.

Northern blot hybridization analysis

Total RNA (10 pg) was denatured in 10 mM sodium phosphate buffer (pH 6.8)

containing 54% formamide and 7.0% formaldehyde at 65°G for 10 minutes. Following

denaturation, RNA was separated by electrophoresis through a 1% agarose gel

containing 7.0% formaldehyde in 10 mM sodium phosphate buffer (pH 6.8). Separated

RNA in gel was then transferred onto nylon filters (Duralon-UV, Stratagene) using

standard blotting techniques (59). For prehybridization, nylon filters were incubated in

20 ml of prehybridization buffer (4XSSG, 10% dextran sulfate, 40% formamide, and

100 pg/ml denatured salmon sperm DNA) at 42°G for at least 3 hours.

15



Gene-specific cDNA fragments were labelled with a-^^P-dCTP (3000 Ci/mmol,

Amersham) using random 9-mers (Prime-IT® II Kit, Stratagene) as primers. ̂^P-labelied

cDNA probes, at specific activity >10® dpm/pg, were denatured in 4N NaOH for 5

minutes, neutralized by mixing with 70 mM Tris-HCl, pH 7.5 and 0.2N HCl, and added

directly into the prehybridization buffer. Hybridization was carried out at 42°C for at

least 12 hours. Hybridized filters were washed twice in 2XSSC, 0.1%SDS at room

temperature for 15 minutes, followed by the wash in 0.2XSSC, 0.1%SDS at room

temperature for 20 minutes and at 50-55°C for 20 minutes. Washed filters were

exposed to X-ray films (Kodak) and kept at -80°C for 1-2 days before development.

Differential display analysis

DNA-free total RNA from the livers of Cmyb +/+, +/-, and -/- fetuses at day 14.5

dpc was used. Differential display (47) was carried out using procedures

recommended by the manufacturer (RNAmap™ kit, GeneHunter). Four reverse

transcription reactions for each sample were performed, each containing one of four

degenerate oiigo(dT) primers (T12MN). Briefly, 0.2 pg of DNA-free total RNA was

added to a total 20 pi of reaction mixture containing IX RT buffer (25 mM Tris-HCl,

pH8.3, 37.6 mM KCI, 3 mM MgCl2, and 5 mM DTT), 1 pM of oligo(dT) primer, 20 units of

RNase inhibitor, and 20 pM of dNTPs. The entire reaction mixture was incubated at

65°C for 5 minutes, transferred to 37°C for 60 minutes, then heat inactivated at 95°C

for 5 minutes. M-MuLV RTase (100 units) was added to each tube after 10 minutes of

incubation at 37°C.

At the end of the reaction, one tenth (2 pi) of the reverse transcribed products

was amplified in PGR in a total 20 pi of reaction mixture for each primer set. The

reaction mixture contained IX PGR buffer (10 mM Tris-HGI, pH 8.4, 50 mM KGI, 1.5 mM

16



MgCl2, and 0.001% gelatin), 2 p.M dNTPs, 1 nM of oligo(dT) primer, 0.2 pM of AP-primer

(arbitrary decamer), 1 p! of ̂ ^S-dATP (1,000 Ci/mmol, Amersham), and 0.5 units of

AmpliTaq DNA polymerase (Perkin Elmer Cetus). The PGR conditions for differential

display were : hot start at 95°C for 5 minutes, followed by 40 cycles of denaturation

at 94°C for 30 seconds, annealing at 40°C for 2 minutes, and extension at 72°C for 30

seconds, and the reaction was extended at 72°C for 10 minutes. In all, 4 oligo(dT)

primers and 5 AP-primers were used.

^^S-labeled PGR products were then separated on a 6% polyacrylamide DNA

sequencing gel. After exposure to X-ray films , differential banding patterns were

detected. Differentially expressed cDNA fragments were excised from the gel, boiled

in 100 pi of water for 5 minutes, ethanol precipitated in the presence of 50 pg

glycogen and resuspended in 10 pi of IE buffer. Recovered cDNA fragments (4 pi)

were reamplified by PGR using the same oligonucleotide primer set and the reaction

conditions described above. Reamplified cDNA fragments were electrophoresed

through 1% agarose gels, isolated, and ligated into the pGRII vector (pGR™ vector,

Invitrogen).

The cloned cDNA inserts were isolated from the vector plasmids by appropriate

restriction endonuclease digestion and used as probes in Northern blot analysis to

confirm whether they are really differentially expressed in mice of different

genotypes. The nucleotide sequence of each cDNA fragment was determined by

dideoxy chain termination DNA sequencing. These DNA sequences were then

analyzed using the University of Wisconsin Genetics Gomputing Group (GGG)

software.

17



Chromosomal mapping analysis

To determine the chromosomal positions of the 8 differentially expressed genes,

the segregation of sequences detected by the differential display-isolated cDNA

probes was followed in 119 progeny of a Mus musculus X Mus spretus interspecific

backcross [(C3Hf/RI-Mgf®''^^^^^/+ x Mus spretus) X C3Hf/RI] (60). The polymorphic

DNA fragments of variant sizes detected by these cDNA probes in M. musculus DNA

and M. spretus DNA were followed in the interspecific backcross panel. Mapping

data were stored and map positions, with standard errors, were calculated using

standard statistical methods with the aid of the Map Manager data analysis program

(61,62).

Results

Specific hematopoietic genes are differentially expressed in Cmyb mutant

fetuses

To further explore the fetal hematopoietic phenotype of Cmyb -I- mouse fetuses,

we first examined the expression levels of genes previously shown to be expressed

in various hematopoietic cell lineages. Fetal livers of Cmyb +/+, +/-, and -/- animals at

13.5 dpc and 14.5 dpc were analyzed because the liver is the major hematopoietic

center at this stage of mouse fetal development (2). More importantly, the liver

appears to be the only organ affected in Cmyb homozygous mutant fetuses (12).

Table 1 lists the specific hematopoietic genes that were characterized by the RT-

PCR analyses. These genes were chosen because they are genes that are

expressed early in hematopoiesis, such as Cd45 (63), and Sal (64), and/or genes

known to be involved in hematopoietic development, such as Gata1 (65), and Nf-e2

18
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(66). Hypoxanthine guanine phosphoribosyl transferase (Hprt) gene expression was

used In the analysis as a positive control. The nucleotide sequence and the annealing

temperature for each primer set are presented In Table 1.

Of the 25 genes analyzed, only Gata1 was found to be expressed at a lower

level In Cmyb -/-fetal livers In comparison to phenotyplcally normal llttermates (Fig. 1).

Gata1 Is a tissue-specific DNA-blnding zinc-flnger protein that binds to the WGATAR

or 'GATA' motif found In the regulatory elements of several genes expressed

specifically In erythrold cells (67, 68). Gata1 Is expressed not only In erythrold cells

(69, 70) but also In megakaryocytes and mast cells (71) and Is believed to play an

Important role In gene regulation during the development of these hematopoletic cell

lineages.

Since the PGR reaction Is highly sensitive and the RT-PCR analysis used In this

study was not quantitative, results from these analyses may not be Informative as to

the comparison of gene expression among Cmyb +/+, +/-, and -/- fetuses. To

circumvent this potential problem. Northern blot hybridization analysis was also

performed. 10 |ig of total RNA from Cmyb +/+, +/-, and -/- fetal livers at 13.5 dpc and

14.5 dpc was analyzed. A chick tubulln cDNA probe that Is highly homologous to the

mouse tubulln gene was used for a RNA loading control (72). Results from this

analysis revealed that In addition to Gata1, three other genes, Epor, Scl, and Nf-e2,

were also expressed at much lower levels In Cmyb -I- fetal livers In comparison to

phenotyplcally normal llttermates (Fig. 2).

Erythropoletin (Epo) Is an Important cytoklne that regulates the development of

erythrold progenitor cells. Specific responsiveness to Epo appears In committed

erythrold progenitor cells at a stage somewhere between the burst forming unit -

erythrold (BFU-E) and the colony forming unit - erythrold (CFU-E) during erythrold

differentiation (73). Therefore, the expression of the receptor for Epo (EpoR) on the
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1  2 3 4 5 6

HPRT

Fig. 1 RT-PCR analysis of hematopoietic gene expression in Cmyb wild-type (+/+),

heterozygous (+/-), and homozygous mutant (-/-) fetal livers. Total liver RNA isolated

from +/- (lanes 1 and 4), -/- (lanes 2 and 5), and +/+ (lanes 3 and 6) fetuses at 13.5

(lanes 1-3) and 14.5 (lanes 4-6) dpc was analyzed by RT-PCR using primers specific

for Gata1 (upper panel) and Hprt (lower panel). RT-PCR products were separated in

1% agarose gels.
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Fig. 2 Differential expression patterns of fiematopoietic genes in Cmyb +/+, +/-, and -/-

fetal livers. Northern blot analysis was performed to examine the expression

patterns of hematopoietic genes, including Gata1, Epor, Scl, and Nf-e2, using total

liver RNA (10 pg) isolated from fetuses at 13.5 and 14.5 dpc. The filter was stripped

and rehybridized using a tubulin cDNA as a RNA loading control.



cell membrane of the progenitor cells is critical during the erythroid differentiation

process. The Scl gene, which is involved in a chromosomal translocation associated

with a stem cell leukemia, is a member of the helix-loop-helix (HLH) DNA-binding

protein family (74, 75). Scl is expressed in fetal livers, bone marrows, and various

hematopoietic cell lines. The Nf-e2 gene is an erythroid-specific member of the family

of basic-region-leuclne zipper (b-zip) transcription factors (66). Nf-e2 recognition

sites are found in the a- and p-globin locus control region (ICR) as well as in the

promoter regions of the porphobilinogen deaminase and ferrochelatase genes, which

encode enzymes for heme biosynthesis (76, 77). Expression studies showed that Nf-

e2 is expressed in erythroid cell lines, hematopoietic progenitor lines,

megakaryocytes, and mast cell lines (66).

Taken together, RT-PCR and Northern blot analyses revealed that four specific

hematopoietic genes are down-regulated in Cmyb -I- mouse fetuses. The fact that

most of these genes are expressed in erythroid cells correlated well with the anemia

phenotype seen in Cmyb -I- fetuses. These data indicated that the normal gene

expression patterns during fetal liver hematopoiesis have been perturbed in these

embryos. The Cmyb -I- fetuses thus represent an excellent model system for the

identification of genes that may be involved in fetal liver hematopoiesis.

Identification of putative novel genes differentially expressed in Cmyb

homozygous mutant mice by differential display

Differential display is one of the most widely used techniques to identify

differential gene expression (47, 78). In an attempt to identify from Cmyb -I- fetal

livers differentially expressed genes that may represent novel genes involved in

hematopoiesis, differential display was carried out. Total RNA isolated from the fetal

livers of Cmyb +/+, +/-, and -/- fetuses at 14.5 dpc was analyzed. Fig. 3 shows the

24



Fig. 3 Differential display gel electrophoresis. Total liver RNA from Cmyb +/+, +/-, and

-/- fetuses at 14.5 dpc was used in differential display analysis using a oligo(dT)

primer and a 5'-end arbitrary decamer to amplify a subset of RNA species. Amplified

cDNA fragments were separated in a 6% DMA sequencing gel and the differential

banding patterns among samples were revealed (arrows).
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differential banding patterns seen in one of the typical differential display sequencing

gels. Using a specific oligo(dT) primer and an arbitrary decamer in RT-PCR analysis,

differential gene expression patterns can be detected simultaneously among different

samples. Therefore, cDNA fragments that were expressed at higher levels in Cmyb

+/+ and +/- fetal livers as well as those expressed at higher levels in Cmyb -I- fetal

livers can be isolated and analyzed.

From the utilization of four oligo(dT) primers and five arbitrary decamers, 45

partial cDNA fragments that showed differential expression patterns were identified

(Table 2). These partial cDNA fragments were eluted out of the sequencing gels and

reamplified by PGR in the presence of the same primer set. To date, 38 cDNA

fragments have been used as probes in Northern blot analysis to confirm whether

they are really differentially expressed. Fig. 4 shows four examples of Northern blot

analysis for screening differentially expressed cDNA fragments. Total RNA from fetal

livers of 13.5 dpc and 14.5 dpc animals were used in the analysis. Here, two cDNA

probes, DD3-3 and DD5-5, detected stronger gene expression in Cmyb +/+ and +/-

RNA samples, while the other two cDNA probes, DD2-2 and DD7A5-7, detected

higher expression levels in Cmyb -I- RNA samples.

Using the same screening method, twenty-two of the 38 cDNA fragments

analyzed (57.9%) were found to be differentially expressed (Table 2). Of the 22

differentially expressed cDNAs, five were expressed at higher levels in fetal livers of

Cmyb +/+ and +/- embryos, while the remaining seventeen were expressed at

highest levels in Cmyb -/- fetal livers (data not shown). Twelve differentially

expressed cDNA fragments were partially sequenced, and eight were initially

designated as novel based upon a lack of identity with sequences found in the

GenBank/EMBL database (data not shown).
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Table 2. Summary of differential display experiments

Oligo-dT primer used : T12MA, T12MC, T12MG, T12MT.

5'-end primers used : AP-1( 5'-AGCCAGCGAA-3')
AP-2 (5'-GACCGCTTGT-3')
AP-3 (5'-AGGTGACCGT-3')
AP-4 (5'-GGTACTCCAC-3')
AP-5 (5'-GTTGCGATCC-3')

Number of cDNA fragments subcloned : 45

Number of cDNA probes used in Northern Blot Analysis : 38

Number of real differentially expressed cDNA fragments: 22

Number of differentially expressed cDNA sequenced : 12

Number of putative novel genes : 8

Known genes identified : phospholipase C - alpha
(GenBank accession no. M73329)

prothrombin/thrombin
(GenBank accession no. X52308)

cysteine proteinase inhibitor (MSI)
(GenBank accession no. M92417)

28



13.5 dpc 14.5 dpc

+  I ' + -L J.. ^
^ +" T + + I '

iiill§
^^Kl ■'^5* lE^Kflyj ^ fpp IPP

m <

DD2-2

• • DD3-3

«* i. -
■ ■■■■ ■ ■"

DD5-5

mmmmmm lubuim

DD7A5-7

Fig. 4 Differential expression patterns of cDNAs identified by differential display.

Northern blot analysis was performed to verify the differential expression patterns

using total liver RNA (10 pg) isolated from Cmyb +/+, +/-, and -/- fetuses at 13.5 and

14.5 dpc. The cDNA fragments isolated from the differential display gels (DD2-2, DD3-

3, DD5-5, and DD7A5-7) were used as probes. The filter was stripped and

rehybridized using a tubulin cDNA as a RNA loading control.



The sequences of the other four partial cDNAs were identical to those for

phospholipase C-a, which was identified twice in the analysis, prothrombin/thrombin,

and a cysteine proteinase inhibitor (Table 2). Expression of these known genes had

been previously reported in hematopoietic cells (79-81).

