
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Isolation of the Nrf-1 gene, a novel ubiquitous bZIP transcription factor necessary for 
erythropoiesis

Permalink
https://escholarship.org/uc/item/8m100431

Author
Chan, Jefferson Y.

Publication Date
1996
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8m100431
https://escholarship.org
http://www.cdlib.org/


Isolation of the Nrf-1 gene, a novel ubiquitous bziP transcription

factor necessary for erythropoiesis
by

Jefferson Y. Chan

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

in

Immunology

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA

San Francisco

Approved:

444. . . . . . . . . . . .

Committee in Charge

Deposited in the Library, University of California, San Francisco

Date University Librarian



copyright 1996

by

Jefferson Y. Chan



| dedicate this thesis to my parents Rachel and George,

with love and gratitude.



Advisor's Statement — Jefferson Chan

Jeff's project is to study the control of globin gene expression. He sought to isolate

transcription factors which bind to the NFE2 motif. This motif serves as the core element

in several hypersensitive sites of the locus control region. Mutation analysis showed that

this core element is important for enhancing globin gene expression as its detection

abolishes the activity of these hypersensitive sites. Jeff set up a novel yeast expression

system and isolated a cDNA clone which encodes a protein which binds to this NFE2

motif. In addition, using the homology of the Nrf1 DNA binding domain with the mouse

NFE2, he also isolated the human NFE2.

Jeff's main thesis topic is the characterization of Nrf1. He defined the DNA binding

domain, leucine zipper and the CNC domain showing their homology with NFE2 and

another transcription factor, Nrf2. He also showed that these three transcription factors

belong to the same gene family, not only from their similarity in sequences but also by their

chromosome localization on three chromosomes. He demonstrated the function of this gene

by performing knockout experiments in mice, where he showed that Nrf1 null mice are

embryonic lethal at the twelfth to eighteenth day of gestation. They suffered from severe

anemia with many nucleated red cells in their blood. This finding is most interesting, as

knockouts of the erythroid—specific factor NFE2 did not produce significant anemia, but

bleeding due to arrest of the megakaryocyte. His studies on Nrfl as a transcription factor

are highly original, and I view his performance as excellent.

Jeff is a meticulous worker who designs and initiates his experiments. My role as his

advisor involves reviewing his work and offering him advice. He already has three



publications from his work — one on the isolation and characterization of Nrf1, a second

on the isolation of human NFE2, and a third on the chromosome localization of Nrfl and

Nrf2 demonstrating their relatedness as a family of genes. His work on the knockout of

Nrf1 is being prepared for publication and will be submitted soon.

Jeff is responsible for all of the work published in these papers. The collaboration

with others involves the in situ hybridization of the NFE2 family of genes, performed by

Mei-Chi Cheung, a Senior Technician of the Howard Hughes Medical Institute. He

obtained information on Nrf2 from Paolo Moi and Kaimin Chan. In addition, the

interaction between Nrfl and human maf was demonstrated by Paolo Moi, who isolated the

human maf clone.
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Isolation of the Nrf-1 gene, a novel ubiquitous b/IP transcription

factor necessary for erythropoiesis

Jefferson Y. Chan, Graduate Program in Immunology,

University of California San Francisco

Abstract

Upstream of the 3 globin gene cluster are erythroid-specific, DNase I hypersensitive

sites collectively termed the Locus Control Region (LCR). The LCR is important for the

establishment of active chromatin configuration and functions as a powerful enhancer

essential for expression of globin genes. Protein binding sites including an extended AP

1 motif has been identified that is required for HS function. This extended AP1 site has

been shown to bind an erythroid-specific factor termed NF-E2.

By two different approaches, I have cloned and characterized Nrf-1 and p45-NF-E2,

two novel genes in the bZIP family which bind and activate through the NF-E2 motif.

Another gene termed Nrf-2 has also been cloned by others. Amino acid sequence

comparison shows a remarkable conservation of the DNA binding domain between NF-E2,

Nrf 1 and Nrf2 suggesting that they bind to very similar, if not identical sequences. In

addition, they contain the “CNC”-homology domain also found in the drosophila cap and

collar gene. FISH studies show they are located within highly related segments on

chromosome 2, 12 and 17. Taken together, these three genes represent a distinct

subfamily of bzlP proteins.

p45-NF-E2 was predicted to play a major role in globin gene expression and erythroid

development due to its restricted expression in the hematopoietic compartment. The role

of the other CNC-bzlP genes, Nrf-1 and Nrf-2, are less clear in light of their
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expression in both erythroid and non-erythroid cells. Surprisingly, the disruption of

p45-NF-E2 (Orkin's lab) resulted in mice that are thrombocytopenic while erythroid

development was only minimally affected. The in-vivo function of Nrf-1 was examined

by homologous recombination. Mice homozygous for the Nrf-1 mutation suffer from

anemia and die in-utero. The number of cells available in the erythopoietic pool are

reduced in mutants because of smaller livers. This in combination with the apparent

developmental block in maturation of these cells, the extent of red blood cell formation

that occurs is not sufficient to sustain the embryo. Findings suggest that target genes

acted upon by Nrf-1 is essential for fetal liver erythropoiesis.
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Globin genes are expressed in a tissue- and developmental stage-specific fashion

and hence, serves as an ideal model system to study gene regulation during cell

specialization. A large body of knowledge has been amassed on globin gene expression.

Through experimentation using techniques of molecular biology and analysis of naturally

occurring mutations, many of the cis-regulatory elements and transacting factors for

expression of globin genes have been delineated. The focus of my thesis work has been to

isolate and characterize DNA-binding proteins that are likely regulators of human globin

gene expression. Specifically, the work has centered the cloning and characterization of

proteins that bind the NF-E2/AP1-like motifs which are found in the hypersensitive

sites of the 3–globin Locus control region and a number of other erythroid-specific gene

promoters.

Human hemoglobins during development:

The erythrocyte is a highly specialized cell and its primary role is to transport

oxygen from the lungs to the body tissues. This function is carried out by hemoglobin

molecules which makes up 95 percent of the protein content in the erythrocyte

(Steinberg and Benz Jr., 1995). Functional hemoglobin is a tetrameric molecule, and

each contains a globin polypeptide chain with a heme moiety closely associated that

constitutes the oxygen-binding site. Normal human hemoglobin molecules contain two

pairs of distinct globin subunits, an o-like chain and a B-like chain. There are two

o-like subunits, the o and (, chains, and there are four B-like subunits, the e, GY, AY, 6

and B chains (Stamatoyannopoulos and Nienhuis, 1994; Steinberg and Benz Jr., 1995).

Hemoglobin tetramers are different at different times during development.

Different o-like chain and a B-like chain are synthesize during development to generate
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alternative tetramers which carry out the same function. In human, there are two

changes in the anatomic site of erythropoiesis and in the hemoglobin composition of the

erythrocytes. Embryonic erythropoiesis begins in the yolk sac with a shift to fetal

erythropoiesis in the liver and a subsequent shift to adult erythropoiesis in the bone

marrow. Coinciding with the changes in sites of erythropoiesis, there are also changes

in the types of globins synthesized, in the morphology and biochemical characteristics of

the red cells. Embryonic ( and e chains are replaced by fetal Y and fetal/adult o chains,

and fetal Y is subsequently replaced by adult 6 and B chains (Collins and Weissman,

1984; Karlsson and Nienhuis, 1985; Maniatis et al., 1980; Wood et al., 1985).

As early as four weeks of gestation, hemoglobin containing cells can be detected.

These erythrocytes, called megaloblast, are large nucleated cells formed in the yolk sac.

Three embryonic hemoglobins are made at this stage of gestation, hemoglobin (Hb)

Gower 1($2.É2) and Gower 2(q,é,) are the predominating forms with a smaller

contribution from Hb Portland (63%). Megaloblast are found until approximately 20

weeks into gestation. Beginning at 6 weeks of gestation, erythropoiesis gradually shifts

from the yolk sac to the fetal liver with a concomitant switch to hemoglobin F (0.2%)

synthesis. Fetal red cells, termed macrocytes, are about half the volume of embryonic

cells and they lack a nucleus. By 8 weeks, Hb F accounts for about 90% of the

hemoglobins in the fetus and predominates throughout fetal life. The spleen and bone

marrow gradually assume the role of hematopoiesis beginning at about 20 weeks of

gestation, and there is a steady rise of B chain synthesis. The major switch from Hb F to

the adult hemoglobin forms, Hb A (o,3,) and Hb A2 (o, ö, occurs in the first few weeks

after birth. Adult red cells are enucleated and slightly smaller than fetal cells, and the



major hemoglobin present is Hb A with about 2% contribution from Hb A2. The

transition to adult red cells is not entirely complete as normal adults produce small

amounts of hemogloblin F, ranging from 0.3% to 0.8% of the total hemogloblin.

Production of Hb F is confined to a small proportion of red cells, these cells are called F

cells eventhough they also contain large amount of hemoglobin A (Karlsson and Nienhuis,

1985).

The switch in types of globin chains synthesized appears to be unrelated to the

site of erythropoiesis, instead, the switch is linked to a specific time in gestation

(Karlsson and Nienhuis, 1985; Stamatoyannopoulos and Nienhuis, 1994). Premature

infants continue to synthesize high levels of Y chains and have a higher proportion of Hb

F until about 40 weeks (Bard, 1975). At the time point corresponding to the end of

their gestational period of gestation the switch to Hb A occurs. This suggests that the

proportion of Hb F in the fetus is related to their age from conception instead to birth

itself, and therefore the transition is dependent on an internal developmental clock and

independent of environmental cues. Experiments to distinguish between these two

possibilities were done by transplantation of hematopoietic stem cells into sheeps (Wood

et al., 1985). Adult cells injected into fetal sheep resulted in the continued synthesis of

adult hemoglobin (Wood et al., 1985; Zanjani et al., 1982). Transplantion of fetal stem

cells into irradiated adult hosts switch at a rate proportional to their age: cells from

older fetuses switch faster and cells from younger fetuses switch slower (Zanjani et al.,

1979). These experiments demonstrated that the environment fails to influence the

developmental program of the transplanted cells, and the rate of switching depends on the

maturity of the transplanted cells.



Early models of switching assumed the existence of separate hematopoietic

lineages that give rise to the embryonic and adult cells. This model proposed the

existence of separate fetal and adult stem cell lineages to explain the switching of globin

chain expression and the site of erythropoiesis during development. However, available

evidence argues against the clonal model of switching, and it is believed that transition

from embryonic to fetal and fetal to adult globin production happens within the same

erythroid lineage (Stamatoyannopoulos and Nienhuis, 1994). Studies in which

progenitor cells from human fetuses are cultured in vitro to allow differentiation into

erythroid colonies demonstrated that both embryonic e and fetal Y chains can be

coexpressed in the same colonies (Peschle et al., 1984; Stamatoyannopoulos et al.,

1987). Thus, a single progenitor can generate mature cells that is capable of both

embryonic and fetal globin gene expression. Further more direct experimental evidence

against the clonal model of switching comes from studies using hybrid cell lines derived

from fusion of human fetal erythroid cells with mouse erythroleukemic cells. The cell

hybrids produce human fetal globins, and when propagated in culture, they

spontaneously switch their program of expression from Y to 3 gene. Since each hybrid

is derived from a single cell, the shift from Y to 3 chain expression during passage in

cell culture provides direct evidence that switching occurs in cells of a single lineage

(Papayannopoulou et al., 1986; Papayannopoulou et al., 1985).

Organization of the human globin genes:

The human globin genes are organized into two clusters. The B-globin gene

cluster is localized on the short arm of chromosome 11, and it consists of the



embryonic-e, the fetal-97 and -*t and adult-6 and-B globin genes distributed over 60 kb

of DNA (Deisseroth et al., 1978; Fritsch et al., 1980). The cluster also contains a

pseudogene, \,{}, positioned between the ^* and 8 genes. This pseudogene has lost some

essential component of its gene structure resulting in no expression of an identifiable

protein product. An interesting feature of the cluster is that the genes are arranged in

the order in which they are expressed during development. The embryonic e—globin at

the 5' end of the cluster is followed by the two fetal Y-glogin genes, finally followed by

the adult 6- and 3–globin genes. The two fetal genes encode essentially identical

polypeptides except for a single amino acid residue, glycine (*) or alanine (*) at codon

136. The two adult 3–like genes however are more divergent, they differ at 10 positions

of their 146 amino acid residues.

The o—gene cluster is located on short arm of chromosome 16, and it consists of

three functional genes: the Q and the two non-allelic o, and o, genes which spans 30 kb of

DNA (Deisseroth et al., 1977; Lauer et al., 1980). Two pseudogenes are also present,

v■ 1 and Uyo.1. Both o, and o encode identical polypetides. The organization of the o-gene

cluster is similar to the ■ y-globin gene cluster, all the genes are transcribed from the

same DNA strand and follows the order of their expression during development.

The general pattern of organization for each of the globins genes is very similar

(Efstratiadis et al., 1980; Karlsson and Nienhuis, 1985; Stamatoyannopoulos and

Nienhuis, 1994). The coding sequences of both the o–like and 3–globin genes are

contained within three exons seperated by two introns which specifies for 141 or 146

amino acid residue chain, respectively. A remarkable feature is the conservation in the

positions of the introns in relation to the coding regions in all the genes, and is a

reflection of their common origin from a single ancestral gene. Distinct functions have
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been mapped to each of the exons. Exon 2 encodes the segment involved in binding to the

heme moiety and the o-B dimer formation. Exon 3 contains many of the amino acid

residues involved in the interactions between the tetramers required for cooperativity

for oxygen binding.

Regulation of globin gene expression:

Differentiation of erythroid progenitor cells results in the production of mature

red cells that are made up almost exclusively of hemoglobin proteins. While globin

represent less than 0.01% of the protein in erythroid progenitor cells, its level rapidly

accumulates to greater than 95% in reticulocytes (Nienhuis and Benz Jr., 1975).

Expression of globin genes is under two major constraints, globin genes must be

expressed in erythroid cells only, and the individual genes must be expressed at specific

stages of development (ie. the Ç and e during embryonic period, the GY and AY during

fetal period, o, during fetal period and onwards, and the 6 and 3 during adult period). The

high level expression and the succession of globin chain activation is regulated largely at

the transcriptional level, and post-transcriptional regulation occuring through mRNA

stability and rate of mRNA translation play a minor role (Karlsson and Nienhuis, 1985;

Stamatoyannopoulos and Nienhuis, 1994). The control of transcription is achieved by

interactions between (i) cis-acting DNA sequences within the globin clusters and (ii)

cell-type specific and ubiquitous trans-acting factors. Although much of the cis- and

trans-active elements of globin gene expression have been characterized, major



questions relating to cell-specific and developmental-specific expression of globin genes

remain unanswered. I will not provide an exhaustive review here the large body of work

on both cis- and trans-active elements on globin gene expression, but instead I will

cover areas that are relevant to my thesis work.

Promoter and enhancer elements in qlobin qene expression

The complete nucleotide sequence of the five 3–like globin genes and their

flanking regions have been determined. Early efforts to delineate the cis-acting

elements that regulate the expression of globin genes have concentrated on proximal

sequences upstream and downstream of the genes. Comparison of the sequences revealed

blocks of nucleotides that are highly conserved in the 3—like globin genes (Efstratiadis et

al., 1980). The most proximal of these is the A+T-rich “TATA" box situated

approximately 30 base pair 5’ to the RNA initiation site. Two other conserved elements

that are present include the “CAAT" box and the “CACCC” box. The importance of these

three elements for expression of the B globin gene has been demonstrated by mutagenesis

experiments (Charnay et al., 1985; Dierks et al., 1983; Myers et al., 1986). Removal

of the duplicated CACCC boxes in the 3–globin gene 5' sequences reduced expression to

10-30% of that of the normal gene. Further deletion encompassing the CAAT box

resulted in expression of only 2-5% of control, and deletion of all 3 elements resulted

in expression of less than 1% of control. Saturation mutagenesis revealed that only

mutations in the 3 elements decreased expression (Myers et al., 1986). Direct evidence

supporting the important role for these elements in normal gene expression has come

from the discovery that mutations in the TATA and CACCC boxes are found in some



B—thalassemic patients (Weatherall, 1994). These studies defined the core promoter

sequences necessary for efficient and precise initiation of the 3 globin gene.

Transfection studies and transgenic mice experiments have identified additional

sequences that are necessary for tissue- and developmental stage-specific expression of

the individual globin genes (Antoniou et al., 1988; Behringer et al., 1987; Chada et al.,

1986; Chada et al., 1985; Fordis et al., 1986; Kioussis et al., 1985; Magram et al.,

1985; Townes et al., 1985; Trudel and Costantini, 1987; Trudel et al., 1987). These

regulatory elements are located both upstream and downstream to the genes, and they

contain a number of binding motifs for various trans-acting proteins (Berg et al.,

1989; Catala et al., 1989; deBoer et al., 1988; Gumucio et al., 1988; Lingrel et al.,

1987; Mantovani et al., 1987; Mantovani et al., 1988; Wall et al., 1988). An

experimental test for tissue- and developmental-specificity has been performed by

linking promoter fragments to a selectable marker such as neomycin resistance gene and

transfecting the constructs into tissue culture cells (Lin et al., 1987; Rutherford and

Nienhuis, 1986). Expression of the neomycin gene was shown after transfection of the e

and Y promoter constructs into K562 cells which normally express embryonic and fetal

genes, whereas expression of the B construct was to a lesser degree in this cell line.

Conversely, efficient expression of the B construct was achieved in MEL cells which

normally expresses the adult globin gene. In non-erythroid cells, none of the constructs

were expressed. In addition to the proximal cis-active sequences, enhancers have also

been identified downstream of the AY and 3 globin genes using transgenic mice

(Behringer et al., 1987; Trudel and Costantini, 1987; Trudel et al., 1987).

Tissue specific expression of the e globin gene appears to require positive

cis-active sequences that bind erythroid specific factors GATA1 and NF-E2, whereas

developmental stage-specific expression appears to require a negative cis-active or
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“silencer" element within the promoter (Cao et al., 1989; Gong and Dean, 1993; Gong

et al., 1991; Raich et al., 1992; Wada-Kiyama et al., 1992). The silencer element

shuts off e globin gene expression in adult cells in transgenic mice and this region has

been mapped upstream between -187 and -467 from the cap site (Raich et al., 1992).

This region contains a binding site for GATA 1, and the zinc finger protein YY1 that is

expressed ubiquitously and shown to function as repressor in a number of other systems

(Raich et al., 1995; Shi et al., 1991). The Y globin promoters have been studied

extensively in an effort to gain an understanding of the molecular basis of hemoglobin

swtching during development. The two Y globin promoters, GY and AY, are identical and

contain numerous binding sites for transcriptional regulators (Catala et al., 1989;

Stamatoyannopoulos and Nienhuis, 1994). Like the e globin gene promoter, both the Y

globin promoters contain sufficient information for proper tissue- and developmental

stage-specific expression (Anagnou et al., 1986; Donovan-Peluso et al., 1987). It is

interesting that a number of point mutations that result the persistence of high HB F

synthesis in adult life, a condition termed heridetary persistence of fetal hemoglobin

(HPFH), map to a number of different protein binding sites in these promoters

(Gumucio et al., 1990; Gumucio et al., 1991; Gumucio et al., 1988; Mantovani et al.,

1988; Mantovani et al., 1989; Ronchi et al., 1989). The mechanism by which these

binding sites affects the expression of Y globins in adulthood remains unclear. These

sites appear to participate in positive and/or negative regulation of Y globin promoters

(Gumucio et al., 1990; Gumucio et al., 1991; Mantovani et al., 1989; Ronchi et al.,

1989). Studies in transgenic mice suggest that Y genes are silenced by stage specific

factors that bind to sequences within their promoter regions. It appears that an

erythroid- and fetal stage-specific factor termed the stage selector protein (SSP) binds

to a region between -53 and -35 termed the stage selector element (SSE) to mediate
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silencing of the Y globin genes (Gumucio et al., 1993; Jane et al., 1993; Jane et al.,

1992; Jane et al., 1995).

The LCR: A new class of distant cis-requlatory element

Although experiments in mice and in tissue culture cells have demonstrated that

sequences immediately flanking each of the globin genes are sufficient to direct tissue

and stage-specific expression, the expression of the introduced genes are either at very

low levels or more often, not detectable (Chada et al., 1986; Kollias et al., 1986;

Magram et al., 1985; Townes et al., 1985). In addition, results from these experiments

characteristically show highly variable expression of the transgene which does not

correlate with the copy number of the introduced gene in the mouse genome.

Presumably, the introduced genes are prone to “position effect" due to integration into

heterochromatic locations in the genome and hence, become inaccessible to trans

activators required for gene expression. Evidence for additional cis-active sequences

that reside outside of each of the globin gene has come from the analyses of human

hemoglobinopathies and the discovery of DNase I hypersensitive sites distal to the

structural genes.