Hematopoietic cell lineage-specific expression patterns of differentially

expressed genes

To evaluate whether these eight putative novel genes are possibly involved in

hematopoiesis, we examined the expression patterns of these genes in various

hematopoietic cell lines using Northern blot analysis. While five of the differentially

expressed genes (DD2-2, DD3-2, DD5-5, DD8G1-1, and DD8G1-5) showed ubiquitous

expression in all cell lines tested, the remaining three genes (DD3-3, DD5-3, and

DD7A5-7) appeared to have intriguing cell lineage-specific expression patterns. As

shown in Fig. 5, the DD7A5-7 gene transcript (3.3 kb in size) is detected exclusively

in myeloid cell lines but not in erythroid and lymphoid cell lines tested. The DD5-3 gene,

whose transcript is approximately 5.0 kb in length, is expressed predominantly in

myeloid cell lines and differentiated erythroid cell lines. No DD5-3 gene expression is

detected in lymphoid cell lines tested. In addition, since two different sizes (-5.0 kb,

-3.0 kb) of DD5-3 RNA transcript were evident in myeloid cell lines but only one

transcript (-5.0 kb) is in erythroid cell lines, it appears that the DD5-3 gene transcript

is alternatively spliced in myeloid cells. The DD3-3 gene is predominantly expressed in

T lymphoid cell lines with apparent alternatively spliced transcripts. At least three

different sizes (-1.6 kb, -2.0 kb, -2.4 kb) of DD3-3 RNA transcript were identified.

Moreover, the expression levels of the three alternatively spliced transcripts are

dramatically different among the cell lines. This indicates that the regulation of DD3-3

gene expression is controlled differently in these T cell lines. No DD3-3 gene
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Fig. 5 Hematopoletic cell lineage-restricted expression patterns of differentially

expressed genes. Total RNA (10 pg) isolated from erythroid (MEL), myeloid (FDC-P1,

DA-33, DA-1, WEHI-3, NFS-78, NFS-60), T-cell (CTLL-2, EL-4, DA-25, DA-2), B-cell

(NFS-112, NFS-70) lines, and a fetal liver cell line (FL8-myb) was analyzed by

Northern blot hybridization using DD3-3, DD5-3, and DD7A5-7 cDNA probes. The

same filter was stripped and rehybridized with a tubulin cDNA probe as a RNA

loading control.

31



Ly
mp

ho
id

(
0
 

(
Q
 

(
0
 

cd
•
o
 

"
O
 
"
O
 

"
O■6 ■53

 
-Q

T
C

e
ll

UU
 

U
J 

LU
 

U
J 

U
J

2
 

2
 

2
 

2
 

2

P?
 

00
CO

 
=

«?
 

V 
pp.

 
a>

<
 

<
 

y
 

U-
Q

 
Q

 
$
 

Za>
 

(/
)

L
i. 

U
.

in CM
 

CM

B
C

e
ll

51
 

o
T

-

w
 

w

rf
f



transcripts were detected in other hematopoietic cell lines tested except for the weak

expression identified in one of the myeloid cell lines, NFS 78. Overall, the Northern blot

analysis in this study demonstrated that all the differentially expressed putative novel

genes are expressed in hematopoietic cells, either ubiquitously or specifically. In

addition, alternatively spliced transcripts are evident for most of the hematopoietic

cell-lineage specific genes, indicating highly regulated gene expression mechanisms

for these genes in the hematopoietic cell lines.

Chromosomal mapping of the differentially expressed genes

In order to determine the chromosomal location of the eight putative novel genes,

interspecific backcross analysis was conducted (82). The rationale for this work

was to determine whether these genes mapped to the chromosomal regions that are

associated with the heritable hematopoietc disorders. The interspecific backcross

was conducted using DNA samples isolated from 119 progeny of an interspecific

backcross between Mus musculus and Mus spretus and has been previously

mapped with various existing genetic markers (60). Specific polymorphisms can be

detected in the 119 DNA samples digested with specific restriction enzymes using

various specific DNA probes. Comparison of the distribution patterns for the

polymorphisms detected by a uncharacterized new DNA probe with the ones that

were generated by known genetic markers reveals the approximate chromosomal

position for the new gene. Although the chromosomal locations of the eight

differentially expressed genes were dispersed over the mouse genome (Table 3), no

heritable hematopoietic or other diseases in mouse or human were found to be

associated with these map positions after using Online Medelian Inheritance in Man

(OMIM) database.
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Table 3. Summary of Northern blot and chromosomal mapping analysis
of the differentially expressed genes

Gene Gene expresssion
Fetal liver® Cell lines''

Chromosomal

location

DD2-2 mutant E+B+T+M 12

DD3-2 mutant E+B+T+M 2

DD3-3 wild-type T 6

DD5-3 mutant E+M 9

DD5-5 wild-type E+B+T+M 17

DD7A5-5 mutant M 17

DD8G1-1 wild-type E+B+T+M 16

DD8G1-5 wild-type ND 3

a : gene expression is higher in Cmyb homozygous mutant (mutant) fetal
liver or in wild-type fetal liver as determined by Northern blot analysis,

b : gene expression is detected in erythroid (E), B lymphoid (B), T
lymphoid (T), or myeloid (M) cell lines. ND : not determined.
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Discussion

Using RT-PCR and Northern blot analysis, we have demonstrated that four

hematopoietic-specific genes, Gata1, Epor, Scl, and Nf-e2, were expressed at much

lower levels in Cmyb -I- fetal livers than in their phenotypically normal littermates (Fig.

1). These four genes encode a hematopoietic cell-specific growth factor receptor

and/or sequence-specific DNA-binding transcription factors. These proteins belong to

two categories of gene products that are believed to be important in the regulation of

hematopoietic cellular proliferation and/or differentiation (10). In fact, targeted

mutagenesis experiments have revealed the critical roles for these genes in normal

hematopoietic development in vivo (65, 73, 83-86). For example, Pevny et al. showed

that targeted embryonic stem (ES) cells carrying a mutated X-linked Gata1 gene failed

to contribute to the mature red blood cell populations in chimeric mice (87). This result

indicated Gatal is a necessary transcription factor during normal in vivo erythroid

lineage development. In vitro colony assay studies performed by the same group

further demonstrated that the development of erythroid progenitors in yolk sacs was

not affected by the inactivation of the Gatal gene; however, the cells develop only to

an early point in terminal differentiation, the proerythroblast stage, leading to a

developmental arrest and finally death. Mice homozygous for a mutated Epor gene

died at approximately 13.5 days of gestation due to the failure of definitive fetal liver

erythropoiesis (73). Epor mutant embryos contained normal numbers of primitive

erythrocytes in yolk sacs; however, they were reduced in size and the proliferation

potential of the cells was severely retarded. On the other hand, virtually no definitive

erythrocytes beyond the late progenitor (CFU-E) stage were detected in vivo despite

the presence of committed erthyoid BFU-E and CFU-E progenitors in Epor

homozygous mutant fetal livers. Thus, it is believed that Epor is crucial for the
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proliferation and survival of CFU-E progenitors and their irreversible terminal

differentiation in vivo (86).

The decreased expression levels of these specific hematopoietic genes

correlated very well with the phenotype seen in Cmyb homozygous mutant fetuses,

in which the definitive fetal liver erythropoiesis and myelopoiesis are severely

impaired (12). More interestingiy, the phenotype described for Epor mutant embryos is

very similar to the one found in Cmyb mutant fetuses. Therefore, it is tempting to

suggest a possible connection between Cmyb proto-oncogene and these specific

hematopoietic genes. For example, it is possibie that Myb protein, as a transcription

factor, can modulate the expression of other hematopoietic genes, e.g., Epor.

Accordingly, decreased expression of the Epor gene resulting from the inactivation of

Cmyb proto-oncogene in vivo may lead to the anemia phenotype. Using transient

expression assays in the ME26 virus infected FDC-P2 myeloid cell line, Aurigemma et

al. (41) demonstrated that the 135 kDa gag-Myb-Ets fusion protein encoded by the

ME26 recombinant mouse retrovirus can transactivate the Gata1 promoter.

Furthermore, they showed that ME26 virus can cooperate with the Gatal protein to

enhance the expression of the Epor gene. Similarly, Chiba and co-workers (88)

demonstrated that the Gatal protein can transactivate the Epor gene in a mouse

erythroleukemia celi line, SKT6, using a series of transient expression assays, gel

mobility shift assays, and DNase I footprinting experiments.

Data from these in vitro experiments support the hypothesis presented;

however, we can not rule out other possible explanations for the reduced expression

of hematopoietic genes in Cmyb -I- fetuses. For example, the fetal livers of Cmyb -/-

animals are hypocellular and have a reduced number of hematopoietic progenitor

cells. Therefore, it is also possible that the lower levels of gene expression are

merely due to reduced number of cells that normally expressed the specific
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hematopoietic genes. Unfortunately, the real mechanism(s) for the reduced

expression levels of the hematopoietic genes in Cmyb -I- fetuses can not be deduced

from the studies presented here. Nevertheless, data from our studies definitely

indicates that normal gene expression patterns are severely affected in Cmyb -/-

fetuses. The Cmyb mutant fetuses may thus be an unique system for the

identification of novel genes that may be involved in hematopoiesis.

To test this hypothesis, differential display analysis was carried out. Differential

display is a PCR-based alternative method to substractive and differential

hybridization techniques (47). By comparing radioisotope-labelled PGR products in

parallel, this technique can identify differentially expressed genes (e.g., candidate

tumor suppressor genes vs. oncogenes) among cell or tissue samples of the same

origin but with different phenotypes (89). This novel method was thereby chosen in

our study to attempt to identify differentially expressed genes in Cmyb +/+, +/-, and -/-

fetuses (Fig. 3). The fact that 22 out of 38 purified cDNA fragments (57.9%) were

really differentially expressed (Table 2) indicates the usefulness of this methodology

in our model system. Furthermore, 8 out of 12 sequenced differentially expressed

cDNA fragments showed no homology to sequences reported in GenBank/EMBL

database, suggesting that a large number of novel genes may be identified using this

methodology. To date, only four oligo(dT) primers and five degenerate decamers

were used in the differential display analysis. Since a total of 80 possible combination

of primer sets may be used (47), differential display represents a powerful

methodology for identifying a large number of novel genes involved in hematopoiesis

using this system. Indeed, among the eight differentially expressed putative novel

genes, a recent search in GenBank / EMBL database using BLAST program showed

that while DD2-2 gene is highly homologous to Rho-associated protein kinase

(GenBank accession number, U58513,187/195, 96%), DD5-5 gene is most similar to
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cytochrome C oxidase subunit VII (GenBank accession number, X80899, 77/81,

95%), and DD7A5-7 Is Identical to mouse Emr1 and F4/80 cDNA (100%)(see Chapter

2), the other five genes remain unknown as no significant sequence matches were

found In the database (data not shown).

To determine whether the putative novel genes are Indeed Involved In

hematopolesis, definite screening strategies must be designed. Northern blot analysis

using total fetal liver RNA from 13.5 and 14.5 dpc Cmyb +/+, +/-, and -/- fetuses was

used to verify that the genes Identified were Indeed differentially expressed (Fig. 4).

Hematopoletic cell lineage expression pattern as well as the chromosomal mapping of

each gene were then used to prioritize the order |n which the genes were analyzed.

While all eight differentially expressed putative novel genes were shown to be

expressed In hematopoletic cell lines, three of them (DD3-3, DD5-3, and DD7A5-7)

were found to have Intriguing cell llneage-speclfic expression patterns (Fig. 5),

suggesting possible functlon(s) In the hematopoletic cells. It Is therefore of Interest to

study the hematopoletic cell llneage-speclfic genes. However, It should be made clear

that the ubiquitously expressed genes may also play a role In hematopolesis.

Additional screening strategies may be applied to the system In the future. For

Instance, determination of gene expression In hematopoletic cells of different

developmental stages may reveal a temporal expression pattern of the gene and may

be suggestive of a possible role for the gene In the differentiation of hematopoletic

cells. Comparison of the gene expression among normal and transformed and/or

diseased hematopoletic cells may also help to elucidate the Importance of the gene In

the occurrence of hematopoletic diseases. The chromosomal mapping study failed to

reveal any association between the novel genes and known disease loci.

Nevertheless, this remains a good strategy for Identifying Important hematopoletic

genes In the future.
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Overall, in this study we provide evidence for perturbed hematopoietic gene

expression patterns in Cmyb -I- fetuses and prove that differntial display can be

used to identify putative novel genes that may be involved in hematopoiesis. Isolation

and characterization of full-length cDNAs of the differentially expressed genes

identified herein will be the next step toward the unraveling of the role(s) of the

genes in hematopoiesis. Likewise, continued application of differential display in the

Cmyb -I- mouse model system will also be beneficial to our understanding of

hematopoiesis.
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Chapter 2 Identification and characterization of a seven transmembrane

hormone receptor using differential dispiay

Abstract

Targeted mutagenesis analysis has shown that the Cmyb proto-oncogene,

which encodes a sequence-specific DNA binding protein, is required for normal

murine fetal liver erythropoiesis and myelopoiesis. To identify novel genes involved in

hematopoiesis, differential display analysis was conducted using total liver RNA

isolated from 14.5 days post coitus Cmyb wild-type, heterozygous, and homozygous

mutant littermates. Using four oligo-dT 3' primers and five arbitrary decamers as 5'

primers, twenty-two differentially expressed genes have been identified. Eight

putatively novel genes were identified out of twelve cDNAs that were sequenced.

One gene, initially designated DD7A5-7, is primarily expressed in cells of the myeloid

lineage. The full length DD7A5-7 cDNA is 3,239 nucleotides in length, encoding a

putative protein of 931 amino acids. The protein is a member of a family of hormone

receptors containing seven transmembrane segments. The receptor also contains

seven epidermal growth factor-like (Egf-like) motifs at the amino terminal of the

predicted protein. The gene is alternatively spliced, resulting in the deletion of one or

more copies of the Egf-like motif. DD7A5-7 maps to murine chromosome 17 and is the

putative homologue of EMR1, a recently described Egf-like module containing, mucin-

like hormone receptor with seven transmembrane segments in humans. Our results

indicate that the Cmyb mutant fetuses represent a unique resource for identifying

genes involved in hematopoiesis.
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Introduction

Hematopoiesis is a very complex biological process in which stem cells not only

self renew, but also give rise to committed progenitor cells that proliferate and

differentiate into the various hematopoietic lineages. Hematopoiesis in the mouse

initiates in the mesoderm of the yolk sac, with subsequent stem cell colonization of

the fetal liver, spleen, and bone marrow (2, 90). A large number of genes, including

growth factors and their receptors as well as transcription factors, have been

shown to be involved in the development of various hematopoietic lineages.

However, many of the genes involved in the proliferation and/or differentiation of

specific cellular lineages are presently unknown (91, 92).