B—thalassemia is an inherited disorder characterized by a decreased or absent

3–globin gene expression. The altered expression is due to single base mutations,

insertion or deletion of nucleotides resulting in abnormal transcription, RNA processing

or translation of the 3–globin gene (Weatherall, 1994). In a rare syndrome known as

YöB—thalassemia, both the 2 non-allelic fetal genes and the 2 non-allelic adult genes are

inactive (Stamatoyannopoulos and Nienhuis, 1994). Heterozygous newborns with the

disorder present with severe anemia which gradually develops into a milder
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B—thalassemia in adulthood with the unusual characteristic of normal HbA, rather than

an elevated HbA, as in classical 3–thalassemia. In the “Dutch" form of Yöß—thalassemia,

the molecular basis of this disorder is due to a large deletion removing all the structural

genes of the cluster save the B globin gene (Kioussis et al., 1983; Van der Ploeg et al.,

1980). Although the B globin gene is intact in these patients, the gene remains inactive

in the adult life. Two other Yöß—thalassemias have also been characterized. The English

Yö■■ —thalassemia results from a large deletion begining in the second intron of the GY

gene and extending upstream for about 75 kilobases (Curtin et al., 1985). The Hispanic

Yö■■ —thalassemia deletion begins 10 kb 5’ from the e gene and extends 35 kb upstream

(Driscoll et al., 1989). The 3 globin genes in the “Dutch" and the “English"

YöB—thalassemias have been determined to be normal and functional by sequence analysis

and transient expression analysis in tissue culture cells (Curtin and Kan, 1988;

Kioussis et al., 1983). The common defect in all of the Yöß—thalassemias is the loss of a

large region upstream of the e gene. Eventhough potentially functional globin genes are

left intact downstream of the deletions, they are silent. The deleted region must

therefore contain important cis-active sequences that is necessary for expression of the

3 globin gene cluster.

Analyses of chromatin have revealed that specific DNA sequences are sensitive to

digestion by small amounts of DNase I, and this sensitivity correlates with the

expression of adjacent genes (Gross and Garrard, 1988). When chromatin from chicken

red cells is digested, the active 3 globin gene is susceptible to DNase I cleavage whereas

the ovalbumin gene, which is not transcribed in these cells, is not susceptible to

cleavage. It is clear that actively transcribed genes are in a more open chromatin

configuration than inactive genes (Stalder et al., 1980). This open chromatin structure
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is likely to be a prerequisite for gene expression in order for trans-acting factors to

have access to the sequences within it, and hence at the same time rendering it more

accessible to DNase I digestion (Gross and Garrard, 1988). In addition to the

gene-proximal erythroid-specific DNase I sensitive sites, regions that are extremely

sensitive to digestion have been identified upstream of the e globin gene and downstream

of the 3 globin gene. These sites have been termed major hypersensitive sites to

distinguish them from the gene-proximal sites. The major hypersensitive sites (HS),

are present at all stages of erythroid development in contrast to the gene-proximal HS

sites which are regulated individually together with its respective gene and hence, are

stage-specific (Forrester et al., 1986; Tuan et al., 1985). The observations described

above suggest that the molecular basis of Yöß—thalassemias is likely to be due to the lost

of the major HS sites as they map within the sequences removed by deletions in this

inherited disorder.

The most convincing evidence demonstrating the importance of the distant

hypersensitive sites in the expression of the 3–globin cluster throughout development

came from seminal experiments carried in transgenic mice by Frank Grosveld and his

collegues (Grosveld et al., 1987). A DNA construct containing both the upstream and

downstream major hypersensitive sites were linked to a 3–globin gene and used to

generate transgenic mice. Expression of the transgene was found only in erythroid

tissues as been observed previously with other 3–globin transgenes. More significantly

however, the expression of each copy the transgene was at levels comparable to that of

the endogenous mouse 3–globin gene. Thus, by linking the 5' and 3’ major

hypersensitive sites to the 3–globin gene, site integration-independent and gene copy

number-dependent expression of the transgene was achieved. The demonstration that the

major hypersensitive sites can confer high level, position-indpendent expression upon a
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transgene suggests that these sites may open the chromatin allowing the individual globin

genes to be expressed. Because of the dominant influence of these sequences on

expression of linked globin genes, they have been termed the Locus Activation Region or

LCR in short (Orkin, 1990). Subsequent to the discovery of the LCR in the 3–globin

cluster, hypersensitive sites upstream of the o-globin cluster have also been identified

(Higgs et al., 1990).

The 5' 3-globin LCR contains five hypersensitive sites . Hypersensitive site 5

which forms the 5’ border of the LCR is found in all cell types and no functional role has

been ascribed to it so far (Grosveld et al., 1993; Orkin, 1990; Stamatoyannopoulos and

Nienhuis, 1994). Experiments in transgenic mice and stable MEL cell transformants

have demonstrated that the main activity of the LCR resides in HS2, 3 and 4 (Collis et

al., 1990; Curtin et al., 1989; Forrester et al., 1989; Fraser et al., 1990; Philipsen

et al., 1990; Pruzina et al., 1991; Ryan et al., 1989; Talbot et al., 1990; Tuan et al.,

1989). Each of the HSs enhances globin expression to about 50% of the full length LCR

when tested individually (Collis et al., 1990). HS1 appears to have no effect on the

expression of globin gene which is in agreement with the finding that this site is not

deleted in Hispanic Yöß—thalassemia (Driscoll et al., 1989). Through functional

analyses in transgenic mice and transfected cells, minimal active domains of each HS has

been delineated to regions encompassing 250-500 bp of DNA (Caterina et al., 1991; Liu

et al., 1992; Philipsen et al., 1990; Talbot et al., 1990). Initially, focus has been

placed on HS2 as it can function as a classical enhancer in transient transfection

experiments (Moi and Kan, 1990; Ney et al., 1990; Tuan et al., 1989). However, later

experiments in mice showed that HS2 as a single copy does not confer site

integration-independent expression on the transgene (Ellis et al., 1993). HS3 and HS4

have no enhancer activity when assayed in a transient transfection system. However,
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HS3 and 4 are powerful LCR elements when tested in transgenic mice (Philipsen et al.,

1990; Pruzina et al., 1991). Both can confer upon a transgene, site

integration-independent and copy number-dependent expression. Hence, there is

overlap in the function of the LCR, and both enhancer activity and chromatin activation

function undoubtedly contribute to the overall high level expression of globin genes.

It appears that chromatin activation, translated into Dnase I sensitivity, precedes

globin gene expression (Forrester et al., 1986; Jimenez et al., 1992; Miller et al.,

1978; Tuan et al., 1985). The unique ability of the LCR to induce sensitivity to DNase

digestion in the entire 3–globin locus has led to the proposal of potential mechanisms for

its action. One model suggests that the LCR contains binding sites for topoisomerase II

which functions to perturb the chromatin structure of the entire locus by altering its

superhelical density (Grosveld et al., 1987). Another model is based on the observation

that the normal 3–globin locus replicates early in S phase, and early replication is

dependent on presence of the LCR (Forrester et al., 1989). In this model, the LCR is an

origin of replication that replicates early in S phase, and early replication allows the

formation of an active chromatin configuration required for subsequent gene expression.

Another idea that has been put forth is that the LCR functions as insulating elements

which has been described in Drosophila (Grosveld et al., 1993). However, analysis of

transgenic mice containing single copy LCR-globin transgene exhibited appropriate

tissue-specific expression. The absence of expression in non-erythroid tissues argues

that the transgene is not shielded from positive position effects. A favored model in

eukaryotes is that long range regulation occurs via a looping mechanism, and

interactions between distal and proximal elements are mediated by protein-protein

contacts. Similarly, a physical interaction between the LCR and gene-proximal elements

is thought to occur as well. This view is supported by experiments which suggest that

º
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there is competition of the individual globin genes for LCR interaction. Evidence for

competition came from the observation that temporal specificity is lost in transgenic

mice when globin genes are linked individually to the LCR. Both Y gene B genes are

expressed in embryonic and definitive cells. However, when both genes are incorporated

together into the transgene construct, correct developmental expression is restored

(Behringer et al., 1990; Enver et al., 1990). The competition model is based largely on

the proposal put forth by Choi and Engel (Choi and Engel, 1988). In the chicken, the

switch in globin chain synthesis during development is due to competition between the e

and 3 promoters for a shared enhancer. Thus the LCR can interact with each globin genes

according to this view, and temporal specificity is achieved through preferential

interactions of different genes with the LCR at different stages of development. Further

evidence Implicit in the competition model is that underlying mechanisms must be

available for redirecting the LCR to appropriate downstream genes for expression during

development. These mechanisms include: i) silencer elements in the gene promoter to

shut off expression at appropriate stages, ii) presence of stage specific factors to

recruit LCR-promoter interaction at specific times during development and iii)

changing the abundance of cell-specific or ubiquitous factors that facilitate

LCR-promoter interactions at different stages. In the adult chicken environment, the

presence of a stage-specific factor, NF-E4, directs the association of 3 promoter with

the enhancer and thereby shuts off e expression, and a similar strategy appears to be in

operation in the human Y globin gene (Cao et al., 1989; Jane et al., 1993; Jane et al.,

1992; Jane et al., 1995). As described above, the human e gene expression is

extinguished through the action of a silencer (Cao et al., 1989; Raich et al., 1995; Raich

et al., 1990; Raich et al., 1992). Developmental switch in the chicken is correlated

with a change in the relative abundance of the ubiquitous SP1 factor and the erythroid
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spefic GATA-1 factor (Minie et al., 1992). More recent experiments suggest that the

HSs are not developmentally neutral. Individual sites appear to confer distinct

developmental expression patterns on the Y and 3 globin genes (Fraser et al., 1993).

HS3 was most active in the embryonic period, and in the adult stage, HS4 was most

active. Interestingly, HS2 drove Y and B globin gene expressions equally. Regardless of

the mechanism, the LCR clearly represents a new functional element in gene regulation.

A striking feature of the LCR is that three recurring motifs are found in all core

hypersensitive sites: the GATA motif, the NF-E2/AP-1-like motif and the CACC-like or

GT motif (Stamatoyannopoulos and Nienhuis, 1994). So far, the GT motif has been

implicated in LCR function only. It is thought that this motif may bind the ubiquitous

Sp1 factor, although binding by other proteins may occur in vivo. The GATA binding site

was first defined in globin gene promoters and enhancers where it is present in one or

more copies, and this motif has subsequently been identified all erythroid-specific gene

promoters studied so far (Orkin, 1992). The GATA element plays an important role, as

it is required for full promoter activity in a number of erythroid genes in addition to

globin genes. The AP1-like regulatory element was first described in the

erythroid-specific porphobilinogen deaminase(PBGD) gene promoter (Mignotte et al.,

1989). Protein binding to this motif was shown to require additional G+C nucleotides 5’

to AP-1 core motif. Functional activity of the PBGD promoter in MEL cells requires the

extended site suggesting that function is mediated not by the Jun/Fos (AP1)

heterodimeric protein, but instead by an erythroid-specific factor termed NF-E2

(Mignotte et al., 1989).

A combination of the three motifs is required to achieve position-independence

expression. Deletional analysis of the core HS3 in transgenic mice revealed that the

distal portion of the HS containing a CACC motif with two GATA motifs flanking it are
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required for copy number-dependent expression of the transgene (Philipsen et al.,

1993). Similarly, analysis to determine the minimal sequences required for site

formation of HS4 in transgenic mice have identified a 100 bp fragment containing the

GATA motif, the NF-E2/AP-1-like motif and the CACC-like motif (Lowrey et al.,

1992). Further mutational analysis of this minimal HS forming element in stable

murine erythroleukemia cells showed that only the GATA and NF-E2/AP-1-like sites

are required for formation of characteristic DNase I sensitive sites (Stamatoyannopoulos

et al., 1995). The NF-E2/AP-1-like motif appears to be required for gene activity in

addition to playing a role in establishing open chromatin structure. This motif is found

in tandem in HS2, and each motif is placed approximately 10 bp apart establishing

binding sites on successive turns of the DNA helix. A major portion of enhancer activity

of HS2 resides in these elements, and they presumably bind the erythroid factor NF-E2

(Moi and Kan, 1990; Ney et al., 1990; Ney et al., 1990; Sorrentino et al., 1990).

Deletion of the tandem sites in the intact HS2 element severely decrease expression of

the linked transgene, but the tandem element alone does not result in high level

expression (Liu et al., 1992; Talbot et al., 1990). Thus, the tandem repeats are

important but not sufficient for HS2 enhancer activity. Another similar experiment in

transgenic mice suggest that chromatin activity can be separated from the enhancer

activity in HS2 (Caterina et al., 1991). Low level position-independent expression was

retained when both the AP-1-like sites were deleted. Although the NF-E2/AP-1-like

element functions as an enhancer in the context of HS2, it is required for chromatin

activition in the HS4 context.
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Transcription factors in globin gene expression

Multiple DNA-binding proteins have been described for each of the globin genes,

and this subject has been reviewed extensively elsewhere. Protein binding sites within

each of the hypersensitive cores have been defined by in-vitro and in-vivo footprinting

studies (Ikuta and Kan, 1991; Moi and Kan, 1990; Ney et al., 1990; Philipsen et al.,

1990; Pruzina et al., 1991; Strauss and Orkin, 1992; Talbot et al., 1990). Binding

sites for erythroid-specific and ubiquitous factors are present, and these same factor

sites are also found in globin gene promoters and enhancers.

The GATA consensus site, (A/T)GATA(A/G), binds a family of zinc finger proteins

(Orkin, 1992). GATA-1 is the first member to be isolated and characterized, and 4

other GATA proteins have been isolated since. All members in this family are related by

a highly conserved domain encoding two X2-Cys-X1,-Cys-Xa-Cys type zinc fingers. An

important difference among this family of proteins is their tissue distribution. GATA-1

is mostly restricted to the hematopoietic lineage. It is expressed at high levels in

maturing erythroid cells, and at lower levels in multipotential progenitors,

megakaryocytes and mast cells. Outside the hematopoietic lineage, it is expressed in the

testis (Orkin, 1992). GATA-2 is also expressed in multipotential progenitors, mast

cells, megakaryocytes. In addition, it is expressed in embryonic brain, endothelial and

ES cells. With maturation of hematopoietic progenitor cells, GATA-2 expression is

down-regulated and GATA-1 expression is upregulated. GATA-3 is found in a variety of

tissues including embryonic brain. In T cells, GATA-3 appears to function as a regulator

of a number of T cell-specific genes. GATA-4 is found in the ovary, intestine and

developing heart. GATA-5 is expressed predominantly in the stomach. GATA-1 has been
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implicated as a positive regulator of globin gene expression (Martin et al., 1989;

Reitman and Felsenfeld, 1988). It is able to transactivate reporter gene containing

synthetic GATA sites linked to a rabbit 3–globin promoter (Martin and Orkin, 1990).

Although it is capable of transactivation, its in vivo role is not clear. Activity of the

glycophorin promoter may result from displacement of a repressor by GATA-1, thus its

mechanism of action may be through the displacement of repressors and establishment of

a stable transcriptional preinitiation complex (Rahuel et al., 1992). Nonetheless,

GATA-1 is required for erythroid differentiation. Gene inactivation by homologous

recombination was readily achieved in male derived ES cells as GATA-1 is located on the

X chromosome. Chimeric mice derived from GATA-1-deficient embryonic stem cells

lack any contribution from the mutant cells in the erythroid lineage (Pevny et al.,

1991). The mutant ES cells contributed to all nonhematopoietic tissues and myeloid

lineages. By in vitro differentiation assays of GATA-1 null ES cells, it was established

that both primitive and definitive erythropoiesis are defective (Weiss et al., 1994).

Through clonal analysis of yolk sac cells from chimeras, GATA-1 null cells are able to

enter the erythroid lineage but ceases differentiation at an early stage (Pevny et al.,

1995). The block in differentiation appears to be at the proerythroblast stage.

Although GATA-1 is also expressed in mast cells and thrombocytes, the knockout of this

gene does not seem to have an effect in these lineages. Loss of GATA-2 in vivo impairs

hemetopoiesis across all lineages, thus it is likely to be required for hematopoietic stem

cell function or self-renewal (Tsai et al., 1994).

Shortly after | joined Y.W's lab, the attention of the globin community was on the

newly discovered distant hypersensitive cis-acting elements in the control of globin gene

expression. Work in the lab focused on the HS2 element. As described above, the HS2

element in the 3-globin LCR was shown to function as an enhancer in transgenic mice and
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transient transfection systems. The critical element for enhancer function was mapped

to tandem repeats of AP-1-like sites, TGCTGAGTCAT, that was subsequently shown to

bind the erythroid-specific factor NF-E2. A common theme in eukaryotic gene

regulation is that a single cis-acting sequence is frequently recognized by multiple

regulatory proteins, and this is also true of the NF-E2 motif. Three different genes have

been identified so far that functions through this site in erythroid cells (Caterina et al.,

1994; Chan et al., 1993; Chan et al., 1993; Moi et al., 1994; Ney et al., 1993). The

cloning of NF-E2 and Nrf 1 and more recently Nrf2 indicates that the genes encode

basic-leucine zipper (bZIP) proteins and that they are distinct from other members of

the bZIP family of proteins such as Jun or Fos on the basis of protein sequence

comparisons and chromosomal localization studies. Work presented here will describe

the cloning and characterization of two of these factors that bind and transactivate

through the NF-E2/AP-1 element.
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Figure 1. Schematic diagram showing the organization of the o and B gene

clusters on chromosome 11 and 16, respectively. Filled boxes

represent active genes, and open boxes represent pseudogenes.

Location of minor hypersensitive sites are indicated by small

arrows, and large arrows indicates the major hypersensitive

sites. DNA sequences deleted in each of the three Yö■■ -thalassemias

are indicated by lines above the B-globin cluster. Composition of

the various embryonic, fetal and adult hemoglobins are indicated.
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Chapter Two

Isolation of Nrfl:

a novel human bziP gene by genetic selection in yeast
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ABSTRACT

In this study, I have devised a novel complementation assay in yeast to clone

mammalian transcriptional activators. By using this cross-species complementation

approach, I have cloned and characterized a novel human transcription factor in the bZIP

family which I have designated Nrf 1. The Nrf 1 gene potentially encodes for a 742

amino acid protein and displays marked homology to the mouse and human p45-NF-E2

protein, and the drosophila CNC protein. Nrf 1 activates transcription via p45-NF-E2

binding sites in yeast and K562 cells. Structure-function analysis identified discrete

domains that functions to activate as well as inhibit transcriptional activation. Nrf 1

transcripts are found in a wide variety of tissues and cell lines. The ubiquitous

expression pattern of Nrf 1 and the range of promoters containing the NF-E2 binding

motif suggest that this gene may play a role in the regulation of heme synthesis genes and

ferritin in addition to globin genes.
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INTRODUCTION

The human B globin gene cluster located on the short arm of chromosome 11

consists of the embryonic e, the fetal YG and YA, and adult 8 and B globin genes.

Upstream from the epsilon globin gene are four erythroid-specific, DNase I

hypersensitive sites (HS1 to 4) collectively termed the Locus Control Region (LCR)

(Forrester et al., 1986; Orkin, 1990; Stamatoyannopoulos and Nienhuis, 1994; Tuan et

al., 1985). Genetic evidence in-vivo suggests that the LCR functions as a powerful

enhancer and is essential for the erythroid-specific expression of the globin genes

(Curtin et al., 1985; Driscoll et al., 1989; Forrester et al., 1989; Kioussis et al.,

1983; Van der Ploeg et al., 1980). Linkage of the LCR to the human beta-globin gene

confers erythroid-specific and position independent expression of the transgene in mice

at levels similar to the endogenous mouse beta-globin gene (Grosveld et al., 1987; Ryan

et al., 1989; Talbot et al., 1989). Among the hypersensitive sites, enhancer activity

appears to reside predominantly within HS2 (Collis et al., 1990; Curtin et al., 1989;

Liu et al., 1992; Moi and Kan, 1990; Ney et al., 1990; Ryan et al., 1989; Sorrentino et

al., 1990; Talbot et al., 1990). Studies in transgenic mouse and transient transfection

assays have localized the erythroid-specific enhancer activity within the 732 bp Hind

III/Bgl II fragment of HS2. Situated within this fragment is a region with a direct repeat

DNA sequence (GCTGAGTCATGATGAGTCA) identified by both in-vitro and in-vivo

footprinting experiments (Ikuta and Kan, 1991; Moi and Kan, 1990; Sorrentino et al.,

1990; Strauss and Orkin, 1992; Talbot et al., 1990). The TGAGTCA recognition motif

was first identified as an important element in the activating region of the

metallothionine gene (Lee et al., 1987). This motif has subsequently been shown to be

the binding site for an AP1 family of transcriptional activator proteins referred to as
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bZIP proteins (Pabo and Sauer, 1992). The AP1 consensus sequence (TGAGTCA)

together with the base G and C 5' to it (GCTGAGTCA) has been shown to be an important

cis-acting element in the porphobilinogen deaminase gene and binds an

erythroid-specific factor termed NF-E2 (Mignotte et al., 1989). This dimeric motif

has been shown to be necessary for high level expression function of erythroid specific

genes in transgenic mice and transient transfection experiments (Caterina et al., 1991;

Liu et al., 1992; Moi and Kan, 1990; Sorrentino et al., 1990).