The Cmyb proto-oncogene plays a critical role in the proliferation and/or

differentiation of multiple hematopoietic lineages. This proto-oncogene encodes a

sequence-specific DNA-binding protein that is primarily expressed in immature

hematopoietic cells (24, 93). The Myb protein functions as a transcription factor that

modulates the expression of numerous genes, including Mim1 (39), Cd4 (44), Cd34

(42), and Gata1 (43). Targeted mutagenesis studies have shown that Cmyb mutant

fetuses die at 15.5 days postcoitum (dpc) due to anemia (12). Histological analysis

indicates that primitive yolk sac erythropoiesis is unaffected in mutant animals while

definitive fetal liver erythropoiesis is severely impaired. The fetal livers of mutant

animals are hypocellular, having a reduced number of hematopoietic progenitors in

comparison to phenotypically normal littermates. In vitro hematopoietic assays

confirmed these results as the number of both erythroid and myeloid progenitors

were dramatically reduced in mutant fetal livers from 12.5 to 15.5 dpc (38). These

results indicate that the normal pattern of gene expression during fetal liver

hematopoiesis has been perturbed in Cmyb homozygous mutant fetuses.
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The comparison of gene expression between Cmyb wild-type, heterozygous,

and homozygous mutant fetal livers should lead to the identification of novel genes

involved in hematopoiesis. To test this hypothesis, differential display analysis was

conducted using total liver RNA isolated from Cmyb wild-type, heterozygous, and

homozygous mutant fetuses at 14.5 dpc. Differential display is a PCR-based

methodology that can be used to detect altered gene expression in eukaryotic cells

and to isolate partial cDNAs of the affected genes (47, 94). This methodology has

been successfully used to identify a number of genes, including a candidate tumor

suppressor gene (48) and a transcriptional target of the p53 protein (49). In this

paper, we describe the identification and characterization of a seven hormone

receptor that is predominantly expressed in cells of the myeloid lineage. Sequence

analysis and chromosomal mapping studies strongly suggest that this gene is the

murine homologue of a human gene, EMR1, a member of the family of hormone

receptors with seven transmembrane segments (95).

Materials and methods

RNA analysis

Total RNA was isolated from cell lines and frozen tissues using the acid

guanidium thiocyanate-phenol-chloroform method (Chomczynski and Sacchi, 1987).

Total RNA (10 pg) was electrophoresed through formaldehyde/agarose gels and

transferred onto nylon filters (Duralon-UV, Stratagene). Northern blot analysis was

carried out using standard methodologies (59). Filters were stripped of radiolabeled

probes by washing in 0.2X SSC/1% SOS for 15 minutes at 90°C and rehybridized

with a tubulin cDNA probe to compare the amount of RNA loaded in each lane.
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RT-PCR analysis to Identify alternatively spliced transcripts was performed as

previously described (38). PGR amplification was performed using a DNA Thermal

Cycler 480 (Perkin Elmer) and the following conditions; denaturation for 30 seconds at

94°C, annealing for 30 seconds at 64°C, and extension for 2 minutes at 72°C for 40

cycles. PGR products were analyzed using 1.2% agarose gels. The primers used in

this analysis included: 5'-end forward primer (0-170, 5' GTAGGATGTGGGGG l l I iGG

GT 3'), 5'-end reverse primer (0-167, 5' GGAAGATGGGTGGGGTGGAG 3'), 3'-end

forward primer (0-200, 5' GGATGTAGGAATGGAGAGGTG 3'), 3'-end reverse primer

#1 (O-201, 5' AGGAGTGGAAGGGGATAGGGAA 3'), and 3'-end reverse primer #2

(O-202, 5' GGGTTGAAATAGGAGGTGGTG 3'). Three different sizes of 5'-end RT-PGR

products were identified, purified, and cloned into the pGRII vector following the

manufacturer's instructions (Invitrogen). The DNA sequence of each cDNA was

determined using the dideoxy chain termination method.

Differential display

DMA-free total RNA was prepared from the livers of Cmyb wild-type,

heterozygous, and homozygous mutant fetuses at 14.5 dpc. Differential display was

performed as previously described using the RNAmap™ Kit A (GenHunter) (47, 94).

The oligo-dT primers used in this study were T12MA, T12MG, T12MG, and T12MT. The

five arbitrary decamers used were: AP-1 (5' AGGGAGGGAA 3'), AP-2 (5'

GAGGGGTTGT 3'), AP-3 (5' AGGTGAGGGT 3'), AP^ (5' GGTAGTGGAG 3'), and AP-5

(5' GTTGGGATGG 3'). PGR amplification conditions used were: 95°G for 5 minutes

followed by 40 cycles at 94°G for 30 seconds, 40°G for 2 minutes, and 72°G for 30

seconds. [a-^®S]-labeled PGR amplified cDNA fragments were separated on a 6%

polyacrylamide DNA sequencing gel, excised, processed, reamplified, and then

subcloned into the pGRII vector (Invitrogen) using standard molecular cloning

43



techniques. Partial cDNAs were isolated from the vector plasmid by appropriate

restriction endonuclease digestion and used as probes in Northern blot analysis.

Cell lines

Total RNA was isolated from eleven cell lines representing several distinct

hematopoietic lineages and stages of differentiation. Cell lines were maintained as

previously described (96-99).

Isolation and characterization of cDNA clones

Two positive cDNA clones (1.6 and 2.2 kb in length) were identified using the

DD7A5-7 cDNA probe in an adult mouse testis cDNA library that was constructed

using the l-ZAP vector (Stratagene). A murine thymoma RACE cDNA library,

constructed using the Marathon RACE kit (Clontech), was used to identify the 5'-end

of the full-length DD7A5-7 cDNA. A 1.4kb DMA fragment was generated by PCR

amplification using the AP-2 primer and one gene-specific primer (0-139, 5'

GAGACACTTGTAGCTGCA 3'). Southern blot analysis using an internal gene-specific

oligonucleotide probe (O-140, 5' CCAAAGTGAGCAGATACA 3') was used to verify

the RACE product's authenticity.

DNA and protein sequence analysis

DMA sequencing was performed using the dideoxy chain termination method and

the Sequenase™ Version 2.0 DNA Sequencing Kit (United States Biochemical).

Homology searches of both nucleotide and putative amino acid sequences were

performed by FASTA and TFASTA programs of the Genetics Computer Group (GCG)

sequence analysis package by searching the GenBank/EMBL database.
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Chromosome mapping analysis

To determine the chromosomal position of the Emr1 gene, the segregation of

sequences detected by a 1.2 kb EcoRI - Xho\ cDNA probe was followed in 119

progeny of a Mus musculus X Mus spretus interspecific backcross [(C3Hf/RI-/Wgf^''

ENURgj^^ X Mus spretus) X C3Hf/RI]. The cDNA probe hybridized to fragments of

15.0, 9.8, 3.2, and 2.0 kb in SamHI-digested M. musculus DNA and fragments of 7.7,

5.2, 3.6, 3.2, 2.0, and 1.5 kb in SamHI-digested M. spretus DNA. The four variant M.

spretus fragments were followed in the interspecific backcross panel. Probes and

variant fragments used to map neighboring genes Rfx2, C3, Vav, Nfya, and Xdh in the

same cross, and the segregation patterns for these genes were recently described

(60). Mapping data were stored and map positions, with standard errors, were

calculated using standard statistical methods with the aid of the Map Manager data

analysis program (61, 62).

Results

Putative novel cDNAs Identified by differential display

Differential display was carried out to identify novel genes involved in

hematopoiesis, using total RNA isolated from the fetal livers of 14.5 dpc Cmyb wild-

type, heterozygous, and homozygous mutant fetuses. From the utilization of four

oligo-dT primers and five arbitrary decamers, forty-five partial cDNAs were identified

that showed differential patterns of expression. To date, thirty-eight have been used

as probes in Northern blot analysis of total liver RNA isolated from Cmyb wild-type,

heterozygous, and homozygous mutant fetuses at 13.5 and 14.5 dpc. Twenty-two of
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the thirty-eight cDNAs analyzed (57.9%) were found to be differentially expressed

(38). Of the twenty-two differentially expressed cDNAs, five were expressed at

higher levels in Cmyb wild-type and heterozygous fetal livers in comparison to

homozygous mutant livers while the remaining seventeen were expressed at highest

levels in Cmyb homozygous mutant fetal livers (data not shown). Twelve

differentially expressed cDNAs were partially sequenced and eight were initially

designated as novel based upon a lack of identity with sequences found in the

GenBank/EMBL database (data not shown). The sequence of the other four partial

cDNAs were identical to those for phospholipase c-alpha (80), which was identified

twice, prothrombin/thrombin (79), and a cysteine proteinase inhibitor (81). Expression

of these known genes had previously been reported in hematopoietic cells.

DD7A5-7 is expressed primarily in ceils of the myeloid lineage

To determine whether the eight novel genes identified were expressed in

hematopoietic cells, we examined their expression patterns by Northern blot analysis

using total RNA isolated from a variety of hematopoietic cell lines. All were shown to

be expressed in various hematopoietic cell lineages. Interestingly, the 3.3 kb transcript

of gene DD7A5-7 was detected in all myeloid cell lines analyzed (DA-1, DA-33, FDC-

P1, NFS 60, NFS 78, WEHI-3) but not in the erythroid (C19 MEL) or lymphoid (CTLL-2,

DA-2, DA-25, EL-4, NFS 70, NFS 112) cell lines (data not shown). To determine the

temporal and spatial pattern of expression of DD7A5-7, Northern blot analysis

showed that DD7A5-7 was expressed at highest levels in the 14.5 dpc fetal liver and

in adult bone marrow. Intermediate levels of expression were detected at 14.5 dpc in

the head and body as well as in adult brain, spleen, and thymus. Lowest levels of

expression were seen in the heart and thymus of 18.5 dpc fetuses and in the adult

testis (data not shown).
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Cloning of the DD7A5-7 cDNA

Two overlapping cDNAs, of 1.6 kb and 2.2 kb in length, were Isolated from an

adult mouse testis cDNA library. Restriction endonuclease digestion patterns and

nucleotide sequence analysis revealed that each clone contained a poly(A) tail that

defined the 3'-end of the gene. To obtain a full-length cDNA, the 5'-end of the gene

was amplified by PGR using a murine thymoma RACE cDNA library. A 5'-end RACE

product of approximately 1.4 kb was amplified, subcloned into the pCR II vector, and

sequenced. The complete nucleotide sequence of the DD7A5-7 cDNA is 3,239 bp in

length, including 27 bp of 5'-end untranslated sequence, 2,796 bp of coding

sequence, and 416 bp of 3'-end untranslated sequence (Fig. 6). The region including

the first ATG contains a favorable Kozak translational initiation signal (100). The open

reading frame encodes a putative protein of 931 amino acids with an estimated

molecular weight of 100 kDa.

Chromosomal mapping of the DD7A5-7 gene

To determine the chromosomal location of the DD7A5-7 gene in mice, the

segregation pattern of sequences detected by a 1.2 kb EcoRI-Xhol cDNA probe was

followed In a Mus musculus X Mus spretus interspecific backcross (IB) (82). Four

variant SamHI Mus spretus DNA fragments were identified. All of the variant

fragments co-segregated, and were linked to markers on the distal region of murine

chromosome 17. DD7A5-7 is closely linked to Vav, C3, and Rfx2 genes (Fig. 7). Map

positions of these and other neighboring genes were determined previously in this

same IB system (60). IB analysis indicated that DD7A5-7, Vav, C3, and Rfx2 are

located together, approximately 12.6 centimorgans (cM) ( +/- 3.0 cM ) distal of Nfya
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Fig 6. The cDNA sequence and its deduced amino acid sequence of DD7A5-7. The

open reading frame starts at nucelotide 28 and ends at the termination codon at

nucelotide 2823. The amino acid sequence is shown immediately below the nucelotide

sequence. Amino acids of the putative leader sequence are highlighted in bold

lettering, the seven Egf-like motifs are underlined, the seven transmembrane domains

are enclosed in boxes, and the polyadenylation signal is underlined twice.
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Nfya

Vav, C3, Rfx2, Emrl

Xdh

52 45 7  8 4  3

mouse chromosome 17

12.6 +3.0 cM

5.9 ± 2.2 cM

Nfya

Vav, C3, Rfx2, Emrl

Xdh

Fig 7. Genetic mapping of the Emr1 gene. The linkage of Emr1 to Nfya and Xdh genes

on mouse chromosome 17 was determined by Southern blot hybridization of SamHI-

digested DNA from 119 interspecific backcross progeny. Black boxes represent the

inheritance of a C3Hf allele for a particular set of loci, while white boxes represent

the M. spretus allele. Gene linkage, order, and intergenic distances with associated

standard errors were determined using Map Manager data analysis software.

50



and 5.9 cM ( +/- 2.2 cM ) proximal o^Xdh (61). The Vav, C3, and Rfx2 region of

murine chromosome 17, as determined by physical and comparative mapping, is

known to be syntenic to human chromosome 19p13!3 (60). Recently EMR1, a

hormone receptor containing Egf-like motifs and a seven transmembrane segment

was mapped to the same region of human chromosome 19p13.3 by both somatic cell

hybrid and in situ hybridization analyses (95). In addition to these mapping results,

comparison of the nucleotide and amino acid sequences as well as protein structure

between these two genes strongiy suggests that the DD7A5-7 gene encodes the

murine homologue of EMR1 and will thus be designated Emr1.

Comparison of EMR1 and Emrl

Initial comparison of the nucleotide and amino acid sequences of Emr1 did not

show striking homoiogy to any reported in the GenBank/EMBL database. However,

moderate homoiogy was noted between the N-terminal third of Emrl and proteins

such as murine and human fibrillin-1 (101), fibulin-2 (102), and human latent

transforming growth factor-|3 binding protein (103), which contain epidermal growth

factor-like (Egf-like) motifs. A total of seven Egf-like domains, characterized by the

presence of six cysteine residues within each motif, were identified in the predicted

Emr1 protein, starting from amino acid position 32 to 367 without interruption. A

consensus sequence for post-translational p-hydroxylation of aspartic acid or

asparagine (CX(D,N)XXXX(F,Y)XCXC) was found in six of the seven Egf-like motifs.

This is similar to what has been reported for a number of proteins containing Egf-like

motifs (104). When the C-terminal third of the Emr1 protein (amino acids 645-931)

was compared to sequences in the GeneBank/EMBL database, significant homoiogy

was found with proteins containing seven transmembrane domains, including the

secretin and calcitonin receptors (105). A hydropathy plot of the predicted Emrl
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protein obtained by using the Kyte-Doolittle algorithm confirmed the presence of a

seven transmembrane domain (data not shown) (106).

When the cDNA sequence of EMR1 gene was available in the database,

comparison of the human EMR1 and the murine Emr1 genes revealed a 74.3% and a

69.0% identity at the nucleotide and amino acid levels, respectively (data not shown).