In this study I set out to clone cDNAs that encode proteins with the capacity to

bind the tandem NF-E2/AP1 site and activate transcription. For this I have decided to

conduct expression screening experiments using yeast as a surrogate organism. The fact

that yeast and mammalian activators are often interchangeable suggests that there is

marked conservation in the transcriptional strategies utilized by yeast and mammals

(Guarente, 1988; Kakidani and Ptashne, 1988; Ma et al., 1988; Schena and Yamamoto,

1988). It is this conservation which allows expression cloning in yeast a feasible

undertaking. In addition, the ease with which one can apply genetic tools and manipulate

the yeast makes it an attractive system. The cloning of genes from heterologous species

in yeast by complementation has been described previously (Becker et al., 1991; Lee

and Nurse, 1987; Lew et al., 1991). For example, human cell cycle regulators have

been isolated by their abilty to rescue cac2 and cln mutant Schizosaccharomyces

pombe and Saccharomyces cerevisiae, respectively. Succesful complementation of the

hap2 gene, a yeast transcriptional activator, by a human CCAAT-binding protein has

also been described (Becker et al., 1991). These approaches however is limited by the

availability of corresonding yeast mutants in order to isolate the gene of interest. I have

instead developed a yeast expression system in which the neomycin resistance gene
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(neoP) was placed under the control of the tandem NF-E2/AP1 motif. Expression of the

neo" is in turn dependent on the expression of transfected cDNAs that encode the

appropriate proteins capable of activation via the linked NF-E2/AP1 enhancer sequence.

Using this yeast genetic selection strategy, I screened a human K562 cell line cDNA

library constructed in a yeast expression vector for cDNAs capable of activating the

neomycin gene and thereby generating a neomycin resistant phenotype. In this chapter,

will describe the isolation and characterization of a distinct factor of the bZIP protein

family that activates transcription via the NF-E2/AP1 binding site. The deduced amino

acid sequence displays remarkable similarity to the recently isolated murine and human

p45-NF-E2 as well as the Drosophila CNC protein (Andrews et al., 1993; Chan et al.,

1993; Mohler et al., 1991). We have designated the protein Nrf 1 for p45-NF-E2

related factor 1 based on its homology to the mouse and human p45-NF-E2 protein.

Forced expression of Nrf 1 in K562 cells suggests that the protein functions as a

transactivator via the NF-E2/AP1 binding site of HS-2.

MATERIALS AND METHODS

Nucleic acid cloning and analysis

cDNA libraries were constructed, using standard procedures, from mRNA derived

from K562 cells induced with 40mM of hemin for 24 hours (Sambrook et al., 1989).

To generate the yeast expression library, cDNA inserts were linkered with Bstx1/EcoRI

adapters and ligated into the Bstx1 cloning site of pDB20 (Becker et al., 1991).

Ligation reactions were transformed into E. coli as previously described (Becker et al.,

1991). The resulting bacterial library was recovered directly from plates without
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further amplification and processed for plasmid DNA according to manufacturers'

directions (Qiagen). Lambda phage libraries were generated in IGT10, and screened as

using standard protocols (Sambrook et al., 1989). DNA sequence determination was

done using a modified dideoxynucleotide chain-termination method with Taq DNA

polymerase (Promega fmol DNA sequencing system). Sequence analyses were done using

the Genetics Computer Group sequence analysis and Fasta programs (Wilbur and Lipman,

1983). Total RNA from various cell lines were isolated, size fractionated and blotted on

to nylon membranes by standard procedures (Sambrook et al., 1989). Northern blots

containing multiple human tissue samples were purchased from Clontech, and each

tissue samples consist of 21g poly-A RNA. Hybridizations and washings were done with

dCTP labelled probes according standard protocols. The blots were washed at high

stringency with 0.1x SSC/0.1% SDS at 60-65° C for 60 minutes. Transcript sizes

were determined by comparison to RNA ladder (BRL) or 28S & 18S rRNA visualized by

ethidium bromide staining.

Yeast strains, transformations, growth conditions and beta-galactosidase assaw

Standard yeast genetic methods were followed (Guthrie and Fink, 1991). S.

cerevisiae strain YPH303a (MATa leu2D1 his3D200 trp 1D63 lys2-801 ura3-52

Gal&+) were grown at 30°C in YPD or synthetic medium with dextrose and appropriate

amino acid supplements. JCN1 yeast strain was generated by transformation with

plasmid yoPN3Neo (see Plasmids construction below). Yeast transformation were done

using lithium acetate protocol or by electroporation according to Becker and Guarente

(Becker and Guarente, 1991). Transformants were grown on ura and trp deficient SD

medium and then replated on YPD medium supplemented with 50 mg/mL G418 antibiotic
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(GIBCO/BRL). Surviving colonies were grown on YPD and extracted for plasmid using

glass beads (Hoffman and Winston, 1987) for a second round of transformation in yeast

and also for transformation into E. coli for further analysis. DNA was manipulated

using standard techniques (Sambrook et al., 1989). Assay for beta-galactosidase

activity were done according to the method by Miller (Miller, 1972). Plating on

5-fluoroorotic acid containing media were done according to methods described in Fink

and Guthrie (Guthrie and Fink, 1991).

Plasmid constructions

Plasmid ycPN3Neo, for generating JCN1 yeast strain, was made as follows: the

beta-galactosidase gene in the vector plGASS (Guarente and Hoar, 1984) was deleted by

Bamh 1/Tthill digest and replaced in frame with the neomycin resistance gene obtained

by PCR amplification of plasmid pneo (data not shown). The Urag gene and 2pm

sequences contained within the Smal/Aatll fragment in the resulting plasmid pnASS was

replaced with a Smal/Aatll fragment containing the Trp■ gene and CEN-ARS sequences

from the plasmid YCplac22 (Gietz and Sugino, 1988). yCPN3Neo was then obtained by

inser ti on of the oligomer - CTCGAGCAATGCTGAGTCAT GATGAGTCA

TGCCATTGCTGAGTCATGATGAGTCATGCCAATGCTGAG

TCATGATGAGTCATGCCTCGAG containing three tandem NF-E2/AP1 motifs, into the Xhol

site upstream of the yeast CYC minimal promoter.

Constructs for activation assay in yeast are as follows: Yeast reporter plasmids

yCPLASS, containing the beta-galactosidase gene, was obtained by replacing the Ura3

gene and 2m sequences contained within the Smal/Aatll fragment of plCASS with the

Smal/Aatll fragment containing the Trp■ gene and CEN-ARS sequences from the plasmid

YCplac22. Plamid yoPLN3 was obtained by cloning into the Xhol site upstream of the

º ====
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CYC minimal promoter of yoPLASS the oligomer containing the three tandem

NF-E2/AP1 binding sites.

Constructs for activation assay in K562 are as follows: Expression plasmid

pSVL7 was constructed by insertion of a 2.6 kb Xbal/Sac1 fragment from poR7 into the

Xbal/Sac1 multiple cloning site (MCS) of pSVL (Pharmacia). pCR7 was derived by

direct ligation of PCR amplification products, using phage arm primers, of a cDNA clone

containing the entire coding region of Nrf 1 in IGT10. N-terminal deletion mutant

plasmid, pSVL7DXhol, was obtained by removing a 1.4kb Xhol (the 5' Xhol site was

within the MCS site of pSVL and 3' Xhol site was at nt 1396 of Nrf 1) fragment from

pSVL7. pSVL7DBgl2 plasmid was constructed by removing an internal Bgl2 fragment

from pSVL7 generating an in-frame 93 aa deletion mutant. Reporter plasmid, pCCAT

was constructed by insertion of a Hindll■ fragment containing the bacterial CAT gene

from pCAT-promoter plasmid (Promega) into pCamma plasmid. pGamma contains a 360

bp gC-globin promoter cloned into the MCS of puC18 vector. pCHXCAT was obtained by

cloning a 375bp HIII/Xbal fragment from HS2 into the MCS downstream of the CAT gene

in pCCAT.

The CAT reporter gene driven by a minimal TATA box and 5 Gal 4 binding sites

was used for transactivation assays of GalA-Nrf 1 fusion proteins (Lillie and Green,

1989). A cDNA of Nrf 1 in which its bZIP domain has been deleted was cloned in frame

downstream of the Galí-147 peptide, the DNA binding domain of Gal 4 gene, and placed

under the control of SV40 enhancer to achieve efficient expression (Sadowski and

Ptashne, 1989). Transfection into K562 will be done to assess transactivation potential

of Nrf 1. The construction of the N, C, and internal deletions of Nrf 1 was achieved by

PCR amplification. Primers were designed containing Sal I and Xho I restriction sites

for direct cloning of amplified products downstream of the GalA DNA binding region in
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plasmid pSG424. In addition, PCR-mediated mutagenesis was used to scramble the

hexapeptide motif to create the SDS mutant (McPherson et al., 1991).

Gel-shift experiments

Nuclear extracts were prepared according to Andrews and Faller (Andrews and

Faller, 1991). Electrophoretic mobility assays were performed as described by Moi et

al (Moi and Kan, 1990). Approximately 5- 10 mg of nuclear proteins were incubated

with 5 frnol of **P end-labelled double stranded oligonucleotide

(TGGGAAACCTGTGCTGAGTCACTGGAG). Incubations of nuclear extracts with Nrf 1 specific

antibodies was carried on ice for 1-2 hours prior to addition of oligonucleotides.

In-vitro translation and Immnublots

In-vitro expression of Nrf 1 was done using TnT reticulocyte system from

Promega. A 2.6 kb DNA insert containing the entire coding region of Nrf 1 was cloned

downstream of the T7 promoter in the plasmid pPluescriptSK+(Stratagene).

*S-methionine labelled protein products were analyzed on 8% SDS-PAGE,k and

visualized by autoradiography.

In-vitro cross-linking were done as follows. *S-methionine labelled in-vitro

translated proteins were dialyszed in 1 x PBS using microcon columns (Millipore).

Dialyzed products were then reacted with 0.005% glutaraldehyde at room temperature

for 30 minutes and the reaction stopped by addition of 1/10 volume of 1M Tris-HCl

pH8.0. The cross-linked products were concentrated using microcon columns and were

resolved by SDS-PAGE.

Immunoblots were done according to standard procedures with rabbit anti-Term
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antibody prepared by CALTAG (Harlow and Lane, 1988). Antibodies are against

synthetic peptides corresponding to residue 728-742 of the Nrf 1 protein sequence.

Horseradish peroxidase-conjugated goat anti-rabbit antibody was used as a secondary

antibody and developed with chemiluminescence according tomanufacturer's protocol

(Amersham).

Cell Lines, transfection and CAT Assays

The erythroleukemic K562 cell line was cultured in RPMI media supplemented

with 10% fetal bovine serum and 1% penicillin/streptomycin. The cells are maintained

in 5% co,95% N, air incubator at 37° C. These cells are readily transfected by

electroporation. Briefly, transfections have been described elsewhere and are done

according to following procedure (Moi and Kan, 1990). Cells are grown to mid-log

phase for transfections. They are harvested and washed in 1x phosphate buffered saline

solution and resuspended in 1x hepes buffered saline solution at 2 x 107 cells/ mL.

Cells are mixed with a total of 201g of plasmid DNA (2pg effector plasmid, 10pg

reporter plasmid and 8pig of p■ 3CMV as internal control) in a final volume of 500ml in

0.4mm cuvettes and electroporated at settings of 250V and 960mF using a Bio-Rad gene

pulser apparatus. Electroporated cells are transferred to prewarmed media and incuated

at 37°C for 48 hours. Cells are harvested, resuspended in 300mL of 0.25M Tris

solution (pH8.0) and lysed by three cycles of freezing-thawing. Fifty microliters of

cell lysates are used in CAT assays. Liquid scintillation method for measuring

conversion of “C-chloramphenicol to the acetylated form is used (Seed and Sheen,

1988). Activity obtained from each samples are normalized for protein content by the

Bradford method and also for transfection efficiency by measuring beta-galactosidase
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activity derived from the p■ 3CMV plasmid. p■ 3CMV plasmid contains the

beta-galactosidase gene under the control of CMV enhancer and promoter (Clonetech).

RESULTS

Cloning of Human Nrf 1 cDNA

My goal was to isolate, from cells of erythroid lineage, cDNAs encoding proteins

that activate transcription by binding the tandem NF-E2/AP1 site of the globin LCR. I

have devised a yeast genetic selection strategy depicted in figure 1 to clone NF-E2

activators. The strain JCN1 was first constructed by transforming yeast with the

plasmid ycPN3Neo. The yCPN3Neo plasmid contains the neomycin gene under the control

of three concatameric tandem-NF-E2/AP1 site and the yeast CYC minimal promoter in a

yCP vector containing a tryptophan synthetase gene to allow selection of yeast

transformants. JCN1 was then transformed with a cDNA library constructed in the yeast

expression vector p■ )B20 with cDNA derived from hemin-induced K562 cell line. High

level constitutive cDNA expression was achieved using the strong alcohol dehydrogenase

1 (ADH1) promoter in the 2-plm based pCB20 vector (Becker et al., 1991). Yeast

cells were selected first for uracil and tryptophan prototrophy on tryptophan and uracil

deficient synthetic dextrose medium for double transformants. The transformants were

recovered and subsequently replated as pools to screen for neomycin resistant colonies

on a rich medium containing the antibiotic G418. A total of 100,000 double

transformants were screened and several independent clones resistant to the antibiotic

G418 were identified.

To confirm the authenticity of the resulting clones from the selection procedure,
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several steps were taken to verify linkage of the resistant phenotype to presence of the

reporter and library plasmids (data not shown). After restreaking on selective media,

most of the clones did not show growth and therefore they were identified as false

positives. The remaining positive clones were replated on 5-fluoroorotic acid

containing media to evict the Ura3-based library plasmid. Lost of the library plasmid

also resulted in reversion of the yeast clones to neomycinº. Plasmid DNA from these

clones were isolated and used for a second round of transfection in the JCN1 strain of

yeast. The resulting transformants were neomycin resistant. However, transformation

into a strain containing a reporter in which the NF-E2 binding sites have been deleted

resulted in no colony growth-further confirming that the phenotype was dependent on

the presence of NF-E2 binding sites in the reporter plasmid. Thus, the neomycin

resistant phenotype was indeed the result of expression from the transfected cDNA and

not due to a random mutational event in the yeast cell allowing it to propogate in the

presence of G418. Using this selection strategy, two clones were isolated and were found

to be identical to each other, and the clone was designated E517.

To further examine the regulatory role of the E517 clone for the NF-E2/AP1

element, yeast was transformed with various combinations of reporter and effector

plasmid and assayed for beta-galactosidase activity. The beta-galactosidase reporter

plasmids were placed under the control of CYC1 minimal promoter plus or minus three

tandem copies of NF-E2/AP1 binding site, designated yCPLN3 and ycPLASS

respectively, in place of the CYC UAS elements. The yeast expression plasmid, pDB517,

containing the original clone isolated from the cross-complementation experiment

described above was cotransformed with the reporter constructs. A cDNA clone, isolated

during selection for double transformants but incapable of confering resistance on

subsequent plating of JCN1 on neomycin supplemented plates, designated pCBUT was used
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as a negative control. As shown in figure 2, pdb517 and yCPLN double-transformants

showed a large enhancement of beta-galactosidase activity in comparison to yol N3

transformants. In contrast, double-transformants containing poBUT and ycPLN3

plasmids showed no enhancement. Similarly, no enhancement was seen in

double-transformants containing the reporter plasmid ycPLASS. This further

substantiates that the E517 protein product activates via the NF-E2/AP1 element which

is absent in yCPLASS.

Nrf 1 is a bz1|P Protein

The E517 clone contained 2.1 kb of DNA sequences. The entire sequence was

determined by dideoxy sequencing and revealed a long, open reading frame encoding for a

459 aa protein. As northern analysis (see below) revealed two large transcripts at

approximately 5 kb in size, a K562 cDNA library constructed in IGT10 was screened

using 5' and 3' E517 cDNA subprobes in an attempt to isolate full length clones. Five

kilobases of sequence information spanning approximately the entire length of the gene

was obtained from three overlapping clones. Inspection of the entire sequence revealed a

single long, open reading frame encoding potentially 742 amino acids, beginning at the

first ATG at nucleotide 929 and terminating at nucleotide 3157 (fig. 3). The open

reading frame is preceded by 11 in frame stop codons, and is followed by two

overlapping polyadenylation signals at the extreme 3' end of the sequence. Taken

together, these observations suggest that the entire length of the cDNA has been obtained.

The predicted amino acid sequence revealed a region near the carboxy terminus

with marked similarity to the bZIP family of transcription factors. This region is

characterized by heptad repeats of leucine and hydrophobic residues within a putative
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amphipathic helical domain of 40 amino acids, and is preceeded by a 30 amino acid

domain rich in arginine and lysine residues (fig. 3). Protein sequence comparison found

similarity closest to a Drosopholla bzlP protein termed "cap and collar" (CNC), and the

mouse and human p45-NF-E2 protein (Mohler et al., 1991). The mouse p45-NF-E2

was recently cloned from MEL cells and the human homolog was cloned from K562 cells

(Chapter 3, (Andrews et al., 1993; Chan et al., 1993; Ney et al., 1993). CNC displays

both a spatial and temporal pattern of expression, and is important for controlling

segment identity (Mohler et al., 1995; Mohler et al., 1991). On the basis of its

homology to p45-NF-E2, the encoded protein was subsequently named Nrf-1 for NF-E2

related factor 1 (see below).

Alignment of amino acids in the basic and leucine zipper region of Nrf-1 with

several other bzlP proteins is depicted in figure 4. Its basic region-putative DNA

binding domain showed 81% (21/26) identity and 96% (25/26) similarity between

the human NF-E2 and Nrf-1, and essentially equivalent levels of identity and similarity

between CNC and Nrf-1 as well. It is less similar to c.JUN and Fos with 50% (13/26)

identity and 77% (20/26) similarity, and 50% (13/26)identity and 58% (15/26)

similarity respectively. In contrast, the leucine zipper region showed smaller degrees

of identity and similarity. Highest homology was found with p45-NF-E2 showing 39%

(14/36) identity and 72% (26/36) similarity, and the lowest was found with Fos

showing only 14% (5/36) identity and 33% (12/36) similarity. It appears that the

bZIP domain of Nrf-1 is more related to p45-NF-E2 than to that of Jun and Fos. Whilst

homology among the different bZIP proteins are apparent in the basic and leucine zipper

regions, the similarity between Nrf-1 and p45-NF-E2 is very remarkable especially

in the putative DNA binding region-basic domain (21/26 identity and 25/26

similarity). Hence Nrf-1 and p45-NF-E2 are closely related to one another and most
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likely represent a distinct subfamily of bZIP proteins.

In addition to the bZIP domain, several other features are notable in the predicted

amino acid sequence of Nrf-1. First, there is a 32 aa block rich in acidic residues

(35%) flanked at the amino terminal by a stretch rich in serine/threonine residues and

serine repeats at the carboxy terminus of Nrf-1 (fig. 3). Acidic rich domains have been

suggested to be important in activation of RNA polymerase Il transcription factors, and

serine/threonine rich domain has been suggested to function as a surface for

protein-protein interaction for transcriptional coactivators (Ma and Ptashne, 1987;

Mitchell and Tjian, 1989; Pascal and Tjian, 1991). Second, a number of potential

creatine kinase 2 and protein kinase C phosphorylation sites, as determined by Prosite

search, are found in the protein (GCG sequence analysis Program) (fig. 12). Lastly, a

region of approximately 36 amino acids immediately N-terminal to the basic region is

found to be highly homologous to the drosophila CNC protein, and this region is also found

in the p45-NF-E2 protein.

Characterization of the Protein Product Encoded by Nrf-1

Conceptual translation of the open reading frame from the first methionine

residue predicts a protein with a molecular mass of 81 kD. Interestingly, when a

plasmid containing the entire coding region of Nrf-1 was transcribed in-vitro and the

RNA translated in rabbit reticulocyte lysate in the presence of 35S-methionine, a major

product of 120kD and a minor product of 65kD were found on SDS/PAGE analysis instead

(fig. 5b lanel). Similarly, translation of a plasmid containing the partial clone, E517

which lacks a substantial portion of the 5' region of Nrf-1 (nucleotide 1 to 1780)

including the first AUG codon, resulted in a product with an apparent weight of 65kD
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instead of the predicted size of 50kD (fig 5b lane2). We presumed that the minor 65kD

product detected from translation of the full length clone was derived from one of the

several internal methionines as translational starting points since in-vitro

transcription and translation of the partial clone-E517 also generated a similar size

product. The disparity between the predicted size and the actual size may be due

anomolous migration in SDS-PAGE resulting from the clustering of charged amino acids

and hydrophillic serine residues in the protein. Such atypical behaviour in SDS-PAGE

is also seen in a various other proteins including c-fos, c-myc, protein 4.1 and mLEF-1

(Conboy et al., 1986; Travis et al., 1991; Van Beveren et al., 1983; Watt et al.,

1985).