The corresponding Egf-like motifs share 63.9% amino acid identity. The Emr1 gene

product also contains an additional £gf-like motif in comparison to its human

homologue. An alignment of Egf-Wke motifs indicates that the fifth Emrl Egf-Wke repeat

is absent in EMR1 (Fig. 8A). A consensus sequence for p-hydroxylation of aspartic

acid or asparagine was found in every £gf-like motif of the EMR1 and Emrl proteins,

with the exception of the second £gf-like motif in Emrl. The middle third of each

protein is serine/threonine-rich with 27 serine and 25 threonines in the human protein

compared to 27 serines and 22 threonines in the murine protein. Within this region, the

two proteins share 61.2% amino acid identity (data not shown). Serine and threonine

residues are potential sites of 0-glycosylation, indicating the potential for high levels

of glycosylation in both proteins, which may function to inhibit the formation of

secondary structure (95). The proteins are most highly conserved at the amino acid

level in the carboxy-terminal region which contains the seven transmembrane domain

(84.0% identity). The alignment of the amino acid sequences in this region is shown in

Figure 8B. Most of the conserved residues found in the transmembrane region of

seven transmembrane hormone receptors are conserved in the Emrl protein (Fig. 8B)

(95).

Emr1 mRNA is alternatively spliced

To confirm the accuracy of the nucleotide sequence of RACE-generated

products, RT-PCR analysis of total liver RNA isolated from a Cmyb wild-type fetus at
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Fig 8. Comparison of predicted amino acid sequences encoded by EMR1 and Emr1.

(A) The £gf-like domains of EMR1 (top) and Emr1 (bottom) were aligned using GOG

software, revealing a 63.9% amino acid identity between the two domains.

Conserved amino acids are represented by dashes in Emr1 and the conserved

cysteine residues are underlined. (B) The seven transmembrane domains of EMR1

(top) and Emr1 (bottom) were similarly aligned, revealing a 84% amino acid identity in

this region. The amino acids conserved in the seven transmembrane region between

these two genes and other family members are underlined.
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14.5 dpc was conducted. Three alternatively spliced transcripts were detected when

primers 0-167 and 0-170 were used (Fig. 9A). Primer 0-170 is located at the 5'-end

of the full-length cDNA while primer 0-167 is located downstream of the seventh Egf-

like motif. The three DNA fragments were cloned into the pCR II vector and

sequenced. Fragment A contains Egf-like motifs 1 through 7, thus encoding the 5'-end

of the full-length message. Fragments B1 and B2 contain only five Egf-like motifs, with

the fourth and fifth motifs being absent in B1 and the second and third Egf-like motifs

being absent in B2. Fragment 0 contains only Egf-like motifs 4 through 7. RT-PGR

assays were also conducted to analyze the 3'-end of the Emr1 transcript, using

oligonucleotide primers 0-200, O-201, and O-202. Only single fragments of the

appropriate size were amplified using these oligonucleotide primers, indicating that

this region of the transcript was not alternatively spliced (Fig. 9A, lanes 2 and 3).

Overall, these results indicate that there are several different isoforms of the Emrl

protein that vary in the number and/or combination of Egf-like motifs (Fig. 9B).

Northern blot analysis indicates that Emr1 is predominantly expressed in murine

myeloid cell lines. Similar results were reported for EMR1 although basal levels of

expression were also detected in all tumor cell lines and normal hematopoietic cells

examined by RT-PGR analysis (95). Overall, Emr1 and EMR1 share a high degree of

similarity in nucleotide and amino acid sequences as well as protein structure and

pattern of expression. However, differences in the number of Egf-like motifs as well

as the presence or absence of p-hydroxylation domains for aspartic acid or

asparagine residues were noted between the two proteins. In addition, Emr1 is

alternatively spliced, resulting in at least four protein isoforms that differ in the number

and/or combination of Egf-like motifs. This suggests that the each Egf-like motif may

be encoded by an individual exon and that EMR1 may also be alternatively spliced in

a similar manner.
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Fig 9. Alternative splicing of the Emr1 gene. Oligonucleotide primers used in this

analysis are described in the Materials and Methods (A) Lane 1 shows the RT-PCR

analysis at the 5'-end of the gene. Three fragments (A, B, and C) were identified.

Fragment A contains all seven Egf-like motifs, while two different nucleotide

sequences were identified in fragment B. B1 is an alternatively spliced message

which is missing Egf-like motifs 4 and 5, while B2 is missing Egf-like motifs 2 and 3.

Fragment C is also alternatively spliced and is missing Egf-like motifs 1-3. Lanes 2 and

3 represent results using oligonucleotide primers from the serine/threonine-rich

extracellular region and the same extracellular region and the transmembrane region,

respectively. Only the expected sized transcripts were detected using these

oligonucleotide primers. (B) Diagram of the alternatively spliced transcripts detected.

SP represents the signal peptide sequence and each Egf-like motif is represented

individually.
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Discussion

Differential display has been widely used in recent years to identify differentially

expressed genes in eukaryotic cells. To identify novel genes involved in

hematopoiesis, this methodology was used to analyze the alteration of gene

expression in the liver of Cmyb wild-type, heterozygous, and homozygous mutant

fetuses at 14.5 dpc. This report describes the identification and characterization of a

receptor, Emr1, which is predominantly expressed in cells of the myeloid lineage. The

cDNA and amino acid sequences of Emr1 indicate the gene encodes a seven

transmembrane hormone receptor containing seven Egf-like motifs in the amino-

terminal region of the extracellular domain. RT-PCR analysis indicates that the gene is

alternatively spliced, resulting in a minimum of four protein isoforms with different

numbers and/or combination of Egf-like motifs. These results suggest that each motif

is encoded by an individual exon, similar to the gene structure found in the human

genes Factor X (107) and Protein C (108). The different isoforms may interact with

different ligands or have different ligand-binding affinities. It is also possible that one

or more conserved Egf-Wke motif found in all isoforms may be responsible for protein-

protein interactions, as seen in the interaction between the Drosophila Notch protein

and either the Delta or Serrate proteins (109). An additional similarity between Emr1

and other proteins containing Egf-like motifs which are involved in Ca^^-dependent

protein-protein interactions is the presence of a consensus sequence for the p-

hydroxylation of aspartate or asparagine residues at defined positions within the Egf-

Wke domain. Overall, these results suggest that Emr1 may play a critical role in

calcium-dependent protein-protein interactions.

All members of G-protein-coupled receptor families have hydrophobic regions

that cross the plasma membrane seven times. The superfamily of G-protein-coupled
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receptors functions by transmitting signals across the plasma membrane of cells after

ligand binding. Through the activated G-proteins, various second messages, including

the activation of adenylate cyclase, trigger a cascade of intracellular signaling which

results in various changes in cellular physiology. Recently, a new family of receptors

has been identified based upon structural similarities. This family includes receptors

that bind secretin, calcitonin, and glucagon (105). The predicted amino acid sequence

of Emr1 indicates that it is the newest member of this family. The predicted protein

structure and restricted pattern of expression suggest that Emr1 may function as a

receptor on myeloid cells that binds to a specific secreted ligand or interacts with

other cell surface proteins through its extracellular domain. Emr1 may therefore be

involved in the proliferation and/or differentiation of myeloid cells through these

interactions.

Recently, McKnight et al. reported the cloning of a murine macrophage-restricted

cell surface glycoprotein, recognized by the monoclonal antibody F4/80, which

shares homology with the seven transmembrane hormone receptor family (110).

Comparison of 3,239 nucleotides between the Emr1 and F4/80 cDNAs revealed only

two nucleotide differences in the 3' untranslated region, indicating that both cDNAs

encode the same protein. The F4/80 monoclonal antibody recognizes a 160 kDa cell

surface glycoprotein on the surface of most murine macrophage populations (111). It

has been suggested that F4/80 may be involved in cell adhesion interactions within

specific microenvironments (110). The presence of both Egf-like motifs and a

serine/threonine-rich mucin-like domain in the extracellular region of the Emrl (F4/80)

protein further strengthen this hypothesis. The purification of ligand(s) for Emr1 and

the generation of null mutants through the use of targeted mutagenesis of embryonic

stem cells will definitely help to elucidate the function of this protein. Targeted

mutagenesis studies are currently ongoing in our laboratory.
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Chromosomal mapping studies indicate that Emr1 is located on murine

chromosome 17 and is closely linked with the Vav, C3, and Rfx2 genes. This region of

murine chromosome 17 has been shown to be syntenic to human chromosome

19p13.3 (60). The fact that EMR1 has been localized to chromosome 19p13.3 by both

fluorescence in situ hybridization and radiation hybrid analyses (95) is consistent

with our results, indicating that we have identified the murine homologue of this gene.
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Chapter 3 Generation and characterization of Emr1 / F4/80 homozygous

mutant mice

Abstract

The Emr1/F4/80 protein is a 160 kiiodalton (kDa) glycoprotein that is specifically

expressed on the cell surface of mouse macrophages. The recent cloning of the

Emr1/F4/80 cDNA has revealed an unusual protein structure for the Emr1/F4/80

protein, which contains features of two protein superfamilies, the epidermal growth

factor (EGF) family and the seven transmembrane (7TM) receptor family. However,

little is known about the function of the Emr1/F4/80 protein. In this study, we used

gene targeting to mutate the Emr1 gene in mouse embryonic stem (ES) cells and

generate Emr1 homozygous mutant (-/-) mice to define the biological function(s) of

the F4/80 protein. A gene targeting vector was constructed to replace the coding

sequence of the first exon of the Emr1 gene with a drug-resistance gene cassette.

Five targeted ES cell clones were successfully generated. Eight chimeric male mice

derived from one targeted ES cell clone transmitted the mutated gene allele to the

offspring and generated the Emr1 heterozygous (+/-) mice. Emr1 homozygous

mutant (-/-) mice were born at the expected Mendelian ratio from the mating of Emr1

+/- animals. Emr1 -I- mice were healthy, fertile, and had normal hematopoietic cell

development. The macrophages of the Emr1 -I- mice developed normally and

expressed appropriate macrophage-specific cell surface proteins. These data

suggest that the F4/80 protein is not required for normal mouse embryonic and fetal

development and may not be essential for maintaining a normal natural immune

response. Further analysis will be necessary to determine the immunological role of

this cell surface receptor.
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Introduction

In a previous study, we have identified a gene for a seven transmembrane (7TM)

receptor, designated Emr1, through the differential display analysis of Cmyb wild-

type (+/+), heterozygous (+/-), and homozygous mutant (-/-) fetuses (112). Emr1

maps to mouse chromosome 17 and was shown to be the mouse homolog of the

human EMR1 gene. The predicted Emrl gene product consists of 931 amino acids

that are identical to that of a recently cloned mouse macrophage (M(t))-specific F4/80

cDNA, which encodes a 160 kilodalton (kDa) cell surface glycoprotein (112). Initially

identified as the antigen (Ag) for the F4/80 monoclonal antibody (MAb) (111), the

F4/80 glycoprotein is now considered one of the most highly specific cell surface

markers for murine Mcj) due to its restricted expression on most mouse Mcj) populations

(3,113).

The expression of the F4/80 protein has been found to be tightly regulated

according to the physiological status of the cells. For example, F4/80 is expressed at

lower levels on activated M(|) isolated from Bacille Calmette-Guerin (BCG) infected

animals in comparison to unstimulated resting M(|) (114). Similarly, F4/80 expression is

down-regulated on M(j) in response to interferon-y (115). The precursor of tissue M(j),

the blood monocyte, is also known to express fewer F4/80 molecules than its mature

counterparts (116). In addition, heterogeneities of F4/80 protein expression are noted

in tissues and cells. For example, the epidermal Langerhans cells are F4/80

expressing cells, while their derivative interdigitating dendritic cells are not (117). In

lymph nodes and spleens, the F4/80 protein is detected only on M<J) that are located

outside the T-cell areas (117). Collectively, these data suggested that the F4/80
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protein may be involved in ceil adhesion and/or migration in certain tissues. However,

little is known about the real function of the F4/80 protein.

The analysis of amino acid sequences has revealed an intriguing protein hybrid

structure for F4/80 (110,112). Three different protein motifs are identified in the F4/80

protein. They include seven epidermal growth factor (EGF)-like domains at the

extracellular amino-terminus, a mucin-like domain in the central portion, and a 7TM

domain at the carboxyl-terminus of the protein. Furthermore, the reverse

transcriptase-mediated polymerase chain reaction (RT-PCR) analysis conducted in

our laboratory indicated that different F4/80 protein isoforms may exist based on the

identification of the alternatively spliced RNA transcripts that differ in the number

and/or combination of the EGF-like domains. To date, only two other proteins, the

human EMR1 protein and the human CD97 leukocyte antigen, are found to possess

the same protein hybrid structure and a 7TM protein subfamily, termed EGF-TM7, has

been designated for these three proteins (116). A ligand for CD97 has been identified

recently (118). Using an adhesion assay, it was shown that CD97 plays an important

role in cell-cell interactions by binding to another cell surface protein on

heterogeneous cells. Whether the F4/80 protein has a similar function remains to be

determined. Nevertheless, a dual ligand interaction has been proposed for the EGF-

TM7 proteins based on their protein hybrid structure, which consists of two protein

superfamilies, the EGF-family, and the 7TM receptor family (116).

The EGF-like domain is characterized by the formation of three disulfide bonds by

the six cysteine residues located at the consensus positions within each domain

(119). To date, a large number of EGF-like domain containing proteins, such as Notch,

fibrillin-1, fibulin-2, and lamilins have been identified (101,102,109). A function for the

EGF-like domain in protein-protein interactions has been demonstrated between the

Drosophila Notch protein and its counterreceptors, the Delta and Serrate proteins
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(109). In addition, proteins with EGF-like domains often contain a conserved amino

acid sequence for aspartate/asparagine p-hydroxylation within the domain. This post-

translational modification was believed to play a role for the EGF-like domain in Ca^"-

binding and the stabilization of the interactions mediated by the EGF-like domains

(120). In F4/80, six of the seven EGF-like domains are found to contain the consensus

Ca^'^-binding sequence (112). This would suggest a possible role for the F4/80 protein

in Ca^^-dependent protein-protein interactions between cells and /or cells-to-

extracellular matrix (ECM).

All 7TM proteins identified to date are found to be coupled with heterotrimeric G-

proteins inside the cell. These G-protein coupled receptors can transmit extracellular

signals as diverse as hormones, growth factors, neurotransmitters, and sensory

stimuli such as photons and odorants (121,122). The G-protein coupled receptors

make up a large 7TM protein superfamily with hundreds of members. Moreover, on

the basis of the characteristics of the ligands they bind and the corresponding

consensus amino acid sequences in their 7TM domains, 7TM proteins can be further

divided into different subfamilies (123). The F4/80 protein is found to be most similar to

the members of the peptide hormone receptor subfamily (95,112). This would

suggest that F4/80 might serve as a M(t)-specific hormone receptor that transmits

extracellular signal(s) through the G-protein mediated pathway upon ligand binding.

Macrophages serve as professional phagocytes and professional antigen

presenting cells in the innate as well as the adaptive immune systems to help defend

against pathogens. Some of their important functions are carried out by the cell

surface proteins, such as the complement receptors, CR1 and CR3, for the binding

and ingestion of opsonized targets (124), and the mannose receptor for the

phagocytosis of saccharide-coated particles (125). It is therefore of interest to study
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the possible role(s) the F4/80 protein may play in M<t) biology. To delineate the

biological function of the F4/80 protein, we took the in vivo gene inactivation approach

utilizing targeted metagenesis techniques in embryonic stem (ES) cells. Here, the

generation and characterization of the Emr1/F4/80 -/-mice will be discussed.

Materials and methods

Trgeting construct

A positive cosmid clone containing exons 1 and 2 of the Emr1 gene was

identified from a -129/87 mouse cosmid library using a 540 bp EcoR \-Xho I cDNA

fragment as a probe. To make the targeting construct, a 1.8 kb EcoR \-Hin6 III

fragment containing the 5'-UTR of the Emr1 gene was subcloned into the Not I and

Hind III sites of the pSApgal-Neo vector (126) using standard molecular cloning

techniques. The splice acceptor sequence located between Not I and Hind III sites

was therefore deleted in the resulting construct. A 2.8 kb Xba l-EcoR I fragment

containing the exon 2 of the Emr1 gene was then engineered and subsequently

inserted into the previous construct through the Xba I and Kpn I sites. The completed

construct, pEmrpgal, resulting in the deletion of the exon 1 coding sequence of the

Emr1 gene, is shown in Fig. 10A.

Generation of the Emr1 -I- mice

The targeting construct, pEmrPgal, was linearized with Kpn I and electroporated

into CJ7 mouse ES cells (127) as described previously (12). Briefly, 25 pg of the

linearized targeting construct was added to a total of 1 X 10'' ES cells resuspended in

0.8 ml of phosphate buffered saline (PBS). Electroporations were carried out using a

BioRad Gene Pulser at settings of 0.24 Kvolts and 500 p,F. Electroporated ES cells
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Fig. 10 Gene targeting of the mouse Emr1 gene. (A) Partial restriction maps of the

mouse Emr1 gene, the targeting construct, and the resulting targeted allele. Selected

restriction sites are shown. The p-galactosidase and pGK-Neo gene cassettes are

shown as black and white boxes, respectively. White boxes with numbers indicate

exons. The 5'-UTR (untranslated region) is represented by a stippled box. DNA

probes A and B used for Southern blot analysis of genomic DNA are shown. The

expected Hind III fragments of the wild-type and the targeted alleles detected by

probes A and B are also shown. Arrows with numbers indicate the positions and

orientations of the primers used for the PGR genotyping reaction. The map is not

drawn to scale. (B) Southern blot and PGR genotyping. Tail DNA from 2 litters of 4

week-old offspring derived from the mating of the Emr1 +/- animals was digested

with Hind III and hybridized with probe A (upper panel) and probe B (middle panel).

The same genomic DNA was analyzed by the PGR genotyping reaction using primers

1, 2, and 3, and was visualized by EtBr staining (lower panel). The sizes of the DNA

fragments of interest are indicated. The genotype of individual animals is shown.
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were cultured in the presence of X-ray irradiated mouse embryonic fibroblast (MEFs)

feeder cells and selected in standard ES medium containing 250 ̂g/ml G418 (Life

Technologies, USA) for 10-14 days. Individual drug resistant ES colonies were picked

and placed into individual wells of 24-well plates containing X-ray irradiated MEFs.

Approximate 10 |j.g of Hin6 III digested genomic DNA isolated from the resulting ES ceil

clones was analyzed by Southern blot hybridization using a ̂^P-labelled 0.2 kb

EcoR l-SamH I fragment (probe A in Fig. 10A). Targeted ES cell clones were identified

by the homologous recombination event at the Emr1 locus characterized by the

presence of a 14 kb Hind III fragment detected by probe A.

Targeted ES cells were microinjected into C57BL/6J blastocysts as described

(12). Briefly, blastocysts were collected from the uteri of superovulated females and

incubated in M16 medium. Approximately 15 targeted ES cells were injected into the

blastocoel cavity of each blastocyst. Injected blastocysts were implanted into the

uteri of pseudopregnant females. The resulting chimeric progeny were recognized by

the presence of agouti coat color in black background at approximately 10 days of

age. Chimeric male animals were mated to C57BL/6J females to produce

heterozygous mice, which were characterized by agouti coat color and Southern blot

analysis of tail DNA as described above or by PGR analysis. The PGR genotyping

reaction was performed using approximately 200 ng of tail DNA in a total 50 ̂1 of

reaction mixture containing IX PGR buffer (20 mM Tris-HGI, pH8.4, 50 mM KGI), 1.2 mM

MgGl2,100 pM of dNTPs, 2.5 U of Tag DNA polymerase (5 U/pl, Life Technologies), a

primer specific for the P-galactosidase gene (primer 1 : 5'-TGGGGGATGTGAGAGATG

AT-3', 5ng) and two Emr1 gene-specific primers (primer 2 : 5'-GGAAGGAAATGGAG

AGAAAG-3', 5 ng, and primer 3 : 5'-GAAGATGTAGGGTGGTGAAT-3', 5 ng)

(Fig. 10A). The reaction conditions for the PGR genotyping were : hot start at 95°G

for 5 minutes, followed by a PGR touchdown program of three sequential 5 cycles of
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denaturation at 94°C for 30 seconds, annealing at 65°C, 62°C, and 59°C for 5 cycles

each for 30 seconds, and extension at 72°C for 90 seconds, and a final 25 cycles of

the same amplification but at 55°C annealing temperature. Finally, the PGR products

were extended at 72°C for 10 minutes, and stored at 4°C indefinitely. The amplified

PGR products were separated in 1% agarose gels. Primer 2 and 3 should amplify a

600 bp fragment from the wild-type allele, while primer 1 and 2 would produce a 300

bp fragment from the targeted allele (Fig. 10).

Emr1 -/- mice were generated from the breeding of Emr1 +/- animals. For

genotyping, tail DNA from 4-week old progeny was analyzed by Southern blot

hybridization using probes A and B or by PGR as dscribed above. DNA probe B,

generated by PGR with primer 5'-GGAAGGl I I IAAAGGGAAGGG-3' and primer 5'-

GAAGATGTAGGGTGGTGAAT-3', was a 0.27 kb DNA fragment located in the intron 1

region that is deleted in the targeted allele (probe B, Fig. 10A).

Northern blot hybridization and RT-PCR analysis

Total RNA isolated from thymi, spleens, and livers of 5-week old Emr1 +/+, +/-,

and -/- mice was analyzed by Northern blot hybridization using an Emr1 full-length

cDNA probe and by RT-PGR. Gene-specific primers (5'-AGGAGTGGAAGGGGATAG

GGAA-3', and 5'-GGATGTAGGAATGGAGAGGTG-3') used in the RT-PGR analysis are

from the 7TM region and the mucin-like domain of the Emrl protein, respectively (112).

Primers for the hypoxanthine-guanine phosphoribosyl transferase {Hprt) gene were

included in the reaction as an internal control (see Ghapter 1). The reaction conditions

for Northern blot and RT-PGR analyses are as previously described (Ghapter 1).
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Whole mount X-gal staining of mouse embryos

Mouse embryos (9.5-11.5 dpc) from the intercross of the Emr1 +/-anlmals were

isolated and fixed at 4°C for 30-60 minutes in IX PBS containing 2% formaldehyde,

0.2% glutaraldehyde, 0.02% NP-40, and 0.01% deoxycholate. Genomic DNA isolated

from the dissected yolk sacs was used in the PGR genotyping reaction to determine

the genotype of individual embryos. The fixed embryos were washed in IX PBS for

20-30 minutes twice, then stained in freshly made staining solution (1 mg/ml X-gal, 5

mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 2 mM magnesium

chloride in IX PBS) at 30°C for 1-2 days depending on the staining intensity. Finally,

stained embryos were fixed in 4% formaldehyde in IX PBS at 4°C overnight.

Peritoneal cell preparation

Resident peritoneal cells (RPC) and thioglycollate elicited peritoneal cells (IPG)

were obtained from 8-10 week-old Emr1 +/+, +/-, and -/- mice. RPG was harvested

from untreated animals by peritoneal lavage using 5 ml of cold sterile IX PBS.

Similarly, IPG was harvested from animals that were injected intraperitoneally (i.p.)

with 3.0 ml of 3.0% (w/v) sterile Brewer thioglycollate medium (Difco) 4 days eariler.

The cells were collected by centrifugation at 1,000 rpm (250xg) for 10 minutes, and

then resuspended in S-PBS® (see Flow Gytometry) for flow cytometric analysis. Gells

were counted in a hematocytometer.

Antibodies

Antibodies used for the immunohistochemical analysis were kindly provided by

Professor Siamon Gordon (Oxford University, UK). Rat anti-mouse polyclonal and

monoclonal F4/80 antibodies are specific for the F4/80 protein (110, 111), MAb 3D6

recognizes sialoadhesion (Sn) specifically (128), MAb 2F8 is specific for Mcj)
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scavanger receptor (MSR) (129), MAb 5C6 is used to detect the type 3 complement

receptor (C3R) (130), and MAb FA-11 Is specific for macroslaiin (MS) (131). MAbs

used for flow cytometric analysis were phycoerythrin (PE)-conjugated anti-mouse

CD4 Ab (Caltag, 0.5 mg/mi), fiuorescein Isothlocyanate (FITC)-conjugated anti-mouse

CDS Ab (Caltag, 0.5 mg/ml), FITC-conjugated anti-mouse Thy-1.2 Ab (Caltag, 1 mg/ml),

PE-conjugated anti-mouse B220 Ab (PharMlngen), FITC-conjugated anti-mouse Mac-1

Ab (PharMlngen), PE-conjugated anti-mouse F4/80 Ab (Serotec), and PE- or FITC-

conjugated rat lgG2b(K) Ab (Pharmlngen) for Isotype control. Anti-mouse Fcyll/IIIR Ab

was used as Fc block In the analysis to block non-specific binding of Abs.

Flow cytometry

To determine the number and the distribution of B and T lymphocytes In the Emr1

+/+, +/- and -/- mice, flow cytometric analysis was conducted as described (132).

Briefly, spleens and thyml of 6-8 week old animals were removed, and single cell

suspensions were prepared by repeatedly passing small pieces of tissues through a

27-gauge hypodermic needle In S-PBS® (calcium- and magnesium-free IX PBS

containing 0.1% BSA and 0.1% sodium azide). Cells were washed with S-PBS®at

4°C, and centrlfuged at 1,000 rpm (250xg) for 10 minutes. The number of cells per

mllllllter In the cell suspension was counted using a hematocytometer.

For each sample, 10® cells were Incubated with 0.1 |xg of purified anti-mouse

Fcyll/IIIR antibody (PharMlngen) on Ice for 10 minutes to block the non-specific binding

of antibodies to the Fc receptor, then optimal amounts of FITC-conjugated and/or PE-

conjugated anti-mouse IgG antibodies were added and Incubated on Ice for 30

minutes. Following the Incubation, samples were washed with 2.0 ml of S-PBS® twice

to remove unbound antibodies. Thereafter, samples were resuspended In 1.0 ml of S-

PBS®. For B cell Identification, anti-mouse B220 Ab was used. ForT cell Identification,
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anti-mouse CD4, CDS, and Thy-1.2 Abs were used. PE- or FITC-conjugated rat

lgG2b(k) was used as isotype control in each analysis. For the detection of F4/80

expression on M<j), RPC and TPC isolated from 6-week old Emr1 +/+, +/-, -/- mice were

used. For each sample, 10® cells were blocked with anti-mouse Fcyll/IIIR antibody,

washed, and incubated with FITC-conjugated Mac-1 Ab and PE-conjugated F4/80 Ab

on ice for 30 minutes. Thereafter, samples were washed with 2.0 ml of S-PBS®

twice, and resuspended in 1.0 ml of S-PBS®. Flow cytometric analysis was

performed on a FACStar*""® (Becton Dickinson) flow cytometer and for each sample,

10,000 events (approximate 300 cells/second) were collected for data analysis. Data

collected from the flow cytometer were analyzed using CELLQuest™ software.

immunohistochemlcal analysis

Immunohistochemical staining of tissue sections of Emrf +/+, +/-, and -/- mice

was carried out according to Martinez-Pomares et al. (133). Tissue and organs were

collected and frozen in O.C.T. compound (Miles Inc., Elkhart, IN, USA)) cooled in

isopentane (Sigma) over dry ice. Tissue sections were cut at 5 pm, air dried, and

stored at -20°C until used. Before staining, frozen sections were thawed to room

temperature and fixed in 2% paraformaldehyde in Hepes-buffered saline for 10

minutes at 4°C. In some cases, tissues were collected and fixed in PLP fixative

(0.02M sodium periodate, 0.1M Lysine, and 0.25% paraformaldehyde) at 4°C for 24

hours. Fixed tissues were then dehydrated in ethanol and embedded in low melting

point wax. Wax-embedded tissues were cut and processed according to standard

protocols.

All the staining procedures were carried out at room temperature unless

specifically stated. Fixed tissue sections were washed in 0.1% Triton X-100 in PBS

for 15 minutes. A solution containing 0.01 M glucose, ImM sodium azide, and 40U
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glucose oxidase (Sigma) in 0.1M phosphate buffer was then used to inactivate the

endogenous peroxidase activity by incubation at 37°C for 15 minutes. After another

wash for 15 minutes, 5% (voi/voi) normal goat or rabbit serum in PBS (blocking

buffer) was reacted to the sections for 30 minutes to block any non-specific binding.

Specific primary antibodies diluted to optimal concentrations in blocking buffer were

used to bind to tissue sections for 60 minutes. Antibody binding was detected by

staining sections with 1 % (voi/voi) biotinyiated rabbit anti-rat IgG or goat anti-rabbit

IgG in blocking buffer for 30 minutes, followed by avidin-biotin-peroxidase complex

and DAB staining solution (0.5 mg/mi diaminobenzidine, 0.024% H2O2,10 mM imidazoie

in PBS. pH7.4). The staining reaction was stopped by several washes in PBS and

sections were counterstained using 0.1% crystal violet. For Mcj) staining in liver

granuloma. 8-10 week old animals were injected i.p. with inactivated

Corynebacterium parvum (C. parvum) (a gift from Prof. Siamon Gordon. Oxford

University. UK) at 500 pg / 0.2 ml PBS / mouse. 7-10 days before sacrifice. Tissues

and organs from the treated animals were processed and stained as described

above.

Results

Emr1 gene targeting

A mouse Emr1 genomic DNA fragment was identified from a 129/Sv cosmid DNA

library and its physical map was determined by restriction enzyme digestion and

Southern blot hybridization using various Emr1 cDNA fragments as probes. This

genomic DNA fragment is approximate 35 kb in length and contains exons 1 and 2 of

the mouse Emr1 gene. A partial restriction map of this fragment is shown in Fig. 10A.
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An Emr1 targeting construct was prepared by replacing a ~1.0kb Hin6 Ill-Xba I

fragment containing the coding sequence of the first exon and the 5'-end of the first

intron with a promoterless |3-gal/pGK-Neo cassette (126). This region was chosen

because the first exon of Emr1 gene encodes the first ten amino acids of the signal

peptide of the Emrl protein (112), which is important for exporting membrane proteins

to the extracellular surface (134). Deletion of these amino acids would render the

translated protein with incorrect cellular location and therefore abrogate its normal

function as a transmembrane receptor even if there is any leaky transcription and

translation. The use of this targeting construct to replace the wild-type allele through

homologous recombination is therefore predicted to create a null mutation.