Immunoblot experiments were carried out to detect the endogenous Nrf-1 protein

in K562. A polyclonal antibody, anti ■ erm, was raised in rabbits against a synthetic

peptide corresponding to amino acids 727-741 encompassing the carboxyl terminus

(QQARRQERKPKDRRK) of Nrf-1, respectively. Immunoblot experiments using

unpurified antibodies revealed numerous cross-reactive specie in addition to the Nrf-1

protein. To obtain preparations suitable for immunochemical techniques, sera from

several bleedings of the rabbit were pooled and purified by affinity method using the

immunizing peptide coupled to agarose (Harlow and Lane, 1988). Antibody activities

were then assayed by western blot analyses using standard techniques on in-vitro

translated Nrf-1 protein (data not shown). Western blots of whole cell extracts from

K562 cells revealed three proteins of approximately 130, 65 and 50 kDa (fig. 5a). For

comparison, *S-methionine radiolabelled in-vitro translated product derived from the

full-length clone-pSK-Nrf-1 was ran in parallel with K562 whole cell extract for

western blot analysis. Two proteins corresponding to the in-vitro derived p120 and

p65 polypeptides were detected. The large Nrf-1 isoform detected from K562 has an
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apparent molecular weight of 130 kDa while the in-vitro derived form is approximately

120 kDa. The slight discrepancy in size between the endogenous and in-vitro derived

isoforms most likely represents post-translationally modified Nrf-1 found in vivo. The

identity of the 50 kDa product is not known and may represent a cross reacting protein

or a degradation product of Nrf-1. Data from another lab indicates that the p55 isoform

in-vivo may be derived from an alternate sliceoform of the Nrf-1 gene (see discussion).

It appears that a 91 nucleotide insertion upstream of the internal methionine interupts

the long open reading frame and internal translational initiation may account for the

p65-Nrf-1 isoform.

Nrf-1 protein binds to the NF-E2/AP1 site

Although the isolation of Nrf-1 in yeast is on the basis of its transregulatory

effect, so far there is no evidence as to whether this protein interact directly with the

NF-E2/AP1 binding site. To address this question, gel-retardation assays were done. An

oligonucleotide representing the NF-E2/AP1 consensus binding site in HS2 was

incubated with nuclear extracts from K562 cells. Figure 6 shows that three complexes

can be detected in K562 nuclear extracts. When the reaction is carried out in the

presence of Nrf-1 specific antibodies, one of the complexes was abolished while no

changes were observed when pre-immune sera was used. This result demonstrates that

Nrf-1 is present in K562 crude extracts and is of one of the complexes that bind the

NF-E2/Ap-1 consensus site.

|f
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Nrf-1 binds DNA as an obligate heterodimer

Thus far, available evidence suggest that Nrf-1 binds DNA as obligate a

heterodimer. First, in-vitro translated Nrf-1 do not bind the NF-E2 binding site in gel

shift experiments (fig. 8). Second, in-vitro chemical cross-linking studies using

in-vitro transcribed and translated products suggest that Nrf-1 is incapable of forming

homodimers (figure 7). *S-methionine radiolabelled Nrf-1 failed to show

homodimeriaztion when subjected to glutaraldehyde treatment in-vitro. Control

reactions using JUN however, showed cross-linked products with a molecular weight

twice that of the monomeric bzlP protein on SDS-PAGE suggesting that

homodimerization had occurred. As expected, FOS also did not show dimerization in this

assay. Third, experiments in the yeast two-hybrid system fail to show

homodimerization (data not shown). Nrf-1 b2|P domain linked to the GalA activation

domain and DNA-binding domain failed to show any interaction as assayed by

beta-galactosidase expression. Fourth, based on modeling studies of JUN and FOS

proteins, charged residues present on the dimerization interface of the Nrf-1 zipper

motif are likely to be unfavorable for homodimerization ((Alber, 1992; O'Shea et al.,

1992; van Heeckeren et al., 1992)see Chapter3). Moreover, data indicates that the

NFE2 complex is a heterodimer consisting of a p45-NF-E2 subunit and a p18 bzlP

protein (Andrews et al., 1993; Igarashi et al., 1994; Ney et al., 1993). Given the

degree of homology between p45-NF-E2 and Nrf-1, it is likely that Nrf-1 also binds as

a heterodimer.

However, it is unlikely that Nrf-1 pairs with NF-E2 based on the following

observations. (i) A single protein of 18 Kq molecular weight coprecipated with

p45-NF-E2 by immunoprecipitation experiments (Ney et al., 1993). (ii) The cDNA
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encoding this ubiquitous protein has been cloned and was found to belong to the maf

family (Andrews et al., 1993; Igarashi et al., 1994; Ney et al., 1993). Although

p18-Maf dimerizes with Nrf-1 (personal communication from S. Orkin), the

interaction is very weak relative to p45-NF-E2/p18-maf dimerization. The degree of

difference in the leucine zippers between Nrf-1 and p45-NF-E2 proteins imply that

they likely interact with distinct partners. Currently, conclusive data regarding the

partner for Nrf-1 is not available. However, another member of the small maf family

has been isolated from human (P. Moi and Y.W. Kan unpublished data). This gene,

termed hN■ af appears to dimerize with Nrf-1 1 and Nrf-2 protein, and does not appear

to form a complex with p45-NF-E2 (fig 8).

Expression of Nrf-1 mRNA is not restricted to the erythroid lineage

As a first step in understanding the function of Nrf-1 in-vivo, various human

tissues and cell lines were analyzed to determine its expression pattern. Hybridization

of RNA blots with DNA probes derived from either the 5' or 3' end of the Nrf-1 cDNA

detected two transcripts of approximately 5 kb in size in erythroid (K562, KU24410,

HEL) and non-erythroid (RAJI, HPBALL, 293, HELA, Liver) cell lines tested (figure

9a). The molecular basis of these two transcripts are not known. Northern blots

containing poly A+ selected RNA from various human tissues were also examined in

order to compare with the results from cell lines. High level of transcripts were

detected in heart, skeletal muscle, kidney and ovary, while intermediate to low levels

were detected in placenta, lung, liver, brain, pancreas, spleen, thymus, prostate, testis,

small intestine, colon and peripheral blood leukocytes, appendix, lymph node, bone

marrow and fetal liver (figure 8b). Therefore, it appears that Nrf-1 is expressed in a
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wide range of tissues albeit at different levels. However, expression at the cellular level

in these tissues remain to be determined.

Nrf-1 is a Positive Transcription Factor

To examine the activation potential of Nrf-1 in mammalian cells, transient

transfection experiments were done in K562 cells. We used the plasmid vector pSVL to

achieve efficient expression of linked cDNA from the SV40 late promoter. A cDNA

containing the entire coding region of Nrf-1 and various truncated form of the cDNA

were cloned into pSVL. Reporter plasmids containing the bacterial CAT gene were

prepared by linking a 400 bp g-globin promoter (pCCAT) plus a 375 bp Hind 3-Xbal

fragment of HS2 containing a single NF-E2/AP1 (pCHXCAT). Control experiments were

done with the pSVL expression plasmid without cDNA inserts. All transfection

experiments included the plasmid pCH110 which expresses beta-galactosidase as an

internal control for transfection efficiency. In agreement with results from previous

experiments, pCCAT-lacking the NF-E2/AP1 binding element, showed markedly lower

CAT activity compared to pCHXCAT. In addition, no further induction of CAT activity

from p(SCAT was seen with co-transfection of pSVL7 which contained the entire coding

region of Nrf-1. By contrast, co-transfection of p(SHXCAT and pSVL7 into K562 resulted

in a 3-5 fold enhancement of CAT activity (figure 9). Thus the enhancement is

dependent on the NF-E2/AP1 binding element. Two Nrf-1 deletion mutants were also

examined for their ability to transactivate the pGHXCAT reporter plasmid. The

N-terminally truncated pSVL7DXhol plasmid, lacking the serine/threonine and acidic

rich domain, was essentially inactive. In contrast, pSVL7DBgl2 plasmid-truncated

internally of 93 amino acid residues well outside the serine/threonine, acidic and bzlP
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domains displayed essentially similar activity as pSVL7 to induce CAT activity (figure

10).

Although the results in yeast and K562 cells support the activation potential of

Nrf-1, it is still possible that the activation function is supplied by its partner bzlP

protein which has yet to be identified. In addition, the degree of activation in K562 cells

was at best only 4 fold above cotransfection with the control expression plasmid. The

modest level of activation in comparison to the experiments in yeast is likely to be the

result of high levels of endogenous Nrf-1 and NF-E2 in K562 cells. In the absence of an

ideal mammalian cell line for testing the transcriptional effects Nrf 1 without the

confounding effects of endogenous activities, and to avoid problems inherent in using

tissue/specie-specific promoters and genes in heterologous systems such as yeast, the

transactivation of an artificial promoter containing heterologous binding motifs was used

instead. To begin to asses the activation function and to map the activation domains of

Nrf-1, chimeric proteins containing the heterologous DNA-binding domain of the yeast

Gal 4 protein were constructed, and transient transfection experiments in K562 cells

were done to evaluate the transactivation of reporter CAT plasmid containing an array of

Gal 4 binding motifs (figure 11). A series of Nrf-1 deletion mutants, from the N & C

termini as well as internal deletions and linked each of these to Gal 4 DNA binding (DB)

region. The data summarizing the activity of each mutants are shown in figure 11. The

lost of aa 1-31 leads to a diminished ability of the Nrf-1-GalADB hybrids to

transactivate the CAT reporter gene. Unexpectedly, further deletions up to amino acid

residue 127 resulted in enhancement of CAT activity. The maximal enhancement was

approximately 6 fold above the full length Nrf-1 hybrid. Further deletion from aa 127

again leads to diminished activity. This enhancement is also seen with C terminus

deletion mutants as well as internal deletion mutants. Scrambling of the highly
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conserved 8 amino acid motif that found in Nrf-1 and p45-NF-E2 and Nrf-2 (see

chapter 4) proteins also resulted in enhancement of activity. Nonetheless, all the Nrf

1-Gal4 DB fusion proteins reproducibly activate the Gal 4 reporter plasmid. Hence,

these results define in an operational sense, a transcriptional activation function

associated with Nrf-1. In addition, the analysis so far revealed at least 4 distinct

domains in Nrf-1 that regulates transcription. There are two activation domains and

two inhibitory domains. No particular feature is apparent in activation domain 1 (AD1)

while AD2 is rich in acidic, proline, serine, threonine residues (fig. 12). Similarly, no

apparent motif is found in the N terminus inhibitory domain (ID1) while ID2

encompasses the acidic and serine repeat regions. The presence of separate domains that

regulate transcrion positively and negatively suggest a versatility of effector functions.

In this regard, it is interesting that a number of potential phosphorylation sites are

present within these domains and therefore can potentially regulate their activity.

Likewise, a deletion up to approximately the start codon of the p55 isoform is

approximately 2 fold more active than the full-length isoform. Again the significance of

this in vivo remains to be determined.

DISCUSSION

I have isolated a novel human gene that encodes for a regulatory protein with

homology to the bZIP family of proteins by cross-species complementation in yeast. To

obviate the need for corresponding yeast mutants in this approach, a yeast strain in

which the expression of a dominant marker depends in turn on expression of transfected

cDNAs of interest was generated. Yeast transformants containing the neomycin

resistance gene under the control of three tandem NF-E2/AP1 motifs were transfected
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with a K562 library in a yeast expression vector. Using this approach, two isolates

were obtained containing the same partial cDNA of a gene capable of inducing the

neomycin resistance gene via the NF-E2/AP1 motif. The deduced amino acid sequence is

notable for domains characteristic for bzlP proteins and because of its remarkable

homology to the recently cloned mouse p45-NF-E2 we termed this protein Nrf-1 for

p45-NF-E2 related factor 1. Although the nucleotide sequence of Nrf-1 gene predicts a

protein product of 734 amino acids with an expected size of 81kD, we have not detected

such a protein in immunoblots of K562 whole cell extracts using rabbit polyclonal

antibodies against a synthetic peptide. Instead, two proteins corresponding to the two

products derived from in-vitro transcription and translation of Nrf-1 in a T7

expression vector were detected. The basis for the presence of the two isoform in vivo is

not known for certain currently. It is clear that the sequences surrounding the two

internal AUGs are in better consensus for translational initiation than the sequences

surrounding the first AUG codon (Kozak, 1989). If the internal AUGs are used, the

predicted 5' untranslated region would be >1.5kb. The function, if at all, of such a large

untranslated region is unknown. Whether the smaller p55-Nrf-1 is generated by

post-translational processing of a larger precursor, or is derived from the usage of

internal translational start codon remains to be determined. We have attributed the two

transcripts detected in cells and tissues to be derived from differential usage of two

polyadenylation signals present in the gene. After this work was published, Caterina and

Townes using a recognition site screening approach have isolated a cDNA encoding the

shorter Nrf-1 isoform which they have designated as LCR-F1 (Locus Control

Region-Factor 1) (Caterina et al., 1994). Although the LCR-F1 cDNA is shorter than

the Nrf-1 transcript, it contains a 91 bp insertion 5' to the internal AUG codons of Nrf

1. The insertion may represent an alternatively spliced exon containing in frame stop

fº-- ---
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codons, and may be the mechanistic basis for the two isoforms. Currently, no data is

available whether differences in cellular or tissue distribution exists for the different

Nrf-1 isoforms, and it will be interesting to see if the two isoforms have different

functions and that their cell-specific distribution or relative levels in a single cell type

may be regulated via a differential splicing or translation mechanism. In addition to the

work of Catarina and Townes, another lab have also isolated the human Nrf-1 gene by

chance cloning (Luna et al., 1994). Isolation and characterizations of multiple cDNA

clones revealed the presence of at least four slice variants of which two can be

distinguished in a Northern blot analysis (4.5 and 5.0 kb transcripts). The function of

the proteins encoded by these sliceoforms is yet to be determined.

The ability of Nrf-1 to activate transcription through the tandem NF-E2/AP1

repeat in HS2 was confirmed in K562 and yeast cells. Expression of Nrf-1 from

transfected plasmid increase the expression of a cotransfected reporter plasmid in a

NF-E2/AP1 motif dependent manner. The analysis so far revealed at least 4 distinct

domains in Nrf-1 that regulates transcription. While the internal activation domain is

rich in acidic, proline, threonine and serine residues, no apparent feature is found in

the N-terminal activation domain. It is interesting that two regions of Nrf-1, when

deleted, leads to enhancement of transactivation. No apparent motif is found in the

domain near the N terminus however, the other domain encompasses the acidic and

serine repeat regions. Although this region is N-terminal to bZIP domain and is

reminiscent of activation domains of Sp1 and GalA (Ma and Ptashne, 1987; Pascal and

Tjian, 1991), it is clear that its deletion in the Nrf-1-Gal4DB hybrids leads to a

marked enhancement of activity instead. It would appear as if the activation potential of

Nrf-1 might be masked by these region, or alternatively, Nrf-1 might be bound by

another factor that inhibits its activation function. The presence of separate domains
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that regulate transcription positively and negatively suggest a versatility of effector

functions. A striking feature is that a number of potential phosphorylation sites are

present within these domains and therefore can potentially regulate their activities. It

is also noteworthy that a mutation that maps to approximately the start codon of the pó5

isoform is approximately 2 fold more active than the long isoform. Again the

significance of this in vivo remains to be determined.

Northern experiments indicates that Nrf-1 is expressed ubiquitously in contrast

to p45-NF-E2 which is restricted to the erythroid, megakaryocytic and mast cell

lineages (Andrews et al., 1993; Ney et al., 1993). Thus, the cellular distribution of

Nrf-1 and p45-NF-E2 shows an interesting parallel to the GATA-binding protein family

(Orkin, 1992). While expression of GATA-1 is much more restricted, other members

of the family, GATA-2,3,4, and 5 are more widely expressed. Whether both Nrf-1 and

p45-NF-E2 demonstrate similar binding specificity is yet to be determined. However,

the remarkable conservation of the putative DNA binding domain (basic region) between

NF-E2 and Nrf-1 suggests that they probably bind to very similar, if not identical

sequences. This raises the issue of mechanistic strategies for transactivation specificity

between these two factors to fulfill their distinct functions. It's possible that the

transactivation specificity may be determined by association with their respective

dimerization partner as is true of other bZIP proteins. However, this may not be the

case as the partner for p45-NF-E2 is ubiquitous protein, p18-maf, and appears to lack

activation function (Andrews et al., 1993; Igarashi et al., 1994). Alternatively, as

transcription factors have been shown to have separate modules for DNA binding and

activation function, divergent sequences outside the bZIP domains might determine

specificity by establishing appropriate protein-protein interactions with the

transcription preinitiation complex and other DNA binding proteins on a given promoter.
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Such a mechanism has been suggested in the case between the homeoproteins-Oct 1 and

Oct 2 both of which have indistinguishable DNA-binding specificities for the octamer

motif present in regulatory sequences of several cell-specific and ubiquitous genes

(Staudt et al., 1986; Tanaka et al., 1992) and references therein). Their distinct

distribution patterns led to the proposal that Oct 1 regulates ubiquitous genes bearing

the octamer motif while the lymphoid-specific Oct 2 regulates immunoglobulin (Ig)

gene expression. However, recent studies support the view that the ubiquitous Oct 1, in

conjunction with the B-cell specific coactivator, OCA-B, can also stimulate

transcription of Ig genes (Corcoran et al., 1993; Feldhaus et al., 1993; Luo et al.,

1992; Miller et al., 1991). This suggest that perhaps Oct 1 and Oct 2 can functionally

compensate for each other and one protein may be preferentially utilized depending on

the enhancer/promoter context in which the octamer element is in or stage of B-cell

development. The discovery of a cell, promoter- and activator-specific coactivator adds

an additional level of control to transcriptional activators that are more broadly

distributed and the implication is that this class of coactivators may impose

cell-specific functions on ubiquitous factors. Despite the fact that its role in globin gene

regulation and erythroid cell development is less apparent given its expression pattern.

It is possible that Nrf-1 may participate in the sequential activation of globin genes in

the a and b clusters. Thus, the polarity of expression which is thought to occur by the

competition of the promoters for the LCR may be mediated by Nrf-1 and NF-E2.

The ubiquitous distribution of Nrf-1 raises the question as to what additional

roles, if any, it plays i-vivo. The range of promoters containing a NF-E2 binding sites

includes several genes involved in the synthesis of heme as well as the iron storage

protein-ferritin (Andrews et al., 1993). As heme plays a diverse role including oxygen

transport, prostaglandin synthesis, inactivation of oxygen radicals and as prosthetic
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groups in cytochrome P450 enzymes, it is found in all tissues (Abraham, 1991).

As an initial effort to search for possible target genes which might regulated by Nrf-1, a

survey of promoters and upstream elements revealed NF-E2 binding sites in several

genes of the heme-biosynthetic pathway. It appears that there are erythroid-specific

and ubiquitous forms of enzymes in several members of the pathway; and they either

arise from different genes or through alternative promoter usage forms, few 5' flanking

sequences have been characterized (Desnick and Anderson, 1991). The ferrochelatase

gene is one example:it constitutes the final enzyme in the heme biosynthesis pathway.

Its role is insertion of an iron into a completed protoporphyrin ring to generate heme

molecule. The enzyme is found in numerous tissues in the inner membrane of

mitochondria, and partial deficiency of the enzyme results in the condition called

erythropoietic protoporphyria (Desnick and Anderson, 1991). The structural

organization of the gene and its 5' flanking region encompassing approximately 700 bp

has been described (Taketani et al., 1992). Examination of the 5’ flanking sequence

revealed no apparent TATAA and CCAAT boxes. It is however abundant in G/C nucleotides

and numerous Sp1 recognition elements-reminiscent of housekeeping promoters. In

addition, tandem NF-E2 motifs and a potential GATA site are also present. A similar

organization is also seen in the delta-aminolevulinate dehydratase (d-ALAD) gene 5'

flanking region (Kaya et al., 1994). Unlike ferrochelatase, a single ALAD gene product

is encoded by either a ubiquitous or erythroid-specific transcript derived from

alternate promoter usage. The restricted expression pattern of p45-NF-E2 indicates

that the tandem NF-E2 motifs in the housekeeping form of the ferrochelatase and ALAD

promoters may be regulated by the ubiquitously distributed factor Nrf-1. Hence, it is

reasonable to postulate that Nrf-1 may also play a role in the regulation of other genes

in this pathway in which their 5' flanking sequences are yet to be characterized. To
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elucidate the specific role of Nrf-1, disruption of this gene in mouse is required.

Finally, the strategy described here should be of general utility for cloning novel

factors as the requirement for a corresponding yeast mutation is bypassed. Yeast strains

can be generated containing the selectable marker linked in cis to any regulatory motifs

of interest that are not recognized by endogenous yeast activators. Thus, growth in a

selective media is depended on the presence of the appropriate protein encoded by the

library plasmid to bind and activate transcription of the dominant selectable reporter

gene. However, one must keep in mind the possible pitfalls in such a complementation

scheme in attempting to clone a gene from a heterologous source. Some factors may fail

to function or may function poorly in a yeast environment and thus weak or no induction

of the selectable marker is observed. Factors containing activation domains that are

ineffective in yeast may be overcomed by expressing the cDNA library in vectors as

fusion products with the Gal 4 activation domain. Such a strategy has been used for the

cloning of an olfactory DNA-binding protein (Wang and Reed, 1993). Another problem

that may arise is that factors that function as multimeric complexes will require that

the homolog to be sufficiently conserved for appropriate interaction to occur. Excepting

these limitations, the ease of working with yeast still makes it an attractive heterologous

system to study mammalian transcription factors.
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Figure 1. Schematic diagram of the strategy for cloning of NF-E2 DNA-binding

protein by genetic selection in yeast. JCN1 was generated by

transformation of yeast YPH303a strain with the yCPN3NEO plasmid.

yCPN3NEO was made as follows: the B-galactosidase gene in the vector

plGASS was deleted by Bamh 1/Tth 1 Ill digest and replaced in frame with

the neomycin resistance gene obtained by PCR amplification of plasmid

pNEO (data not shown). The URA3 gene and 2p sequences contained within

the Smal/Aatll fragment in the resulting plasmid pn ASS was replaced

with a Smal/Aatll fragment containing the TRP1 gene and CEN-ARS

sequences from the plasmid YCPlac22. yCPN3Neo was then obtained by

insertion of an oligomer containing three tandem NF-E2/AP1 motifs, into

the Xhol site upstream of the yeast CYC minimal promoter. The reporter

yCPN3NEO plasmid in JCN1 was maintained by selection for TRP1, and

this strain was transformed with a K562 cDNA library and plated on

media lacking tryptophan and uracil. The cDNA library was constructed

in the URA3-marked plasmid pLB20 from mRNA prepared from hemin

treated K562 cells. Double prototrophs that grew were then replated on

G418-containing media to select for neomycin resistant clones. Growth

on G418-plates presumably arose by a cDNA that encodes for a protein

that transactivates via the NF-E2 motifs in the reporter plasmid.
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Figure 2. Nrf-1 activates transcription in yeast. Schematic representation of

plasmids are shown in the upper panel. Plasmid constructs used in this

assay are similar to those described in figure 1 except that the

beta-galactosidase is used as the reporter. Beta-galactosidase activities

are shown on the lower panel and are expressed as units.
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Figure 3. Nucleotide sequence and the deduced amino acid sequence of human Nrf-1

cDNA. The basic and leucine zipper regions are underlined, and leucine

and hydrophobic heptad repeats are indicated in bold. The acidic domain

are in parenthesis. Nucleotides surrounding AUGs that most closely agree

with Kozak's consensus sequence are indicated by double underline (see

text). The potential polyadenylation signal is indicated by dotted

underline.
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Figure 4. Amino acid sequence alignment of the basic and leucine zipper regions of

Nrf-1, p45-NF-E2 and several members of the bZIP family. The leucine

and hydrophobic heptad repeats are indicated in bold letters. Upper case

letters denote conserved amino acid changes, lower cases denote

nonconservative changes, and dashes indicate identity. Conserved amino

acid groups are the following: (E,D), (L,M,F,A,V,1), (R, K, H), (S,T,Q).

See text for discussion.
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Figure 5. (a) Immunoblot analysis of K562 whole cell extract. 201g of cell

extract was resolved on 8% SDS-PAGE and transferred on to

nitrocellulose filters for probing with anti-term antibody. Molecular

weight standards is shown in lane 1. K562 whole cell extract is shown in

lane 2. Three products of 130, 65 and 50 kDa were detected.

(b) In-vitro transcription and translation of Nrf-1 in

Reticulocyte-lysate system. Expression plasmids used are depicted. Lane

1 shows a major and a minor product of 120 & 65 kDa from expression of

the full length Nrf-1 containing the 5' most and internal ATG codons.

Lane 2 shows the 65 kDa product derived from expression of a a partial

Nrf-1 clone with the 5' most ATG deleted (see text). Sizes of the

molecular weight standards are indicated.
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Figure 6. Antibodoies to an Nrf-1 peptide recognize the native NRF-1 complex in

K562 extract formed at the AP-1/NF-E2 element. Gel-shift assays were

done using an AP-1/NF-E2 containing DNA fragment and K562 nuclear

extract. Lanes 1-5 contain the following: No antibody (lanel); 2 mg

preimmune sera (lane 2); 6 mg preimmune sera (lane 3); 2 mg Nrf-1

antiboby (lane 4); and 6 mg Nrf-1 antibody (lane 5). Decreased in the

indicated complex (arrow) in lanes 4 and 5 indicates a specific ablation of

the NRF-1 complex by the antisera.
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Figure 7. NRF-1 does not form homodimers in vitro. Cross-linking assay of

in-vitro translated Nrf-1 protein are shown. Plasmids containing the

cDNA for CJun, cFos and Nrf-1 were transcribed and translated in vitro

in the presence of *S-methionine, chemically cross-linked and resolved

on SDS polyacrylamide gel. Monomers of FOS and NRF-1 are indicated by

open triangles. Cross-linked dimers of JUN is indicated by a filled

triangle.
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Figure 8. hMAF heterodimerizes with NRF-1 but not with p45-NF-E2. Gel shift

analysis were performed with an NF-E2/Ap-1 binding site probe and in

vitro translated Nrf-1, p45-NF-E2 and h!Maf cDNAs. Arrows (a)

indicates gel-shifted NRF-1 and hNAF heterodimer complex ( lane 2 );

(b) hNAF homodimer complex (lanes 1, 2, 5); (c) indicates endogenous

binding activity present in rabbit reticulolysates used for the in-vitro

translation reactions. Lys indicate lysate control.
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Figure 9. Northern analysis of human cell lines and tissues. (a, b) RNA blot

analysis of various human tissues (Clonetech). Each sample contains 2pg

of poly A+ RNA. Nrfl and B-actin transcripts are indicated. The two

Nrf1 transcripts (seen with lighter exposure of the autoradiogram) are

approximately 5kb in size. Hybridization to human B-actin probe are

shown as control for RNA levels. (c) RNA blot of various human cell

lines. K562, HEL and KU2241 are erythroleukemic cell lines. Raji and

HPBALL are B and T cell lines respectively. 293, Hela and Plc/Pr■ /5 are

human embryonic kidney, fibroblast and liver cell lines respectively.

10pg of total RNA was size fractionated by gel electrophoresis and

transferred to Hybond-N filters (Amersham).
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Figure 10. Nrf-1 activates transcription in K562 cells. Plasmids used in the

transient transfection experiments and relative CAT activities are shown.

Reporter plasmids containing the bacterial CAT gene were prepared by

linking a 400 bp g-globin promoter (pCCAT) plus a 375 bp Hind

3-Xbal fragment of HS2 containing a single NF-E2/AP1 (pCHXCAT).

cDNA containing the entire coding region of Nrfl and various truncated

form of the cDNA were cloned into pSVL. pSVL7AXhol plasmid is

N-terminally truncated deleting the serine/threonine and acidic rich

domain. pSVL7ABgl2 plasmid contains an internal truncation of 93 amino

acid residues outside the acidic and serine/threonine rich domain. Hatch

boxes represent the serine/threonine and acidic rich domains.

Cross-hatched and lollipops denote the basic and leucine zipper regions

respectively. Hatched circle represents the NF-E2/AP1 binding site.
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Figure 11. Transcriptional activation of Nrfl-GalA fusion proteins in K562 cells.

Schematic represenation of Nrf-1-Gal4 DNA binding fusion proteins and

the reporter construct used in transfection experiments. K562 cells

were cotransfected with plasmids expressing Nrfl-Gal4 fusion proteins,

the CAT reporter pG5E1bCAT (Lillie and Green) and the internal control

CMV-bgal by electroporation. Cell extracts were prepared 48 hours

after transfection and assayed for CAT and beta-galactosidase activity.

CAT activities normalized to that of the full-length Nrff fused to GalA

DNA-binding domain are shown on the right hand column. Variations of

CAT activities from multiple transfection experiments were within 20

percent.
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Figure 12. Schematic representation of the functional domains in NRF-1. The basic

leucine zipper region is represented by lollipops and by (+) signs,

respectively. The locations of the CNC, serine rich (S), acidic (-), and

serine/threonine/proline rich domains are shown. Regions containing

activation and inhibitory domains are represented by thick lines

(activation domain-AD 1, 2) and dashed lines (inhibitory domain-ID 1,

2), respectively. Crossed bars indicate potential creatine kinase 2 and

protein kinase C phosphorylation sites. Arrows correspond to locations of

translation initiation sites that give rise to the p120 and p55

polypeptides. ***
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ABSTRACT

The human homolog of mouse p45-NF-E2 cDNA was isolated from the K562 cell

line, and the deduced amino acid sequence of the mouse and human proteins exhibited near

identity. p45-NF-E2 is a member of the "basic leucine zipper " family of DNA binding

regulatory protein. Comparison to the related protein, Nrff, revealed significant

homologies at isolated regions particularly within the basic domain suggesting that p45

NF-E2 and Nrf■ are members of a distinct subfamily of bzlP proteins which share

similar DNA-binding properties. High levels of p45-NF-E2 mRNA were observed in

human erythroleukemic cell lines examined. Extensive survey of human tissue samples

found p45-NF-E2 expression not limited to erythropoeitic organs. Expression in the

colon and testis suggests that it may participate in the regulation of other genes besides

its proported role in globin gene expression.
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INTRODUCTION

The globin genes provide a specialized system to study differential gene

expression. First, they are expressed at high levels and only in cells of erythroid

lineage. Second, the embryonic, fetal and adults globin genes are sequentially activated

during development (Stamatoyannopoulos and Nienhuis, 1994; Steinberg and Benz Jr.,

1995). Essential to these two features is the locus control region (LCR) which has been

described for both the a and B globin gene clusters (Forrester et al., 1986; Grosveld et

al., 1987; Higgs et al., 1990; Tuan et al., 1985). It is believed that the expression of

globin genes is subject to regulation by tissue specific and ubiquitous DNA-binding

proteins acting through the LCR and promoter elements of individual globin genes

(Stamatoyannopoulos and Nienhuis, 1994). Studies focused on identifying factors which

interact with particular DNA sequences in the LCR and globin promoters have identified

many proteins, some of which are found in many tissue types while others are erythroid

specific (Stamatoyannopoulos and Nienhuis, 1994). Two lineage-specific DNA binding

proteins, GATA-1 and p45-NF-E2 have been isolated (Andrews et al., 1993; Evans and

Felsenfeld, 1989; Tsai et al., 1989). GATA-1 appears to be an important regulator in

the erythroid cell lineage as shown by gene disruption experiments in mouse, and it

belongs to a multigene family of zinc finger proteins which binds the consensus sequence

WGATAR found in the LCR and promoters of globin genes (Orkin, 1992; Pevny et al.,

1991; Simon et al., 1992). Another erythroid specific factor, termed NF-E2, have

been shown to bind an AP1-like recognition site (GCTGAGTCA) that imparts high level

and tissue specific expression of globin genes (Liu et al., 1992; Mignotte et al., 1989;

Moi and Kan, 1990; Ney et al., 1990). The murine NF-E2 has been purified recently

from mouse erythroleukemia cell line (MEL) (Andrews et al., 1993). It is a
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heterodimeric complex consisting of a p45 and a p18 protein, and cDNAs that encode the

proteins have been cloned (Andrews et al., 1993; Igarashi et al., 1994). Both the

p45-NF-E2 and the p18 subunit encodes bzlP proteins. The p18 subunit has been

designated p18-maf as it belongs to the NRL/small-maf subfamily of bzlP proteins.

Thus far, the cellular distribution of p45-NF-E2 RNA appears to be restricted to the

erythroid, megakaryocytic and mast cell lines (Andrews et al., 1993).

Characteristic to bZIP proteins is a basic domain required for sequence specific

DNA binding and a region containing heptad repeats of leucine and hydrophobic residues

required for dimerization (Abate et al., 1990; Agre et al., 1989; Alber, 1992;

Landschulz et al., 1989; Talanian et al., 1990). By genetic selection in yeast and

bacterial expression screening, two cDNAs have been isolated that are related to murine

p45-NF-E2 as demonstrated by their remarkable degree of amino acid conservation in

the basic DNA binding domain (Chan et al., 1993; Moi et al., 1994) and chapter2).

Although expression of these two genes are not restricted to erythroid cells, the close

identity displayed in the basic DNA binding domain to murine p45-NF-E2 suggest that

they bind to similar sequence and are members of a distinct subfamily of AP1 like

proteins. By targeting this conserved sequence, we used an oligomer screening method

and isolated from a human cell line the human p45-NF-E2 cDNA.

MATERIALS AND METHODS

Nucleic acid Cloning and Analysis

mRNA were isolated from K562 cells treated with 40mM for 24 hours and used

for cDNA synthesis. cDNA inserts were ligated into IGT10 vector using standard

procedures (Sambrook et al., 1989). Lambda phage libraries were screened using an

oligonucleotide sequence of GACATCCGGCGCCGGGGCAAG corresponding the peptide sequence
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DIRRRGK. Hybridization was performed at 55°C in a buffer containing 5 x SSC, 5 x

Denhardt's solution, 50 mg/mLtRNA, 0.5% SDS, and **P-labelled oligomer for 16

hours and washed at 55°C in 2x SSC and 0.5% SDS. DNA sequence was done by modified

dideoxynucleotide chain-termination method using Taq DNA polymerase (Promega fmol

DNA sequencing system). Sequence analyses were done using the Genetics Computer

Group sequence analysis and Fasta programs (Wilbur and Lipman, 1983). Total RNA

from various cell lines were isolated, size fractionated and blotted on to nylon

membranes according to standard procedures (Sambrook et al., 1989). Northern blots

containing multiple human tissue samples were purchased from Clontech, and each

tissue sample consists of 2ng poly A+ RNA. Hybridizations using the full length human

p45-NF-E2 cDNA as probe and washings were done according to standard procedure

(Sambrook et al., 1989).

In-vitro transcription and translation

In-vitro transcription and translation reactions were done using TnT

reticulocyte system from Promega. Inserts containing full length human p45-NF-E2

sequences were cloned downstream of the T7 promoter in the plasmid pCRII

(Invitrogen). *S-methionine labelled products are resolved on 8% SDS-PAGE.

RESULTS

Cloning of human NF-E2

We have recently isolated bzlP transcription factors, Nrf 1 and Nrf2, that are

related to the murine NF-E2 (Chan et al., 1993; Moi et al., 1994). Comparison of
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amino acid (aa) sequence within the basic DNA binding domain of Nrf 1 and Nrf2

revealed complete conservation with that of the mouse p45-NF-E2 and drosophila CNC

proteins, while comparison to Jun-related and Fos-related subfamilies revealed less

similarity (Andrews et al., 1993; Mohler et al., 1991) (Fig. 1). Whilst murine

p45-NF-E2 appears to be an erythroid specific protein in contrast to Nrf 1 and Nrf2,

we believe that they are members of a subfamily within the bZIP superfamily and have

similar DNA-binding specifity to the NF-E2 consensus site (T/CGCTGAG/CTCAC/T) on

the basis that functional domains are often highly conserved. Taking advantage of this

homology, an oligonucleotide corresponding to the N-terminus segment of the basic

DNA-binding domain was synthesized and used for screening of a GT10 cDNA library

derived from the human K562 erythroleukemia cell line in order to isolate related

clones. Low stringency hybridization and washing conditions were performed and a total

of 53 independent colonies were isolated and analyzed by sequence analysis of a portion of

the clones. A search through GenBank revealed 10 of these clones were identical in

amino acid sequence to high mobility group-1 protein, 16 to eukaryotic initiation

factor, 12 to erythroid ankyrin and 14 were identical to Nrf■ . One clone (#17) was

found to be almost identical to murine p45-NF-E2.

Structure of human NF-E2

Clone 17, hereafter named human p45-NF-E2, contained a 1.5 kb DNA insert

with an open reading frame (ORF) starting at nucleotide (nt) 112 and terminating at nt

1230 (Fig. 2). The predicted protein contains 373 amino acids (aa) with a calculated

molecular mass of 41 kD. In-vitro transcription and translation of the human p45-NF

E2 revealed two products with apparent weights of s45kD (Fig. 3). Although there are
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three potential ATGs at the 5' end of the cDNA at nt 112,181 and 205, closer inspection

revealed that only two of the three at nt 181 and 205 are in the best context for

initiation based on Kozak's compilation (Kozak, 1989). Hence, the two peptides obtained

from in-vitro translation are likely to be from alternative usage of translational start

sites and may provide the basis for the two products obtained by purification of the

murine NF-E2 complex as reported by Andrews et al. (Andrews et al., 1993). Like the

mouse homolog, the peptide encoded by human p45-NF-E2 contains basic and zipper

domain characteristic of bzlP proteins.

Alignment of the deduced amino acid sequence of the human and mouse p45-NF

E2 proteins and Nrfi is shown in figure 4. Several general observations can be made

about the similarities between the three proteins. The overall similarity between

human and mouse protein is 94% (350/373 aa) with 89% identity (331/373 aa).

Second, conservation is greatest in the basic DNA binding domain and the leucine zipper

domain. Comparison within the basic domain revealed complete conservation between

the human and mouse p45-NF-E2 and near complete identity between Nrfl and p45

NF-E2s. Except for 3 residues, the leucine zipper domain is identical between the two

p45-NF-E2s. Although the homology is less striking in this region between Nrfl and

p45-NF-E2 (72% similarity), the similarity is nevertheless significantly greater

when compared to Jun and Fos (47% and 33% respectively)(see chapter 2). As

leucines and hydrophobic residues are invariant in bzlP proteins, other residues in this

region must play a critical role in determining dimerization specifity. Thus the

difference in this region between Nrfl and p45-NF-E2 suggests that they associate with

different partners. Third, notable homologies are also evident in the amino acid residues

extending just N-terminal to the basic regions of the three proteins (aa 225-271 of

human & mouse p45-NF-E2 and aa 582-625 of Nrf1)(Fig. 4). It is unlikely that this
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region participate directly in DNA binding based on studies of other bzlP proteins and

moreover, the presence of two proline residues implies low potential for assuming an

o-helix conformation (Agre et al., 1989; Alber, 1992; Patel et al., 1990). A possible

role for the conserved residues in this region may be to maintain a higher order protein

structure to stabalize the interaction of the basic domain with DNA. Lastly, an 11 aa

segment (aa 140-150 of human & mouse p45-NF-E2 and aa 441 to 451 of Nrft) just

N-terminal to the serine repeats of Nrff with the sequence EEFDSDSGLSL shows

complete similarity to mouse and human p45-NF-E2, and may represent a common

motif for post-translational modification yet to be identified.

Expression Pattern of human p45-NF-E2

The expression pattern of human p45-NF-E2 was examined in a number of cell

lines and tissues in order to compare with results obtained in mouse. RNA analysis of

p45-NF-E2 revealed a transcript of ~1.6 kb in cells of erythroid lineage including

K562, HEL and KU24410. (Fig. 5). No p45-NF-E2 mRNA was detected in lymphoid,

kidney carcinoma, hepatoma and epithelial cell lines (see legend fig 5). Expression was

also analyzed in various tissue samples and some dissimilarity in the expression pattern

was noted compared to mouse p45-NF-E2. In addition to expression in spleen as

previously reported in mice, human p45-NF-E2 mRNA was also detected in placenta,

lung, liver, peripheral blood leukocytes, and low levels in colon. We believe that the

expression detected in peripheral blood leukocytes (PBL) may have been derived from

basophils since they share similar origin in hematopoiesis with mast cells (25).

Presence of p45-NF-E2 mRNA in spleen, liver, lung and placenta may reflect blood

contaminants. Expression in colon could not be accounted for by the restrictive

F.
gº

º

1 15



expression pattern so far observed here and in mouse. Moreover, a smaller transcript

of =1.3kb was detected in testis and an additional transcript of =2.4 kb, apparent on a

shorter exposure of the northern blot, was detected in PBL. The significance of this is

not apparent currently and may reflect alternative RNA processing or a derivative of a

closely related gene.

DISCUSSION

Three proteins, murine p45-NF-E2, human Nrf 1 and Nrf2, are closely related

particularly in the basic DNA binding domain. By cross-hybridization screening using

an oligonucleotide derived from this region, we have isolated a cDNA encoding the human

homolog of mouse pé5-NF-E2. Deduced proteins of both mouse and human p45-NF-E2

contain 373 aa and is very homologous overall. Homology of Nrf 1 compared to p45

NF-E2 is restricted to segments of the protein only. For example, a segment of 12 aa

immediately N-terminal to the serine repeats of Nrff display near identity to that of

p45-NF-E2. Similarly, but to a lesser degree, the segment immediately N terminal to

the basic region is also homologous. This region is found also in the drosphila CNC

protein that is required for specifying mandibular structures in the developing fly

(Mohler et al., 1995; Mohler et al., 1991). Although the significance of these

conserved regions are not apparent currently, their presence probably reflect strong

selective pressure to maintain amino acids that are crucial for the function of the

proteins. Reflecting the similarity in the binding motif of Jun and Fos-like proteins,

invariant amino acids are apparent in the basic domain among this class of proteins as

DNA specifity tracks with this region. However, the near complete similarity between
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Nrf1 and p45-NF-E2 in the basic domain suggests that they bind to very similar, if not

identical sequence motifs. Because they are are more related to one another than to Fos

or Jun, they likely represent a distinct subset of bzlP proteins.