Furthermore, since the promoterless P-gal/pGK-Neo cassette was inserted into the

Hind III site of the 5'-UTR, the endogenous Emr1 gene promoter should direct the

expression of the p-galactosidase gene to allow for the detection of Emr1 gene

expression in situ in transgenic animals. The homologous regions in both arms of the

targeting construct are a 1.8 kb fragment 5' to the first exon and a 2.8 kb fragment

containing the exon 2 and the 3'-end of intron 1 (Fig. 10A).

The targeting vector was linearized and eiectroporated into CJ7 ES cells.

Following drug selection, 5 targeted ES cell clones were identified from 576 G418-

resistant colonies by Southern blot analysis (data not shown). Targeted ES cells

were microinjected into blastocysts, implanted into the uteri of pseudo-pregnant

female mice, and chimeric animals were generated. Eight chimeric male mice derived

from one targeted ES cell clone transmitted the mutation through the germ line,

resulting in Emr1 +/- animals. Emr1 +/- animals were bred to produce -/- mice, which

were identified by genotyping of tail DNA using PGR analyses and Southern blot

hybridization with probes A and B (Fig. 108). Probe A is a DNA fragment externai to

the homology region of the targeting construct and detects Hind Ml fragments of 10 kb
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and 14 kb specific to the wild-type allele and the targeted allele, respectively. In

contrast, probe B is derived from the intron 1 region that was deleted in the targeted

allele and therefore only detect the wild-type alleles. The presence of a 14 kb Hind III

fragment detected by probe A and the absence of probe B hybridized DNA fragments

in Emr1 -I- DNA samples indicated that homologous recombination has indeed

occurred at the Emr1 locus. This result was further verified by PGR genotyping

analyses in which only the 300 bp fragment specific to the Emr1 targeted allele but

not the wild-type allele-specific 600 bp fragment was amplified in Emr1 -/- DNA

samples (Fig. 10B).

To determine whether the DNA alteration at the Emr1 locus affects gene

transcription, Northern blot hybridization and RT-PGR analyses were carried out using

total thymus RNA isolated from 5-week old Emr1 +/+, +/-, and -/- animals. As shown

in Fig. 11, the expression level of Emr1 transcript in Emr1 +/- animals was reduced

compared to that detected in +/+ animais, probably due to the gene disruption in one

of the two Emr1 alleles. More importantly, no Emr1 transcript was identified in Emr1

-/- animals by either method. The same results were observed with RNA samples

isolated from spleens and livers (data not shown). The complete absence of Emr1

transcript in Emr1 -/- mice indicates that we have generated a Emr1 null mutation.

Taken together, results from the analyses of DNA and RNA samples of Emr1 -/- mice

show that the genomic DNA structure at the Emr1 locus has been altered and the

Emr1 gene transcription was disrupted.

The expression of the p-galactosidase gene was also examined by Northern blot

analysis using a full-length lacZ cDNA as a probe. No positive signal was detected in

RNA isolated from thymus, spleen, and liver of the Emr1 +/-, and -/- mice, even after

prolonged exposure to X-ray film (data not shown). In addition, Emr1 +/+, +/-, and -/-

mouse embryos at 9.5, 10.5, and 11.5 dpcwere collected, fixed, and stained for
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Fig. 11 Northern blot hybridization (A) and RT-PCR analysis (B) of total RNA from

thymus of Emr1 +/+, +/-, and -/- animals. (A) Total RNA (10 )a.g) separated In a

formaldehyde agarose gel was visualized by EtBr staining (left panel), transferred to

a nylon membrane, and hybridized with an Emr1 cDNA probe (right panel). The Emr1

transcript as well as 18S, and 28S rRNAs are indicated. (B) RT-PCR analysis was

carried out using the primers specific for the Emr1 and Hprt cDNAs. The amplified

cDNA fragments were transferred to a nylon membrane, and hybridized with specific

Emrl and Hprt cDNA probes. RT-PCR products were shown in EtBr staining gel

(upper panel) and in autoradiography films (middle and lower panels). The RT-PCR

reaction was conducted with (+RT) or without (-RT) the reverse transcriptase for

each sample to ensure no DNA contamination. Sizes (kb) of Ikb DNA ladder are

shown.
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P-galactosidase activity using X-gal staining solution as described (135). No specific

staining patterns were observed in the Emr1 +/-, and -I- embryos (data not shown),

while non-specific background coloring was noted after prolonged staining in all

embryos tested, including the Emr1 +/+ embryos (data not shown). These results

indicate that the P-galactosidase gene is not expressed in the Emr1 mutant mice.

Characterization of Emr1 -/- mice

Emr1 -/- mice were born at the expected Mendelian ratio. As shown in Table 4,

out of 700 progeny produced from the breeding ofEmrl +/- animals to date, 168

(24.0%) were +/+, 358 (51.1%) were +/-, and 174 (24.9%) were -/- mice. This result

clearly indicates that the Emr1/F4/80 protein is not required for normal mouse

embryonic and neonatal developments. Emr1 -I- mice appear healthy, have normal

bodyweight, and are fertile. Histological examination of various organs and tissues,

including bone marrow, liver, lung, kidney, heart, spleen, thymus, and lymph nodes

from Emr1 -I- animals failed to show any gross abnormalities (Table 5). Biochemical

and microscopic analyses of peripheral blood samples carried out at 2 months of age

were also found to be normal. The life span of the Emr1 -/- mice is indifferent from

that of the +/+ and +/- mice, with the oldest -/- mice living up to 1 year of age to date in

a conventional mouse facility.

Since the Emr1/F4/80 protein is expressed specifically on M(j), which plays an

important role in the innate and adaptive immune systems, we next examined the

development of Mcj) as well as B and T lymphocytes. The number of resident

peritoneal cells (RFC) isolated from Emr1 -/- mice was comparable to that isolated

from Emr1 +/+ and +/- mice (Table 6). The same was true for thioglycollate elicited

peritoneal cells (TPC), as both Emr1 +/+ and -/- mice were found to produce similar
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Table 4. Genotype of offspring derived from Emr1 heterozygous parents

Emr1 +/- X Emr1 +/-

wild-type (+/+) Emr1 +/- Emr1 -/-

168/700 (24.0%) 358/700 (51.1%) 174/700 (24.9%)

79



Table 5. Summary of tested properties of M(t).

Genotypes +/+ Emr1 +/- Emr1 -/-

Histology® N N N

Hematopoietic cell
compartments'' N N N

Formation of peritoneal
exudate" N N N

Cell surface markers

expression'' N N N

Blood histology® N N N

Formation of granuloma N N N

N : Normal

a : Assayed by microscopic examination of tissue sections,
b : Assayed by FACS analysis of spleen, thymus, and resident

peritoneal cells with lymphoid markers, CD4, CDS, B220, and
Thy-1; M(t) markers, Mac-1 and F4/80.

c : Assayed by cell counts and morphology,
d : Assayed by immunohistochemical analysis of tissue sections

using M(t)-specific Mabs, F4/80, 3D6, 506, 2F8, and FA-11.
e : Assayed by cell counts and morphology.
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Table 6. Number of resident peritoneal cells (RPC) and thioglycollate
elicited peritoneal cells (TPC) isolated from Emr1 +/+, +/-, and -/- mice®

Genotypes +/+ +/- -/-

RPC® 8.35±0.54 8.07±1.07 8.08±1.48

TPC® 3.10±0.26 ND 2.96±0.15

a. RPC and TPC were isolated by peritoneal lavage and counted by
hemocytometer. Data represents mean S.D. of cell numbers from
three animals. ND: Not done.

b. Total cell number x 10
-6

c. Total cell number x 10
-7'
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numbers of TPC. These data not only indicate that the lack of the F4/80 protein did not

affect the proliferation and/or differentiation of M^) cells, but also demonstrates that

F4/80' monocytes/M(]) were able to respond to exogenous stimili and migrate to the

peritoneal cavity as well as the wild-type cells, suggesting the F4/80 protein may not

be involved in the process of Mcj) mobility.

Flow cytometric analysis of RFC and TPC of Emr1 +/+, and -I- mice showed no

F4/80 Ab staining on the Emr1 -I- cells (Fig. 12). These data confirm that the mutation

at the Emr1 locus disrupted the synthesis of the F4/80 protein. In addition, flow

cytometric analysis of cell surface marker expression on Emr1 -I- splenic, and thymic

cell populations showed that the number and distribution of B and T lymphocytes was

normal in comparison to Emr1 +/+, and +/- animals. As shown in a representative

analysis in Fig. 13, both Emr1 +/+, and -/- mice have normal expression of CD4 and

CD8 on thymic T cells as well as on splenic cells. The expression of 8220 and Thy-

1.2 on splenic cells was also comparable in Emr1 -I- and +/+ mice. These findings

suggest that although M(j) participate in the innate and adaptive immune responses

and are believed to be involved in the development of lymphoid cells (136), the

inactivation of the Emr1 gene in vivo does not have effect on the development of

mature lymphoid cells from hematopoietic precursor cells.

Immunohlstochemlcal analysis of tissue populations of the Emr1 -I-

mice

To investigate whether the characteristics of tissue Mcj) populations of the Emr1

-I- animals were affected by the inactivation of the Emr1 gene, the expression profile

of various M(t)-specific cell surface proteins was examined using immuno-

histochemical analysis. In naive mice, F4/80 is normally expressed in blood
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Fig. 12 Flow cytometric analysis of resident peritoneal cells (A, B) and thioglycollate

elicited peritoneal cells (C, D) of Emr1 +/+ (A, C), and -/- (B, D) mice. Cells were

Incubated with PE-conjugated anti-mouse F4/80 Ab and FITC-conjugated anti-mouse

Mac-1 Ab, washed, and analyzed using FACStai^'"® (Becton Dickinson). Numbers In

each profile Indicate the percentage of events.
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Fig. 13 Flow cytometric analysis of thymic (A, B) and splenic (C, D, E, and F) cell

populations of Emrl +/+ (A, C, E), and -/- (B, D, F) mice. Cells were incubated with

PE-conjugated anti-mouse CD4 Ab and FITC-conjugated anti-mouse CDS Ab (A, B, C,

D). or PE-conjugated anti-mouse B220 Ab and FITC-conjugated anti-mouse Thy-1.2

Ab (E, F), washed, and analyzed using FACStai^'"® (Becton Dickinson). Numbers in

each profile indicate the percentage of events.
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monocytes, and most of the mature M(l) populations In almost every tissue, including

bone marrov\/ (stromal Mcj)), liver (Kupffer cell), red pulp of spleen , lymph node,

epidermis (Langerhans cell), etc. (113). Here, both polyclonal and monoclonal anti-

F4/80 antibodies detected the typical F4/80 expression patterns in the Emr1 +/+

tissues. On the contrary, no F4/80 protein expression was identified in the Emr1 -/-

mice. For instance, F4/80 expression was detected on Mp in the red pulp of spleens

and on Kupffer cells of the livers of the Emr1 +/+ animals (Fig. 14A, 0) but was

undetectable on M(|) of the same tissues of the Emr1 -I- mice (Fig. 14B, D). The

complete absence of the F4/80 protein once again confirmed that a Emr1IF4/80 null

mutation has been generated.

In contrast to the F4/80 protein expression, MAb 3D6 staining profiles were

identical in the Emr1 -I- as well as the Emr1 +/+ tissues, e.g., in spleen and liver (Fig.

15). Mab 3D6 specifically recognized sialoadhesion, a 185 kDa Md-restricted

adhesion molecule that mediates sialic acid-dependent binding to cells (128).

Sialoadhesion is normally expressed on bone marrow stromal M(|)s, and M(|)s in

secondary lymphoid organs, including spleen, lymph nodes, liver, and Payer's

patches (137). In Emr1 +/+ and -/- spleens, 3D6 staining was easily detected in the

red pulp areas, where F4/80 is normally expressed (F4/80''), however, strong

staining was also detected in the inner region of the marginal zone, the marginal

metaphils, where F4/80 is normally not expressed (F4/80") (Fig. 15C, D) (138). This

result indicates that the distribution of different Mc}) subpopulations (F4/80''3D6'', and

F4/80"3D6"') is not affected in the Emr1 -/- mice.

MAbs 2F8, 5C6, and FA/11 that specifically recognize the Mcf) scavenger

receptor (129), the type 3 complement receptor (130), and macrosialin (131),

respectively, were also used in this study and the same staining patterns for each
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Fig. 14 MAb F4/80 staining in the spleens (A, B) and livers (C, D) of the Emr1 +/+ (A,

C) and -I- (B, D) animals. F4/80'' Mp (brown) were found in the red pulp of spleen of

the Emr1 +/+ (A) but not of the Emr1 -I- (B) mice. Similarly, F4/80'' Kupffer cells

(brown) were observed in the liver of the Emr1 +/+ (C) but not of the Emr1 -/- (D)

mice. Magnification X200 (A, B), X400 (C, D).
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Fig. 15 MAb 3D6 staining in the livers (A, B) and spleens (C, D) of the Emr1 +/+ (A, C)

and -/- (B, D) animals. MAb 3D6 specifically recognizes sialoadhesion, a M(l)-restricted

sialic acid-dependent adhesion protein. 3D6'' Kupffer cells (brown) were found in the

livers of both Emr1 +/+ (A) and -I- (B) mice. 3D6'' Mcj) (brown) were also found in the

red pulp and marginal zone areas of spleens of the Emr1 +/+ (C) and -I- (D) mice. The

strongest 3D6 staining is on Mc]) that are in the inner region of the marginal zone

(marginal metallophil), forming a tight ring (arrow) around the white pulp. Magnification

X400 (A. B), X200 (C, D).
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Fig. 16 MAb FA-11 staining in the livers of the Emr1 +/+ (A) and -/- (B) animals, and

MAb 5C6 staining in the spleens of the Emr1 +/+ (C) and -/- (D) animals. MAb FA-11 is

specific for macrosialin, while MAb 5C6 specifically recognizes C3R. FA-11" Kupffer

cells (brown) were identified in the livers of both Emrl +/+ (A) and -/- (B) mice. SCG"

Mp (brown) were found in the red pulp, marginal zone of spleens of the Emr1 +/+ (C)

and -/- (D) mice. A few 5C6* Mp can be identified inside the white pulp area as well.

Magnification X400 (A, B), X200 (C, D).
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MAb were observed in Emr1+I+ and -/- tissues (Fig. 16, Table 7, and data not

shown). In addition, injection of mice i.p. with inactivated C.pavum was found to

induce granuioma formation equally in the Emr1+/+ and -/- livers. Moreover, in concert

with the immunostaining patterns described above for the normal tissue M(t), the

activated M(j) in the Emr1 +/+ and -/- granulomas also express the same levels of Mrj)-

specific cell surface marker proteins (Fig. 17). These results show that the Emr1 -/-

tissue Mqs express all the tested ceil surface marker proteins, except F4/80, at

comparable levels, and respond to the exogenous stimili in a normal manner.