High levels of p45-NF-E2 mRNA were detected in human erythroleukemic cell

lines analyzed. Thus the cell type specific expression of human p45-NF-E2 appears to

parallel that of the mouse homolog in the various cell lines examined (Andrews et al.,

1993). In contrast to the findings from mouse tissue samples, human p45-NF-E2

transcripts were also detected in lung, liver and placenta. The positive signals detected

in these tissues may be due to blood contaminants. Unexpectedly, low levels were also

seen in colon. Although murine p45-NF-E2 was detected in intestine previously, the

expression was in the proximal small intestine of mutant mice exhibiting microcytic

anemia (Peters et al., 1993). It is possible that the signal detected here is derived from

mast cells which are known inhabitants of the colon. However, this is not likely to be

the case as no signal was detected in small intestine where they are more abundant

compared to colon (Kagnoff, 1993). It is interesting that a smaller form of p45-NF-E2

was detected in human testis as mGATA-1 is also dectected in this tissue (Ito et al.,

1993). Hence, the unexpected expression outside the hematopoeitic lineages raises the

question as to whether p45-NF-E2 is involved in regulation of other genes and

necessitates further examination in a wider range of cell lines.

We have not been able to demonstrate binding by human p45-NF-E2 using

protein products synthesized in-vitro by rabbit reticulocytelysate system (unpublished

results), and similar results have also been obtained for Nrfl (see Chapter 2). It is

possible that the homodimers display weak affinity and exact in-vitro conditions for

efficient binding have not been achieved yet. Alternatively, p45-NF-E2 may bind DNA

as obligate heterodimers as suggested in the results obtained by Andrews et al. for the

****
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following reasons: Firstly, the optimal site defined for mNF-E2 binding by gel-shift

assay does not contain a dyad of symmetric half sites as AP1, implying that this motif is

recognized by a heterodimeric protein complex as opposed to a homodimer. Secondly, it

has been shown that dimerization between bzlP proteins is highly selective as

exemplified by Jun and Fos family of proteins (Gentz et al., 1989; O'Shea et al., 1992;

O'Shea et al., 1989; Turner and Tjian, 1989). While, Jun has the ability to form stable

homodimers, Fos do not and must form a heterodimer with Jun in order to bind DNA. The

inability of Fos to form stable homodimers has been attributed to the presence of charge

residues at position A of the dimerization interface of the leucine zipper as projected

onto a helical wheel (Fig 6), and also the abundance of charge residues at positions E and

G. The presence of charged residues, especially at position A, are likely to disrupt close

packing between the homodimeric units by electrostatic repulsion. Helical wheel

modelling of Nrf and the p45-NF-E2s similarly revealed an presence of charged

residues at position A identical to Fos protein. Moreover, the presence of non-canonical

hydrophobic amino acids, instaed of leucines, at position D may also contribute to the

overall destabalization of homotypic interactions. On this basis, p45-NF-E2, and Nrfi

given its structural similarity (Fig 6), are likely to bind as obligate heterdimers as

well.

A notable feature of human and mouse p45-NF-E2 is a domain near the N

terminus comprising = 40% proline residues. As proline rich domains have been

implicated to function as activation domains in transacting factors (Mitchell and Tjian,

1989), p45-NF-E2 potentially activates transcription via these residues. However,

using a yeast genetic selection system described previously (Chapter 2), human p45

NF-E2 so far has been inactive in this assay system. On the other hand, the related

protein, Nrff which contains an acidic rich domain instead of a proline-rich domain has

agº º
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been shown to have the capacity to transactivate in yeast and K562 cells. The inability

of p45-NF-E2 to activate transcription in yeast may merely reflect the absence of its

obligate partner and hence cannot bind DNA. Arguing against this is the ubiquitous

nature of the presumed partner of mMF-E2 as reported by Andrews et. al. (Andrews et

al., 1993), therefore suggesting that there is likely to be a homolog in yeast to function

as a dimerization partner. An alternate explanation is that p45-NF-E2 represents a

highly specialized protein and thus incapable of functioning in a heterologous system. So

far, only acidic activators appear to have the capacity to function efficiently in both

higher and lower organisms (Ptashne and Gann, 1990). Thus, it will be interesting to

determine whether the presumed activation domain of p45-NF-E2 requires special

cofactors which themselves are cell specific or that p45-NF-E2, by itself, can interact

with components of general transcriptional complex to drive transcription. With the

availability of p45-NF-E2 and Nrff cDNA clones such questions and experiments to

determine relevant target genes can be carried out.

tºº
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Figure 1. Amino acid alignment of the basic DNA binding domain showing homology

between murine p45-NF-E2, human NRF-1, NRF-2, CNC, c.JUN and

cFOS. Identical amino acids are boxed and conservative substitution are

shaded. Nonconservative changes are indicated in lower case letters.

i
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Figure 2. Nucleotide sequence and predicted amino acid sequence of the human p45

NF-E2 cDNA. The three potential translational start sites and

surrounding nucleotides are underlined (see text for discussion). The

basic DNA binding domain is boxed and heptad repeats

leucine/hydrophobic residues of the zipper domain are circled.
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gagacaa.caccgggaccct catctotctoctoaccctgctgtgactccaccacaggtttc
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Figure 3. In-vitro transcription and translation of human p45-NF-E2. Lane 1

shows two products = 45kD derived from expression of a plasmid

containing the entire coding region of hnR-E2. Lane 2 represents control

reaction using an expression plasmid containing the human p45-NF-E2

insert in reverse orientation. Sizes of the molecular weight standards are

indicated.
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Figure 4. Amino acid sequence of human p45-NF-E2 and comparison to mouse p45

NF-E2 and NRF-1. Numbering of amino acids begin at residue 251 of the

NRF-1 sequence. Dashes indicate identity, double-dots indicate

conservative change and single-dots indicate nonconservative change.
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Figure 5. Northern blot analysis of human cell lines and tissues. (a) RNA blot

containing various human cell lines. Erythroleukemic cell lines include:

K562, HEL and KU241.10. Raji and HPBALL are B and T cell lines

respectively. 293, Hela and Plc/Pr■ /5 are human embryonic kidney,

fibroblast and liver cell lines respectively. 10pg of total RNA was size

fractionated on agarose gel and transferred to Hybond-N filters

(Amersham). The hNF-E2 transcript is a 1.5kb in size. Hybridization to

human B-actin probe are shown as control for integrity of samples. (b)

RNA blot analysis of various human tissues (Clonetech). Each sample

contains 2ng of poly A+ RNA. Human p45-NF-E2 and B-actin

transcripts are indicated.
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Figure 6. Schematic diagram of the leucine zipper domain modeled on a helical

wheel. Amino acid sequence in successive turns of the helix are indicated

in parallel at positions A, D, E and G. Line 1 represents aa residues of

hNF-E2, line 2 Nrfl and line 3 Fos. Amino acids in the A and D positions

are located on the dimerization interface of the zipper. Charged residues

are denoted with heavy dots.
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1) E, E, A, T, Q

2) D, D, E, S, K

3) E, E, E, E,

4)

E, T, L, D, R

2) E, Q, L,L, K

3) Q, E, Q, Q, E

4) E, K, A., R, K

1) L, R, R, L, L

2) V K, K L, V

3) T,

4) V, N, A, V, V

1) L,L,L, A, M, L

2) L,L,L, F. M., L

3) L, L., L., L., L., H

L., L., L., L., L, H
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p45-NF-E2 family of bzIP genes
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ABSTRACT

A family of human genes encoding basic-leucine zipper (bZIP) transcription

factors: p.45-NF-E2, Nrf 1 and Nrf2 have been isolated independently. While the

encoded proteins of the three genes share highly conserved regions distinct from other

bZIP families such as Jun or Fos, remaining regions diverged considerably from each

other. Chromosomal localization by fluorescence in situ hybridization demonstrates that

these genes are nonsyntenic. p45-NF-E2 mapped to chromosome 12q13.1-13.3, while

Nrf1 and 2 mapped to 17q21.3 and 2031 respectively. However, these three genes were

probably derived from a single ancestor by chromosomal duplication as other genes that

also map in these regions are related to one another.
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Introduction

The Locus Control Region (LCR) of globin gene loci consists of DNase-1

hypersensitive sites (HS) shown to be important for the establishment of open

chromatin configuration and for regulated expression of globin genes (Curtin et al.,

1985; Forrester et al., 1986; Kioussis et al., 1983; Taramelli et al., 1986; Tuan et

al., 1985). In the beta-globin locus, hypersensitive site-2 (HS2) has been shown to

confer high level expression in an erythroid specific manner to linked globin genes; and

the activity in HS-2 is dependent on a tandem repeat of AP1-like elements

(TGCTGAGTCAT) (Curtin et al., 1989; Moi and Kan, 1990; Ney et al., 1990; Ryan et

al., 1989; Tuan et al., 1989). This tandem motif was shown to bind an erythroid

nuclear factor, termed NF-E2, first described in the porphobilinogen deaminase

promoter (Mignotte et al., 1989). The NF-E2 complex is a heterodimer comprised of

45 and 18 kDa subunits, and both the human and mouse genes encoding the p45-NF-E2

subunit have been cloned (Andrews et al., 1993; Andrews et al., 1993; Chan et al.,

1993; Ney et al., 1993). Both genes encode basic-leucine zipper (bZIP) proteins and

are highly conserved with 94% similarity. The basic-leucine zipper class of

transcription factors, including Jun and Fos, have been shown to play an important role

in growth and differentiation (Pabo and Sauer, 1992). A conserved feature among bzlP

proteins is an extended amphipathic a-helical domain containing a heptad repeat of

leucine residues over a stretch of 30-40 amino acids preceded by another region of 30

amino acids rich in basic residues. Members of the bZIP family of transcription factors

bind DNA as hetero- or homodimers. Available evidence indicate that the leucine-zipper

is responsible for dimerization while the adjacent basic domain is required for specific

DNA binding (Pabo and Sauer, 1992).

Expression cloning using i) a yeast genetic selection strategy (Chan et al.,
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1993) and ii) recognition site DNA screening in lambda-GT11 (Moi et al., 1994) have

identified two additional cDNAs encoding bzlP proteins that are distinct from the Jun and

Fos family of proteins. Instead, they appear to be more related to p45-NF-E2; and they,

together with p45-NF-E2, represent a subfamily within the bZIP family of proteins.

Hence, the gene products encoded by these cDNA have been termed Nrf 1 and 2 for NF-E2

related factors 1 and 2 respectively. In an effort to further characterize these genes, we

have done chromosomal localization using flourescence in situ hybridization (FISH)

(Lichter et al., 1990). We show in this report that they are localized to three different

chromosomes. The homology of gene loci in the regions to which Nrf 1 , 2 and

p45-NF-E2 mapped to suggest that these three genes were derived from a single

ancestral gene.

Materials and methods

Metaphase chromosome spreads were prepared according to standard procedure

from short-term lymphocyte cultures derived from normal individuals. Chromosome

spreads were denatured briefly at 70° C in 70% formamide and 2XSSC and treated

sequentially in 70%, 90% and 100% ethanol baths prior to hybridization with DNA

probes. The probes used in this study were derived from either genomic or cDNA clones.

Nrf 1 and Nrf2 genomic clones were obtained by stringent screening of a human library

in a 1 phage vector. Genomic clones containing 8.0 kb insert of Nrf 1 and 15 kb insert of

Nrf 2 were used. A full length p45-NF-E2 cDNA clone containing 1.5-kb insert in

pBluescriptSK vector (Stratagene) was used in lieu of genomic DNA. DNA probes were

generated by nick translation in the presence of biotin 11-dCTP. Hybridizations were

carried out overnight at 37° C in a mixture containing: 100-200ng DNA probe, 50%
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formamide, 2XSSC, 10% dextran sulfate, 1 mg/mL salmon sperm DNA and 200ng/mL

human competitor DNA. The hybridization mix was denatured at 75° C for 5 minutes

prior to use. The slides were washed sequentially in 50% formamide/2x SSC at 42°C,

0.2x SSC at 60° C. For detection of hybridized probes, slides were incubated with

5mg/ml of flourescein isothiocyanate-conjugated avidin in 4x SSC/1% BSA/0.1%

Tween-20 for 30 minutes at 37° C followed by washing in 4x SSC/0.1% Tween 20 for

15 minutes at 42°C. Chromosome spreads were G-banded with 200ng/ml

4',6'-diamidino-2-phenylindole-dihydrochloride (DAPI) for 5 minutes and

counterstained with 200ng/ml propidium iodide (PI). Slides were mounted with

ANTIFADE and visualization were done under a fluorescence photomicroscope.

Results and discussion

Protein sequence comparison revealed notable conservation in several domains

between Nr■ 1, 2 and p45-Nf-E2 (Figure1). The basic-DNA binding domain (motif C,

figure■ ) demonstrated the highest degree of homology suggesting that the three proteins

bind with very similar specificity to the NF-E2/AP1 motif (TGCTGAGTCAT). A

continuous stretch of 43 aa immediately N-terminal to the basic domain that is not

likely to participate directly in DNA binding is also highly conserved (motif B-"CNC"

domain, figure1). This domain is also found in the Drosophila bzlP protein termed "cap

and collar" (CNC) (Mohler et al., 1995; Mohler et al., 1991). In addition, a short

region of complete similarity with a peptide sequence-SDSGLS (motif A, figure1) is

present in the three proteins. No homology of this hexapeptide sequence to known motifs

were apparent in a prosite search; whether this domain participates in protein-protein

interaction remains to be seen. In contrast, the leucine zipper domains among the three
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proteins display the least amount of homology (motif D, figure1). While the partner for

p45-NF-E2 is a ubiquitously expressed protein in the Maf family (Andrews et al.,

1993; Igarashi et al., 1994), no data regarding partners for either Nrf 1 and 2

proteins are available yet. As bzlP dimer formation appears to be determined by the

interhelical ion pairing between the partners and not by the 4,3 hydrophobic repeats, it

will be interesting to see if p18-Maf also dimerizes with Nrfl and 2 given the degree of

difference in their leucine zipper regions in comparison to p45-NF-E2.

We performed chromosomal localization studies to further establish the

relatedness of these three genes. 100-130 metaphases were examined by fluorescence

microscopy for each probe used. As shown in figure 2, hybridization signals obtained

with the three different probes localized Nrf 1 to 17q21-3, Nrf 2 to 2031 and

p45-NF-E2 to 12q13. Greater than 90% of metaphase cells had fluorescent signals

correctly localized to their respective regions for each of the probes. The human

p45-NF-E2 has also been mapped by Ney et al. recently to chromosome 12q13 by FISH

(Ney et al. 1993). Ideograms of the chromosomes 17, 12 and 2 are depicted in figure 2

along with their respective regional linkage maps. Although nonsynteny was observed

for Nrf 1, 2 and p45-NF-E2, each is located within highly related segments on

chromosome 17, 2 and 12 containing members from the collagen, integrin and Hox gene

families. This suggests that the p45-NF-E2 gene family arosed via a series of

duplication events encompassing a block of genes, and the homology restricted largely to

the carboxyl end of the three proteins points against a duplication that is recent.

While numerous bzlP proteins have been identified to date, it appears that Nrf

1, Nrf2 and p45-NF-E2 represent a discrete subfamily related by virtue of the "CNC"

domains which is not found in other members of the bZIP family of transcription factors.

In addition, Nrf 1, 2 and p45-NF-E2 have been demonstrated to activate via the same
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cis-regulatory motif and they share similar gene structure organization (Chan et al.,

1993)(Chan, Moi and Kan unpublished data). It's clear that gene families evolve by

duplication and divergence of DNA sequences. The extent of divergence between the three

genes implies diverse roles played by these proteins. While p45-NF-E2 is believed to

play an important role in erythroid differentiation and globin gene regulation, the roles

of Nrf 1 and Nrf2 are less apparent in light of its expression in non-erythroid cells as

well. However, the role of Nrfl and 2 proteins in erythropoeisis can not be excluded at

this point. It is conceivable that a consensus of ubiquitous transcription factors may set

off lineage restricted networks by turning on a central regulator, and the commitment to

specific lineages is achieved by progressive restriction down a specific pathway in

differentiation from a wide repertoire that is available to the progenitor cell. Hence,

Nrf 1 or 2 may initiate erythroid differentiation by inducing p45-NF-E2 expression.

Moreover, cell-specific function by ubiquitous factors can certainly be achieved through

the recruitment of cell- and activator-specific coactivators to achieve transcriptional

activation.

The chromosomal localization of this family of proteins are of relevance in

providing insight into their evolutionary origin and functional relationship. In addition,

deregulated or the altered expression of transcription factors as a result of

translocations have been implicated in malignancies (Cleary, 1991; Nichols and Nimer,

1992). Chromosome rearrangements involving 12q13, 17q21 and 2031 loci have been

associated with many diseases including lymphoma, lipoma, acute myeloid leukemia,

acute lymphoblastic leukemia and chronic lymphocytic leukemia (Mitelman et al.,

1993). Thus, whether this family of transcription factors might be involved require

further investigation.
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Figure2. Regional mapping of (A) NF-E2 to 12q13.1-13.3; (B) Nrf■ to

17q21.3; (C) Nrf2 to 2031 using FISH technique. (Left panel)

Hybridization signals (arrowheads) detected with FITC on propidium

iodide stained chromosomes. (Middle panel) laiograms of human

G-banded chromosomes 12, 17 and 2 indicating the location NF-E2, Nrff

and Nrf2 respectively. (Right panel) Linkage maps showing genes

previously assigned to 12q11-13, 17q21–22 and 2031 (Genome Data

Base at the Welch Library, John Hopkins University via Internet). The

order in which the genes are diagrammed do not represent their order in

the chromosome except for chromosome 17 (King et al. 1993).
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Chapter 5

The ubiquitous CNC-bzIP protein, Nrf-1, is required for fetal liver

erythropoiesis

:
:

i
;

153



Abstract

Analysis of the DNase-1 hypersensitive site 2 core within the B-globin locus control

region (LCR) and the porphobilinogen gene promoter has identified an extended AP-1

motif that is required for function. This motif has been shown to bind an

erythroid-specific protein termed NF-E2, which is a heterodimer consisting of p35 and

p18 subunits. In addition, it also binds the recently identified p45-related factors,

Nrf-1 and Nrf-2 which are expressed in a wide range of tissues. Nrf-1, Nrf-2 and

p45-NF-E2 belong to a subfamily of transcription factors that share the so called

“CNC” domain in addition to the bZIP domain. Mice lacking p45-NF-E2 lack platelets

and die from postnatal bleeding. To determine the function of Nrf-1 in mouse

development, targeted disruption of this gene was carried out. Homozygous Nrf-1

mutant mice were anemic and died in-utero. Analysis indicates that primitive yolk sac

is normal while definitive erythropoiesis in the fetal liver is markedly diminished.

Results suggest a role for Nrf-1 in the proliferation and maturation of hematopoietic

precursor cells in the fetal liver.
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Introduction

Specific DNA sequences responsible for erythroid-specific globin gene

expression have been identified. Recent efforts have concentrated on the LCR cores of the

o- and 3-globin gene loci, and within these DNase-1 hypersensitive (HS) sites, a

number of major binding sites including GATA, NF-E2/AP-1 and CACC sequences have

been identified (Orkin, 1990). To further investigate the importance of the

NF-E2/AP-1 motifs in LCR function, we and others have sought to identify transcription

factors which may participate in the binding and activation through these recognition

motifs. Three different bzlP proteins, p45-NF-E2, Nrf-1 and Nrf2 ( NF-E2 related

factor 1 and 2), which recognize the NF-E2 binding motif have been identified so far

using varied approaches (Andrews et al., 1993; Caterina et al., 1994; Chan et al.,

1993; Moi et al., 1994; Ney et al., 1993). While numerous bzlP proteins have been

identified to date, Nrf-1 (LCR-F1), p45-NF-E2, and Nrf2 belong to a subset of bzlP

transcription factors with homology to the drosophila Cap and Collar (CNC) gene

(Mohler et al., 1991). The CNC protein appears to be critical for specification of head

structures of drosophila and contains the so called "CNC" domain N-terminal to the bZIP

DNA-binding and protein dimerization domains (Mohler et al., 1995). The function of

the CNC domain is yet to be determined. In addition to containing the “CNC” domain,

Nrf-1 , p45-NF-E2 and Nrf-2 are closely related particularly in the basic domain

which confers specificity for DNA binding which suggest that they bind the NF-E2/AP-1

element with similar specificity. In addition to sequence homology, chromosomal

localization studies also suggest that they are members of a distinct subset of the bZIP

family of transcription factors (Chan et al., 1995).