Discussion

Using the gene targeting technique in ES ceils, we have generated a mouse

strain in which the Emr1IF4/80 gene was mutated and the synthesis of the F4/80

protein was disrupted. Several lines of evidence show that the mouse strain

generated in this study is a null mutant. First, analysis at the genomic DNA level using

PGR and Southern blot hybridization demonstrated that in the Emr1 -I- mice the DNA

structure/organization at the Emr1 locus was altered (Fig. 10B), evidently resulting

from the homologous recombination between the Emr1 wild-type allele and the

targeted construct in ES cells. Secondly, analysis of total RNA isolated from the Emr1

-I- mice using RT-PCR and Northem blot hybridization failed to show any Emr1 RNA

expression (Fig. 11). Finally, the F4/80 protein expression, analyzed by the flow

cytometry and the immunohistochemical staining, was found to be completely absent

in the Emr1 -/- mice (Fig. 12, 14). The Emr1 -I- mice therefore provide us an excellent

animal model for studying the biological function of the F4/80 glycoprotein.

Since the F4/80 protein is a specific cell surface marker for mouse Mcj), it was of

great interest to study its expression patterns in vivo in order to gain more insight into
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Fig. 17 Immunohistochemical staining of liver sections of animals injected with

inactivated C.parvum using MAb 2F8 (A,B) and MAb 5C6 (C,D). MAb 2F8 is specific

for the M(]) scavenger receptor. Granuloma was formed mostly by activated Mcj) that

were recruited to liver to fight off C.parvum. Predominant 2F8"' Mcj) were evident in the

liver granuloma of Emr1 +/+ (A) and -/- (B) mice. 5C6^ M<]) were also identified in Emr1

+/+ (C) and -/- (D) liver granuloma. Magnification X200 (A, B), X400 (C, D).
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the ontogeny and the distribution of Mcj) in mouse tissues. In an attempt to recapitulate

the expression of the F4/80 protein in vivo using X-gal staining, a promoterless

P-galactosidase gene was inserted into the targeting construct right behind the 5'-

UTR of the Emr1 gene (Fig. 10A). The rationale for this strategy is to use the

endogenous Emr1 gene promoter to direct the expression of the p-galactosidase

gene, therefore mimicking the F4/80 protein expression by the p-galactosidase

activity. Unfortunately, neither RNA nor protein expression of the p-galactosidase

gene was identified in the Emr1 +/- and -/- mice (data not shown), even though DNA

sequencing analysis of the Emr1 -I- DNA samples showed that the DNA organization

at the Emr1 locus is exactly as shown in Fig. IDA, and predicted the Emr1-directed

expression of the P-galactosidase gene (data not shown).

This unexpected result indicates that either the P-galactosidase gene transcript

is not expressed at all or the p-galactosidase RNA transcript is extremely unstable in

this system. There are several possible explanations for this result: (1) An enhancer

element requiring for the optimal promoter activity may have been deleted in the

targeted allele, thereby adversely affecting the p-galactosidase gene expression. An

approximately 1.0 kb fragment containing the coding sequence of the exon 1 and 5'-

end of the intron 1 was deleted in the targeted allele. Whether this DNA fragment has

the enhancer activity remains to be determined. (2) The inserted exogenous DNA in

the targeted allele may cause a change in chromosomal DNA structure, which in turn

inhibits the activity of the endogenous Emr1 gene promoter. The real cause for the

inability to express p-galactosidase gene in the mutant mice can not be elucidated

here; however, attention should be given to in vitro and/or in vivo experiments of the

Emr1 gene promoter activity, such as the use of the Emr1 gene promoter for M(j)-

specific expression studies in M(}) cell lines or transgenic mice models.
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The findings that the Emr1 -I- mice were born at the expected mendelian ratio,

and that the mutant mice appeared healthy, showed no gross abnormalities in various

organs and tissues, and were fertile in a conventional mouse facility indicate not only

that the F4/80 protein is not required for normal mouse embryonic and neonatal

developments but also suggest that the F4/80 protein is not necessary for maintaining

a normal immune response. This was further supported by the finding that the Emr1

-/- mice have normal number of B and T lymphocytes as determined by flow

cytometry (Fig. 13). In addition, the typical expression patterns of several M(|)-specific

cell surface markers (Sn, CR3, MSR, and MS) in various tissues of the Emr1 -I- mice

detected by immunohistochemical staining (Fig. 15-17) and the normal number of RPC

and TPC found in the Emr1 -I- mice also indicate that the F4/80 protein is not involved

in the cell survival / proliferation process or in the regulation of expression of other

cell surface proteins.

Other attempts to reveal phenotypes for the Emr1 -/- mice have proven

unsuccessful to date (data not shown). The lack of novel phenotypes of the Emr1 -I-

mice may be interpreted by several ways : (1) The F4/80 protein is an orphan

receptor with no biological function(s): (2) The function of the F4/80 protein was

complemented by other cell surface receptor(s) on Md; (3) The assays used in this

study were not sensitive enough to detect subtle phenotypic changes in the Emr1 -/-

M<)) or the F4/80 receptor is involved in specific biological functions that have yet to be

analyzed. In light of the unusual protein structure, the Md-specific expression

patterns, and the highly conserved amino acid sequence of the F4/80 protein

between species, we would argue that the F4/80 protein should have certain

biological function(s). The recent cloning and mapping of EGF-TM7 genes, including

human EMR1 (95), human CD97 (139), and mouse Emr1IF4/80 (110,112), are

suggestive of a gene cluster of a novel protein family, whose members not only have

97



a similar protein structure but also are linked on the same chromosome. Both human

EMR1 and CD97 have been mapped to human chromosome 19p13 region (95,139),

whereas mouse Emr1/F4/80 is mapped to the mouse chromosome 17 region that is

syntenic to human chromosome 19p13.3 (112). Indeed, analysis of the gene structure

of human CD97 gene has suggested an exon shuffling mechanism for the generation

of the EGF-TM7 receptor family (140). It is therefore reasonable to suggest that other

members of the EGF-TM7 protein subfamily may exist and if it is the case, the new

EGF-TM7 protein member(s) and the F4/80 protein may have overlapping function(s),

which may compensate for the loss of the F4/80 protein in the Emr1 -I- mice. On the

other hand, numerous functional tests have been developed for Md (132); however,

only a limited number of them were conducted in this study, it is very possible that a

specific function for the F4/80 protein has not yet been identified due to the

inappropriate or insensitive assay systems employed here. Further studies, especially

in vivo immune-reponsive assays, such as the reactions of mice to Listeria

monocytogenes infection and/or virus infction, are needed to explore the possible

function(s) of the F4/80 protein.

Regardless of the lack of novel phenotypes, the Emr1 -I- mice do represent a

useful resource for studying F4/80-related biological questions : (1) As mentioned

above, additional EGF-TM7 protein members may exist, it is therefore of interest to

identify the putative unknown members. It has been demonstrated that degenerate

primers deduced from highly conserved regions of members of structuraliy and/or

functionaily-related protein families can be used to amplify and identify new protein

members by RT-PCR (141). Given that EGF-TM7 proteins are highly homologous at the

7TM domain and that no Emr1IF4/80 RNA transcript is detected in the Emr1 -I- mice.

the application of RT-PCR analysis using RNA sample isolated from the Emr1 -I- mice

and degenerate primers deduced from the conserved regions among the EGF-TM7
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proteins may allow one to amplify homologous RNA species and isolate new EGF-

TM7 genes. (2) Although the human EMR1 gene and the mouse Emr1/F4/80 gene

have similar RNA expression patterns in hematopoietic cell lines (95,110,112), it is

not known whether they also have similar protein expression patterns in tissues. To

date, there are no known antibodies that specifically recognize the human EMR1

protein. Furthermore, it is not known whether the anti-mouse F4/80 MAb can cross-

react to the human EMR1 protein. A highly-specific Ab against the human EMR1

protein therefore is needed for studying the cellular distribution of the protein in

human tissues. However, due to the high degree of conservation of the amino acid

sequence of the EMR1 proteins between species, poor immunogenicity is expected to

be a problematic obstacle for this objective. To circumvent similar problems with poor

immunogenicity in mice in an attempt to generate specific blocking MAb against rat P-

selectin, Walter et al. (142) recently reported the identification of a novel MAb that

blocks the adhesion function of rat as well as mouse P-selectin by immunizing P-

selectin knock-out mice. Since no F4/80 protein is being made in the Emr1 -/- mice, the

Emr1 -I- mice would be an excellent host for the production of highly-specific Abs for

the human EMR1 protein.
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Chapter 4 Identification of Targeted Embryonic Stem Cells by Slot Blot

Hybridization Analysis

Abstract

An alternative method for identifying targeted embryonic stem cells is presented.

Two specific DNA probes, one from the genomic region adjacent to the homology

target of the targeting vector (external probe) and the other from the genomic region

deleted after homologous recombination (internal probe), are used in slot blot

hybridization analysis. By comparing the hybridization intensities of DNA samples

detected by the external DNA probe to those detected by the internal DNA probe, the

number of wild-type alleles of the gene of interest can be determined. This information

is then used to identify putative targeted cells. The sensitive slot blot hybridization

method offers a rapid, inexpensive alternative to identify homologous recombination

events in embryonic stem cells.

Introduction

The disruption of genes in mouse embryonic stem (ES) cells (gene targeting) has

been widely used in recent years to study the biological functions of specific genes

in vivo (50, 51,143). A gene targeting construct is often made by replacing one or

more exons of the gene of interest with a selectable marker (e.g., neomycin

phosphotransferase [NEO] or hypoxanthine-guanine phosphoribosyl transferase

[HPRT] gene cassette). Linearized targeting vectors are electroporated into pluripotent

ES cells and drug-resistant colonies are subsequently selected and analyzed. The

frequency of homologous recombination and the efficiency of identifying targeted ES
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cells are therefore critical In obtaining correctly targeted ES cell clones. Several

methods have been Introduced to Improve the frequency of homologous

recombination In ES cells, Including the use of Isogenic DNA In the targeting construct,

positive-negative drug selection strategies, and Increasing the size of the homologous

regions In both arms of the targeting construct (143). However, little effort has been

made to enhance the efficiency of Identifying targeted ES cells. Two techniques, the

polymerase chain reaction (PGR) and Southern blot analysis, are commonly used to

screen for targeting events. Although these techniques are effective, both are

expensive, time-consuming, and labor-intensive.

To simplify the screening process, an alternative method for Identifying targeted

ES cells Is presented. This new method takes advantage of the sensitivity of slot blot

hybridization analysis and the fact that targeted ES cells contain only one copy of the

wild-type allele and one copy of the engineered mutant allele for the gene of Interest.

The slot blot hybridization analysis, which can detect different copy numbers of

specific DNA sequences, enables us to discriminate the targeted ES cells from the

non-targeted ES cells.

Materials and methods

Electroporation and selection of ES cells

25 pg of a linearized gene targeting construct was added to a total of 1 X 10^

CJ7 ES cells (127) resuspended In 0.8 ml of phosphate buffered saline (PBS).

Electroporatlons were carried out using a BloRad gene pulser at settings of 0.24

Kvolts and 500 p.F. Electroporated ES cells were then cultured and selected In
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standard ES cell medium containing 250 [xg/ml G418 (Life Technologies, Grand Island,

NY, USA) as previously described (12).

Genomic DNA isolation

ES cells in 24-\A/ell petri dishes were washed twice with PBS and incubated with

0.5 ml of 0.05% trypsin-EDTA (Life Technologies, Grand Island, NY, USA) at 37°C for

3-5 minutes in a 5% CO2 incubator. One ml of culture medium containing 10% fetal

bovine serum (FES) was added to each well and a single suspension of cells was

generated by repeated pipetting. Cells were pelleted by centrifugation at 5,000 rpm

for 5 minutes at room temperature and resuspended in 400 pi of cell lysis buffer (100

mM NaCI, 10 mM Tris-HCI, pH 8.0,25 mM EDTA, pH 8.0, and 0.5% SDS) with

proteinase K (10 pg/ml) and incubated at 50°C overnight. After phenol/chloroform

extraction, two volumes of 100% ethanol were added to the aqueous layer to

precipitate the genomic DNA. The DNA was pelleted by centrifugation at 14,000 rpm

for 5 minutes and resuspended in 200 pi of TE buffer (10 mM Tris-HCI, pH 7.6,1 mM

EDTA, pH 8.0).

Slot blot hybridization analysis

To denature the genomic DNA, 10 pi of each DNA sample was mixed with 40 pi

of TE and an equal volume (50 pi) of 2X denaturation buffer (0.5N NaOH, 1M NaCI),

and incubated in a 55°C water bath for 30 minutes. After cooling at room temperature

for 10 minutes, the denatured DNA samples were applied into the wells of the PR600

slot blot apparatus (Hoefer, San Francisco, CA, USA). After a 10 minute incubation at

room temperature, a gentle vacuum was applied to facilitate the binding of the DNA to

the Duralon-U\A*' nylon membrane (Stratagene, La Jolla, CA, USA). After

disassembling the apparatus, the nylon membrane was wetted with IX neutralization
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buffer (1M NaCI, 0.5M Tris-HCI, pH 7.0) for 10 minutes at room temperature, then

baked In a vacuum oven at 80°C for 2 hours.

The prehybrldizatlon and hybridization of the slot-blotted membrane were carried

out as described (112). The DNA probes were generated by PGR and represented

specific internal and external DNA fragments in relation to the Emr1/F4/80 gene

targeting construct. The hybridized membrane was washed twice at room

temperature in 2XSSC/0.1%SDS for 20 minutes, followed by a wash in

0.2XSSC/0.1%SDS at room temperature for 20 minutes and at 55°C for 15 minutes.

The membrane was exposed to X-ray film (Eastman Kodak, New Haven, CT, USA) at

-80°C for 24 hours. The hybridization intensities of DNA samples were analyzed

using a Fujix MacBASIOOO phosphor autoradiography imaging system (Fuji Medical

Systems, Stamford, CT, USA) with the Advanced Macintosh™ Image Analysis

software program.

Southern blot hybridization analysis

Genomic DNA (10 p,g) was digested with Hind III at 37°C overnight,

electrophoresed through a 1% agarose gel, and transferred to a nylon membrane

using the standard Southern blotting method (59). Prehybridization and hybridization

were carried out in 4XSSC/10% dextran sulfate/40% formamide at 42°C. DNA probes

were labeled using random oligonucleotides as primers in conditions recommended by

the manufacturer (Prime-lt®ll, Stratagene, La Jolla, OA, USA). Membranes were

washed and processed as described in slot blot analysis.
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Results and discussion

Following electroporation and drug selection, two types of G418-resistant ES

cells are typically identified. Type A ES cells have a randomly integrated targeting

vector and two wild-type alleles of the gene of interest (Fig. 18A, left). Type B ES

cells, in which homologous recombination has occurred, have one targeted and one

wild-type allele of the gene of interest (Fig. 18A, right). Identification of the number of

wild-type alleles of the gene of interest in individual G418-resistant colonies will

therefore distinguish random integrations (Type A) from targeting events (Type B).