Previous studies indicate that AP-1 is not likely to be the key regulator of the

NF-E2/AP-1 binding sites. Point mutations which abolished NF-E2 binding, but not

:
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AP-1 binding, inhibits HS-2 activity (Moi and Kan, 1990). Moreover, overexpression

of CJUN in K562 cells down regulates HS-2 3-globin reporter constructs. Although

p45-NF-E2 is but one member of the CNC bzlP gene family that is abundantly expressed

in erythroid cell lines, it was predicted to play a major role in globin gene expression

and erythroid development due to its restricted expression in the hematopoietic

compartment (Andrews et al., 1993; Chan et al., 1993; Ney et al., 1993). Indeed, the

disruption of the p45-NF-E2 gene in a murine erythroleukemia cell line due to

retroviral insertion, as well as the loss of function in cell lines contaning a p18-maf

transdominant mutant that prevents endogenous p45-NF-E2 binding result in the loss of

globin gene expression (Kotkow and Orkin, 1995; Lu et al., 1994). The role of the

other CNC bzlP genes, Nrf-1 and Nrf-2, are less clear in light of their expression in

both erythroid and non-erythroid cells. Surprisingly, the targeted disruption of

p45-NF-E2 resulted in mice that are deficient in platelets due to a maturational defect

in megakaryocytes while erythroid development was only minimally affected

(Shivdasani and Orkin, 1995). There appears to be mild microcytosis with slight

decrease in hemoglobin content in the red cells of p45-NF-E2 null mice (Shivdasani and

Orkin, 1995). Whether there is compensation by neighbouring cis-acting elements in

the LCR or compensation by other trans-acting factors, specifically Nrf-1, is not clear.

A role for Nrf-1/LCR-F1 in globin gene regulation has been suggested, given its high

level of expression in erythroid cell lines, and its ability to preferentially activate

reporter genes linked to the 3-globin LCR in erythroid cells (Caterina et al., 1994).

Moreover, the coexpression of Nrf-1 and p45-NF-E2 in erythroid cells suggests that

there may be overlap in function in addition to distinct functions that each protein may

have. With the availability of the cDNA and genomic Nrf-1 clones, its role in globin gene

regulation and erythrocyte development in relation to other members of the p45-NF-E2

i
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family of transcription factors can now be studied. To study directly the in-vivo

function of Nrf-1, targeted disruption of the mouse gene by homologous recombination

was done. Our study show mice homozygous for the Nrf-1 mutation suffer from anemia

and die in-utero. The findings here suggest that target genes regulated by Nrf-1 is

essential for fetal liver erythropoiesis.

:
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Materials and methods

Targeting of the Nrf-1 gene.

The mouse Nrf-1 replacement targeting vector, pFNT4.4R2, was constructed using the

pFNT vector (Tybulewicz et al., 1991) as follows. Murine Nrf-1 genomic clones were

isolated from a 129/Sv mouse library using standard techniques. A 2.2 kb genomic

fragment encompassing the bZIP domain and the 3' untranslated region of Nrf-1 was

cloned into the Eco R1 site of ppNT resulting in pnrf1R2.2. A 4 kb Notí-Xhot genomic

fragment, encompassing intronic sequences and the coding region immediately upstream

of the bZIP domain, was then cloned upstream of the PGK-neo' cassette of pnrf1R2.2

resulting in pnrf1-4R2.2. The resulting vector has 4 kb of homology to Nrf-1

upstream and 2.2 kb of homology downstream of the PGK-neo' insertion. The direction

of the neo transcription is opposite to that of Nrf-1. The JM-1 ES cells derived from

129/Sv.J mice were maintained on feeder layers in conditions described previously.

Cells were transfected with 25 pig of linearized targeting vector DNA using a Biorad

electroporator apparatus in PBS at 240 mV and 500 mF. After transfection, the cells

were cultured on feeder layers and selected in 200 pg/ml of G418 and 0.2 p. M of

gancyclovir for 7 days. Double-resistant colonies were isolated and expanded on

24-well culture plates. When subclones were semi-confluent, about 2/3 of each of the

colonies was frozen and the remaining 1/3 was further expanded for analysis. DNA from

ES cell clones was analyzed by Southern blot to identify homologous recombinants. From

45 clones analyzed, 4 showed homologous recombination between the targeting vector

and endogenous Nrf-1 gene. The targeting efficiency is therefore approximately 1/10.

Frozen stocks of clones identified as positive were thawed and expanded on feeder layer

cells. Cells were trypsinized and resuspended in DMEM containing 10 mM Hepes and

;
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10% fetal calf serum and injected into 3.5 day blastocysts from C57BL/6J mice.

Blastocysts were then transferred into pseudopregnant C57BL/6J recipients. Male

chimeras with extensive contribution from the ES cell, as determined by their coat

color, were bred with C57BL/6J female mice. Germline transmission was determined

by transmission of the dominant agouti coat color in the F1 animals and presence of the

targeted allele was screened by either Southern blot or PCR analysis on DNA isolated

from tail biopsies.

PCR, Southern and Northern Analysis

For Southern blot analysis, DNA was digested with Sac1 or Bg2, fractionated on 0.7%

agarose gels, and transferred by alkaline capillary blotting to Hybond N+ membranes.

Blots were hybridized using standard protocols with *P-labelled probes prepared by

random oligo-nucleotide labelling and purified over Nuc-trap push columns. PCR

reactions were done using a set of common primers specific for sequences located 5' and

3' of the neo cassette (Primer 1-GACAAGATCATCAACCTGCCTGTAG, Primer 2

GCTCACTTCCTCCGGTCCTTTG) in conjunction with a primer specific for the PGK poly(A)

site of the neo cassette (Primer 3- GATTAGATAAATGCCTGCTCTTTAC). The products

specific for the mutant and wild-type alleles are 350 and 450 bp, respectively.

Reactions were carried out in 50 pil volumes containing 10mM Tris-HCl pH 8.3, 50 mM

KCI, 1.5 mM MgCl2, 0.2mM dMTP, 20 pmol of each of the three primers and 2.5 U of

Amplitaq polymerase (Perkin Elmer). Following an initial denaturation step of 94°C

for 3 minutes, samples were put through 25 cycles of denaturation at 94°C for 1

minute, annealing at 60°C for 30 seconds and extension at 72°C for 30 seconds.

Reaction products were resolved in 3% Nusieve, 1% agarose gels and visualized by
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ethidium bromide staining. Northern blot hybridization was done using Poly (A)+ RNA

prepared whole embryos using Fasttrack RNA isolation kit (Invitrogen). Northern blot

hybridization was performed using standard procedures. For RT-PCR, RNA was isolated

from whole embryos using RNAzol (Bioteck). First-strand cDNA was synthesized using

random hexamer primers according to manufacturer's protocol. PCR amplifications of

Nrf-1 transcripts were carried out using specific primers located in exon 3,4 and 5

flanking the site targeted described in the figure legend to detect Nrf-1 transcripts.

Products were electrophoresed in 0.8 agarose, transferred to nylon membrane, and

hybridized to Nrf-1 and Neo probes.

Hematological analysis and In-vitro progenitor cell assays

Blood for hematocrit determinations were collected using heparinized capillary tubes on

decapitated embryos. Ends were sealed with Critoseal (Fisher Scientific), and

centrifuge for 3 minutes in a microhematocrit centrifuge. Ratio of the packed

erythrocytes to the total column height is taken as the hematocrit. Blood for red cell

counts were collected by bleeding decapitated embryos into calcium/magnesuim free

phosphate buffered saline solution, and counts were done using a hemocytometer

chamber. For in-vitro colony assays, fetal livers from e13.5 or e14.5 embryos were

used. Single cell suspensions were prepared by passage of the liver through a 23 gauge

needle in alpha-modified Eagle's medium supplemented with 2% fetal calf serum, and

filtered through a 70mM cell-strainer to remove large aggregates. The cells are then

centrifuged and the cell pellet resuspended in buffered NH,C solution to lyse non

nucleated mature erythrocytes. An aliquot of the recovered cells are counted in

trypan-blue solution to assess percentage of viable cells. Cells were seeded in
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triplicates at 5 x10° per 3.5 cm dish in methylcellulose media supplemented with fetal

calf serum, transferrin, insulin, recombinant mill-3, hll_-6, mSCF and EPO. Colonies

were maintained at 37°C under humidified conditions with 5% CO2: Colonies were

monitored for 7 days, CFU-E and BFU-E colonies were enumerated at 1-2 days and 4-7

days, respectively after benzidine staining.

Histology

Embryos or tissues were fixed in 10% phosphate-buffered neutral formalin overnight

in room temperature, embedded in paraffin, sectioned, and stained with hematoxylin and

eosin. Photomicrographs were taken on a Nikon Axiophot photomicroscope with

Kodachrome film.

RESULTS

Generation of Homozygous Nrf-1 Mutant Mice

A positive-negative selection strategy was used to disrupt the mouse Nrf-1 gene.

A replacement vector was constructed in which the PGK-neo' expression cassette from

pPNT was inserted in the opposite transcriptional orientation into a 6.2 kb genomic

fragment containing the terminal Nrf-1 exon (Fig 1a). This exon encodes a major

portion of the protein including the “CNC” domain, the basic leucine zipper

DNA-binding and dimerization domains. As a result of this targeting strategy, stop

codons in all three reading frames will be introduced into the terminal Nrf-1 exon.

Thus any Nrf-1 protein synthesized will lack the critical b2IP domain and will be

deficient in DNA binding and partner dimerization. The viral TK gene cassette was

.
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included to allow selection against random integration events. The targeting plasmid,

pFNT4R2.2, was linearized and introduced into the murine JM1 ES cell line by

electroporation. Selection in G418 and FIAU resulted in 60 colonies. Homologous

recombination between the targeting vector and the endogenous gene creates a mutant

allele which can be distinguished from the wild-type gene by Southern blotting or PCR

analysis. A portion of the endogenous terminal exon is encoded within a 8.5 kb Sac1

fragment and a 1.6 kb Bgl 2 fragment. A correctly targeted clone is expected to generate

a 9.5 kb Sac1 fragment using a 3’ probe and a 1.0 kb Bgl2 fragment with a 5’ probe due

to an additional Bg2 site in the neo' cassette (Fig 1b). One of the positive clones was

selected and injected into C57BL/6 blastocyst to generate chimeric animals. Germline

transmission by male chimeras were achieved and used to generate mice heterozygous

for the Nrf-1 mutation.

Molecular effects of the Nrf-1” mutation

To characterize the effects of the neo insertion on expression of Nrf-1 mRNA and

protein, tissues were isolated from embryos for analysis. Poly-A RNA was isolated from

embryos of all genotypes at day 14.5 or 15.5 of gestation and analyzed by Northern blot.

As expected, the murine Nrf-1 cDNA probe detected a 5.0 kb transcript in (+/4) and

(+/-) embryos. The probe also detected a 7.0 kb readthrough transcript in (+/-) and

(-/-) mRNA (Fig 2a). Based on the structure of the targeted mutation, the readthrough

transcript should contain sequences from the non-coding strand of the neo cassette, and

this was indeed the case as a neo probe hybridized to the same 7.0 kb transcript in both

the (+/-) and (-/-) samples, as well as the 1 kb neo transcript (data not shown).

These results indicate that the mutant Nrf-1 allele is efficiently transcribed and is
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stable. Because the sequences 3' to the disruption encodes the bZIP domain, and

therefore essential to generate a functional Nrf-1 protein capable of DNA binding and

partner dimerization, the engineered mutation is predicted to create a null allele as

sequence data on the PGK-Neo cassette of the targeting vector show the presence of

multiple in-frame stop codons. Thus readthrough translation into the bZIP domain

would not be possible. Although unlikely, it is conceivable that the neo insert or

portions of it can be spliced out at low levels to regenerate a functional Nrf-1 transcript

not detectable by Northern analysis. To ensure that the targeted allele was not expressed

as a functional transcript, RT-PCR reactions were carried out on RNA isolated from

homozygous mutant and control embryos. Assays were performed using a common 3'

primer situated in the terminal exon downstream of the neo cassette and 3 different 5’

primers situated in three different exons. Normal embryos showed the expected

wild-type RT-PCR products, and there was no evidence of a functional transcript in

mutant mRNA samples (data not shown). Western blots of lysates obtained from whole

embyros showed abundant expression of Nrf-1 protein in (+/+) and (+/-) embryos,

but not in (-/-) embryos. Similar analysis using an excess of (-/-) lysate showed a

faint band migrating near where Nrf-1 migrates. Whether this represents residual

expression in some of the embryos is not clear. The inability to detect Nrf-1 protein in

mutants was not due to an underloading of lysates since the antibody reacts with a

number of other crossreacting proteins which are present in comparable amounts in all

the samples. These results indicated that Nrf-1 is not likely to be leaky and expressed

as a functional protein. Whether a truncated protein is made as a result of the insertion

has not been determined. In addition, as mice heterozygous for the Nrf-1 targeted allele

were normal, we conclude that there is no dominant negative phenotypic consequences.

Finally, total RNA from these embryos were examined for Nrf-2 and p45-NF-E2
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expression. No detectable change in expression levels were seen.

Nrf-1" mice have defective fetal liver erythropoiesis and die of anemia

Heterozygous mice developed normally, were fertile and showed no obvious

abnormalities. To determine the effect of the targeted Nrf-1 allele in the homozygous

state, heterozygous mice were intercrossed and offsprings were analyzed at 3 weeks of

age. Among 91 progenies in 14 litters analyzed, only one homozygous mutant animal was

observed. The (-/-) mouse was found dead and it was missing both its hindlimbs.

Whether this animal died shortly after birth or was stillborn is not known. The absence

of (-|-) animals does not appear to be the result of early postpartum death as no other

dead animals were found early mornings after deliveries. The ratio of wild type to

heterozygous progeny was 1:2 (Table1). The absence of (-/-) mice indicates that

Nrf-1 is an essential gene, disruption of which results in prenatal death.

To determine when lethality occurs, timed-matings were done to analyze

embryos of various gestational age. The relative proportion of homozygous mutant

embryos obtained before E12.5 was approximately 25 percent. Thereafter the recovery

of viable (-/-) embryos is dramatically decreased (Table 1). Although dead embryos

were observed as early as 12.5 days of gestation, much more non-viable mutants were

obtained later in gestation (data not shown). Few dead homozygous mutant embryos were

present by 17.5 to 18.5 days of gestation indicating that most had already undergone

complete resorption at this stage. Some degree of heterogeneity in phenotype of mutants

were observed, but their overall characteristics were quite constant. At 13.5 days, the

most obvious finding was that mutants were smaller in size and were paler in

comparison to (+/4) and (+/-) littermates (fig. 3). No obvious morphologic

abnormalities were seen in these embryos. Despite a retardation in growth, mutant

embryos formed all organs, including heart, muscle, liver and lung where Nrf-1 would

}
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normally be expressed at high levels. Whether the variability in time of death is the

result of an outbred genetic background remains to be seen.

Hematocrits of e16.5 mutant embryos were markedly lower (approximately

50% of normal) compared to normal controls (Table 2). Moreover, the peripheral

blood smear of mutants at this stage showed an elevated number of nucleated red blood

cells (NRBC 20%). In contrast, wild type and heterozygous animals contain mostly

enucleated RBC (<1% NRBC) which is characteristic of the peripheral blood at this time

(fig 4a). Primer extension analysis of total RNA from liver of e15.5 embryos showed

comparable levels of 3-globin transcripts (data not shown). Thus, there is no evidence

for down regulation of globin gene expression. To examine the nature of the anemia

further, total red cell counts were done at various days of development. In mouse, the

ontogeny of hematopoiesis begins in the yolk sac at around day 7 of development (Moore

and Metcalf, 1970; Tavassoli, 1991). The blood islands in the yolk sac at this stage of

development give rise to primitive nucleated red blood cells that expresses embryonic

globin. At around day 10 and 11 of development, hematopoiesis shifts to the fetal liver

presumably after migration of hematopoietic stem cells into the organ, and at this stage,

definitive red blood cells are formed. Unlike primitive erythrocytes, definitive red

cells synthesize adult globin genes and undergo enucleation prior to release into the

circulation. After birth, hematopoiesis occur largely in the bone marrow and spleen. At

day 11.5, the number of yolk-sac derived nucleated red blood cells present were

indistinguishable between controls and mutants (Table2). While the number of

nucleated red cells were comparable at day 13.5, definitive enucleated red cells were

decreased in mutants compared to controls. Analysis of globin chain expression show

decreased amounts of adult 3-globin and normal amounts of embryonic 3-globin (data not

shown). This is consistent with decreased production of definitive enucleated red cells
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rather than the premature release of nucleated red cells into the circulation as result of

profound anemia.

In mutant embryos, the livers were noticeably smaller and lighter in color.

Comparison of paraffin sections stained with hemotoxylin and eosin showed a dearth of

red blood cells in the sinusoidal spaces of e15.5 and el G.5 mutant livers (fig 4b,c).

Consistent with findings in the peripheral blood, there was a paucity of enucleated

erythrocytes while nucleated erythrocytes were prominent in the livers of mutant

embryos. The general architecture and cellular composition were superficially normal

with hepatocytes and hematopoietic cells. However, liver touch preparations from

mutant livers showed a disproportionate abundance of basophillic erythroblast, and a

relative lack of more mature cells including polychromatoblast, normoblasts,

reticulocytes and enucleated red blood cells (fig 4d). Comparable numbers of myeloid

cells and megakaryocytes were present in controls and mutants. Measurement of cell

death using the TUNEL assay for DNA fragmentation did not show increased number of

apoptotic cells in mutants compared to normal liver (data not shown). These results

suggest a blockage or inhibition of erythroid maturation as the cause of impairment of

fetal liver erythropoiesis in the mutants, and the resulting anemia would lead to hypoxia

and eventual death of the embryo.

Impaired erythropoiesis may result from the inability of precursor cells to

mature due either to an intrinsic defect or a failure in the microenvironment to support

maturation. To begin to determine the nature of the impaired erythropoiesis in the

mutants, in-vitro progenitor assays were carried out. Single cell suspensions prepared

from e13.5 mutant and control embryos were plated in methylcellulose-based media

supplemented with a cocktail of growth factors (recombinant IL-3, IL-6, SCF and Epo)

optimized to support multineage colony growth. Plates were seeded with equal number of
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nucleated cells, and colonies were enumerated for CFU-E and BFU-E at 2 and 7 days,

respectively after plating. Consistent with the smaller liver size, the number of

nucleated cells recovered livers of e13.5 mutant embryos were 20-30% of normal

livers (Table 2). Interestingly, we consistently found the number of CFU-E and BFU-E

colonies from mutant embryos increased in comparison to control (Table 2). CFU-E and

BFU-E colonies were similar in appearance. Hemoglobinization was comparable based

on the degree of red color attained by the colonies, and cytologic smears were

indistinguishable between the mutants and controls. Both contained large numbers of

late normoblast and some enucleated red cells. The number of CFU-GM were comparable

in both mutants and controls (data not shown). These results indicate that erythroid

progenitors are enriched in the fetal liver of mutant embryos. Although the relative

proportion of erythroid progenitors is increased in mutants, their absolute numbers are

decreased by 2-4 fold. Taken together, the anemia observed in Nrf-1 mutant embryos

results from the combined reduction in progenitors and a maturational arrest of these

cells in-vivo.

Discussion:

The prevailing view is that transcription factors that are lineage restricted play

an important role not only in cell-specific gene expression but also during cell-lineage

development. In this paper, we have demonstrated a specific role of Nrf-1 in fetal liver

hematopoiesis, and that the disruption of the gene leads to anemia and embryonic

lethality in homozygous mutant mice. The marked defect in hematopoiesis and the

absence of any deleterious effects outside the hematopietic compartments are unexpected

given that Nrf-1 is expressed in a large number of tissues in mice. With the exception

of anemia, the mutant embryos exhibited normal development. It is apparent from the
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phenotype that Nrf-1 is not essential, at least up to mid- and late-gestational stages, for

the basic specification and development of major organ systems including those where it

is normally expressed at high levels. Starting at about 13.5 dpc, anemia is obvious in

many of the mutant embryos. Peripheral blood smears of mutants that survive to e15.5

or e16.5 revealed an abnormal accumulation of nucleated red blood cells in their blood.

The accumulation of nucleated red blood cells indicate that definitive erythropoiesis in

the fetal liver is severely compromised resulting in a decrease of definitive

erythrocytes and a relative increase in primitive erythrocytes. As survival of

homozygous mutant embryos is not compromised until past day 11 of development when

the site of hematopoiesis has already shifted to the fetal liver, primitive erythropoiesis

in the yolk sac is probably not affected. Indeed, the number of red cells present in

mutant animals at day 11.5 were comparable to their wild-type and heterozygote

littermates. Instead, failure in erythropoiesis is at the fetal liver stage. The phenotype

described here is very similar to that in mice containing targeted disruption of c-myb,

PU.1, and AML1 gene. Homozygous c-myb" mice have decreased myeloid and erythroid

progenitors in their liver resulting in anemia and death by day 15 of gestation

(Mucenski et al., 1991). PU.1-/- mice have additionally, impaired lymphopoiesis, and

they die later in gestation presumably from their anemia (Scott et al., 1994). In

contrast to c-myb and PU.1 knockout mice, AML1 deficient mice failed to survive

gestation due to a complete absence of fetal liver hematopoietic cells (Okuda et al.,

1996). While a potential role for Nrf-1 in erythropoiesis is suggested from its high

expression levels in erythroid cells, embryos that are homozygous for the mutation are

not deficient in erythroid progenitors and their developmental potential appears to be

normal under in-vitro culture conditions. Although a defect in environmental factors is

suggested from these experiments, a cell-autonomous defect can not be absolutely ruled
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at this point. Interestingly, the proportions of BFU-E and CFU-E colonies are increased

in mutant livers, and may be indicative of increased levels of erythropoietin as a

compensatory response to hypoxia resulting from the anemia. Overall however, the

reduced number of cells available in the erythopoietic pool from the smaller livers in

combination with the apparent developmental block in maturation of these cells, the

extent of red blood cell formation that occurs is not sufficient to sustain the embryo. It

is interesting that a block in maturation also occurs in the p45NF-E2 knockout mice.

The block there however, is in the megakaryocytic lineage.

It is clear from previous studies that erythroid cells express high levels of

Nrf-1 as well as Nrf-2 and p45-NF-E2. However, the phenotype described here and in

the p45-NF-E2 knockout mice indicate that members of the CNC-bzlP family are not

completely redundant. Although Nrf-1 is not essential for specification of the

hematopoietic compartment and early stages of erythropoiesis, it appears that its

function is required for the final stages of erythropoiesis. It is possible that function of

Nrf-1 and other CNC-bzlP genes normally occurs in erythroid progenitors, and in

Nrf-1 mutant animals the remaining complement of factors can provide sufficient

function to sustain some limited degree of hematopoietic development. Alternatively as

the modification of Nrf-1 gene reported here is by introduction of translational stop

codons upstream of the coding sequences for the DNA-binding domain, the targeting

construct can concievably generate a truncated protein and a totally null allele can not be

ruled out. Nonetheless, as transcription factors have been shown to have separate

modules for DNA binding and activation function, divergent sequences outside the bZIP

domains might determine specificity by establishing appropriate protein-protein

interactions with the transcription preinitiation complex and other DNA binding

proteins on a given promoter. Presumably then, full function can not be attained due to
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some distinct role that Nrf-1 fulfills in-vivo. As the total number of hematopoietic

progenitors present in Nrf-1 mutant mice are markedly reduced, its role is crucial for

the proliferation of progenitors early in development. Nrf-1 may be crucial for the

expansion of the hematopoietic compartment, by controlling the expression of mitogenic

signals for instance, and premature differentiation without first expanding the number

precursor cells will lead to fewer cells contributing to erythropoiesis. In addition,

Nrf-1 may also participate in controlling broader aspects of cell maturation. Outside of

the fetal liver, it is possible that Nrf-1 function is redundant with that of other bzlP

proteins, such as Jun, Fos and the related p45-NF-E2 and Nrf-2. The ability of bzlP

proteins to form heterodimers with one another allow various members of the family to

regulate cellular processes via differential heterodimer formation and hence DNA

binding and gene activation. Deficiencies in one particular member are expected to

either result in specific effects on development or no effects due to substitution of

function by other members in the family. The characterization of the partner subunit

for p45-NF-E2 has led to the discovery of NRL/small-maf family of genes, that is

likely to form dimers with the CNC-bzlP family (Andrews et al., 1993; Igarashi et al.,

1994). Activation function is likely to be provided by the CNC-bzlP subunit in

CNC-bzlP subunit/small-maf bzlP dimers as members of the small-maf family have

been shown to lack activation function (Igarashi et al., 1995; Igarashi et al., 1994;

Kataoka et al., 1995). In addition, the small-maf family of proteins have been shown to

be capable of forming homodimers. Together, these findings suggest that regulation

through the AP1/NF-E2 binding sites may be dependent on what dimers are present. In

the absence of Nrf-1 protein, the balance is shifted towards formation of maf-maf

homodimers and therefore repression of gene expression.

Although most homozygous mutant embryos died around mid-gestation, there is a
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wide range in the time of death and variability in the degree of anemia observed. Rescue

by a compensatory increase in expression of the other two CNC-bzlP genes does not

appear to play a role here as RT-PCR analysis did not show altered expression of Nrf-2

and p45-NF-E2 in Nrf-1 mutant embryos. In addition, leaky expression is not likely as

the targeted Nrf-1 allele is expected to generate a null mutation due to premature

translational termination. Moreover, no functional transcripts as a result of splicing of

the mutant Nrf-1 transcript can be detected by RT-PCR analysis. Whether the

variability is the result of segregation of modifying genes in an outbred genetic

background remains to be seen.

Molecular mechanisms involved in the specification and differentiation of

hematopoietic cells are poorly understood. Undoudtedly, transcriptional regulators of

gene expression play an important role in the commitment of hematopoietic stem cells.

Efforts aimed at identifying nuclear regulatory proteins have identified lineage

restricted as well as ubiquitous transcription factors. By gene knockout experiments, a

number of cell-restricted factors have been implicated to play essential functions in

hematopoietic development. GATA-1, which is expressed in a limited number of cells

including megakaryocytes, mast cells, erythroid cells and Sertoli cells, has been shown

to be essential for the terminal differentiation of erythroid cells by gene knockout

experiments in ES cells and mice (Pevny et al., 1995; Pevny et al., 1991; Weiss et al.,

1994). In addition to GATA-1, other GATA family proteins have also been isolated

(Orkin, 1992). GATA-2 and -3 have been shown to be required for hematopoiesis.

Disruption of the GATA-2 gene results in severe anemia and death in-utero by day 10 of

development, and analysis of chimeric mice show failure of GATA-2'' ES cells to

contribute to the hematopoietic compartment (Tsai et al., 1994). Erythroid and myeloid
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progenitors are reduced in fetal livers of GATA-3" mice, and in addition, these mice

exhibited abnormal neural development (Pandolfi et al., 1995). These results suggest

that GATA-2 and -3 are likely to be essential for the proliferation or maintenance of the

hematopoietic stem cell compartment. Other notable examples of transcriptional

regulators involved in hematopietic development include Rbtn2/LMO2 and Tal-1/Scl.

Both have been shown to be crucial for primitive erythropoiesis (Shivdasani et al.,

1995; Warren et al., 1994).

Although lineage-restricted factors are clearly important during cell-lineage

development, examples of ubiquitous factors participating in cell-lineage development

have also emerged. Commitment to specific lineages is thought to occur by progressive

restriction down a specific pathway in differentiation from a wide repertoire that is

available to the progenitor cell. It is conceivable that widely expressed transcription

factors, through a combinatorial action, initiates lineage restricted networks by turning

on a central or more restricted regulator. For example, the GATA binding sites upstream

of the GATA-1 gene may serve as a target site for the less restricted GATA-2 and GATA-3

proteins. Once GATA 1 expression is initiated, its expression may then coordinate the

expression of other genes in erythroid cells, and the upstream GATA binding site in the

GATA 1 then mediates positive feedback regulation of itself. Consistent with this is that

targeted disruption of GATA-2 leads to a loss of practically all hematopoietic lineages in

mice. The overlapping but distinct expression pattern of p45-NF-E2, Nrf-1 and -2 is

reminiscent of the GATA protein family of transcription factors. While the regulation of

p45-NF-E2 expression is yet to be determined, a similar mechanism can be envisioned

according to this model. Hence, Nrf-1 may participate in the differentiation of

hematopoietic progenitor cells by inducing expression of p45-NF-E2 and other lineage

restricted genes. However, the data shown here does not seem to support such a
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mechanism. First, specification of the hematopoietic compartment, at least up to the

fetal liver stage, is not affected by the mutation. Second, megakaryocytes and platelets

are present in Nrf-1 mutant mice. Moreover, p45-NF-E2 transcript levels examined

by RT-PCR is not altered in mutant mice. A prime example of a widely expressed factor

with cell-specific function is the E2A gene product which has been shown to be required

for B-cell development by a gene targeting approach (Zhuang et al., 1994). Why only

B-cells are affected is not clear. As E2A encodes HLH proteins that are capable of

forming dimers with each other, one possibility which has been suggested is that E2A

gene products can form homodimers only in B-cells due to the absence of other HLH

proteins (Zhuang et al., 1994). Hence, the unique function imparted by the homodimer

is found only in B-cells. So far the available evidence suggest NRF-1 binds DNA as a

heterodimer, and there is no evidence for an erythroid/hematopoietic lineage-specific

dimerization partner. h.MAF, which appears to interact preferentially with NRF-1 and

-2, was cloned recently and shown to be ubiquitously expressed as well. Therefore, a

similar mechanism to E2A is not likely to occur. A better characterized system, also

along the lines of B-cell development, consists of the Oct-1 and Oct-2 proteins. The

Oct-1 protein is ubiquitously expressed while Oct-2 is expressed largely in B-cells.

This distinct distribution pattern of Oct-1 and Oct-2 has led to the proposal that Oct 1

regulates ubiquitous genes bearing the octamer motif while Oct 2 regulates

immunoglobulin (Ig) gene expression. However, evidence obtained by in-vitro

transcriptional studies and targeted disruption of Oct 2 in cells and mice showed that the

ubiquitous Oct 1, in conjunction with the B-cell specific coactivator, OCA-B, can also

stimulate transcription of Ig genes (Corcoran et al., 1993; Feldhaus et al., 1993; Luo et

al., 1992). This suggest that perhaps Oct 1 and Oct 2 are redundant activators of Ig

genes in B cells. The discovery of a cell-, promoter- and activator-specific coactivator
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adds an additional level of selectivity control to transcriptional activators that are more

broadly distributed and the implication is that this class of coactivators may impose

cell-specific functions on ubiquitous factors. Whether a similar mechanism occurs with

the CNC-bzlP family proteins remains to be determined. Lastly, cell-specific function

may be achieved through a combinatorial action of NRF-1 ana other cell-specific

factors to achieve cell-specific gene activation.

Future challenge is to determine the molecular basis for the demise of Nrf-1

deficient embryos. Target genes regulated by Nrf-1 has yet to be determined. In

addition, the function of Nrf-1 in adult mice remains unresolved. Important clues to the

cause of death may also be obtained from the analysis of Nrf-1 -/- ES cells. It should be

possible to learn from chimeric embryos which tissues are affected by lack of Nrf-1.

The Nrf-1 -/- cells can also be tested for their ability to contribute to the lymphoid

compartment by generating chimeras with RAG deficient mice. Finally, issues regarding

functional redundancy provided by Nrf-2 and p45-NF-E2 can be tested by generating

mice missing both these genes.
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Figure 1. Diagram of the targeting strategy. (a.) The Nrf-1 cDNA is shown at the

top. Untranslated regions are representated as a solid line, and the

protein coding region is shown as a solid box and regions coding for the

CNC-bzlP domain is represented as a hatched box. (b.) A portion of the

Nrf-1 genomic structure is shown below the cDNA. Exons are

represented by boxes. Restriction enzyme sites shown include: B, Bg2;

R, EcoR1; S, Sac 1. (c.) The targeting vector contains the

phosphoglycerate kinase-neomycin cassette inserted into the terminal

exon of Nrf-1 in the reverse orientation and the HSV-Thymidine kinase

gene. (d.) The predicted structure of the targeted allele. The predicted

sizes of the Saci and Bgl2 fragments of wild-type and mutant Nrf-1

alleles are indicated. (e, f) Southern blot analysis of ES cell clones

containing a single disrupted allele of the Nrf-1 gene. Genomic DNA was

digested with either (e.) Bg2 or (f.) Sac1 and analyzed with using a (e.)

5' internal probe and (f.) 3' external probe.
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Table2.
Hematologicfindingsfrom

heterozygousmatings
Nrf-1genotype

GestationParameters(+/4
;
+/-)(-/-)

1
1.5Primitivenucleatedrbc(x106)3.69+0.773.03+0.96 13.5Primitivenucleatedrbc(x106)2.0+0.52.6+1.1

Definitiveenucleatedrbc(x106)2.3+0.60.4+0.1

16.5Hematocrit(%)37.6+2.422.3+4.2 13.5CFU-E(x103/105nucleatedcells)2.5+1.04.2+0.8

CFU-E(x104/liver)
3.8+1.81.0+0.4

:



Figure 2. Molecular effects of Nrf-1 disruption. a.) Northern blot analysis of

Nrf-1 expression in embryos. A transcript of 5 kb corresponding to the

normal Nrf-1 mRNA is detected in wild-type and heterozygous embryos.

A transcript of approximately 7 kb corresponding to the mutant mRNA is

detected in heterozygous and mutant embryos. b.) Western analysis of

Nrf-1 from total protein lysates of embryos. Affinity purified rabbit

antibody against a peptide corresponding to the terminal region of Nrf-1

was used. The position of the Nrf-1 protein is indicated.
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Table1.
Genotype
of
progeniesfromheterozygousmatings

GestationLitters
+/4.+/--/-

8.5
1142

9.5
1065 10.5

22140
11.5
35124 1

2.5231 13.5
373 1

4.592042
•9 1

5.5
13306712 16.5

10233616 1
7.55102 18.5

1116 Liveborn
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Figure 3. Comparison of d15.5 littermates. The wild-type mouse is shown on the

left, and the homozygous mutant mouse is shown on the right. The gross

appearance of the homozygous mutant is normal compared to the widtype

littermate except for the overall reduction in size and paler color.
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Figure 4. Histologic analysis of the hematopoietic system in control and Nrf-1

mutant embryos. a.) Peripheral blood smear from control dí6.5

embryos contained rare nucleated red blood cells (right), while blood

from mutant embryos showed an abundance of nucleated red blood cells. b.

& c) Paraffin liver sections from control and mutant di 6.5 embyros

contained numerous hematopoietic cells. Mutant embryos showed very

few enucleated red blood cells within the vessels and sinusoids, with only

rare nucleated red blood cells present. c.) Liver touch preparations of

liver from control embryos contained erythroid cells at various stages of

maturation and an abundance of mature enucleated red cells. In contrast,

mutant livers contained few erythroid cells beyond the basophilic

erythroblast. Few normoblasts, reticulocytes and mature enucleated red

cells were seen.
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Summary and Perspective:

To further determine the importance of the NF-E2/AP-1 motifs in LCR

function in the beta-globin gene cluster, I had sought to identify proteins which may

bind DNA and activate transcription through these motifs. My work in Dr. Y. W.

Kan's lab describes the isolation and characterization of two regulator genes, Nrf- 1

and p45-NF-E2, which encode for proteins that bind and activate through the NF

E2 DNA motifs. Both are bZIP proteins that belongs to a subset of bzlP transcription

factors with homology to the drosophila Cap and Collar (CNC) gene. Nrf-1 is

ubiquitously expressed while expression of p35-NF-E2 is restricted to a few

lineages within the hematopoietic system.

Isolation of Nrf-1 entailed a novel approach using yeast as a surrogate

organism to screen for mammalian activator genes, and the isolation of P45-NF-E2

was by an established approach. The approach in yeast is based on the assumption

that mammalian activators would function in yeast due to conservation in

transcriptional stragtegies between higher and lower eukaryotes. This is valid as a

number of different mammalian activators have been shown to function in yeast, and

the strategy described in detail in chapter 2 should be of general utility for cloning

novel factors as the requirement for a corresponding yeast mutation is bypassed.

Yeast strains can be generated containing the selectable marker linked in cis to any

regulatory motifs of interest that are not recognized by endogenous yeast activators.

Thus, growth in a selective media is depended on the presence of the appropriate

protein encoded by the library plasmid to bind and activate transcription of the

dominant selectable reporter gene. However, one must keep in mind the possible

pitfalls in such a complementation scheme in attempting to clone a gene from a

heterologous source. For instance, p45-NF-E2 so far has been inactive in this assay
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system. A problem that may arise is that factors that function as multimeric

complexes will require that the homolog to be sufficiently conserved for

appropriate interaction to occur. Thus, the inability of p45-NF-E2 to activate

transcription in yeast may merely reflect the absence of its obligate partner and

hence cannot bind DNA. In addition, some factors may fail to function or may

function poorly in a yeast environment and thus weak or no induction of the

selectable marker is observed. Thus, an alternate explanation is that p45-NF-E2

represents a highly specialized protein and thus incapable of functioning in a

heterologous system. If indeed that a specialized mechanistic strategy is utilized by

p45-NF-E2, it will be interesting to determine whether the presumed activation

domain of this protein requires special cofactors which themselves are cell specific

or that p45-NF-E2, by itself, can interact with components of general

transcriptional complex to drive transcription. With the availability of

p45-NF-E2 and Nrff cDNA clones such questions and experiments to determine

relevant target genes can be carried out. Finally, factors containing activation

domains that are ineffective in yeast may be overcomed by expressing the cDNA

library in vectors as fusion products with the Gal 4 activation domain. Such a

strategy has been used for the cloning of an olfactory DNA-binding protein.

Excepting these limitations, the ease of working with yeast still makes it an

attractive heterologous system to study mammalian transcription factors.

Although much has been learned regarding the development of blood cells in

the past 2 decades, our knowledge has largely been a descriptive understanding. The

process of blood formation entails the self-renewal of stem cells, and the

proliferation and commitment of progenitors to single lineage differentiation. Based

on the premise that cell-specific function is achieved by expression of
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lineage-specific, a large amount of effort has been focused on transcriptional

regulators. Aa a result, a large number of factor have been implicated in globin

gene regulation and erythropoiesis. With the availability of gene targeting

technology, a number of these nuclear factors, including GATA-1,2 &3, c-myb,

Tal-1, Rbtn2 and Nrf-1 described here, have been shown to be required for normal

hematopoiesis. This is of major import as we can now begin to assemble the players

that participate in the specification and maturation of blood cells. Where exactly all

these factors fit into the pathway will be a challenge for future investigations. Data

suggest the importance of the NF-E2 motifs in high-level erythroid-specific

enhancer function. Hence with the isolation of p45-NF-E2, which is largely

restricted to erythroid and megakaryocytes, this factor has been implicated to play

an important role in globin gene expression. Indeed, cell lines harboring retroviral

inactivation of the p45-NF-E2 loci lack globin gene expression. Unexpectedly,

p45-NF-E2 gene disruption in mice leads to absolute thrombocytopenia resulting

from defective megakaryocyte maturation. These mice show only mild globin and

red cell defects which may result from stress erythropoiesis due to severe bleeding.

Whether there is compensation by neighbouring cis-acting elements in the LCR or

compensation by other trans-acting factors, specifically Nrf-1, is not clear. The

marked defect in erythropoiesis and the absence of any deleterious effects outside

the hematopietic compartments are unexpected given that Nrf-1 is expressed in a

large number of tissues in mice. It is conceivable that the commitment to

erythroid-specific gene expression is not regulated by a single master regulator

like muscle-specific gene expression. This may be consistent with the fact that

development of blood cells occurs in stages with different genes being turned on and

off, and it is not likely that a single regulator to take on these multiple roles.
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Instead, erythrocyte development and erythroid-specific gene expression is likely

the result of combined actions of several regulatory factors, and the expression

patterns of these regulators overlap but do not necessarily parallel those of their

target genes. One example of lineage-specific gene expression effected by a

combinatorial action is the activation of myeloid-specific mim-1 gene by Myb and

NF-M. It is also conceivable that widely expressed transcription factors, through a

combinatorial action, initiates lineage restricted networks by turning on a central

or more restricted regulator. For example, the GATA binding sites upstream of the

GATA-1 gene may serve as a target site for the less restricted GATA-2 and GATA-3

proteins. Once GATA 1 expression is initiated, its expression may then coordinate

the expression of other genes in erythroid cells, and the upstream GATA binding site

in the GATA 1 then mediates positive feedback regulation of itself. Consistent with

this is that targeted disruption of GATA-2 leads to a loss of practically all

hematopoietic lineages in mice. The overlapping but distinct expression pattern of

p45-NF-E2, Nrf-1 and -2 is reminiscent of the GATA protein family of

transcription factors.

One can speculate from the findings described here that critical target genes

regulated by Nrf-1 might also be missing and are required for fetal liver red cell

maturation. The knowledge of target genes acted upon by NRF-1 is critical for

understanding its role in erythropoiesis, thus one obvious line of inquiry in the

future is to focus on these downstream target genes. Possible target genes which

might regulated by Nrf 1 may include genes in heme synthetic pathway as a survey

of promoters and upstream elements revealed NF-E2 binding sites in several of

these genes. Heme synthesis occur in all tissue as the heme molecule participates in

diverse roles including oxygen transport, prostaglandin synthesis, inactivation of
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oxygen radicals and as prosthetic groups in cytochrome P450 enzymes.

The question concerning whether the defect in fetal liver erythropoiesis is

cell automous versus a failure in the microenenvironment remains unresolved. The

answer to this question may be amendable by transplantation assays to assess the

capability of mutant fetal liver stem and progenitor cells to reconstitute and rescue

lethally irradiated mice. Other lines of inquiry include the function of Nrf-1 in

adult mice. For example, what is the role of NRF-1 in adult erythropoiesis and

globin gene expression? As animals die in-utero, conditional gene-targeting or

erythroid-specific dominant-negative transgene is required to address this issue.

Important clues to the cause of death may also be obtained from the analysis of

Nrf-1 * ES cells. It should be possible to learn from chimeric embryos which

tissues are affected by the lack of Nrf-1. The effect on lymphoid cells can be tested

by generating chimeras from RAG defecient blastocyst. Finally, issues regarding

functional redundancy provided by Nrf-2 and p45-NF-E2 can be tested by

generating mice missing both these genes. Ultimately, these finding will

undoubtedly lead to a better molecular understanding of blood cell development, and

potentially novel therapeutics.
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