Using specific external and internal DNA probes, it is possible to determine the

number of the wild-type alleles of the gene of interest (Fig. 18B). Here, an external

probe is a specific DNA fragment adjacent to the homologous region of the targeting

construct, while an internal probe is from within the genomic region that is deleted

after homologous recombination. More specifically, putative targeted ES cell clones

could be identified by comparing the hybridization intensity of the external DNA probe

to the internal DNA probe in individual samples. For example, equivalent hybridization

intensities detected by both internal and external DNA probes would indicate a

random integration event (Type A). Conversely, a two-fold increase in the

hybridization intensity of the external probe compared to the internal probe would

suggest a homologous recombination event (Type B) (Fig. 18).

This approach was tested in an ongoing gene targeting experiment using slot blot

hybridization analysis due to the sensitivity of the method. The gene of interest in this

study is Emr1/F4/80, a gene that encodes the F4/80 glycoprotein that is expressed

on the cell surface of most murine macrophage populations (110-112). A gene

targeting construct was engineered in which the 3'-end of exon 1 and the 5'-end of

intron 1 of Emr1/F4/80 gene had been deleted and replaced with a promoterless
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Fig. 18 Diagram iilustrating the gene of interest, the gene targeting construct and the

outcome of drug selection of eiectroporated ES cells. (A) Exons (A, B, and C) and the

selectable marker gene (Neo) are represented by white and black boxes,

respectively. The bold dashed lines represent the chromosome into which the gene

targeting construct is randomly integrated. The specific external (E) and internal (I)

DNA probes are represented by hatched boxes. The chromosomal alterations

resulting from a random integration or a homologous recombination event are

illustrated. (B) Number of copies of the external and internal DNA probes detected in a

random integration (Type A) and a homologous recombination (Type B) event.
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P-gal/pGK-Neo cassette (data not shown). One targeted ES cell clone (clone #142),

previously identified and confirmed by Southern blot hybridization and PGR analysis,

was used as a targeted ES cell control. In the analysis, equal amounts (1 pg) of

genomic DNA from one wild-type and one targeted (clone#142) ES cell clone were

used in lanes 1 and 12 respectively, while equal volumes of DNA from ten G418-

resistant ES cell clones were loaded in lanes 2-11 as described in Materials and

Methods. According to the hypothesis, ES cells of Type A and Type B both contain

two copies of DNA fragments recognized by the external DNA probe. Therefore, the

hybridization intensity detected by the external DNA probe should be proportional to

the amount of DNA loaded in each lane. A similar level of hybridization was detected

in lanes 1 and 12, as predicted in our hypothesis (Fig. 19A,B). Different hybridization

intensities were detected in lanes 2-11, indicating that different amounts of DNA were

present in each lane. One may estimate the amount of DNA in lane 2 to be

approximate 4.5 pg because of the approximate 4.5 fold increase in the intensity in

lane 2 compared to lane 1. The amount of DNA In lanes 3-11 can be estimated in the

same manner using the intensity in lane 1 as a control. The use of the same volume

rather than the same amount of DNA avoids the need for quantitation of DNA

samples, which is an advantage when a large number of samples are screened.

However, the amount of DNA that can be loaded in each well is limited due to the

binding capacity of the nylon membrane and the size of the wells. A range of 0.5-5.0

pg of total genomic DNA was found to give the most reproducible results in our

analysis (data not shown).

The same nylon membrane was then stripped and rehybridized with the internal

DNA probe, which would only detect the wild-type alleles but not the targeted alleles

(Fig. 19C,D). Here, the hybridization intensity in lane 12 was reduced by

approximately 50% in comparison to lane 1. This is because the DNA used in lane 12
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Fig. 19 Slot blot hybridization analysis of ES cell genomic DNA. A nylon membrane

containing 12 DNA samples was hybridized to a specific external DNA probe (A,B),

stripped, and rehybridized to a specific internal DNA probe (C,D). The results of

hybridization are represented by the autoradiogrphy signal on X-ray films (A,C) as

well as by the photostimulated luminescence (PSL) profiles detected by the phosphor

imaging system (B,D).
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is from a targeted ES cell (clone #142), which contains only one copy of the wild-type

allele. This result demonstrates that comparison of the hybridization Intensity of the

external probe to the Internal probe can Indeed be used to Identify correctly targeted

ES cells. To facilitate the comparison, the hybridization Intensities detected by the

Internal probe In lanes 2-11 were normalized to that In lane 1 (Fig. 20). After

normalization, only the DNA sample In lane 6 has a 2:1 ratio of the external to the

Internal probe hybridization Intensity, Indicating that homologous recombination has

occurred at the Emr1/F4/80 locus In this ES cell clone. To confirm this result.

Southern blot analysis was performed. The 12 DNA samples were digested with

Hind III and hybridized with the external DNA probe (Fig. 21). This probe recognizes

an endogenous (wild-type) band of 10 kb and a targeted allele of 14 kb. The targeted

allele Is detected only In lanes 6 and 12, confirming the effectiveness of slot blot

hybridization analysis for Identifying targeted ES cells.

This paper offers an alternative method for Identifying targeted ES cells. The use

of slot blot hybridization analysis has at least three advantages over the more

conventional Southern blot or PCR-based method. First, the method Is economical.

Expensive reagents such as agarose, restriction endonuclease, and Taq DNA

polymerase are not needed. Second, It saves time. There Is no need for restriction

enzyme digestion, gel electrophoresis, and gel blotting. Using various slot and/or dot

blot apparatuses (48, 96 or 192 wells format), a large number of samples can be

applied on one nylon membrane and multiple membranes can be processed at the

same time. Third, It Is efficient. Putative targeted ES cell clones can be easily Identified

by simply comparing the hybridization Intensities detected by the specific Internal and

external DNA probes.

This new screening method also has other possible applications. It may be

utilized In experiments where different types of targeting constructs are used. For
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Fig. 20 Comparison of normalized hybridization intensities. The hybridization intensity

was normalized using the intensity detected in wild-type DNA (lane 1) as a control.

Numbers in the Y-axis represent arbitrary units. The white and black bars represent

the normalized hybridization intensities detected by the external DNA probe and the

internal DNA probe, respectively.
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allele. Bands of 10 kb and 14 kb represent the wild-type and the targeted allele

detected by the external DNA probe, respectively.



example, another commonly used targeting strategy is to insert a selectable marker

gene cassette into one of the exons of the gene of interest (143). In this case, no

internal DNA probes are available because there is no deletion of genomic DNA

sequences. However, one may be able to adapt this method using a specific

oligonucleotide probe spanning the disrupted DNA region. This methodology would

also be amenable to automation. Using robotic sample preparation workstations,

multichannel pipets, and multiwell slot/dot blot apparatuses, a high through-put

screening process is possible for hundreds or thousands of ES cell clones

simultaneously. Overall, this new screening method will allow for rapid identification

of targeted ES cell clones, thereby increasing the efficiency of gene targeting

experiments.
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Epilogue

The experimental results presented In the preceding chapters described : (I) the

use of the Cmyb -I- mice as a model system for the Identification of novel genes that

may be Involved In hematopolesis, and the Identification of a seven transmembrane

hormone receptor using differential display (Chapters 1 and 2); (II) the generation and

characterization of Emr1/F4/80 homozygous mutant mice (Chapter 3); and (III) a new

screening strategy for selecting targeted ES cell clones (Chapter 4). Several remarks

should be considered In the final conclusion of this study.

The application of differential display technique In the Cmyb -I- mouse model

system has proven to be a successful approach for the Identification of novel genes

that may be Involved In hematopolesis. The high percentage of differentially

expressed genes (22/38) and putative novel genes (8/12) Identified In this study

strongly suggests that continued application of differential display In the Cmyb -I-

mouse model system In the future should Identify more novel genes. To more quickly

Identify putative novel genes In the future, new screening strategies may be

conducted. For example, the utilization of reverse Northern blot analysis (144), which

uses the original DD-PCR products as hybridization probes to simultaneously screen

several Individual clones that are derived from one differential cDNA band Isolated

from DD sequencing gels, may facilitate the confirmation of differential expression of

cloned genes. Another method, which makes use of the cDNA probes synthesized

from amplified RNA In a differential screening strategy (145), may also help to Identify

putative positive cDNA clones more efficiently.

More restricted sampling of experimental materials may offer other selective

advantages. For Instance, the use of cells of specific hematopoletic lineage, sorted

by the expression of llneage-speclfic cell surface markers. Instead of cells of the

114



whole fetal liver as the starting materials should eliminate many false positives

caused by the hypocellularity of the Cmyb -I- fetal livers. In addition, the use of more

stringent starting materials, such as cells of erythroid or myelold lineage, could be

coupled with more restricted screening methods, such as Northern blot analysis

using RNA isolated from cells of specific hematopoietic lineage at different

developmental stages. These strategies may allow one to identify genes that are

involved in specific hematopoietic lineages more efficiently.

Since Myb is a transcription factor, the expression levels of genes that are

modulated by the Myb protein are expected to be affected by the null mutation of the

Cmyb gene generated by targeted mutagenesis. Therefore, one could also explore

whether the differentially expressed genes identified in this study are the target

genes of Myb protein. For example, one could analyze the promoter region of the

gene of the interest to determine whether there is any putative Myb-binding site. If

Myb-binding sites are recognized, one could determine whether the Myb protein can

bind to and modulate the activity of the promoter of the gene of interest by using

electrophoresis mobility shift assay (146) and reporter activity assay in cell culture

system (147), respectively. Overall, the model system presented in this study

represents a unique resource in the future for the identification of genes involved in

hematopoiesis and genes that are modulated by Myb protein.

The cloning of Emr1/F4/80 gene reveals that the gene encodes a Egf-like motif

containing 7TM receptor with unknown biological function(s) (110,112). The most

striking feature of Emr1/F4/80 gene product is its unusual protein structure, which

was found in only two other proteins, human EMR1 and human CD97 leukocyte

antigen (95,139). Due to its protein structure and the strong homology to the peptide

hormone receptor family, Emr1/F4/80 Is believed to be involved in protein-protein

interaction and/or ligand binding (116). However, no known ligands or interacting
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proteins of Emr1/F4/80 protein have been identified. It is therefore of interest in the

future to characterize such putative ligand(s) and/or interacting protein{s). Several

methods, including the direct-expression cloning strategy, which uses a fusion

protein consisting of the extracellular domain of the receptor of interest linked to the

constant domain of a immunoglobulin G molecule as a probe to detect and isolate the

putative cellular ligand (148), or the generation and the identification of the cellular

target of MAb that specifically blocks the cellular adhesion between cells expressing

the ligand and cells expressing the receptor (118), have been used successfully to

identify the cellular ligands of specific cell surface receptors. One may adapt these

methods in future studies.

Another interesting feature of Emr1/F4/80 gene is the finding of alternatively

spliced transcripts. At least four alternatively spliced Emr1/F4/80 RNA species were

identified by RT-PCR (112). These RNA transcripts differ only in the number and/or

combination of Egf-like motifs, resulting in four predicted protein isoforms containing

the same 7TM region but different extracellular domains. Questions, such as why are

there so many different Emr1/F4/80 protein isoforms, and do these protein isoforms

bind to the same ligand and/or interacting protein need to be addressed. Additional

questions concerning the temporal and spacial expression of each isoform await

further analyses. Again, identification of ligand(s) and/or interacting protein(s) of

Emr1/F4/80 would be the first step toward resolving some of the questions.

Generation of MAbs specific for the individual Emr1/F4/80 protein isoforms should

also help to determine the ligand-binding affinity and the tissue distribution pattern of

different Emr1/F4/80 protein isoforms.

The biological function of Emr1/F4/80 gene was assessed by the generation of

Emr1 -/- mice. No obvious phenotypes were identified in the Emr1 -/- mice by the

analyses performed in this study. The possibility of leaky expression of Emr1/F4/80
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protein in the mutant mice was ruled out, since the Emr1 -I- mice generated here are

null mutation, which were demonstrated by analyses at DNA, RNA, and protein levels

(Chapter 3). Therefore, as mentioned in Chapter 3, further analyses, including more in

vitro functional assays for Mc]), and in vivo immunoresponses against pathogenic

bacteria and virus infections, are needed to determine whether the Mp-specific

Emr1/F4/80 protein is involved in immunoreactions. However, it should be pointed out

that it is also possible that the Emr1/F4/80 protein has no any real biological function,

thus the disruption of Emr1/F4/80 gene in vivo would result in no phenotypes.

On the other hand, the apparent normal phenotype of the Emr1 -I- mice might

result from the complement of the function of Emr1/F4/80 protein by other cell surface

receptors. Therefore, it would be worthwhile to attempt to study whether there are

other proteins with similar protein structure that may have overlapping function with

the Emr1/F4/80 protein. The similar protein structure and the close proximity of both

the human EMR1 and CD97 genes in chrmosome 19p13 suggests that there may be

a EGF-TM7 gene family in this region (140). If this turns out to be true, it is likely that

other EGF-TM7 proteins may have similar function as the Emr1/F4/80 protein, and thus

complement the loss of Emr1/F4/80 protein in the Emrl -/- mice. Since the Emr1 -I- M(j)

do not express any Emr1/F4/80 RNA and protein, the Emr1 -I- mice would be an

excellent model system for the cloning of the putative Emr1/F4/80-re\a\.ed genes. To

do that, one may take advantage of the highly homologous amino acid sequence

found in the 7TM regions of EGF-TM7 proteins, and design degenerate oligonucleotide

primers for RT-PCR amplification of the putative Emr1/F4/80 related cDNA using RNA

isolated from Emr1 -I- mice. The identification of such putative Emr1/F4/80-Te\ate6

genes would help to elucidate additional information on the evolution of EGF-TM7 gene

family and the possible biological function(s) of the Emr1/F4/80 protein.
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In this study, a new screening strategy for selecting targeted ES cell clones was

also presented. This method takes advantage of the sensitivity of slot blot

hybridization analysis and provides a rapid alternative for the identification of

homologous recombination events in ES cell clones. Since targeted metagenesis is

currently the method of choice among many investigators for the study of the

biological functions of specific genes in vivo, this new method shows promise in

increasing the efficiency of the study of gene function. Nevertheless, improvements

for the method may be made to further refine the experimental procedures in the

future. For example, the ES cell genomic DMA used in this method is isolated from

single ES cell suspension trypsinized from cell culture dishes which is time-

consuming and rate-limiting. One may try to isolate the ES cell genomic DMA directly

from ES cell clones cultured in 24- or 96- well dishes as described by Ramirez-Solis

et al (149) to accelerate the entire analysis. All the points presented here still need to

be addressed. Overall, the Cmyb -I- mouse model system will remain an excellent

system for the study of novel genes involved in hematopoiesis for the years to come.
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